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Scientific Note

Proposal of a Sluice-type Fish Pass

Matthias A. Haselbauer* and Carlos Barreira Martinez**

One-dimensional design of fish passes often leads to an unsatisfying solution. The problems are due to insufficient, if not
completely missing, collaboration between biologists and civil engineers. In the present paper, a new type of fish pass is
presented. A labyrinth flux develops in a system of sequential sluices and baffles in between, which uncouple the supercritical
flow of the single sluices. A series of biological, hydraulic and numerical experiments was carried out in order to investigate the
optimum configuration in terms of geometric issues, regarding the biological needs and performances of organisms to be
transported. Following this optimization, fish can control the prevailing flow conditions quite well. Because the air entrainment
into the water is avoided, fish perception is not affected. A geometric extension regarding the needs of small fish, bottom fish,
and macrozoobenthos decreases the selectivity and predation pressure on them.

O projeto uni-dimensional de passagem para peixes leva, com freqiiéncia, a uma solug@o pouco satisfatoria. Os problemas séao
conseqiiéncias de uma falta ou insuficiéncia de colaboragéo entre bidlogos e engenheiros civis. Neste artigo ¢ apresentado um
novo tipo de passagem para peixes. Este é constituido por um sistema de vertedores seqiienciais com paredes intermediarias
entre eles. Estas paredes tém o objetivo de desacoplar o fluxo supercritico entre os vertedores desenvolvendo uma corrente do
tipo labirinto. Um conjunto de experimentos biologicos, hidraulicos e numéricos foi realizado para achar a melhor configuragdo
a respeito da geometria, levando-se em consideragdo os aspectos biologicos dos individuos a serem transpostos. Observou-
se que apos a colocacdo desses dispositivos os individuos testados ultrapassaram o sistema com relativa facilidade. O
mecanismo evita a incorporacdo do ar na dgua. Devido a isso a percep¢do do peixe nao ¢ afetada. Com a colocagdo de um
sistema de passagem de fundo, a seletividade do sistema e a pressdo de predagao ¢ diminuida, pois se considera que os peixes
menores, os peixes do fundo e o macrozoobenthos terdo mais facilidade de passar por este mecanismo do que pelas passagens
de peixes tradicionais.
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In Europe, the use of surface water has constantly in-
creased during the past 150 years. To maintain navigability,
for hydropower purposes, and for protection against flood
waters, a large number of constructions were built which in-
terfere with the natural flow. Fish and other small animals which
inhabit the rivers suffer from these alterations. A massive de-
crease in the number of fish to the point of extinction of some
species has been observed. The example of Brazil indicates
that this decrease must be seen as a global problem. With the
simultaneous decrease in fish, bird and mammal populations,
the enormous human impact on the food chain has become
obvious.

In an attempt to keep rivers passable for organisms, a huge
number of fish passes were built during the last centuries, but
their efficiency in both biological and technical aspects is

often poor. The flow situations in the constructions which
were often designed under one-dimensional and empirical
assumptions resulted in an immense selectivity. Moreover,
the intolerable noise emission prohibits the installation of such
constructions near urban areas. The necessarily small slopes
of fish passes require great lengths, which results in very
high costs along with high maintenance needs. In contrast to
the traditional one-dimensional design of fish passes, more
appropriate tools are available today. With computational fluid
dynamics (CFD tools), not only the mean velocity field can be
investigated, but also transient effects of the flow, which have
a considerable influence on the acceptance of such construc-
tions. To achieve optimum results, a coupling of hydraulic
and biological aspects is essential in the design process. Ex-
aminations of the flow conditions in most of the traditional
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fish passes such as pool-type and weir-type and vertical slot-
type passes, disclose air entrainment. The air is broken up by
turbulent shear forces into small stable air bubbles, which
due to buoyancy rise towards the surface and escape into
atmosphere. The bubble fragmentation leads to hydro acous-
tic noise (Deane, 2002), discernible by fish (Kapoor, 2004),
and to major air noise in the vicinity of such constructions.

In the present paper a new type of fish pass is presented.
To investigate the optimum configuration for the new sys-
tem, a combined biological, physical and numerical test pro-
gram was set up. In the summer of 2005, a fish pass was
installed on a scale of 1:5 in an acrylic glass channel with a
width of 30 cm. The model consisted of three inner basins
which were separated by acrylic glass sluices. The minimum
water level in the mechanism was set by a weir at the end of
the channel. The weir had a minimum height of 30 cm. During
the experiments the sluices were covered with a blue plastic
film to improve the visual perceptibility of the fish.

At the Centre of Hydraulic Research (CPH), Universidade
Federal de Minas Gerais (UFMG), Belo Horizonte, Brazil, the
researchers worked combining biological and technical ex-
periments in the field of fish pass improvement. Because of
this special configuration, it was possible to test the new
systems with two different species of fish that were caught
in Trés Marias Reservoir (18°12°48” S, 45°15” 58 W) in the
Sao Francisco River. The performance was tested with piau
(Leporinus reinhardti) and lambari (Astyanax bimaculatus).
The species are representative for different living spaces with
regard to water depth and behavior. While the lambari is a
shoal fish which adapts its own behavior to that of conspe-
cifics, the piau reacts more autonomously with respect to its
environment.

