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Abstract: A rock-ramp fish passage with square obstacles was experimentally and numerically
studied in this work with the objective of investigating in detail the hydraulic behind such fishways
and to evaluate the importance of the shape of the obstacles. The LES and VOF methods were
used for the simulations, and for the measurements, shadowgraphy and ADV were applied. Two
different validations were successfully performed. In the first one, the experimental and numerical
results of a chosen case were compared in detail. In the second validation, the focus was given to
the stage-discharge. Following the validation, a numerical study was carried out to point out the
differences in the flow characteristics from a configuration with square and circular obstacles. The
discharge was nearly the same for both configurations, which implies different water depths. The
results showed a lower velocity field, lower turbulent kinetic energy, and lower lateral fluctuations for
the configuration with square blocks, which indicated a better passability for this geometry. However,
it also presented a higher water depth, which led to a less attractive discharge. The differences in
the flow generated in the two configurations indicated that the shape is an important modifiable
parameter to be considered in the design process.

Keywords: rock-ramp fish passage; large eddy simulation; staggered emergent square obstacles;
stage-discharge analysis; experimental validation

1. Introduction

Rock-ramp fish passes are an economical and ecological alternative to unobstructed
fish migrations and contribute to the good ecological condition of the rivers. They generally
consist of a sloped bottom in which obstacles are staggered, arranged with the objective
of providing energy dissipation and reducing flow velocity [1,2]. The obstacles also
provide resting places for fishes swimming upstream [3]. This type of passage is especially
interesting due to the high flow, which enhances the attractiveness for fish and decreases
the risk of clogging (large spacing between blocks) and silting (no pool) [2].

Fish passes can only have an effective functionality, i.e., reduce the interruptions of
fish migration and re-establish the connectivity along the waterways, if they present the
adequate flow characteristics related to the fish preferences. For this reason, detailed inves-
tigations, both numerical and experimental, about the hydraulic behavior in such passages
are essential for their successful design. Some flow characteristics such as turbulence
intensity, turbulent kinetic energy, Reynolds stress, vorticity, and eddy sizes have been
identified to play an important role in a functional fish pass [4–6].

In the last decade, studies investigating turbulent characteristics in rock-ramp-type
fishways have been intensified. Oerte et al. [7] studied the effect of boulder interaction
processes with respect to the drag forces and coefficients. The authors pointed out that
the wake interaction significantly affects the flow. Later on, Baki et al. [3,8] conducted an
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experimental study in a rock-ramp fish pass with a staggered arrangement of boulders to
analyze the turbulence characteristics and the wake interference generated. Besides that,
Baki et al. [9] provided detailed measurements of the mean and turbulent flow around a
boulder under the effect of wake interaction. Exploring the topic of wake interference as
well, recently, Golpira et al. [10] presented a study about the effects of boulder spacing and
the boulder submergence ratio on the near-bed shear stress, and Golpira et al. [11] provided
an experimental study investigating the higher order velocity moments, turbulence time,
length scales, and energy dissipation rates around a boulder.

The flow characteristics present in a fish passage are essentially a tridimensional
phenomenon, and despite its inherent higher costs, the use of 3D turbulent models is
fundamental to effectively reproduce flows with such complexity. Only relatively few 3D
numerical studies investigating the turbulence generated in rock-ramp fish passes can be
found in the literature. Among them, the studies of Baki et al. [12] and Chorda et al. [1]
can be cited. Baki et al. [12] studied the flow characteristics for variations in channel slopes
and boulder sizes, spacing, and patterns by using the Reynolds-averaged Navier–Stokes
(RANS) methodology. They applied the k− ε as a turbulence model and the volume of fluid
(VOF) method to treat the multiple phases. Furthermore, using the VOF, Chorda et al. [1]
presented a study of this type of fish pass comparing the turbulence methodology RANS
with the shear stress transport (SST) k−ω model and large-eddy simulation (LES) with
the Smagorinsky model. The authors demonstrated that both methodologies were able to
capture the underlying physics well and predict the motion of flow features of the studied
configuration. Moreover, they pointed out the advantages of employing LES for obtaining
more detailed flow characteristics, especially in the wake zone.

