NUMERICAL SIMULATION OF FLOW PATTERN INSIDE A POOL-AND-WEIR FISHWAY
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Abstract

Over the past few years, numerical modeling has been used
to study flow structure in pool-and-weir fishway. Such
simulations can help to visualize the non-trivial flow
patterns in fish ladders (Khan, 2006; Atsushi et al., 2009).
However, there is still limited knowledge about effects of
the length-to-depth ratio of a pool-and-weir fishway on the
flow structure.

In this study, the commercial CFD code FLOW-3D is
applied to simulate flows in a fish ladder. The purposes of
this study are to advance our knowledge of fishway flow
patterns and to provide a suitable guidance for an optimal
design.

Experimental data archived from a previous study of
Hayashida, et al., (2001) are used to calibrate and validate
the numerical model. The result showed that the model is
capable of simulating the flow pattern in the pool with
acceptable accuracy. Further, the numerical model is
applied to study effects of the ratio between the weir length
and the pool depth on the flow structure in the fish ladder.

Introduction

One approach to study the fish movement through fish
passes is to track its behavior against the change of
hydraulic condition. This approach may allow us to assess
the efficiencies of fishways and provide information of the
proportions of the migrating populations that actually move
upstream. Additionally, this approach can help us to better
understand of the mentality of the fish for traversing a
velocity barrier.

Monitoring the fish movement inside the fish passage can
be used for calibration and validation of numerical model
for fish movement in relation to different hydraulic
conditions. Abdelaziz et al (2011) developed a model based
on the concept of energy expenditure with random
movements and turbulence effects to simulate the fish
upstream movement inside the culvert, where the direction
of flow was almost constant. This technique is not valid for
the case, when the flow direction changes point by point
e.g. in a pool-and-weir fishway. In this case, based on high
water flow the fish recognizes the direction of the fishway.

At the same time, the fish tries to minimize the energy
expenditure by travelling against the lower velocities.
Power et al (1985) suggested that the fishway entrance
should site as close as possible to the source of the
competing flow from the turbine. Another strategy
suggested by Castro-Santos and Haro (2008) is to
supplement the flow at the fishway entrance. This increases
the ratio of flow at the fishway entrance to turbine flow
without increasing the total flow passed through fishway
itself.

Over the past few years, numerical models have been set up
occasionally to depict flow structures. Such simulations can
help to visualize the non-trivial flow patterns in fishway
pools (Heimerl et al., 2008; Chorda et al., 2010; Xu, 2009).
Most of these studies concentrated on Vertical Slot Fishway
and very few studies focused in the pool and weir type
(Atsushi, 2009).

In this study, numerical modeling was carried out to
investigate the effects of changing the pool scale in a pool
and weir fishway. The FLOW-3D computer program was
applied to simulate the flow. The purposes of this study are
to advance our knowledge of fishway flow patterns and to
provide a suitable guidance for an optimal design.

Experimental Method

Hayashida, et al, (2001) have conducted experiments for
the flow and fish movement inside a pool-and-weir
fishway. The experiment was done in a two-dimensional
water channel 60cm wide consisting of two weirs 20cm
thick and one pool, where the pool length (L), the pool
water depth (H), and shapes of weir can be changed. The
head between the weirs and overflow water depth was fixed
to 10cm throughout a series of the experiments. The
swimming behaviors of Japanese daces by changing the
scale of the pool and the shape of the weir were studied.
Eight different cases were set out by changing the pool
length (L) to 50, 100 and 200cms and the Weir heights (H)
to 30/20, 60/50 and 90/80 cms. The grade of the fishway
was determined by the pool length. Accordingly, the grade
of the fishway is 1/7 for a pool length of 50cm, 1/12 for
100cm, and 1/22 for 200cm, respectively.
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Numerical Approach

In the Program FLOW-3D, the hydrodynamic module is
based on the solution of the three-dimensional Navier-
Stokes equations and the continuity equation for
incompressible flows. The governing equations can be
written in a tensor form for a control volume as follows
(Flow Science Inc., 2008):
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where U; (1, 2, 3)= are the velocity components; P =
pressure; A; = fractional area open to flow in the i-direction;
Vs = fractional volume open to flow; f; = the gravity force
per unit volume; S; = strain rate tensor; t,; = wall shear
stress; p = density of water; g = total dynamic viscosity,
which includes the effects of turbulence (Up=p+ur); U =
dynamic viscosity; and it = eddy viscosity.