For the experiments, five fish of the same species were
taken each time and released into the fish pass at the down-
stream end. The positions of the respective fish were docu-
mented in 10-min intervals. The experiment was repeated three
times for the two species at two different currents. The re-
sults were evaluated using statistical methods.

The test channel with integrated sluices was built twice,
one in Brazil as already mentioned, and the other at the
Technische Universitidt Miinchen in Germany. To verify the
results of numerical simulations, various flows were investi-
gated in the channels. Discharges were measured with a cur-
rent meter in Brazil and with a magneto-inductive discharge
measurement device in Germany. For each discharge under a
specific end weir height, the water levels in the different pools
were measured with their mean values and variances. The
velocities within one of the pools were additionally moni-
tored by a laser doppler anemometer (LDA) measurement
device and compared with the numerical results.

As a first step, the laboratory experiments described above
were simulated and the results were compared. The simula-
tions were performed with the code Flow3D® of
FlowScience®.

To avoid air entrainment (Boes, 2004), the idea was to
dissipate the energy by means of a series of submerged
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sluices. Fig. 1 shows the main principle. The first numerical
simulations showed a labyrinth flow as shown in Fig. 2 and
Fig. 3. The maximum velocity was about 2 m/s H” (Dh/2g)°?;
the entire potential energy was transformed into kinetic en-
ergy which was later dissipated in the pool. Along the bottom
and the intersection wall attached, wall jets were constructed.
Within the pool, only small areas of high velocities were formed
where the jets were detached from the walls. Of more impor-
tance for fish were large recuperation spots in the recircula-
tion areas.

To guarantee the continuity of the bottom, the original 2D
geometry was extended by 50 cm. A ramp region with a width
of 30 cm was added which was separated by a baffle from the
main flow, thereby creating a continuous bottom . Due to the
fact that the velocities in this region were less than 0.20 m/s,
small fish and macrozoobenthos can pass through the mecha-
nism. In the section slides (Fig. 3, area A), it can be seen that
at the bottom side of the vertically guided jet the velocity is
about 1 m/s, which increases the chances of small fish pas-
sage.

In a very long fish pass, the basins can be regarded as
periodic. For this configuration only one basin had to be
simulated with a periodic inflow and outflow condition. For
optimization purposes in the geometry (Fig. 4), the different
parameters, a) water level in the pool, b) intermediate wall
height, c) level difference between the pools, d) opening un-
der the sluice, e) the dimension of the pool and f) position of
the wall, were varied. Steady and unsteady transient schemes
were used for the simulations. The turbulence models ap-
plied were Reynolds averaged Navier-Stokes (RANS) and
large eddy simulation (LES) (Fig. 5).

As described above, the tests were made in the acrylic
channel with a width of 30 cm. Fish, in this case lambari
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Fig. 1. System of the sluice-type fish pass.

Fig. 2. Mean velocity distribution in the fish pass (see Fig.3
for legend).
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Fig. 3. Vertical section through one pool. Mean velocity dis-
tribution with Dh=0.20 m.

$d

Fig. 4. Geometric parameters for the numerical optimization
process. a) water level in the pool, b) intermediate wall height
c) level difference between the pools, d) opening under the
sluice, e) the dimension of the pool and f) position of the wall
(see Fig. 3 for legend).

(Astyanax bimaculatus), were set free at the downstream side
of'the vertical sluices. The fish had a total length of 9to 12 cm.
To protect the fish against leaving the test domain, a net was
set between the exit of the fish pass and the end weir. The
discharge in the channel was 340 I/min, with a water level of 45
cm upstream and 35 cm downstream of the fish pass. The slope
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Fig. 5. Vertical section through one pool. Instantaneous ve-
locity distribution with Dh=0.20 m. Result from a LES simu-
lation with Flow3d® (see Fig. 3 for legend).

of the mechanism was about 8%. Fig. 6 shows the distribution
of fish over time. After releasing the fish into the channel, about
20% of the fish passed within 10 min through the entire fish
pass. The greater part of the fish, about 65%, passed the mecha-
nism more slowly, and passed one pool after the other. After
almost an hour, 85% of the fish passed the mechanism once. It
was recognized that some fish, after passing the sluices once,
re-entered the mechanism and swam downstream. While ob-
serving these fish, it appeared that the lambaris were able to
control the prevailing velocity regimes quite well. A typical
passage of fish can be seen in Fig. 7, where the passage was
photographed in a sequence of images.
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Fig. 6. Statistical evaluation of the passage of lambari
(Astyanax bimaculatus) over time in the laboratory channel,
scale 1:5.
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Fig. 7. Sequence of fish passage, Dt = 0.5 seconds, with piau (Leporinus reinhardti) and lambari (Astyanax bimaculatus).