Among the works found in the literature, spherical or semi-spherical boulders were
mainly used [3,8–12] others employed cylindrical obstacles [1], while square-shaped obsta-
cles were barely used. In this sense, the purpose of this work was to investigate, in detail,
the hydraulics behind such a ramp fishway with staggered arranged emergent square
blocks and evaluate the importance of the shape of the obstacles in such a configuration.
Tseng et al. [13] investigated numerically the differences in the turbulent field around a
square and a circular pier. They reported the flow patterns were similar for both cases,
but the strengths of the downflow and horseshoe vortex were different. Furthermore, it
is known that the shape of the obstacle plays an important role in the resistance forces
acting in the flow. In particular, it is expected that the square blocks may reduce the
maximal velocity in fish passes for a given slope and block density. However, the eventual
differences in the turbulent field due to the shape of the obstacles with the additional effect
of boulder interaction processes for a rock-ramp-type fish passage are still unclear.

This study was performed by applying the VOF model, and in order to obtain a more
detailed turbulent flow characteristics, LES was employed to model the turbulence. In
the first part of this paper, two different investigations were performed to demonstrate
the feasibility of the methods, procedures, and assumptions applied in the present study,
where the numerical results were compared with measured data. Then, in the second
part, the flow characteristics generated in a fish passage with square-shaped obstacles
were compared with the flow generated with an array of circular-shaped obstacles. To
complete this study, the impact of the identified flow differences on the fish passability was
discussed. The results of the present investigation can be helpful for the optimization and
designing of rock-ramp fish passages.

2. Description of the Cases of Study

The present paper studied a rock-ramp-type fish pass and was based on the channel
studied by Cassan et al. [2] and Chorda et al. [1]. The experimental device consisted of
a 1 m width and a 7 m-long flume with its bottom covered with obstacles, as shown in
Figure 1. The channel slope could vary from 1% to 7%, and the total discharge could be set
from 0.01 to 0.06 m3/s.
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Figure 1. Picture of the flume in operation.

The obstacles were staggered arranged in the channel bottom at a spatial concentration
of C = 16%, C defined as C = D2/aXaY and D the width of the blocks. The distance
between blocks in the longitudinal (aX) and transverse (aY) directions, as shown in Figure 2,
was aX = aY = 0.285 m. The obstacles had a square shape with a side length (D) of 0.115 m
and a height of 0.15 m. Moreover, Lines 1, 2, and 3 shown in Figure 2 indicate the positions
of the measurement and the water flows in the x-direction.

line 3

aY

aX

aY   /2

D

0.78D

line 1 line 2

y

x

D
flow 

direction

Figure 2. Details of the geometry and position of the collected profiles.

In order to numerically investigate such a problem, this work employed a geometry
of a 1 m width and a 0.22 m height with square piers in the same spatial concentration
(C = 16%). A representation of the domain can be seen in Figure 3. As in Chorda et al. [1],
the flow was considered to be in a state of equilibrium in the zone of interest, i.e., resistance
forces and friction losses were balanced by the gravitational force. This assumption together
with the periodicity of the pier arrangement of the geometry allowed the application of
a cyclic boundary condition and a drastic reduction of the computational domain. Thus,
as indicated in Figure 3, the computational domain had a length of 0.570 m. Furthermore,
the above-mentioned Lines 1, 2 and 3 were located around the highlighted block shown in
Figure 3.
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0.57 m
x

yz

Figure 3. 3D view of the computational domain.

The slope effect was applied by decomposing the gravity into longitudinal gsin(θ)
and vertical gcos(θ) components, with θ = arctan(S) and S the considered slope. The
calculations were started by setting up a static velocity field and an initial water depth.
Because of the imposed gravity, the flow was then accelerated and achieved an equilibrium
state, in which the flow properties were collected. This statistic stationary state was
determined by the value of the discharge at the cyclic boundary, which gradually increased
from zero to equilibrium. The applied initial water depth was set up in the way that the
desired flow discharge was reached. Due to mass conservation, the average water height
remained as the imposed initial water height.

