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The Vertical Double Slot Fishway (VDSF), has not been the subject of many studies and is looked into here. This paper presents an experimental study of the influence of slope and flow discharge on the turbulent flow occurring inside the pools of a VDSF. The rise of the flowrate and the decrease of the slope both involve an increase in water depth inside the pool. As for the velocity magnitude and the turbulent kinetic energy, while the variation of the flowrate does not seem to impact significatively the values at mid-water depth, it is not the case with change of slope. As the slope gets steeper, so does the velocity and the turbulent kinetic energy throughout the pool. 
1 Introduction 
In October 2000, the Water Framework Directive was adopted by the European Union, and dictates that, among other things, all member states must restore the ecological continuity in rivers. It transpires with obstacles removal, their height reduction, facilities management or the creation of bypass structures, such as fishways. Numerous sorts of fishways have been implemented throughout the world, such as artificial rivers or pool fishways. The principle of the latter is based on dividing a fall to several successive smaller and more fish-accessible falls. 
Among pool type fishways, one of the most employed is the vertical slot fishway (VSF), which has been the subject of many studies, both experimental (Ballu et al., 2019; Bombač et al., 2015; Calluaud et al., 2014) and numerical (Ballu, 2017; Bombač et al., 2014; Klein & Oertel, 2016; Stamou et al., 2018; Zhao et al., 2022). However, this kind of fishway, with a single slot, is derived from the vertical double slot kind, developed for the Hell’s Gate canyon, on the Fraser river in Canada in 1943 (Clay, 1995). Although this kind was implemented first, few studies have been conducted specifically on vertical double slot fishways (VDSFs). Fujihara et al. (2003) compared the flow occurring inside three different types of VSF and one type of VDSF. In 2020, a preliminary study was published comparing three fishways: a one-side VSF, an alternating side VSF and a VDSF (Huang, 2020). 
The present study focuses solely on a vertical double slot fishway and the influence of flow discharge and slope on the turbulent flow occurring inside its pools. The results and conclusions were drawn from experiments carried out in a laboratory fishway. 
2 MATERIALS AND METHODs 
2.1 Experimental setup 
The experiments were carried out in a laboratory prototype in the Pprime Institute Laboratory of the University of Poitiers (CNRS), France (Figure 1). This scale prototype is a 1:6 scale model, using the Froude similarity, of an existing VDSF, located at the Malause dam, on the Garonne River (France). The prototype is composed of 5 pools. The water is pumped from the downstream tanks (a) to the upstream one (b). The water then moves through the pools of the fishway (c) by gravity and finally discharges back into the downstream tanks (a), over a sash window (d) designed to even out the depth of water in each pool. 
	[image: image13.png]-

0.667 m

B

\4

A

[

200

600
500

Flow

>

400

0.833 m

L

300

(wur) X

0.075 m

100

800

600

400

200

X (mm)

0



Figure 1. Experimental 1:6 scale vertical double slot fishway. The inset (bottom left-hand side corner) shows the geometry of a pool, seen from above


The X-axis is in the streamwise direction (see graph in the bottom left-hand corner of Figure 1). The origin of the pool is located behind the central baffle of the previous pool and the length of the pool is L = 0.833 m. The width of the pool is B = 0.667 m (in the Y direction). The unit width of the slots is b = 0.075 m. The studied slopes are s = 4%, 5% and 7.5% and the studied flow discharges Q = 0.023 m³·s-1, 0.027 m³·s-1 and 0.034 m³·s-1. The reference configuration (set from the observations of the in-situ VDSF of Malause) is defined by a slope of s = 4% and a flow discharge of Q = 0.034 m³·s-1. The experiments are undertaken in the middle pool, in order to insure the full development of the flow. 
2.2 Experiments description 
Three different kinds of experiments were implemented. The water depth in the pools for every configuration was measured, as well as the velocity with two approaches: 2D-velocity was recorded on whole planes using Particle Image Velocimetry (PIV) and 3D-velocity was recorded on specific profiles throughout the pool with an Acoustic Doppler Velocimeter (ADV).
The water depth was recorded in the middle of the pool (X = L/2, Y = B/2) using acoustic probes. The sampling rate was of 200 Hz over a time period of 420 s. The distortion of the free surface and the droplets caused several losses of the signal during the acquisition, resulting in aberrant data. A velocity filter was thus applied to the signal in order to set aside erroneous values, like in previous fishway studies (Ballu, 2017).
The three components of the velocity were recorded on specific profiles using an Acoustic Doppler Velocimeter (ADV), in order to obtain the average velocity and the turbulent kinetic energy. The sampling rate of the ADV was 50 Hz over a 300 s acquisition time, which is sufficient for statistics data. A phase-space filter was used to remove aberrant values since it is the most suitable filter for these type of data (Goring & Nikora, 2002). The data were recorded on a transversal profile (C) located after the two slots, at X/b = 2.36 and Z/b = 2. The 3D time-average velocity magnitude (1) and 3D turbulent kinetic energy (2) were calculated as given below:
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with Vx, Vy and Vz the time-average velocity components and σx, σy and σz the standard deviation of the velocity components for each point.
While the ADV allows to collect the three velocity components on specific profiles, the Particle Image Velocimetry method (2C-2D PIV) records two components of the velocity on whole planes. This allows the estimation of flow topology, distribution of 2D-average velocity and 2D-turbulent kinetic energy throughout the whole pool. The flow was illuminated by a Nd-YAG laser (Quantel EverGreen, 200 mJ/pulse) in a plane parallel to the channel bed of the fishway located at Z/b = 2, and recorded by a camera of 4920 x 3280 pixels with a Nikon objective of 50 mm. 2,000 instantaneous fields were recorded per case, which is sufficient for statistical estimations. The 2D time-average velocity magnitude (3) and 2D turbulent kinetic energy (4) were calculated as given below:
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with Vx and Vy the time-average velocity components and σx and σy the standard deviation of the velocity components for each point.

