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Fishways are of great ecological importance and have been the focus of numerous studies. However,
many fishways remain operating at an unsatisfactory level. Furthermore, field measurements of flow
properties in effective fishways remain surprisingly rare compared to the number of various numerical
and physical hydraulic models. The purpose of the research was to conduct extensive field measurements
of the flow in an effectively operating vertical slot fishway (VSF), and to use the findings to calibrate and
verify the depth-averaged two-dimensional (2D) numerical hydraulic model PCFLOW2D. Flow velocities
were measured using a reliable 3D acoustic probe. Measured velocities were up to 50% larger than values
calculated from an equation proposed in recent literature, but in accordance with results of our simu-
lations. PCFLOW2D proved to be a useful tool for modeling fishway flow and could be used in similar
hydro-environmental problems.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fish of all ages migrate up and downstream to meet their
needs (e.g. feeding, reproduction) which cannot be fulfilled where
they are (Katopodis, 1992). Obstructions such as dams can have
long-term negative effects on biodiversity and distribution of fish
populations. Effective fishways bridge the interruption of fish
migration routes and are of great ecological importance.

Different types of technical fishways are known from the liter-
ature: weir, Denil, culvert and VSF type. The subject of this paper is
the VSF type. This area of research has been the focus of numer-
ous studies (Bermudez et al., 2010; Cea et al., 2007; Liu et al.,
2006; Marriner et al., 2014; Rajaratnam et al., 1986, 1992; Tarrade
et al., 2008, 2011). The main advantage of the VSF type is that the
hydraulic characteristics in such a fishway are quasi-independent
from the discharge or water depth variation in the fishway (Chorda
et al,, 2010; Katopodis, 1992). Another advantage of this type of
fishway is extremely small velocities between the boulders on the
bottom of the fishway, enabling the migration of other aquatic
organisms.
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The fishway related legislation demands certain ecological con-
ditions of watercourses (Water Framework Directive, 2000/60/EC;
The Habitat Directive — FFH, 92/43/EEC), but fishways often remain
relatively non-functional, as recently shown by Ciuha et al. (2014).
Therefore, it is necessary to pay special attention to the design of
new and reconstruction of old fishways. For example, according to
monitoring on larger dams in Slovenia only one fishway was con-
firmed as fully functional (Ciuha et al., 2014; Kolman et al., 2010),
and this fishway is the subject of the present paper.

The objective of the work is threefold. Firstly, to present results
of extensive field measurements of flow depths and velocities in
the observed VSF, since such results are still rare but valuable for
the calibration and verification of numerical and physical hydraulic
models. Secondly, to verify the value of the maximum velocity in
the slot, proposed in design manuals by Larinier (2002), Maddock
etal.(2013),and in studies by Calluaud et al.(2014), Liuet al. (2006),
and Puertas et al. (2004) as the relation vmax =(2gAh)!/2, Thirdly, to
calibrate, verify and evaluate PCFLOW2D hydraulic model as a tool
in the process of a VSF design.

2. Material and methods
2.1. Field measurements

The fishway considered in this paper is built at the Arto - Blanca
hydropower plant and consists of two reaches: upstream concrete
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Nomenclature
Notation fow
bg slot width [m] direction
dy short baffle pier width [m] = 57059
dy short baffle pier length [m]
E energy dissipation rate per unit volume [W m~3]
E average energy dissipation rate per unit volume

(Wm—3]
g gravity acceleration [ms=2]
h water depth [m]
k mean flow kinetic energy per unit mass [m?2 s—2] o
K turbulent kinetic energy per unit mass [m? s—2]
L pool length [m] Fig. 1. Details of a pool in the presented VSF. Dimensions are in meters.
ng Manning’s roughness coefficient [sm~1/3]
Q discharge [m3/s]
So longitudinal slope [] inflow, outflow, water surface slope) were kept constant, namely:
Vmax maximum velocity in the slot of a VSF [m/s] discharge Q=1.00m3/s, water depth h=1.30m, head difference
Vp pool water volume [m3] between pools Ah=0.05m, water surface slope Sg=0.0167. In
Ux mean longitudinal velocity component [m/s] the selected pool, located in the middle of the upstream straight
vy mean transverse velocity component [m/s] concrete reach, the following parameters were measured: water
Uy mean vertical velocity component [m/s] surface elevation, bed elevation, and all three velocity components.

