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Abstract

The utilization of rivers for hydropower production leads to problems
for fish migration. Migratory fish that swim upstream for reproduction
need to overcome obstructions to reach their spawning grounds. On
their way upstream they follow high water velocities. Since most of
the water in regulated rivers flow through the power plants the fish is
often attracted to the turbine outlets. To guide the fish past the power
plants, fishways are often used. However the efficiency is often low due
to inefficient attraction water.

An attraction channel that uses a small fraction of the tailwater,
or any free stream, is studied. The channel is open and U-shaped. A
local acceleration of the water is created by changing the cross sectional
area in the downstream end of the channel. The flow in the channel
is measured with LDV in a lab setup to examine the acceleration of
the water, and in full-scale to investigate the fish tendency to use the
channel.

The results show that the velocity out of the channel can be as
much as 38 % higher than the approaching flow. The acceleration is
detectable downstream the channel up to 18 times the exit water depth
of the channel. The results from the field work shows that fish do use
the channel and it is important that it is painted dark.
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Background

Figure 1: Life cycle of salmon1.

In regulated rivers hydropower plants and dam constructions cause
problems for migrating fish. Hydropower is an environmental friendly
way to produce electricity, and in Sweden about 50 % of the electricity
is produced by hydropower.

Atlantic salmon and brown trout are migrating fish that spend there
life both in rivers and in the ocean. The fish hatch and live their first
years in the river; cf. Figure 1. After one to four years, when the fish

1Benny Lindgren. Där laxen vandrar. Settern, 1991.
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is approximately 15 cm long, it migrate out to the ocean to grow and
mature. During this migration it is called smolt. The salmon spend
another one to four years in the ocean before it migrates back to the
home river for reproduction. In the river the adult fish swim upstream
to reach the spawning grounds. To navigate it follows the riverside and
high water velocities.

Problems with fish migration and hydropower are mainly associ-
ated with the passing of the power plant and the spoilage of spawn-
ing grounds. The dam/power plant is a hinder in the migrating path
for both upstream and downstream migrants. The smolts migrating
downstream follow the main current in the river and end up passing
the power plant through the turbines. The adult upstream migrating
fish need fishways to be able to pass the power plant. There are many
different kinds of fishways, and the most common in Sweden is the
pool and weir fishway. The common problem for all kinds of fishways
is that the fish have problems finding the entrance. This is due to
many factors such as the placement of the entrance and the fact that
the fish often is attracted to the outlet from the power plant, where
most of the water is flowing.

It is not only important that the fish finds the fishway but it is also
important that it finds it fast. Delay at the power plant can stress the
fish and it is important that the fish reaches the spawning grounds in
time for spawning.

The attraction channel investigated in this thesis is part of a com-
plete fishway suggested by Jan-Erik Almqvist. The attraction channel
is the inlet that will attract the fish to the fishway. Once inside the
channel, the fish will be guided through a tunnel over the dam. This
way no water from the dam is needed to attract fish. The attraction
channel can also be used to guide fish to an ordinary fishway. In this
thesis only the attraction channel is investigated.

The channel is open and U-shaped and at the downstream end
of the channel a bump reduces the cross section area. The idea is
that the bump will create a higher velocity out of the channel than
the surrounding water velocity. This increase in water velocity will
(hopefully) attract fish to swim into the channel, since migrating fish
tend to seek out higher velocities.

The flow in the attraction channel was investigated in laboratory
using laser Doppler velocimetry (LDV). With the LDV water velocities
in and around the channel were measured, and the effect of the bump
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was investigated. To see if fish are attracted to the attraction channel
a full-scale prototype has been tested at Sikfors hydropower plant in
the Pite river.
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Summary of Papers

Paper I

Model test of an efficient fish lock as an entrance to fish ladders at
hydropower plants

In paper I a model of the attraction cannel is investigated. The mea-
surements are concentrated on how to design the attraction channel
so enough water passes through and a sufficient velocity increment is
reached. This is investigated in a lab-scale model using laser Doppler
velocimetry. The results show that an increase of 38 % in water velocity
is reached.

Paper II

Attraction channel as an entrance to fishways - model assessment us-
ing LDV

The flow field downstream the attraction channel is measured in a
lab model using laser Doppler velocimetry. The flow field downstream
is important, since this is what the fish will experience when approach-
ing the attraction channel. The results show that the velocity increase
out of the channel can be detected up to 18 times the exit water depth
of the channel. Further downstream, an interesting wake behavior in
the near-surface region is observed.
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Paper III

Field study of an attraction channel as entrance to fishways

To investigate if the fish are attracted to the channel field experiments
were preformed in the summers of 2004 and 2005. A full-scale proto-
type of the attraction channel was tested at the Sikfors hydropower
plant in the Pite river in Sweden. The channel was equipped with un-
derwater cameras to monitor and record the fish swimming through it.
The tests show that the fish do swim through the attraction channel.
During the same time period in 2004 and 2005, 57 and 471 fishes swam
through the channel, respectively. The major change of the channel
between the two years was that it was painted black in 2005.
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Appended Papers

Paper I Wassvik E.M. and Engström T.F. 2004. Model test of an
efficient fish lock as an entrance to fish ladders at hydropower
plants. In the Proceedings of the Fifth International Symposium
on Ecohydraulics, September 12-17, Madrid, Spain.