As in Tran et al. [14] and in Chorda et al. [1], an average velocity between blocks Vg
was used as a reference. It is defined as:

Vg =
V0

1−
√

aX
aY

C
. (1)

where V0 is the bulk velocity calculated as V0 = Q/(Bh), B is the channel width, and h
corresponds to the water depth. As done in Cassan et al. [2], the Reynolds and Froude
numbers were computed based on Vg, being Re = VgD/ν and F = Vg/

√
gh, respectively.

2.1. Validation: Case 1

As a first step, a validation was performed in which one chosen configuration was
investigated in detail, and the numerical results were compared with measurements. The
configuration with volumetric flow rate Q = 0.04 m3/s and slope S = 4% was taken into
consideration. This chosen configuration corresponded to the one described in the work of
Tran et al. [14], but with square obstacles instead of circular cylinders.

For the numerical investigation, the mean water height measured experimentally
(h = 0.137 m) was set as the initial water depth, and after reaching an equilibrium value,
an average discharge of Q = 0.038 m3/s was obtained. Table 1 shows the main characteris-
tics for this validation case.

Table 1. Setup for validation Case 1.

Experiment Simulation

Discharge Q (m3/s) 0.040 0.038
Water depth h (m) 0.137 0.137

Velocity between blocks Vg (m/s) 0.49 0.46
Reynolds number 56,000 53,000
Froude number 0.42 0.40
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2.2. Validation: Case 2

A second validation was carried out by analyzing the stage-discharge relationship for
a larger range of Froude numbers. Here, the numerical results were once more compared
with the measurements. The stage-discharge relationship was analyzed by focusing on
the drag coefficient, which links water depth and discharge. For the experiments, the
discharges and the slope were set, then the mean water depth was measured. For the
numerical simulations, the water depth and slope were imposed, while the mean discharge
was calculated. The applied equation for this analysis is described in Section 3.4

For the measurements, the channel longitudinal slope was varied from 1 to 7%, and
the discharge varied from 0.01 to 0.06 m3/s. The Froude number, based on Vg, varied
from 0.25 to 0.62. For the numerical simulations, the slope was maintained at 5%, which
corresponded to the most common recommendation for this kind of fish pass [15]. The
initial water depth was set from 0.06 to 0.2 m. The Froude number, based on Vg, varied
for the simulations from 0.38 to 0.64. The main characteristics of the measurements and
simulations used for this validation are summarized in Appendix A.

2.3. Comparison between Square and Circular Obstacles

This investigation focuses on the differences in the flow properties between a channel
covered with circular and square obstacles. For this aim, a case with circular obstacles
computed by Chorda et al. [1] was reproduced, but with square obstacles. Then, both
LES results were compared and analyzed. The corresponding volumetric flow rate was
Q = 0.05 m3/s, and the slope S = 5%. The initial water depth applied was 0.158 m, deliv-
ering an average discharge of Q = 0.051 m3/s. Table 2 summarizes the main characteristics
of this case.

Table 2. Setup for the investigation of the differences between square and circular obstacles.

Circular * Square

Discharge Q (m3/s) 0.052 0.051
Initial water depth h (m) 0.1 0.158

Velocity between blocks Vg (m/s) 0.83 0.53
Reynolds number 95,000 61,000
Froude number 0.83 0.42

* from Chorda et al. [1].

3. Methodologies
3.1. Experimental Methods

Similarly to [2] for circular obstacles, the water depth was measured by shadowgraphy.
Then, the mean value was deduced by averaging the pictures in the longitudinal direction.