w pool width [m] Elevations were determined with leveling, while flow velocities

X longitudinal coordinate [m] were measured with SonTek 3D Micro-Acoustic Doppler Velocime-
y transverse coordinate [m] ter (i.e. ADV). The probe was positioned with an adjustable traverse
P vertical coordinate [m)] and caused negligible disturbance to the observed flow. The fol-
Z bed elevation level [m.a.s.1.] lowing user-defined settings were used: sampling frequency of
Ah head difference between two adjacent pools [m] 50Hz, and measuring area of +2.50m/s. The suitability of the
At time step [s] measurement was confirmed by achieved signal correlation factor
Ax cell size in longitudinal direction [m] Cavg =86% (with 66 < C<97) and signal-to-noise ratio SNRqyg = 22 dB
Ay cell size in transverse direction [m] (with 18 <SNR<27). Flow velocities were measured in a total of
e dissipation rate per unit mass [m2 s3] 254 points located 0.05-0.20 m apart, as shown in Fig. 2.

vr kinematic coefficient of eddy viscosity [m2s~!]

0 water density [kg m—3] 2.2. Numerical model

) streamline [m3/s]

W dimensionless streamline [-] Numerical simulations were performed with the PCFLOW2D

model. PCFLOW2D solves the depth-averaged shallow water equa-
tions coupled with a turbulence model. The 2D depth-averaged
reach with 24 vertical slots (i.e. VSF reach), and a much more shallow water equations can be written in conservative form as:
natural-like downstream reach with meanders. This paper focuses

on the VSFreach. Geometry of the observed pool in the VSFis shown @ d(hvy) | O(hvy)
in Fig. 1.During field measurements the VSF flow conditions (i.e. ot ox dy

=0 1)

Y o V1-V4 preliminary measurements at different levels (0.07 < z/h < 0.92)

= grid for velocity measurements at z/h = 0.4
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Fig. 2. Locations of flow velocity measurements.



478
1.0 X
PN a vertical V1
0.8 4 A a
oA =]
oA o
0.6
§ < A o
N o a o
0.4
o A a
o A o
021 oA o ovx
oA o
oA o :Xy
0.0 . . . . . -
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

v(ms 1)

M. Bombac et al. / Ecological Engineering 84 (2015) 476-484

1.0
- a vertical V4
s oA o
o a o
o a o
0.6
< o A a
S~
N o a o
0.4 4
o a o
o a o
021 o A o avx
oA o ‘Xy
oV,
0.0 . . . . . =
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
v(ms )

Fig. 3. Measured velocities prove the two-dimensional nature of the VSF flow.
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where h is the water depth, vy and vy are the depth-averaged veloc-
ities in x and y direction, g is the gravity acceleration, z; is the bed
elevation level, ng is Manning's roughness coefficient and vris kine-
matic coefficient of eddy viscosity, determined by the appropriate
turbulence model. In accordance with previous research by Bombac
et al. (2014) the depth averaged k - ¢ turbulence model of Rastogi
and Rodi (1978) was used.

Numerical model of VSF consisted of 9 active pools, an inlet
reach (0.5 x L) and an outlet reach (3.2 x L), where L=3.00 m is the
length of a pool (Fig. 1). Such model dimensions ensure uniform
flow past the central pools, with no potential effects of the model
inlet and outlet boundary conditions (Chorda et al., 2010; Liu et al.,
2006). Flow fields in adjacent central pools were compared and
showed no differences. Therefore, all presented numerical results
refer to the fifth (middle) pool.

A relatively dense and uniform numerical mesh was used
(Ax=0.01m; Ay=0.02m). Such a dense mesh had to be used in
order to ensure results without any significant effect of numerical
diffusion (Bombac et al., 2014). To ensure numerical stability and
convergence, the time step was set to At=0.1s. All simulations
were calculated to the final time of 3600 s.

At theinlet boundary a constant discharge with uniform velocity
distribution normal to the inlet was set. A depth-discharge rela-
tion at the outlet boundary was fixed iteratively to obtain the same
water depth in middle sections of central pools (uniform flow con-
ditions). Such uniform flow conditions were also recorded during
field measurements. Influence of bed friction is described by Man-
ning’s coefficient. As was shownin Bombac et al. (2014), bed friction
does not play an important role for this type of flow. Amore detailed
description of numerical mesh analysis, effect of appropriate turbu-
lence model and Manning’s roughness coefficient can be found in

Bombac et al.(2014), while a complete description of the numerical
model can be found in Cetina (1988) and Cetina (2000).