Paper II Wassvik E. 2006. Attraction channel as an entrance to fish-
ways - model assessment using LDV. Manuscript.

Paper III Wassvik E. 2006. Field study of an attraction channel as
entrance to fishways. Manuscript.

Additional Publication of Interest

Wassvik E. 2004. Model test of an efficient fish lock as an entrance
to fish ladders at hydropower plants. Master’s thesis 2004:158,
Lule̊a University of Technology, Lule̊a.
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Model test of an efficient fish lock
as an entrance to fish ladders at

hydropower plants

E.M. Wassvik and T.F. Engström
Division of Fluid Mechanics, Lule̊a University of Technology, SE-971 87

Lule̊a, Sweden

Abstract

Migrating fish that swim upstream in rivers for reproduction
need to overcome obstructions, such as hydropower plants or
similar. If a fish ladder is used to help the fish pass such an
obstacle, water needs to be taken from the dam without first
passing through the turbines. Also, the fish may have difficul-
ties finding the fish ladder, due to the dominating flow from the
turbine tailrace.

A fish lock, that uses turbine tailwater to entice the fish
into the lock and further on to a fish ladder, is studied. The
fish lock is a shallow open channel that uses a small fraction
of the tailwater. A local acceleration of the flow is created by
changing the cross sectional area of the lock channel.

Measurements are concentrated on how to design the lock so
enough water passes through and a sufficient velocity increment
is reached. This is investigated in a lab-scale model using laser
Doppler velocimetry. A full-scale prototype will then be tested
at the Sikfors hydropower plant in the Pite river in Sweden.

1 Introduction

Fish ways and fish locks are used to create a passage for migrating fish
at obstructions in their path to or from their spawning ground. One
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such obstruction is hydropower plants, where the water for fish ways
or locks is usually taken from the dam without first passing through
the turbines. Thus, this water can not be used to generate electricity.
Another problem is that the fish have problem finding the entrance to
the fish way or fish lock due to the dominating flow from the turbine
tailrace.

The principle of the present fish lock is to operate without any water
directly from the dam, using only water from the turbine tailrace, thus
reducing the amount of water taken from the dam without passing the
turbines. The lock is an open channel that will be partly submerged
in the turbine tailrace so that water can flow through it, and around
it. At the entrance (downstream in the lock) a bump will reduce the
cross sectional area of the lock, creating an increased speed at this
point, which will attract the fish. The water depth in the lock will be
kept constant by letting the lock follow the water surface level. This
means that the lock will be self-regulating when discharge and water
level changes in the turbine tailrace.

The fish lock will work as an entrance and a subsequent project
will deal with the transport from the lock to the dam. The current
project concentrates on finding how the highest speed increase of the
water at the entrance is reached, by creating a model of the fish lock
and studying it in lab-scale.

Steady 2-d flow over submerged bodies is a well studied area. How-
ever, the focus has been on wave phenomena. For instance, the wave
generation of a submerged semicircular body has been studied by
Forbes and Schwartz (1982) and Vanden-Broeck (1987). Wave gen-
eration over other shapes has been studied by Faltas et al. (1989) and
Hanna (1993).

The performance of the lock is compared with classic inviscid 2-d
theory, where a bump that causes critical flow over it, will also create
the highest velocity increase. In this case, where the fish lock only
covers a small area of the tailrace, no damming of the water surface
can occur. Instead, the flow rate will decrease inside the fish lock if
the bump height is increased beyond the critical height.

The entrance speed to the lock must be related to the fish swimming
capacity. The recommended speed at the entrance is 1.2 m/s for pacific
salmon (Clay, 1995). The fish lock in this project will be tested at the
Sikfors hydropower plant (40 MW) in the Pite river in Sweden and the
fish in that river, that use fish passages, are mainly salmon and salmon
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Figure 1: (a) Fish lock with bump. (b) Cross section of flume and
fish lock. (c) Experimental setup of water flume with fish lock. All
dimensions in mm.

trout.
Fish swimming speed is categorised in three speeds; cruising, sus-

tained and burst speed (Clay, 1995). It is important that the flow
speed at the entrance is as high as possible, compared to the surround-
ing flow speed, in order for the fish to find it without being higher than
the fish’s burst speed.

2 Experimental setup

The method used to study this problem was to make a model of the
fish lock and experimentally study its behaviour. The lock was partly
submerged in a water flume representing the turbine tailrace. To study
the behaviour, laser Doppler velocimetry was used to measure the ve-
locity distribution in the water.

3



2.1 Water flume with fish lock

The water flume is a 2490 mm long, horizontal open channel made of
10 mm Plexiglas with a cross section of 200 × 300 mm, see Figure 1.
At the inlet of the flume, there is a honeycomb to provide a more
uniform velocity distribution. The honeycomb is 75 mm thick and the
holes have a diameter of 7.6 mm. At the outlet of the flume there is
a V-notch weir to control the flow rate. The system was driven by a
pump at the flow rate of 5.3 × 10−3 m3/s (±1 %). The water depth,
d0, was 118 ± 1 mm at x = 2078. The Reynolds number in the flume
was Re = U×d0/ν = 18000.