In FLOW3D, alternative schemes for turbulence closure,
namely one-equation for turbulent energy k, standard k-e,
renormalization-group (RNG) k-g, and large eddy
simulation (LES) models, can be applied. The k-¢ closure
schemes will be considered in this paper, where the
turbulent viscosity can be expressed as the product of the
turbulent  velocity and length scale.  Therefore,
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The closure equations for the turbulent kinetic energy Kk,
and the dissipation rate €, are given in a tensor form by:
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where C, is an empirical factor called the shear production
coefficient with default value=1.0
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The closure coefficients and auxiliary relations in case of
the standard k-g¢ model are: (C;= 1.44, C, = 1.92, C, =

0.09, o = 1.0, o, = 1.3). The RNG approach is a
mathematical technique that can be used to derive a
turbulence model similar to the k- ¢, results in a modified
form of the ¢ equation which attempts to account for the
different scales of motion through changes to the
production term. The RNG model uses the same equations
like k-¢ model with different coefficients values (C,= 1.42,
C,, is computed based on the values of k, € and the shear
rate, C, = 0.085, 6, =0.72, 6, = 0.72).

The wall boundary conditions are evaluated differently
based on the chosen turbulence closure scheme. Transport
turbulence closure scheme uses a law of the wall
formulation. In FLOWS3D the combined smooth and rough
logarithmic law of the modified wall equation is iterated in
order to solve for the shear velocity u* (Flow Science Inc.,
2008):
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where ¥ = von Karman constant; a is a constant, which is
equal to 0.247 for standard and RNG k-¢ models; ks = wall
roughness; and yo = distance from the solid wall to the
location of tangential velocity, u,. The denominator of Eq.
(8) represents an effective viscosity due to the effect of the
rough boundary (Uess =pt+pausks). If the cell is within the
laminar sublayer (where pu*y /pu<5.0), the solution for the
shear velocity is defined with:
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The solution for the shear velocity is used as the wall
boundary conditions for the turbulent transport equations.

At wall boundaries k and ¢ are defined with:
2
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Model calibration

The model was calibrated using the data for case-8
provided by Hayashida, et al., (2001). As shown in Fig.1, at
the upstream and downstream boundary conditions the
water elevations of 100cm and 80.13cm respectively were
specified. The RNG turbulence model was used in this

paper.
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Figure 1: Model set up



In Fig.2 the simulated results were compared with the
measurements of mean velocity in the domain. A good
agreement between them has been achieved. In general, the
velocity directions were ununiform, and a large area was
occupied by low velocities. It can be seen that, in the
experiment as well as in the numerical model the main flow
was located in the domain near the wall and bed. The
middle flow area is characterized by a circulated weak
flow. On the other hand, the flow near the water surface is
reversed due to the backwater effect. Fig.3 shows a
comparison between the simulated maximum velocity paths
and observations. The numerical model could simulate the
water surface elevation and the maximum velocity path
with a good accuracy, while very small difference can be
seen in the domain near the water surface, where the flow
takes place in the reversed direction. Fig. 4 presents the
calculated and the measured maximum velocities near the
bed. Again, a good agreement between calculation and

measurement has been obtained.
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(a) Measured velocity distribution and swimming behavior
(after Hayashida et al, 2001)

120.0

60.0

0.0

62.0 118.0
¥

(b) Simulated velocity distribution
Figure 2: Mean flow pattern inside the pool tank.

Water Surface +xx Experiment
Max Velocity Path.

Max Reverse Velocity Path

y -distance {cm)

75 100 125 150 175 200 225 250

-50 -25 0 25 50
X-distance (cm)

Figure 3: Maximum velocity paths inside the pool tank.