3. Results
3.1. Measured bed and water surface elevation

Bed of the observed pool was measured at 21 points. The bed is
covered with stones 0.10-0.30 m in diameter. This is in accordance
with fishway design and results in bed elevation that is not com-
pletely smooth. However, measured bed elevation values indicated
that the bed was level (or smooth) enough to be represented as an
average of the measured values. Water surface in the observed VSF
was quite undulated; its average elevation was determined on the
basis of measured minimal and maximal elevations. Water surface
elevation was measured in 5 cross sections located at x=0.2, 0.6,
1.2,1.8 and 2.4 m, in a total of 51 points.

3.2. Measured velocity components

Flow velocities were measured in two steps. First, the mea-
surements were conducted at various depths z/h=0.07, 0.17, 0.26,
0.36, 0.45, 0.54, 0.64, 0.73, 0.83 and 0.92 in 4 verticals, shown in
Fig. 2 (notations V1-V4). These results showed that the flow in the
observed VSF was indeed two-dimensional, i.e. the vertical compo-
nent v, was small, while horizontal components vy and v, remained
practically constant for all z/h, as shown in Fig. 3.

Additional measurements were performed in the first step to
determine the time required for the convergence of the measured
values (i.e. the average of each velocity component, and of turbu-
lent kinetic energy). With the probe located at a different point in
each of the mentioned 4 verticals (one point in each V1-V4) mea-
surements lasting up to 1222 s were performed. The results showed
that sufficient convergence (+£2.44%) was achieved with measure-
ments lasting 120 s, as shown in Fig. 4. Measurements at vertical V3
are not presented, because this vertical is located near the center
of the vortex and consequently the measured average values are
close to 0.

On the basis of both findings from step one, velocity measure-
ments were performed in all points shown in Fig. 2, at z/h=0.4 (as
suggested by Maddock et al., 2013), with each measurement lasting
for 120 s. Most of the measured values are collected in Tables 1-4.

Measured velocity vectors are shown in Fig. 5. This figure shows
that only one larger swirling zone appears in the lower part of the
pool (y<1.3m). The main stream passes almost straight between
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Table 1
Measured longitudinal velocity component v, [m/s].

y[m] x[m]

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80
2.10 0.73 / / -0.08 -0.19 —-0.06 0.02 0.27 0.35 0.47 0.64 0.77 0.86 0.90 0.93
2.00 0.84 / / 0.13 0.03 0.12 0.23 0.32 0.52 0.61 0.72 0.83 0.91 0.96 0.95
1.90 1.01 1.47 / 0.46 0.46 0.48 0.51 0.65 0.74 0.80 0.89 0.99 0.99 1.07 1.06
1.80 1.17 1.39 1.51 1.19 1.02 0.96 0.95 1.01 1.01 1.05 1.06 1.05 1.11 1.13 1.19
1.70 1.22 1.36 1.42 144 1.36 1.23 1.24 1.17 1.18 1.14 1.14 1.09 1.08 1.14 1.19
1.60 1.21 1.30 1.35 1.37 143 1.36 1.33 1.23 1.14 111 1.05 0.98 1.01 1.09 1.15
1.50 1.14 117 1.22 1.25 1.23 1.16 1.23 1.00 1.00 0.93 0.93 0.80 0.82 1.05 1.09
1.40 / 0.89 0.95 0.98 1.03 0.97 0.94 0.84 0.77 0.68 0.66 0.61 0.48 / /
1.30 / 0.06 0.25 0.42 0.55 0.55 0.61 0.49 0.46 0.56 0.51 0.40 0.28 / /
1.20 / 0.01 0.05 0.13 0.23 0.32 0.33 0.37 0.29 0.30 0.32 0.27 0.25 / /
1.10 / -0.02 0.01 0.07 0.15 0.21 0.23 0.22 0.20 0.19 0.17 0.20 0.21 0.13 /
0.90 / -0.07 -0.05 -0.02 0.06 0.07 0.07 0.16 0.11 0.08 0.12 0.08 0.13 0.16 /
0.70 / -0.13 -0.14 -0.09 -0.07 0.01 -0.03 0.06 0.02 -0.01 0.00 0.01 0.02 0.04 /
0.50 / -0.16 -0.23 -0.21 -0.16 —-0.10 —0.08 —0.05 -0.11 -0.14 -0.17 -0.16 -0.11 —-0.05 /
0.30 / -0.14 -0.25 -0.29 -0.32 -0.31 -0.33 -0.31 -0.34 -0.36 -0.35 -0.31 —0.26 -0.14 /
0.13 / -0.02 -0.07 -0.24 -0.36 -0.39 -0.45 -0.45 -0.52 —-0.48 -0.41 -0.43 -0.37 -0.22 /