The experimental measurements of velocity profiles were performed with an acoustic
Doppler velocimeter (ADV) with a 3D downlooking probe in which the three velocity com-
ponents were captured at a frequency of 50 Hz over 180 s. The measurement was carried
out on a plane at 3 cm from the bed. It was checked that the velocity was approximately
uniform in the vertical direction, except in the block wake. The measurement positions are
indicated in Figure 4 by the origin of the velocity vector in red.
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Figure 4. Streamline from the ADV measurement and velocity vectors in red.

3.2. Numerical Methods

The simulations were performed using the two-phase flow solver interFoam of the
open-source C++ library OpenFOAM v1812. It solves the Navier–Stokes equations by ap-
plying the pressure-velocity PIMPLE (merged PISO-SIMPLE) correction procedure. For tur-
bulence modeling, this work employed LES with the subgrid-scale model Smagorisky [16].

InterFoam is a solver applied for two incompressible, isothermal, immiscible fluids
and is based on the volume of fluid (VOF) method [17]. In this method, a species transport
equation is calculated in each computational cell to determine the relative volume fraction
of the two evolved phases, which is called phase fraction α [18]. The local density and
viscosity were determined using volume-weighted average found from the α field. It
assumed values between zero and one. For the present work, α = 0 corresponded to a cell
containing 100% air and α = 1 to water. To illustrate the phase fraction, Figure 5 shows the
instantaneous value of α in a slice at y = 0.5 m for the first validation problem. In this case,
the water phase covered approximately 65% of the computational domain.

x/D

z/D

α

Figure 5. Side view of the phase fraction α along the obstacle center axis.

In the present study, cyclic boundary conditions were applied to the inlet and the
outlet, while the wall condition with the wall function was employed for the bottom,
obstacles, and side walls. Due to the cyclic boundary conditions, this work employed
a modified version of the solver interFoam, given in Chorda et al. [1]. Besides that, an
explicit first-order Euler integration method was applied for the time derivative terms. The
variable time step option available in OpenFOAM was used with the maximum global
and interface Courant numbers set to 1.0. Moreover, the mean values were obtained by
averaging the instantaneous data over 20 s in a sampling frequency of 100 s−1.
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3.3. Numerical Grids

The grid used in this study corresponded to a 3D mesh composed of prismatic vol-
umes, created by employing the open-source software SALOME Version 9.3.0. As in
Chorda et al. [1], the mesh was obtained by vertical extrusion of a 2D unstructured mesh
consisting of triangular volumes. Because of the cyclic boundary condition applied at the
inlet and outlet, special attention was given when building the mesh for these two faces.
As required in OpenFOAM, they were built as perfect clones. The grid refinement was
based on the meshes used in Chorda et al. [1]. Characteristics of the mesh used in this
work are given in Table 3.

Table 3. Mesh characteristics.

Characteristics Values

Size of the domain (mm) 570 × 1000 × 220
Maximum cell size (mm) 5

Local cell size (mm) 2
Cell height (mm) 2

Total number of volumes 5.9× 106

3.4. Stage-Discharge Analysis

Following Cassan et al. [2], the momentum balance for a fluid volume around one
block in steady and uniform condition, in which the bed friction was neglected, can be
written as:

Cd
Ch
D

F2 = 2S(1− σC), (2)

where Cd is the total drag coefficient of an infinitely long obstacle at a low Froude number,
F is the Froude number based on the velocity between blocks Vg, and σ is a shape factor
(σ = 1 for square blocks and σ = π/4 for circular blocks).

In Cassan et al. [19], the total drag coefficient Cd was expressed as a function of two
corrective functions fF(F) and fh∗(h∗), which were used to represent the modification of the
free surface and the interaction between the flow and the bed, respectively. In [2,14,19,20],
a complete description of these functions for circular obstacles was provided. They depend
on the characteristics of the macro-roughness elements and on the conveyance velocity V0.
However, the validity of these functions for square blocks has not yet been investigated.
As a consequence, the stage-discharge analysis was performed only by considering the
total drag coefficient Cd.