The initial flow field in the flume was mapped with velocity profiles
in the vertical and horizontal direction. The profiles were taken at x =
459, 1097 and 2154, with no lock in the flume. The profiles showed a
typical flow field for an open channel, with developing boundary layers.

The model of the fish lock is an open channel made of 1.7 mm glass,
see Figure 1. The lock is 500 mm long with an inner cross section of
200 × 96 mm. The lock was placed in the center of the flume, 30 mm
over the bottom and 980 mm from the inlet. The area reduction in
the lock is a bump made of Styrofoam with a plastic film glued to the
top, to create a smooth surface. The shape of the bump is given by

h(x′) = B − tan2(π/6)

4B
x′2 (x′ ≥ 0, h ≥ 0) (1)

where B = the highest point of the bump. The bump is cut off at x’
= 0 (Figure 1a), creating a steep end at the downstream end and a
smooth slope at the up-stream end. The bump heights were 22, 34,
47, 70 and 80 mm. The bump was placed 40 mm from the outlet of
the lock, to be able to measure the velocity over the bump using LDV.

2.2 Instrumentation

The flow rate in the channel was monitored with a V-notch weir, with
the flow rate given by (ISO 1438/1-1980, 1980):

Q = μ
√

2g tan(θ)
8

15
s5/2 (2)

where μ = correction factor; θ = angle of the V-notch; and s = height
of the water over the notch. The weir is made of 1.5 mm aluminium
sheet, with a notch angle of θ = 75.3◦. The correction factor μ = 0.74,
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calibrated with a Danfoss MassFlo coriolis flowmeter (error < ± 0.5
%). The height of the water surface over the weir was measured with
a calliper. The water temperature in the flume was controlled at 22.1
± 0.2 ◦C with a cooling system in the tank.

The velocities in the flume and lock were measured using laser
Doppler velocimetry. The system is a two component setup from Dan-
tec with an 85 mm fiber optic probe. A beam expander (1.98) was
fitted to the probe to reduce the measuring volume. The focal length
of the front lens was 310 mm and the resulting measuring volume
was 0.076 × 0.838 mm for the streamwise velocity component (514.5
nm) and 0.072 × 0.761 mm for the vertical velocity component (488
nm). The probe is fitted to a three-coordinate traverse system con-
trolled by Dantec’s BSAFlow software v.2 on a PC, that also controls
the signal conditioning hardware. The seeding used in the water was
polyamide particles with a mean diameter of 5 μm (Dantec’s PSP-5).
The system operated in backscatter mode and the hardware operated
in non-coincident burst mode (spectrum analysis method).

2.3 Errors

Uncertainty in the measurements originates from the experimental
setup and the measurement system. The setup has been carefully
designed to yield stable experimental conditions. The measurement
uncertainty is composed of uncertainty due to bias errors and preci-
sion errors. LDV measurements are associated with a variety of bias
errors, such as error in the calibration factor, velocity bias, validation
bias, an-gular bias and probe alignment/configuration bias. The sys-
tem was setup to minimize the different bias errors. Velocity bias was
compensated for by weighting each velocity sample with its residence
time in the measuring volume.

The precision error was estimated by a repeatability test. Each
profile was measured twice and the standard deviation of each pair of
measurements was estimated to yield a 95 % confidence interval. The
overall accuracy of the velocity measurements was ± 5 %, with locally
larger errors close to the walls and the free surface.

5



m/s

m
m

0 0.05 0.1 0.15 0.2 0.25
0

20

40

60

80

100

120

Figure 2: Velocity profiles for B = 0 mm (filled) and B = 80 mm. ♦
represents the velocities outside the lock, � represents the velocities
under the lock, � represents the velocities at the inlet of the lock and
◦ represents the velocities over the bump.

2.4 Measuring procedure

Measuring points at the fish lock outlet were taken over the bump along
a vertical line in the middle of the lock from the top of the bump to the
water surface at x = 1440. At the same position along the x-axis, the
data on the outside of the lock was collected from the bottom of the
flume to the surface (between the lock and the flume wall) and under
the lock along a vertical line in the middle of the flume. Measurements
at the inlet of the lock were taken 48 mm from the inlet, inside the
lock at x = 1028. Measurements were also taken along a horizontal
line from the flume wall and through the lock.

Approximately 55 points were acquired in random order for each
bump. The sample time was 90-4500 s in each measuring point, and
at least 10,000 samples were collected at each point.
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with respect to the speed outside of the lock without the bump.
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3 Results and discussion

Results from two of the measurements are shown in Figure 2. The 80
mm bump, which gave the largest velocity increase, and the lock with
no bump.

The velocity outside the lock, when there is no bump in the lock,
is used as reference for measuring the velocity ratio over the different
bumps. In the full scale test, the lock will only represent a small frac-
tion of the total cross sectional area and the change in flow rate through
the lock will not affect the velocity outside the lock significantly.

In Figure 2, it is seen that the velocity on the outside of the lock
is higher for the 80 mm bump than for the measurements with no
bump, due to the blockage effect by the lock that forces more water to
the outside of the lock. The velocity at the upstream end of the lock
also shows the blockage effect. The velocity is much lower for the 80
mm bump compared with the velocity for B = 0 mm. The upstream
velocity is used to calculate Fr1, which can be used to theoretically
calculate the height of the bump that gives critical flow over the bump.