Table 2
Measured vertical velocity component vy [m/s].

y[m] x[m]

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80
2.10 —0.08 / / -0.18 -0.07 0.01 0.00 0.12 0.09 0.14 0.16 0.17 0.17 0.16 0.13
2.00 -0.09 / / —0.08 -0.01 0.05 0.12 0.12 0.15 0.18 0.20 0.18 0.21 0.18 0.09
1.90 —-0.06 -0.28 / -0.01 0.07 0.12 0.14 0.23 0.22 0.23 0.25 0.26 0.24 0.21 0.11
1.80 0.03 -0.08 0.14 0.15 0.13 0.17 0.21 0.26 0.27 0.28 0.28 0.28 0.27 0.23 0.15
1.70 0.09 0.05 0.13 0.25 0.28 0.30 0.27 0.37 0.33 0.32 0.31 0.29 0.27 0.24 0.16
1.60 0.14 0.11 0.19 0.27 0.27 0.31 0.31 0.33 0.34 0.31 0.30 0.28 0.28 0.24 0.16
1.50 0.17 0.13 0.19 0.25 0.32 0.35 0.28 0.35 0.28 0.26 0.23 0.22 0.30 0.22 0.18
1.40 / 0.09 0.14 0.18 0.18 0.22 0.22 0.24 0.22 0.21 0.18 0.15 0.22 / /
1.30 / 0.08 0.08 0.10 0.15 0.18 0.18 0.22 0.18 0.15 0.12 0.08 -0.03 / /
1.20 / 0.08 0.10 0.12 0.14 0.16 0.16 0.15 0.13 0.12 0.08 0.01 -0.18 / /
1.10 / 0.10 0.10 0.11 0.14 0.16 0.14 0.12 0.12 0.08 0.04 -0.06 -0.23 -0.12 /
0.90 / 0.09 0.14 0.15 0.14 0.13 0.09 0.08 0.04 0.04 -0.02 -0.10 -0.25 -0.30 /
0.70 / 0.02 0.04 0.17 0.15 0.07 0.09 0.04 0.03 -0.02 -0.07 -0.13 -0.25 -0.32 /
0.50 / / / 0.15 0.09 0.07 0.02 -0.01 -0.03 -0.07 -0.12 -0.17 -0.24 -0.30 /
0.30 / / / 0.08 0.08 0.04 0.02 -0.04 -0.07 -0.08 -0.12 -0.15 -0.19 -0.25 /
0.13 / / / 0.01 0.02 -0.01 0.00 —0.06 -0.06 -0.06 -0.10 -0.10 -0.14 -0.19 /

the two slots with little energy dissipation (i.e. reduction of velocity
is small).

One of the important characteristics of the velocity filed is the
mean flow kinetic energy per unit mass k, which is defined as:

where vy, vy and v, are mean longitudinal, transverse and vertical
velocities, respectively. Contours of k% normalized by maximum
measured velocity vmax are shown in Fig. 6. It can be seen that the
maximum values of mean flow kinetic energy k are in the slot region
(k%:3, /vmax = 0.76) and decrease downstream. In the swirling zone
(y<1.3m), mean flow kinetic energy is low (k%> /vpmax < 0.10). In