3.5. Quadrant Analysis

This analysis was based on the sign of the velocity fluctuations of the longitudinal
(u′) and vertical (w′) directions. It was performed to identify and characterize turbulent
events [21]. For Quadrant 1, in which u′ > 0 and w′ > 0, outward interactions took place.
Quadrant 2, in which u′ < 0 and w′ > 0, corresponded to ejection events. In Quadrant 3,
where u′ < 0 and w′ < 0, inward interactions occurred. Finally, Quadrant 4 was where
u′ > 0 and w′ < 0 and sweep events took place.

As done in Golpira et al. [10,11], the contributions of each quadrant were evaluated
by taking into consideration a threshold hole size H,

H =
|u′w′|
|u′w′| (3)

In accordance with previous studies [10,11,21], a hole size of H = 2 was used in this
work to remove insignificant events.
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The frequency of each turbulent event Pi,H can be computed by [11]:

Pi, H =

∫ T
0 |u

′w′|Ii,H(u′, w′)dt∫ T
0 |u′w′|dt

(4)

where T is the total time in which the data were collected, i corresponds to the quadrant
number, and I is a conditional function given as [11]:

Ii,H(u′, w′) =

{
1 if (u′,w′) is in quadrant i and |u′w′| ≥ H|u′w′|;
0 otherwise.

(5)

4. Results
4.1. Validation: Case 1

Figure 6 shows the components of the mean velocity along Line 1 for numerical and
experimental results. In both results, the axial component u increased from approximately
0.01 Vg to 1.3 Vg, then it slowly decreased to 0.85 Vg. These values mean that the flow
between blocks was contracted in the vertical and span-wise direction. The maximum
velocity is a key point for passability and can imply the design choices.

The maximum mean u value along Line 1 was given at x/D = 0.01, which was slightly
after the center of the reference block. Moreover, as expected, the lateral velocity component
v had relatively small values along this line. The maximum value of this component, in
absolute, was 0.10 Vg for the numerical solution and 0.16 Vg for the experimental profile.
This line was supposed to present a symmetric axis in which the values would oscillate
around zero. However, due to the sidewalls of the scale model, it was not the case for both
experimental and numerical results. It is interesting to note that the numerical simulation
can also reproduce this particular behavior. Furthermore, the vertical component w also
presented relatively small values, i.e., they were in absolute lower than 0.07 Vg for the
measurements and lower than 0.11 Vg for the numerical prediction. Small differences could
be seen between the numerical and experimental results, but overall, they agreed well for
the three components, giving a good representation of the flow between obstacles.

1 0 1
x/D

0.0

0.5

1.0

u m
ea

n/V
g

LES
ADV

1 0 1
x/D

0.2

0.0

0.2

v m
ea

n/V
g

1 0 1
x/D

0.10

0.05

0.00
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w
m

ea
n/V
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Figure 6. Numerical and experimental mean velocity components along Line 1 at plane z/h = 0.22.
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The results for the extracted Line 2 located at the wake zone were also in good
agreement with the measurements, as can be seen in Figure 7. For both results, the
greater values for the axial velocity component (≈1.2 Vg) were located on the sides of
the block. Furthermore, as for the extracted Line 1, the values for the lateral and vertical
velocity components were relatively small, being in absolute value less than 0.25 Vg and
0.10 Vg, respectively. The agreement was less good than for Line 1 because in Line 2, there
was a strong turbulent point, for y/D = 0, where the mean velocity was relatively low.
Figures 6 and 7 indicate that the wake zone was slightly shorter in the simulation. For
instance, a positive vertical velocity in the numerical simulation for y/D = 0 can be
observed, which represents the end of the wake zone, whereas the measured velocity was
still zero.

1 0 1
y/D

0.0

0.5

1.0

1.5

2.0

u m
ea

n/V
g

LES
ADV

1 0 1
y/D

0.2

0.0

0.2

v m
ea

n/V
g

1 0 1
y/D

0.10

0.05

0.00

0.05

0.10

0.15

w
m

ea
n/V

g

Figure 7. Numerical and experimental mean velocity components along Line 2 at plane z/h = 0.22.