The speed over the bump is the accelerated flow that the fish will
be attracted to. As seen in Figure 2, the velocity for the 80 mm bump
is significantly higher than the velocity on the outside of the lock for
measurements with no bump, which indicates that the fish lock may
produce an attractive flow for the fish.

In Figure 2 it can also be seen that the velocity under the lock does
not change much for different bump heights.

The flow in the lock can be qualitatively described using the 2-d
inviscid energy equation (Finnemore and Franzini, 2002)

α1V
2
1

2g
+ d1 =

αV 2

2g
+ (d + h) (3)

where α, α1 = kinetic energy correction factors; V, V1 = mean veloc-
ities; d, d1 = water depths and h = height of the bump, see Figure
1a,b. By using Equation 3 together with the continuity equation

q = V1d1 = V d (4)

and the upstream Froude number

Fr1 =
V 2

1

gd1
, (5)
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the height of the bump can be described as

H = 1 +
α1Fr1

2
− αFr1

2D2
− D (6)

where H = h / d1 and D = d / d1. Equation 6 has a maximum Hcrit,
where the flow over the bump is critical (local Froude number = 1).
The maximum velocity ratio over the bump will be V / V1 = (α ×
Fr1)

−1/3.
For every bump, the critical height Hcrit, of the bump is calculated.

Figure 3 shows that Hcrit increases as Fr1 decreases with larger bump
heights B, until critical flow is reached (Fr = 1). This is the point
where damming of the upstream water surface would occur, if the flow
could only pass over the bump.

However, here the flow will be forced to the outside of the fish
lock with maintained surface level upstream. An increase of the bump
height at this point would decrease the flow rate through the fish lock.
Even though the local acceleration would still increase, the overall
acceleration would not. The maximum speed increase was 40 % for B
= 80 mm (Figure 3). In the full-scale test it is important to take into
consideration that the fish must be able to swim in to the lock, hence
there must be a certain minimum water depth over the bump.

The blockage effect caused by the fish lock is partly due to the
low Reynolds number in the model experiment. This effect will be
smaller in the full-scale test, where the lock, and thus the Reynolds
number, will be larger and the effect from the boundary layers will be
smaller (the water velocity is approximately the same in the full-scale
experiment as in the model test).

A small amount of damming occurs upstream the fish lock due to
the blockage effect, which will counteract the deceleration inside the
lock. This effect is considered small in the model test and will be
insignificant in the full-scale test.

4 Conclusions

A model test of a new type of fish lock has been per-formed. Critical
flow was reached over the bump and a significant acceleration of the
flow was accomplished. Scale-up effects are thought to improve the
performance of the fish lock.
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Abstract

The flow field in an attraction channel, intended as an entrance
to a fishway, is measured. The channel is open, U-shaped and
uses a small fraction of the turbine tailwater. A local accelera-
tion of the flow is created by decreasing the cross sectional area
of the channel at its downstream end. The accelerated flow will
attract the fish into the channel.

The flow field downstream the attraction channel is mea-
sured in a lab model using laser Doppler velocimetry. The re-
sults show that the velocity increase out of the channel can
be detected up to 18 times the exit water depth of the chan-
nel. Further downstream, an interesting wake behavior in the
near-surface region is observed.

1 Introduction

Fishways are used to create a passage for migrating fish at obstruc-
tions in their path to their spawning ground. One such obstruction is
hydropower plants, where the water for fishways usually is taken from
the dam without first passing through the turbines. Thus, this water
can not be used to generate electricity. Another problem is that the
fish have problems finding the entrance to the fishway due to the dom-
inating flow from the turbine tailrace (Arnekleiv and Kraabøl, 1996;
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Rivinoja et al., 2001). This is especially the case when the fishway en-
trance is located away from the tailrace. The problem seems to be due
to the preference of the fish to choose high velocity flows (Williams,
1998, adult salmon).

The principle of the attraction channel studied in this work is to
operate with water directly from the turbine tailrace (or any other free
stream), thus using all water for energy production. The channel is
open at top (U-shaped) and is partly submerged in the turbine tailrace
so that water can flow through and around it. At the flow exit a bump
reduces the cross sectional area of the channel, creating an increased
speed, which will (hopefully) attract the fish. The water depth in the
attraction channel is kept constant by letting the channel adjust to
the water level change in the turbine tailrace. The velocity increase
over the bump in the attraction channel has previously been studied
in the present model and showed an increase in water velocity of 38 %
(Wassvik and Engström, 2004).

Steady 2-d flow over submerged bodies is otherwise a well stud-
ied area. The problem has been numerically studied by Forbes and
Schwartz (1982), Vanden-Broeck (1987). Lamb (1932) describes the
fundamentals of two-dimensional flow using the Bernoulli equation and
this, together with the continuity equation, can be used when calcu-
lating the velocity over the bump (Forbes, 1988). But this will only
work if all the water is passing through the attraction channel and
over the bump. In this case, the water is free to also pass outside of
the attraction channel. In fact, the device acts as a blockage to the
uncoming stream if this has too low velocity. In addition, there is no
consideration taken to friction in Forbes (1988) model.