k= %(vﬁ + 1/32, +12) (4) an effective fishway there must be an area with low k values, where
Table 3
Measured transverse velocity component v, [m/s].
ylm]  x[m]
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80
2.10 0.06 / / 0.03 0.13 0.19 0.17 0.19 0.14 0.14 0.17 0.12 010 0.8 0.06
2.00 0.02 | / 015 -009 -003 0.00 0.03 0.02 0.03 0.01 0.03 003 001 —0.01
1.90 ~0.06 003 / -015 -011 -009 -007 -004 -003 -001 -004 -003 -004 -005 —0.07
1.80 -012  -009 -003 -009 -010 -011 -007 -006 -009 -007 -007 -005 -005 -0.07  —0.09
1.70 -013 -014 -014 -012 -009 -011 -012 -008 -010 -008 -008 -007 -006 -007 -0.12
1.60 -014 -014 -015 -015 -012 -0.10 -013 -011 -009 -008 -006 -005 -006 -006  —0.09
1.50 -016  -011  -014 -013 -012 -0.12 -012 -007 -006 -006 -004 -003 -003 -004 -0.05
1.40 / -006 -0.10 -0.14 -010 -0.10 -008 -004 -003 -001 -001 -001 0.01 | /
1.30 / —009 -009 -007 -005 -002 002 0.00 002 001 001  -0.01 006 | /
1.20 / -008  -0.03 0.00 0.05 0.05 0.04 0.04 0.05 0.03 001  -0.01 0.01 / |
1.10 / —002  0.02 0.05 0.06 0.07 0.07 0.01 0.05 000 -001  -0.02 000 001 /
0.90 / —001 008 0.08 0.09 0.05 007 004 -001 -002 -003 -002 -003 -003 |/
0.70 / -007 004 0.08 0.06 0.01 005 -003 -001 -002 -002 -002 -002 -002 |
0.50 / | / 0.08 0.06 0.00 0.03 0.02 0.03 0.02 0.03 0.00  -0.01 -002 |/
0.30 / / / 0.08 0.04 0.03 0.04 0.05 0.07 0.06 0.00 001  -0.01 —007 |/
0.13 / | / 0.03 000 -002 -003 000 -003  -005 002 -006 -009 -014 |
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Table 4
Measured turbulent kinetic energy per unit mass k'’ multiplied by 100 [m? s~12].

y [m] x[m]

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80
2.10 6.02 / / 5.79 7.27 9.91 10.33 11.38 11.95 10.27 9.42 9.02 7.45 7.06 6.15
2.00 6.51 / / 9.79 10.81 12.75 13.62 13.45 13.78 11.64 11.14 9.37 8.07 7.35 717
1.90 6.74 6.49 / 15.88 17.19 15.72 16.31 11.98 11.39 11.06 9.77 7.99 7.69 6.66 6.55
1.80 5.64 5.89 6.36 13.47 14.39 14.39 13.36 9.91 9.86 8.51 717 7.29 6.27 6.17 5.80
1.70 5.14 4.96 4.84 4.64 5.71 6.85 7.35 6.36 6.42 6.30 5.86 6.53 6.28 5.86 5.58
1.60 5.18 4.69 3.89 3.76 3.66 4.08 4.60 5.94 7.22 6.49 7.53 6.96 6.24 6.17 5.96
1.50 5.44 4.82 423 4.04 4.53 5.69 6.14 7.77 8.12 7.99 8.35 7.38 7.37 6.03 6.18
1.40 / 6.40 6.28 7.02 7.26 8.63 8.97 8.63 8.77 8.16 7.97 7.09 7.34 / /
1.30 / 1.02 3.64 5.71 7.58 6.25 7.79 5.80 5.52 6.05 5.76 5.60 8.01 / /
1.20 / 0.83 1.37 1.97 2.76 3.77 3.75 2.92 3.92 3.10 4.06 4.36 7.64 / /
1.10 / 1.11 1.21 1.16 1.71 1.64 1.97 1.51 2.27 2.17 2.51 4.01 5.72 7.80 /
0.90 / 135 1.54 137 1.19 143 143 1.08 1.54 135 1.31 1.96 3.79 6.53 /
0.70 / 1.45 1.69 1.22 1.22 1.07 1.48 0.96 1.36 1.57 1.43 1.32 3.00 4.36 /
0.50 / / / 1.40 1.39 1.26 1.31 1.46 1.27 1.10 1.29 1.63 2.59 3.14 /
0.30 / / / 135 1.24 1.25 147 1.32 1.66 1.30 1.25 1.78 2.09 2.65 /
0.13 / / / 1.36 1.04 1.29 1.24 1.32 1.60 1.29 1.47 1.91 1.93 249 /

fish can rest, and the area with high k values should preferably be
small (Liu et al., 2006).