3 Results

The results for water depth as a function of slope and flowrate are presented in this section. The velocity magnitude (either 2D or 3D) and the turbulent kinetic energy are showed as well. 
The water depth was recorded in the middle of the pool (Figure 2). 
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Figure 2. Water depth in the middle of the pool for three slopes (4%, 5% and 7.5%). The inset (top left-hand side corner) shows the location of the sampling point, seen from above.



The evolution of the depth is similar for all slopes: the flow rise involves an increase in water height. Since the slots do not widen between the experiments, the extra flow is converted into depth. For a given flow, the water height is greater for gentler slopes. Less water is retained in each pool when the slope is steep. 
The velocity magnitude for two components was recorded for the reference case (s = 4%, Q = 0.034 m³·s-1) at Z/b = 2 for the whole plane using PIV and on specific profiles using an ADV probe (Figure 3 and Figure 4, respectively). 
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Figure 3. Time-average 2D-velocity magnitude and streamlines for the plane Z/b = 2, for the reference case using PIV
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Figure 4. Time-average 2D-velocity magnitude for specific profiles in Z/b = 2, for the reference case using ADV


The velocity magnitude and streamlines from PIV experiments (Figure 3) give an overview of the flow characteristics occurring inside a VDSF. There is no information in the white areas due to the perspective from the camera used in the PIV experiments. The maximum velocity was attained in the slots, with 0.85-0.9 m·s-1. The average trajectories inside the pool describe a stretched “X” defined by the slots surrounding the pool. Constrained by the mean trajectories, 5 recirculation areas exist: two are located near the walls of the VDSF, with opposite flowing directions. The recirculation on the right-hand side (looking downstream) is rotating clock-wise while the one on the left-hand side is rotating counterclockwise. Another recirculation area is located in the middle of the following central baffle. The last two are positioned behind the previous central baffle, each one fed by the jet coming from the closest slot. 
The results coming from the ADV probe (Figure 4) corroborate the PIV results. The vectors are tallest in the jets after the slots and the side recirculation areas can be seen from the direction of the vectors in all but one profile: the middle longitudinal one, which is the axis of symmetry. 
The time-average velocity was also recorded for other flowrates (Q = 0.023 m³·s-1 and Q = 0.027 m³·s-1) for the referenced slope (s = 4%). Figure 5 presents the time-averaged velocity magnitude (3 components) for one specific profile (profile C, as can be seen in the top right-hand side corner of Figure 5) using the ADV probe for the three flowrates. The profile C is located at half the water depth of the middle of the pool for each flowrate, which happens to be at Z/b = 2 for the reference case. 
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Figure 5. Time-averaged 3D-velocity magnitude for the profile C for a slope of s = 4% and for three flowrates. The inset (top red-hand side corner) shows the location of the sampling profile, seen from above.


The reference flowrate is Q = 0.034 m³·s-1, the red curve. For all three flowrates, the velocity magnitude presents two peaks, consistent with the two jets coming from the slots. The three velocity magnitude values are similar to one another, indicating that the flowrate does not impact the velocity in this location. At half the water depth, velocities are thus comparable, regardless of the flowrate. 
The time-average velocity was recorded as well for several slopes (s = 4% (the reference case), 5% and 7.5%) for the reference flowrate (Q = 0.034 m³·s-1). Figure 6 presents the time-averaged velocity magnitude (3 components) for profile C using the ADV probe for the three slopes.
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Figure 6. Time-averaged 3D-velocity magnitude  for the profile C for a flowrate of Q = 0.034 m³·s-1 and for three slopes. The inset (top red-hand side corner) shows the location of the sampling profile, seen from above.