For an attraction channel, the most interesting velocity field is
downstream the channel since, this is what the fish will experience
approaching the channel. Therefore, in this work we study the veloc-
ity field downstream the attraction channel and of particular interest is
how far downstream the velocity increase is present. The study is done
in a laboratory setup using the same model of the attraction channel
as in earlier work (Wassvik and Engström, 2004) and laser Doppler
velocimetry, to measure the flow field.
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Figure 1: (a) Attraction channel with bump. (b) Cross section of flume
and attraction channel. (c) Experimental setup of water flume with
attraction channel and defining coordinate system. All dimensions in
mm.

2 Experimental setup

A lab model of the attraction channel was built, and it was partly
submerged in a water flume representing a free stream. To study the
flow field, laser Doppler velocimetry was used to measure the velocity
distribution in the water.

2.1 Water flume with attraction channel

The water flume is a 2490 mm long, horizontal open channel made of
10 mm Plexiglas with a cross section of 200 × 300 mm, see Figure
1. At the inlet of the flume, there is a honeycomb to provide a more
uniform velocity distribution. The honeycomb is 75 mm thick and the
holes have a diameter of 7.6 mm. At the outlet of the flume there is
a V-notch weir to control the flow rate. The system was driven by a
pump at the flow rate of 5.3 × 10−3 m3/s (±1 %). The water depth, d0,
was 117 ± 1 mm at x = 1530. The Reynolds number in the flume was
Re = U × d0/ν = 18000. Profiles taken in the flume showed a typical
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flow field for an open channel, with developing boundary layers.
The model of the attraction channel is an U-shaped open channel

made of 1.7 mm glass; see Figure 1(a). The channel is 500 mm long
with an inner cross section of 200 × 96 mm. The channel was placed
in the center of the flume, 30 mm over the bottom and 980 mm from
the inlet; see Figure 1(c). The area reduction in the channel is a bump
made of Styrofoam with a plastic film glued to the top, to create a
smooth surface. The shape of the bump is given by

h(x′) = B − 1

36B
x′2 (x′ ≥ 0, h ≥ 0) (1)

where B is the maximum height of the bump and x′ originates at the
peak and runs, in the negative x direction; cf. Figure 1(c). The bump
has a smooth upstream slope and a vertical downstream end. The
bump height, B, is 80 mm and its length 480 mm. The bump was
placed 40 mm from the outlet of the attraction channel, so that the
velocity over the bump could be measured with LDV. This is because
both laser beams, measuring the streamwise velocity component, must
pass through the wall of the channel.

2.2 Instrumentation

The flow rate in the flume was monitored with a Danfoss MassFlo cori-
olis flow meter (error ¡ 0.5 %). The water temperature in the flume was
controlled at 22.3 ± 0.3 ◦C by a cooling system in the tank. The ve-
locities in the flume and attraction channel were measured using laser
Doppler velocimetry. The system is a two component setup from Dan-
tec with an 85 mm fiber optics probe. A beam expander (1.98) was
fitted to the probe to reduce the measuring volume. The focal length
of the front lens was 310 mm and the resulting measuring volume
was 0.076 × 0.600 mm for the streamwise velocity component (514.5
nm) and 0.072 × 0.569 mm for the vertical velocity component (488
nm). The probe is fitted to a three coordinate traverse system con-
trolled by Dantec’s BSAFlow software v.2 on a PC, that also controls
the signal conditioning hardware. The seeding used in the water was
polyamide particles with a mean diameter of 5 μm (Dantec’s PSP-5).
The system operated in backscatter mode and the hardware operated
in non-coincident burst mode (spectrum analysis method).
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2.3 Errors

Uncertainty in the measurements originate from the experimental setup
and the measurement system. The setup has been carefully designed
to yield stable experimental conditions. The measurement uncertainty
is composed bias errors and precision errors. LDV measurements are
associated with a variety of bias errors, such as error in the calibration
factor, velocity bias, validation bias, angular bias and probe align-
ment/configuration bias. The system was set up to minimize the dif-
ferent bias errors. Velocity bias was compensated for by weighting each
velocity sample with its residence time in the measuring volume. Pa-
rameter settings for the LDV system were optimized to achieve good
signal quality and minimum bias on data.

The precision error was estimated by a repeatability test. The
profile 50 mm downstream the model of the attraction channel was
measured six times and the standard deviation of each pair of measure-
ments was estimated to yield a 95 % confidence interval. The overall
accuracy of the velocity measurements was ± 5 % with lower accuracy
in the low velocity areas in the mixing layer, were the velocities turn
from positive to negative.

2.4 Measuring procedure

Velocity profiles in and around the attraction channel were taken at
0, 50, 100, 150, 200, 300, 400 and 500 mm downstream the channel
in the water flume. At each position a vertical profile (in the middle
of the flume) and a horizontal profile across the water flume (3 mm
below the surface, at y = 114 mm) were captured. The vertical pro-
file contains 15 measuring points, from 10 mm above the bottom to
close to the water surface. The horizontal velocity profile contains 17
measuring points. For the profile over the bump the measurements
were taken from the wall of the water flume through the attraction
channel and the last point was 8 mm outside the far side of the attrac-
tion channel. For the horizontal velocity profiles captured downstream
the channel the same coordinates were used as in the profile over the
bump. The vertical velocity profile captured under the bump contains
three measuring points and the profile over the bump seven measuring
points. Experimental data were extrapolated to all walls, assuming
no-slip conditions.