3.3. Measured turbulent kinetic energy

As already stated in previous works by Calluaud et al. (2014),
Chorda et al. (2010), Liu et al. (2006), Tarrade et al. (2011), tur-
bulence characteristics must be taken into account in the process
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Fig. 5. Measured velocity vectors in the central pool of VSF Arto - Blanca at z/h=0.4.

of dimensioning a fishway. Therefore, turbulent kinetic energy per
unit mass k’ was calculated from the velocity measurements:

K= @2 45,2 +5) (5)

where v, v, v, are longitudinal, transverse and vertical velocity
fluctuations, respectively. Fig. 7 shows the contours of the square
root of turbulent kinetic energy per unit mass k' normalized by
maximum velocity vmax. It can be seen that values of k'0> are
relatively small compared to vimax (k'°° /Vmax = 0.131). Maximum
values of the square root of k' were measured downstream of the
smaller baffle and did not exceed 30.3% of vmax. Lower values of k' in
fishways are preferred as fish avoid entering areas with excessively
high turbulence intensity (Bell, 1990).

3.4. Results of numerical simulations

Simulations of flow in VSF were performed with the same
hydraulic parameters as were maintained during field measure-
ments. Boundary conditions were set up as described in Section
2.2. Uniform flow conditions (the same water depth in com-
parable points in the middle pools of the VSF) were ensured.
Manning’s roughness coefficient ng=0.030sm~'/3 was selected

y [m]

0 1 2 3
x [m]

0.5
k /Vmax
0 .10 .20 .30 .40 .50 .60 >.70

Fig. 6. Square root of mean flow kinetic energy per unit mass k normalized by
maximum measured velocity vmax.
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y [m]

.25 >.30

Fig. 7. Square root of turbulent kinetic energy per unit mass k' normalized by max-
imum measured velocity vmax.

according to the fishway bed material. As shown in Bombac et al.
(2014), bed friction does not play an important role for this type
of flow, thus no special calibration of the PCFLOW2D model was
needed.

Results from the numerical model PCFLOW?2D can easily be pre-
sented in numerous ways. Figs. 8 and 9 show calculated isovels,
dimensionless streamlines v, turbulent kinetic energy per unit
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mass k' and dissipation of turbulent kinetic energy per unit mass &
which is expressed as:

K3/2
€= (6)

where [ is the dissipation length. The dimensionless value of the
streamline is defined as:
!
= 7
14 Q2 (7)
where 1 is the dimensional value of the streamline and Q is the
discharge in the fishway.

4. Discussion
4.1. Two-dimensional nature of the VSF flow

Measured vertical velocities v, are negligibly small in compari-
son to longitudinal velocities vx. Both horizontal velocities remain
practically constant with depth. This means that depth-averaged
2D models can be employed to simulate VSF fishways with geomet-
rical and flow properties similar to the observed one. This confirms
the findings by Cea et al. (2007), Chorda et al. (2010), Puertas et al.
(2012) and Violeau (2012).

4.2. Required duration of measurements
In a given point the average values of measured velocity

components and of their fluctuations (turbulent kinetic energy)
remained practically constant after 120s of measurement. This

E E
> >
x [m]
O —
71 [m /<] 0 02 04 06 08 1.0 1.2 14 16 >1.8
Fig. 8. Calculated isovels (left); calculated dimensionless streamlines v’ in the middle pool of the fishway (right).
2 o e P e B o D S N Y
E E
> 1 >
0
0 1 2 3
6 L xm] 2 x [m]
U 2/6%] T 2/s3
k' [m'/s] 0 .005 .01 .05 .10 .20 .30 >.40 g[m/s] 0 .005 .01 .05 .10 .20 .30 >.40

Fig. 9. Turbulent kinetic energy per unit mass k' [m? s=2] (left); dissipation of the turbulent kinetic energy per unit mass & [m? s3] (right).
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Fig. 10. Calculated and measured velocity components vy and vy, and turbulent kinetic energy per unit mass k’ at cross sections x=0.6 and 1.2 m.

means that for accurate determination of the velocity field in the
VSF pool, measurements that are longer than 15s (Puertas et al.,
2004), 60s (Yagci and Kabdasli, 2008), 30 or 90s (Santos et al.,
2012), but shorter than 300 or 600s (Liu et al., 2006) are required.
Regarding the convergence time of the results the present study is
in accordance with Calluaud et al. (2014).