Turbulent kinetic energy (k) profiles for Lines 1 and 2, calculated as k = 1
2 ((u

′)2 +

(v′)2 + (w′)2), are shown in Figure 8. They reached approximately 0.16 V2
g between

the blocks (Line 1) and oscillated around 0.1 V2
g at the wake zone (Line 2). As for the

velocities profiles, minor discrepancies could be found, but the numerical results and the
measurements had similar values and behavior. As discussed before, the discrepancies can
be justified by a shorter wake zone from the numerical results, while exhibiting similar
hydrodynamic characteristics.

Spectral analysis of the turbulent kinetic energy at two points located at the wake
zone can be seen in Figure 9. These points were located in the center axis of the obstacle
of reference. Both spectra displayed regions with a slope of −5/3 at a higher Strouhal
number (St > 1). This indicated a good representation of the smallest scale fluctuations
in the simulation, supporting the assumption of an accurate LES. Furthermore, Pope’s
criterion [22] was also applied to confirm that the size of the employed grid was satisfactory
for the LES framework. In most of the domain, at least 85% of the turbulent kinetic energy
was solved in the simulation. This value decreased to 80% at the water-air interface and to
75% in the region close to the upstream corners of the obstacles.
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Figure 8. Numerical and experimental turbulent kinetic energy at plane z/h = 0.22 along Lines 1 (a)
and 2 (b).
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Figure 9. Spectrum of turbulent kinetic energy as a function of the Strouhal at two points located in
the center axis of the obstacle of reference.

Different 3D structures can be identified by observing the instantaneous isosurface
of the Q-criterion shown in Figure 10. For instance, structures as horseshoe vortices were
identified upstream of the obstacles, and lateral vortices could be found in both sides of the
blocks. As described in several studies [23–25], these are typical structures found on flows
around 3D bed-mounted obstacles. The lateral vortices had relatively low intensity and
may show a suitable zone for fish to pass from the wake zone to the upstream block row.

Figure 10. Q criterion colored by the y component of the vorticity.
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Figure 11 plots 3D streamlines around the obstacle colored by the velocity y component.
Wake structures can be visualized downstream from block. Furthermore, the streamlines
also indicated outward interactions and sweep events occurring in the flow.

v/Vgx
yz

Figure 11. Streamlines around an obstacle colored with the velocity magnitude.

4.2. Validation: Case 2

For this second validation, the stage-discharge relationship was studied by focusing
on the drag coefficient. Thus, the experimental and numerical mean water depths and
discharges were used as inputs in Equation (2) to calculate Cd.

Figure 12 depicts the experimental and numerical results for the present study and,
for comparison, the experimental results of two studies found in the literature. The circles
(ADV circular) are from an investigation of a rock-ramp-type fish pass with circular ob-
stacles performed by Cassan et al. [2]. The continuous line comes from the work of
Baki et al. [3], who studied a rock-ramp-type fish pass with staggered arrangement of
boulders with an approximately spherical shape. The continuous line corresponds to:

Cd = 1.787
(

h
D

)−2.16
, (6)

which describes the fitted line to the measured points from [3].

Figure 12. Drag coefficient for the stage-discharge study. The experimental results for the circular
configuration (ADV circular) correspond to the study of Cassan et al. [2].
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Figure 12 shows a clear dependency of Cd on the dimensionless water depth h/D.
When the water depth was lower than the diameter, the flow pattern differed from the flow
around an infinitely long obstacle. The bed interacted with the flow around the blocks,
increasing the drag force. The same phenomenon was noticeable for circular ([2]) and
square blocks. This phenomenon tended to be neglected when the water depth increased.
As a consequence, the drag coefficient tended towards 1 for circular blocks and towards 2
for square obstacles. This behavior was not reached in fishways with macro roughness,
which implied very large values of Cd. The boulders used by Baki et al. [3] had an
intermediate shape, between circular and square, which explains the proposed correlation.
Moreover, because for h/D > 1, the obstacles were submerged, the present results were
only comparable with the correlation of Baki et al. [3] (Equation (6)) for h/D < 1.