The position of the walls was determined by placing the LDV mea-
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suring volume on the walls and using the coordinate system in the
traverse system. The level of the water surface was measured simi-
larly, but in this case the measuring volume was just below the water
surface.

All measuring points were acquired in random order. The sample
time was 120-360 s in each measuring point, and at least 10,000 samples
were collected at each point.

3 Results and discussion

Figure 2 shows the velocity profiles in the attraction channel and water
flume. The first profile represents water just out of the channel, over
the bump. The mean velocity out of the model is 0.23 m/s. The
surface velocity outside the attraction channel is 0.20 m/s, at the same
position as the attraction water is 0.25 m/s; see Figure 2(b). With no
attraction channel in the flume the mean velocity is 0.17 m/s, which
compared to the mean attraction velocity of 0.23 m/s gives a increase
in velocity of 35%. In Wassvik and Engström (2004) the increase was
38%. The increase in water velocity outside the channel is due to
the blockage by the bump in the attraction channel, since the flow is
subcritical in the channel. The blockage effect is accentuated in the
lab test since the bump cross section is relatively large compared to
the flume. However, in full scale, with the channel placed in a wide
turbine tailrace, velocity increase outside the attraction channel will
be small (Wassvik and Engström, 2004).

The flow out of the channel forms a jet at the water surface (this
is the attraction water). Below the jet, a wake is formed and together
they create a mixing layer in the vertical direction. At the same time
a mixing layer is formed in the horizontal direction between the fast
flowing jet out of the attraction channel and the lower velocities on the
outside of the channel. The area where the jet is detectable is where
the fish is supposed to be attracted to the channel, as motivated by
Weaver (1963) who showed that steelhead, chinook and silver salmon
choose the highest velocity if presented to water of different velocities.
The jet is detectable 100 mm downstream the channel; cf. Figure 2(b),
which corresponds to 18 times the water depth over the bump.

The mixing layers are smoothed out with downstream distance.
First, the horizontal velocity becomes uniform 100 mm downstream
the channel. But as the vertical profile does not become uniform until
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500 mm downstream, the reduction of the mixing layer in the vertical
direction decreases the surface velocity. A wake develops in the hori-
zontal direction, this time with the center part (the former jet) slower
than the rest.

Fishways in general work reasonably well if the fish finds the en-
trance (Northcote, 1998). Factors that stimulate the migration of fish
are many, for example: flow rate, temperature, water quality, water
depth, water turbidity and light (Banks, 1969). Clay (1995) states
that highly aerated or turbulent water will discourage fish from enter-
ing a fishway. The present way of producing attraction water results
in a smooth water jet with little aeration. The water in the jet is the
same as in the surrounding water, so there is no temperature difference
or quality change that will disturb the fish.

The attraction channel will only create accelerated flow near the
surface. When migrating adult salmon approaching an outlet tunnel
of a hydropower plant, they swim at a depth of one to four meters
and most of them at one meter depth (Rivinoja, 2005). To generate
a high velocity out of the attraction channel it is important to get as
much water in the channel as possible. To maximize the amount of
water the channel needs to be positioned in the streamwise direction.
Karppinen et al. (2002) suggests that an inlet in the same direction
as the main flow would increase the number of fish finding the inlet
of a fishway. Due to the subcritical flow in the channel there is a
blockage effect, and the velocity in the channel upstream the bump
is very low (Wassvik and Engström, 2004). It is of interest, however,
that despite this blockage there are portions of the existing flow with
a higher velocity than the oncoming flow. How large this acceleration
effect can be and how it is distributed calls for a more general study
of blockage effects. Also, the channel needs to be tested in full scale to
see if fish actually are attracted to it.

4 Conclusions

An attraction channel as entrance to a fishway is studied. The channel
is U-shaped and partly submerged in a turbine tail race. To attract
fish to the channel, the water is locally accelerated in the channel.
This is done with a bump placed in the channel which reduces the
cross-sectional area.

The downstream flow of the channel has been measured in a labo-
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ratory experiment using laser Doppler velocimetry. The results show
that an increase in water velocity can be detected about 18 times the
water depth at the bump of the channel.

The attraction channel has also been tested in full-scale at the
outlet from Sikfors hydropower plant in the Pite river. The results of
these tests will be reported separately.
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Abstract

A flow device that accelerates turbine tail water (or any free
stream) to act as an attraction for migrating fish, is field tested.
The device consists of an open (U-shaped) channel which ac-
celerates the incoming flow by a local constriction of the cross-
sectional area. The velocity increase has previously been inves-
tigated in a lab-scale model and an increase of 38% has been
established. In the summers of 2004 and 2005, a full-scale pro-
totype of the attraction channel was tested at the Sikfors hy-
dropower plant in the Pite river in Sweden. The channel was
equipped with underwater cameras to monitor and record the
fish swimming through it. The tests show that the fish do swim
through the attraction channel. During the same time period
in 2004 and 2005, 57 and 471 fishes swam through the channel,
respectively. The major change of the channel between the two
years was that it was painted black for 2005.