100 4

90 1 *

80 -

70 +

60 -

Velocity (m/s)

50

40 A

30 1

20

Max SimulatedVelocity

* Max Experiment Velocity

10 A

0 20 40 60 80 100 120 140 160 180 200
X-distance (cm)

Figure 4: Maximum velocity near the bed.

Hayashida (2001) noticed that the fish stayed in the
domain, where the velocity is slow and the current direction
was constant. Most of the fish follow route 2 as indicated in
Fig. 2-a. It was also noticed that the fish try to avoid the
circulated flow inside the middle section of the pool, where
the direction of flow is not clear.

Model Application

Hayashida et al, (2001) studied the swimming behavior of
Japanese daces by changing the pool scale. Eight
experiments were studied and the climbing frequency (the
number of times that fish climb up the upstream weir) for
each case was shown in Fig. 5. Finally, he classified the
eight experiments to three levels according to the climbing
frequency as Level 1: the most climbing frequency; Level
2: a lesser climbing frequency; and Level 3: a least
climbing frequency
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Figure 5: Climbing frequency of each case (after Hayashida
et al, 2001)

In order to understand the fish movement inside the pool
tank, the effect of changing the pool scale were studied
using FLOW-3D program for the flow simulation and
combining with the observations of fish movement given
by Hayashida. Fig. 6 shows the simulated velocity
distribution for case 3 as indicator for Level 1 (the most
climbing frequency). In this case, the pool length (L) was
200cm and the weir height (H) was 30cm for the upstream
weir and 20 cm for the downstream weir. The calculated
results show that in this case the flow has almost the same
characteristic direction as flow directions for other cases.
However, the circulation can be seen only in the upper part
of the pool. This circulation vanishes in the middle of the
tank and the flow becomes almost uniform and relatively
slow.
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Figure 6: simulated flow pattern inside the pool tank for
case 3 (Level 1).

Fig. 7 shows the simulated velocity distribution for case 4
as indicator for Level 3 (a least climbing frequency). In
this case, the pool length (L) was 100cm and the weir
height (H) was 60cm for the upstream weir and 50 cm for
the downstream weir. In this case, the flow field is
characterized by the nonuniform flow direction. The main
flow concentrates in the narrow area near the wall and bed
while a large circulated flow in the middle area can be seen.
Based on Hayashida’s results, the fish follow one of the
following three paths according to the flow pattern inside
the pool: Route 1: Fish swim against the maximum flow
direction; Route 2: Fish move in the a range of the bottom
layer to the middle layer where the velocity is slow and the
current direction was constant; and Route 3: Fish move
toward the upstream weir in the neighborhood of the
surface.
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Figure 7: simulated flow pattern inside the pool tank for

case 4 (Level 3).

Flow pattern in case 3 could be ideal for fish as the flow is
almost uniform with small velocity. The fish follow the
route 3, where the path is short. In all other cases, the water
flow patterns are non-uniform. Since the fish are not
familiar with pool tank, they try to follow the high flow
direction to recognize the upstream direction. At the same
time the fish try to minimize the energy by traveling against
the low flow near the recognized direction. This idea is
suitable for case 8, where fish following the route 2. If in
the neighbor area the flow is characterized with changeable
flow direction, the fish are bushed to follow the high flow
direction in the route 1 (Case4).

Conclusion

The flow inside a pool-and-weir fishway was studied using
an existing 3D numerical model (FLOW-3D). The model
provided good results of flow pattern comparing to the
experiment data given by Hayashida (2001). The calculated
results showed that the flow inside the pool was highly non-
uniform and a large area was occupied by a low velocity
current. The dimension of the pool has a great effect on the
distribution of flow in the pool. When the pool length is
long and the weir height is small, the flow is mostly
uniform. This flow condition could be perfect for Japanese
daces which showed the most climbing frequency. By
increasing the pool depth the flow non-uniformity becomes
more intensively and accordingly, a climbing frequency can
be reduced. By decreasing the pool length, the strong
circulation of the flow can cause a very bad condition for
the fish climbing ability.
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