4.3. Maximum velocities

Measured longitudinal velocity components vy reached 1.5 m/s.
As pointed out in the introduction, some recent references on fish-
way design state that for the discussed VSF geometry (Ah=0.05m)
maximum flow velocity is or should be about 1 m/s according to
relation vmax =(2gAh)!/2. This is 50% smaller than values mea-
sured in the presented VSF. It should be pointed out that the
relation vmax =(2gAh)'/2 is an approximation, which stands “if
the velocity in the upstream pool is neglected” (Bermudez et al.,

2010, p. 1360). In the presented VSF such a criterion is unreal-
istic. With actual maximum velocities being considerably larger
than values resulting from vmax = (2gAh)'/2, several problems arise.
Firstly, the VSF should be designed to provide upstream migra-
tion even for the weakest swimmers, but this is not achieved.
Secondly, the discharge in the VSF is 50% larger, which is uneco-
nomical. Thirdly, as a consequence, some other elements of the
fishway are also non-optimal (e.g. intake, natural-like reach, out-
flow).

4.4. Evaluation of the PCFLOW2D numerical model

Calculated water depths were in accordance with the measured
ones. In Figs. 10 and 11, the calculated velocity components vx
and vy and calculated turbulent kinetic energy per unit mass k’ are
compared with the measured values.
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Fig. 11. Calculated and measured velocity components vy and vy, and turbulent kinetic energy per unit mass k’ at cross sections x=1.8 and 2.4 m.

Comparison of results shown in Figs. 10 and 11 demonstrates
that PCFLOW?2D is a reliable tool for accurate simulations of VSF
flow and can therefore be used for the optimization of such fish-
ways. A correct and detailed simulation of the flow field in a fishway
is of great importance especially in the light of the equation for vyax
found in design manuals, which seems to be based on a somewhat
unrealistic criterion.

4.5. Energy dissipation

Another important flow parameter in VSF design is the energy
dissipation rate per unit volume E. Lower values are generally pre-
ferred. For fishways designed for riverine species, such as the VSF
Arto - Blanca, the average energy dissipation rate per unit volume
E of less than 200W/m?3 is advisable (Larinier, 2002). However,
detailed determination of spatial distribution of the energy dissipa-
tion rate is of great importance for better evaluation of fish ability

to pass through the VSF (Chorda et al., 2010). Average value of E in
the pools is usually calculated using a simplified formula:

= pgQAh
E= v,

(8)

where p is the water density and V), is the pool water volume. In
ourcase Eq.(8) gives E = 58 W/m3. PCFLOW?2D allows E to be calcu-
lated as p x €, and integration gave E = 64 W/m?3 in the central pool.
The agreement of results is similar to the one presented by Chorda
et al. (2010). Contours of calculated E normalized by E = 64 W/m?3
are shown in Fig. 12.

As can be seen from Fig. 12, the dissipation rate is much higher
in the slot region and especially near the small baffle. Nevertheless,
the energy dissipation rate E exceeded the recommended average
value of 200W/m?3 only in 3.7% of the pool area. We can there-
fore conclude that the present VSF is very fish-friendly in terms of
energy dissipation rate.
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Fig. 12. Dissipation rate E normalized by average dissipation rate E.

5. Conclusions

Extensive field measurements and numerical simulations of the
flow in an operational VSF at Arto - Blanca hydropower plant allow
us to draw the following conclusions:

1) Measured velocities in the vertical direction are negligibly small,
while the horizontal velocities remain practically constant with
depth. This means that depth-averaged 2D numerical models
can be employed to simulate vertical slot fishways with geo-
metrical and flow properties similar to the presented one. This
confirms the findings by Cea et al. (2007), Chorda et al. (2010),
Puertas et al. (2012) and Violeau (2012).

2) The average values of measured velocity components and of
their fluctuations (turbulent kinetic energy) at a given point
remain practically constant after 120 s of the measurement.

3) Maximum flow velocity values calculated from the relation
Vmax =(2gAh)'2, as suggested in some manuals for fishway
design, can be up to 50% smaller than those measured in the
studied VSF. The mentioned vmax equation seems to be based on
a somewhat unrealistic assumption. We believe that in a pro-
cess of VSF design numerical simulations, such as those with
PCFLOW2D, should be used instead of over-simplified relations
such as the one mentioned above.

4) PCFLOW2D allowed exact calculation of energy dissipation and
these results proved to be similar to ones presented by Chorda
et al. (2010). Calculated energy dissipation values were below
the recommended limit, thus indicating that the present VSF
was very fish-friendly (in terms of energy dissipation rate) - as
was indeed confirmed with the field monitoring of the prototype
VSF.

5) PCFLOW2D model proved to be a reliable tool for accurate sim-
ulations and optimizations of vertical slot fishways.
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