1 Introduction

When migrating fish swim upstream in rivers to reach there spawning
grounds they may be obstructed by hydropower plants or regulation
dams. In order to pass these, fishways are often used. Because migrat-
ing adult salmon tend to seek out areas with higher velocities (Banks,
1969) this behavior is used to attract fish to the entrance of the fishway
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(Katopodis, 1990). It is important that the fish easily finds the fishway
in order to reduce stress on the fish (Clay, 1995).

Due to the dominating flow from the turbine tailrace fish may have
problems finding the entrance to the fishway (Arnekleiv and Kraabøl,
1996). In order for fish to find the entrance it is important where it is
located. Clay (1995) points out the importance of placing the inlet as
close to the obstruction as possible. Also the velocity of the attraction
water is important. Weaver (1963) showed that steelhead, chinook
and silver salmon choose the higher velocity if presented to different
alternatives.

In this work the capacity of an attraction channel that uses a small
fraction of a turbine tailrace (or any other free stream) to attract fish, is
studied. The channel is U-shaped having an area reduction (a bump)
in the downstream end. The water flowing through the channel is
accelerated over the bump and fish are supposedly attracted to swim
into the channel.

The flowfield in and around the attraction channel has previously
been measured in a lab-model. The results showed an increase of 38%
in water velocity compared to the oncoming free stream. (Wassvik and
Engström, 2004). A subsequent work with the same model showed that
the increase in velocity is detected downstream at a distance roughly
18 times the minimum water depth in the channel.

In the summers of 2004 and 2005 the channel was tested in full-
scale, at the Sikfors hydropower plant in Pite river in Sweden. The
migratory fish in this river are mainly Atlantic salmon (Salmo salar)
and brown trout (Salmo trutta). The goal of this work is to determine
if fish are attracted to the increase in water velocity produced by the
channel.

2 Experimental setup

The attraction channel was tested in full-scale at Sikfors hydropower
plant, Pite river, Sweden; cf. Figure 1. To monitor the fish in the
channel underwater cameras were used.

2.1 Study area

Sikfors hydropower plant in the Pite river in northern Sweden is the
only power plant in the river and is located 40 km from the coast.
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Figure 1: Sikfors hydropower plant, Pite river. The attraction channel
is located at the turbine outlet.
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The power plant is equipped with two 20 MW Kaplan turbines, with a
yearly production of 185 GWh. The head is 19.5 m and the maximum
flow rate through the turbines is 250 m3/s. Excess flow pass through
the spillways and into the old river bed. From the turbines the water
is transported in a tunnel towards the outlet. The tunnel ends with a
60 m long vertical shaft. This results in a very complex and unsteady
flow field at the outlet.

The outlet is located 700 m from the dam construction. At the dam
there is a pool and weir fishway with a fish counter at the top. The
fishway is 115 m long and has 45 pools. The flow rate in the fishway
is 700-800 l/min. It is open from May 15 to October 15. During this
time a minimum flow of 15 m3/s is released through the spillways. The
spillway flow is needed to guide the fish up the old river bed into the
fishway. Fish trapped in the old river bed, after the fishway is closed,
is net-fished at the end of September and released back in the river.

Five photos are taken of every fish passing the counter in the fish-
way, and the fish is manually species defined. Other information avail-
able from the counter are date, time and direction of the fish passing.
The operation of the fishway is the responsibility of the power plant
owner, Skellefte̊a Kraft.

In 2004, 1513 salmons and 159 brown trout successfully passed
Sikfors hydropower plant and in 2005 there were 1012 salmons and
434 brown trout.

2.2 The attraction channel

The attraction channel is an U-shaped aluminum construction. It is 3
m long, 1 m wide and 1.2 m deep; cf. Figure 2. Under the bottom and
on the sides there are floating elements made of Styrofoam, to reduce
the need for lift support. In 2004 the inside of the channel was painted
grey and in 2005 the whole channel was painted black. The channel
was mounted on a concrete wall at the outlet from the power plant.
The channel was free to move in the vertical direction and locked in
horizontal directions.

The bump at the downstream end of the channel is made of plywood
and can easily be taken out for comparison test. In 2004 the bump
was 0.51 m high and in 2005 it was 0.65 m high. Both bumps have a
smooth shape on the upstream end and stretch 1 m into the channel;
cf. Figure 3(a).
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Figure 2: The attraction channel mounted at the turbine outlet in
2005.
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Figure 3: The attraction channel, side view (a) and front view (b). All
dimensions in mm.
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A small hand driven crane was used to lift the channel in and out
of the water. Since the floating elements were not sufficient to keep
the channel floating the crane kept the channel at the right water level.
During 2004 this made the channel free to move upwards when the flow
from the turbine outlet pressed the channel in that direction. In 2005
the channel was locked in position and was no longer moving vertically
in the water.

2.3 Instrumentation

The attraction channel was equipped with underwater cameras. One
camera was mounted monitoring the fish inlet (camera 2), and the
other was mounted monitoring the whole channel (camera 1); cf. Fig-
ure 3. During the work some of the cameras broke and were replaced.
During the parts of the project, when only one camera worked, it mon-
itored the whole channel (camera 1). Some of the cameras used were
equipped with infrared light, but under the prevailing conditions there
was no effect of the light on the quality of the movie. The cameras
were continuously recording three frames per second and were con-
nected to a PC for storing. Since no extra light was provided (except
the infrared light on some of the cameras) no fish could be detected
during the darkest hours (21.00 - 04.00). The recordings were manu-
ally scanned at four times the actual speed. Only the fish that swam
through the channel against the current, and did not turn around, were
counted.