The reference slope is s = 4%, the red curve. The profile presents the same two peaks consistent with the jets as in the Figure 5, however value discrepancies can be observed. Velocities at profile C for the 5% slope are comparable to the ones at reference slope (4%). The velocity values at the higher slope (7.5%) are overall higher than those at lower slopes, for almost all Y values: not only are the peak values greater, but the velocity magnitude in the recirculation areas between the two jets is higher as well. Velocity inside a VDSF is thus dependent on the slope. 
The turbulent kinetic energy was estimated from the velocity recordings from PIV (2 components) and AVD (3 components) measurements. The 2D-turbulent kinetic energy for the reference case (s = 4% and Q = 0.034 m³·s-1) derived from PIV results can be seen below on Figure 7. 

	[image: image10.png]Y (mm)

kap (m?/s

0.1
0.095
0.09

0.085
0.08
0.075
0.07
0.065
0.06
0.055
0.05
0.045
0.04
0.035
0.03
0.025
"

0.02
0.015
0.01
0.005





Figure 7. 2D-turbulent kinetic energy in the plane Z/b = 2 from PIV results for the reference case (the “artefacts” seen on the turbulent kinetic energy field come from laser reflections on some part of the prototype)


The PIV experiments allow an overview of the distribution of the 2D-kinetic turbulent energy throughout the pool. The area presenting the highest values is located downstream of the central baffle. Its presence there underlines a phenomenon completely overshadowed by the time-average velocity values and the mean velocity field presented earlier on (Figure 3): the two jets are not constant; they are wavering back and forth. The highest value of turbulent kinetic energy is thus at the meeting area between the two jets. There are also some presences of fluctuation adjacent to the edges of the following central baffle.
The turbulent kinetic energy was studied for the three flowrates (Q = 0.023 m³·s-1, Q = 0.027 m³·s-1 and Q = 0.034 m³·s-1) for the referenced slope (s = 4%). Figure 8 presents the 3D-turbulent kinetic energy for the profile C for the three flowrates.
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Figure 8. 3D-turbulent kinetic energy for the profile C for a slope of s = 4% and for three flowrates. The inset (top red-hand side corner) shows the location of the sampling profile, seen from above.


The reference flowrate is Q = 0.034 m³·s-1, the red curve. For all three flowrates, the turbulent kinetic energy presents three peaks; two of small amplitude and a bigger one in the middle. The two smaller peaks are related to the external sides of the jets. The fluctuation in the middle of the jets is reduced compared to the one on the sides, hence the higher value of turbulent kinetic energy on the sides. The peak in the middle is related to the meeting area of the two jets. The three turbulent kinetic energies profiles are similar to one another, with a slightly lower middle peak for the higher flowrate (reference case). Thus, at half the water depth, the turbulent kinetic energy profiles are comparable, regardless of the flowrate. 
The turbulent kinetic energy was recorded as well for several slopes (s = 4% (the reference case), 5% and 7.5%) for the reference flowrate (Q = 0.034 m³·s-1). Figure 9 presents the 3D-turbulent kinetic energy for the profile C using the ADV probe.
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Figure 9. 3D-turbulent kinetic energy for the profile C for a flowrate of Q = 0.034 m³·s-1 for the three slopes. The inset (top red-hand side corner) shows the location of the sampling profile, seen from above.


The reference slope is s = 4%, the red curve. The profile presents the same three peaks consistent with the jets as in the Figure 8, however value and shape discrepancies can be observed. Turbulent kinetic energy for the 5%-slope presents the same outline as the ones for the reference slope (4%), but with higher values. Turbulent kinetic energy for the higher slope (7.5%) however, has sharper peaks: the two smaller ones are more defined and the middle one has a high value. Thus, except close to the side walls, the energy is higher for a steeper slope. Furthermore, the steeper the slope, the more defined the peaks are. 
4 Conclusion

This study focused on the turbulent flow occurring inside a vertical double slot fishway by means of experimental data. Three types of data were computed by use of a laboratory 1:6 replica of an existing VDSF: the water depth in the pools, the velocity components and the turbulent kinetic energy. The distribution of the velocity and the turbulent kinetic energy throughout the pool was presented for the reference case. The maximum velocity is attained in the slots, since the cross-section is reduced. The maximum turbulent kinetic energy is located behind the previous central baffle and is consistent with the wavering of the jets. In addition, the influence of slope and flowrate on those two measures were also studied. It appeared that while the flowrate does not have a decisive impact on those, the slope does. The steeper the slope, the higher the velocity and the turbulent kinetic energy are. Those conclusions will later on be linked to experimental data from the 1:1 reference VDSF in Malause and to fish swimming capabilities data, to determine the impact of scaling on the values and the correspondence with fish behaviour. 
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