The discharge measurements were carried out in a scaled
model. To compare the different results, the scaling law be-
tween the different scales are of importance. In CFD-simula-
tions of free surface flow, it was proven that the velocities in
the model scale followed the Froude Law:

=7 [1]

where v is the velocity and 1 is a characteristic length. The
velocities can therefore be transferred quite easily between
different scales.

As applied to every pool-type fish pass, the maximum
velocity in the pool can be estimated by:

Vo =/ 280N 2]

where Dh is the level difference between two basins. The
water head difference is converted directly into velocity head.
This law applies to every pool-type fish pass, including scaled
models.

The laboratory experiments with the horizontal channel
demonstrated that there is no “white” water in the fish pass.
Because of the submerged sluices, no air was entrained into
the flow regime. The water remained clear. If the water level in
the pools was too low, down going vortices from the surface
developed, which led to the suction of air from the surface
into the flow domain. Single bubbles passed the sluice and
usually left the fluid domain at the other side of the sluice.
Sometimes bubbles were trapped in the recirculation zones.
These bubbles are acoustically inactive, because they were
not fragmented, but maintained their diameter until escaping
from the water. The risk of entrainment of these bubbles in-
creased with increasing discharge and decreasing water level.

A very important criterion for the performance of the fish
passes is the velocity distribution. As in traditional facilities,
the maximum level difference between two pools should not
be higher than 20 cm, which corresponds to a maximum ve-
locity of about 2.0 m/s (ATV-DVWK, 2004). Because of the
vertical direction change of the jet, the length of the separate
basins may be reduced, which enables a steeper slope of the
fish pass. For geometrical optimization of the mechanism,
numerical parameter studies were conducted, which allowed
the prediction of the best geometrical configuration.

In discussions with biologists, it is often claimed that the
bottom is not continuous. Because of this, the organisms

that live near the bottom would not pass through a fish pass,
because they would not climb up the middle wall which sepa-
rates the flow under the single sluices.

In order to address these concerns, the original two-di-
mensional geometry was expanded by a ramp region which is
separated from the main flow by a baffle, as can be seen in
Fig. 8 and Fig. 9. Within a pool, there were no potential head
differences. Because of this, there was almost no flow in the
ramp region. The opening in the wall had a width and height
of 30 cm, corresponding to the construction recommenda-
tions of the German Association for Water, Wastewater and
Waste (DWA) for pool-type fish passes. (DVWK, 1996) In
this region, especially small fish, bottom dwelling fish, and
macrozoobenthos (ATV-DVWK, 2004) had the possibility to
move up. Because of the limited space available, hunting by
predators (Almeida, 2006) will become more difficult. There-
fore, movements of small organisms within the fish pass will
be easier.

The biological experiments could give a good idea of the
feasibility of the new fish pass, but there is the inevitable

Fig. 8. Expanded geometry, with ramp region for small fish
and macrozoobenthos, separated from the mean flow by a
baffle (see Fig. 3 for legend).



M. A. Haselbauer & C. B. Martinez

v=15"/ und0.2"/

227

v=15m/

v [™/]

Q0000 A =ttt N
oONPODPONPO O

Fig. 9. Isosurfaces for the sluice-type fish pass with ramp region for Dh =0.20 m.

argument that scaled experiments with fish are always tricky.
Although the physical capacities of fish can be scaled satis-
factorily, the attitudes of juvenile and adult fish differ greatly.
However, the fish passed quite well, as shown.

The proposed mechanism represents an application of jet
hydraulics. In contrast to the traditional fish passage sys-
tems, air entrainment into the water was avoided, which is
responsible for noise in the air and in the water (Deane, 2002).
The proposed fish pass, therefore, produced notably less
noise because of its design. Moreover, upwards movements
of fish were not disturbed by the transported air bubbles, but
itis still necessary determine whether or not fish are affected
by these bubbles. If they are not hindered in passing a re-
spective area, they are still affected in their sensory percep-
tion and orientation by the bubbles. Because of this, it may
be assumed that without bubbles they are able to detect preda-
tors earlier when passing the fish pass. Therefore, the chances
to overcome the mechanism completely are increased.

The given inclination for the fish in the experiment was
about 8 to 10%. It can be assumed that this inclination can
still be increased considerably. Biologists measure the rec-
ommended velocities in fish length per second (Sfakiotakis,
1999; DVWK, 1996). Because of this linear scaling law for
fish, the swimming capacities of fish increase by a factor of
two by doubling the geometric parameters. At the same time,
the prevailing velocities increase by the square root of two
only, following the scaling law of Froude. Fish should there-
fore manage to pass increased inclinations more easily at
larger scales than at small ones. At the CPH in Brazil, in the
next months, a larger test channel with a scale of 1:2 will be
completed. More biological tests with more species will be
performed. If the tests give the prognosticated results, the
new system will be field-tested.
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