The water level at the turbine outlet was manually read on a fixed
scale. Water temperature and flow rate, both through the power plant
and through the spillways was provided by the power plant owner,
Skellefte̊a Kraft. The air temperature was measured with a common
outdoor thermometer.

During the work in 2005 the water transparency was measured by a
visibility test. A withe circular disc with a diameter of four centimeters
was lowered in the water until it could not be seen, and the depth was
noted (Laine et al., 1998).

2.4 Measuring procedure

The test was performed each year during three weeks of the migration
season of salmon and brown trout. In 2004, the channel was in place
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Figure 4: Number of fish passing through the attraction channel in
2004 (bars) and the flow rate through the power plant and spillway.

from August 16 to September 5, six hours per day, from 09.00 to 15.00.
It was tested alternating with and without bump, changing every day.
In 2005 the channel was kept in place for one week at a time, from
August 9 to September 1. The first and third week the channel was
tested with a bump and the second week the test was performed with-
out bump. In 2004 the test site was visited every day and in 2005 the
site was visited every other or third day.

The water depth in the channel was kept constant throughout the
test. It was set to 80 cm at the flow inlet in 2004 and to 105 cm in
2005. The depth was set after testing different depths and measuring
the lowering of the water level over the bump. In 2004 the depth at
the bump was 22 cm and in 2005 it was 32 cm.

3 Results and discussion

Figure 4 shows the amount of fish passing through the attraction chan-
nel in 2004, together with the flow from the turbine outlet and spillway.
A total of 57 fish passed through the channel in 2004. Most of the fish
passed during one day, August 21. That day there was no bump in the
channel. The day before (August 20) a stop in the power plant directed
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2005 (bars) and the number of salmon and brown trout successfully
passing the fishway. 9-17/8 and 25/8-1/9 with bump in the channel,
and 20-25/8 without the bump.

all the water in the river over the spillway (from 11.00 to 17.00); cf.
Figure 4.

The days when fish were swimming through the channel the water
was turbid and that suggested that the channel may be too light in
color, or maybe the test was preformed when fish was not actively
migrating. Research indicates that salmon migrate between dusk and
dawn or when the river is turbid (Laughton, 1989; Banks, 1969)

In 2005 the attraction channel was painted black and the bump was
0.65 m high, making it possible to use a depth of 1.05 m at the flow
inlet. The results from 2005 are shown in Figure 5 together with the
amount of salmon and brown trout passing the counter in the fishway.
A total of 471 fish passed through the channel in 2005. During the test
period in 2004, 884 salmon and 56 brown trout passed through the fish
counter in the fishway (56 % of the total amount of fish passing that
year). In 2005 the amount was 398 salmon and 174 brown trout (40 %
of the total amount). The fish is now swimming through the channel
with good correlation with the number of fish using the fishway at the
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dam. The activity during the day is shown in Figure 6; the peak in
activity is between 12.00 and 17.00. This shows that the fish are most
active during the day and the low number of fish passing in 2004 could
not be explained with the fact that the fish was not actively migrating
during the time of the test (09.00-15.00), so there must be some other
explanation for the greater number of fish in 2005. During 2005 the
visibility in the water was measured with a white circular disc and
the mean sight in the water was measured to 1.46 m, with a standard
deviation of 0.45 m; cf. Figure 7. The visibility does not correlate to
the number of fish swimming through the channel. However the results
suggest that it is the color of the attraction channel that makes the
fish used the channel in 2005 and not in 2004.

Since only cameras were used to monitor the fish and the fish just
swam through the channel, the same fish could enter the channel re-
peatedly. Some of the fish had injures that could be identified and at
one occasion one of these fish swam through the channel several times.

In 2005 there is no difference between the test with and without the
bump. This despite the fact that the fish inlet depth differ from about
0.32 m with bump and 1.05 m without bump. Even the test without
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Figure 7: Number of fish swimming through the channel (bars) and
the water level at the turbine outlet and visibility in the water.

the bump affects the flow downstream the channel. In the chaotic flow
from the turbines the channel provides a more structured flow both
through and downstream the channel.

When counting the fish swimming through the channel only fish
that swim through in the right direction (against the current) is counted.
Some of the fish enter the channel and then backs out and some en-
ter the channel at the upstream end and swims through in the wrong
direction (tail first). When they swim through it takes a few seconds
and only very few spend longer time in the channel.

The mean water level at the turbine outlet during the test in 2004
was 3.74 m (standard deviation of 0.11 m) and during 2005 it was 4.39
m (standard deviation of 0.3 m).

4 Conclusion

An attraction channel, that uses a fraction of the tailwater to entice
fish to swim through it, has been tested in full-scale. The channel
works by locally accelerating the water to attract fish. The test was
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preformed during two summers in the Pite river in Sweden. The results
show that the color of the channel is of importance. The fish used the
black painted channel with and without the acceleration of the water
velocity. Further tests are needed to elucidate the role of the bump for
attracting the fish. Also, techniques to guide the fish from the channel
to a regular fishway need to be developed.
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