The good agreement between experiment and numerical results allowed validating
the simulation performed for several water depths. Therefore, it could be concluded that
the validation done previously may be also correct for a larger range of configuration
(Froude number and water depth).

4.3. Comparison between Square and Circular Obstacles

In this section, the flow properties computed from a simulation across staggered
square obstacles are compared with the results obtained with staggered cylinders. For this
aim, the study of Chorda et al. [1] was taken as a reference. In their work, the authors
investigated a flow crossing staggered emergent cylinders in a concentration of C = 16%, at
a discharge of Q = 0.05 m3/s, and the mean water height was about 0.10 m. As described
in Section 2, to reach such a volumetric flow rate, the initial water depth was set to 0.158 m
for the square obstacle simulation. Because of the different water heights, the two cases
had different Vg. It was 0.83 m/s for the circular case from the study of Chorda et al. [1],
and a value of 0.53 m/s was assumed for the present case. The mean velocity field for the
two cases can be seen in Figure 13.

Umag (m/s)Umag (m/s)

(a) (b)

Figure 13. Mean velocity magnitude at z/D = 0.47. Results from the domain with square obstacles
from the present work (a) and simulation with circular obstacles from Chorda et al. [1] (b).

The profiles of the three velocity components along Line 1 at plane z/h = 0.4 are
presented in Figure 14. In general, the profiles for both simulations presented similar values
and behavior. As expected, due to the difference in the water height, the axial velocity
component for the simulation with the circular blocks was higher than for the square
case. They reached about 0.9 m/s for the former and 0.73 m/s for the latter case, which
corresponded to 1.08 Vg and to 1.38 Vg, respectively. The profiles for the component v had
relatively small values, being in absolute lower than 0.03 m/s (0.036 Vg for the circular case
and lower than 0.057 Vg for the square obstacles). Furthermore, the values for w varied
between −0.06 and 0.11 m/s (−0.07 Vg and 0.13 Vg) for the circular case, and they varied
from −0.07 to 0.07 m/s (−0.13 Vg to 0.13 Vg) for the simulation with square obstacles.

The profiles for Line 3 at plane z/h = 0.4 can be seen in Figure 15. The axial velocity
component profiles reached their minimum at the center axis of the obstacles, and as for
Line 1, the values were greater for the circular case. They varied from 0.06 to 0.94 m/s (0.07
Vg to 1.13 Vg) for the simulation with circular obstacles and from −0.07 to 0.62 m/s (0.13
Vg to 1.17 Vg) for the square simulation. The lateral and vertical components oscillated
around zero for both simulations, but the amplitude was slightly smaller for the square
case. The values of the lateral velocity component ranged from −0.2 to 0.23 m/s (−0.24
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Vg to 0.28 Vg) for the circular case, while they ranged from −0.15 to 0.15 m/s (−0.28 Vg
to 0.28 Vg) for the configuration with square obstacles. For the vertical component, the
values lied in between −0.05 and 0.11 m/s (−0.06 Vg to 0.13 Vg) for the simulation with
circular obstacles, and they were between −0.08 and 0.05 m/s (−0.15 Vg to 0.09 Vg) for the
simulation with square blocks.
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Figure 14. Mean velocity components along Line 1 at plane z/h = 0.4. The circles correspond to the
simulation with circular obstacles reported by Chorda et al. [1].
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Figure 15. Mean velocity components along Line 3 at plane z/h = 0.4. The circles correspond to the
simulation with circular obstacles reported by Chorda et al. [1].
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Turbulent kinetic energy (k) profiles for the square and cylinder simulations (Figure 16)
showed the turbulence level of the square simulation was lower than the circular one for
almost all positions in both extracted lines. The maximum values were about 0.08 m2/s2

(0.12 V2
g ) for the circular simulation in the Line 1, while this value was about 0.06 m2/s2

(0.21 V2
g ) for the square case. For Line 2, the maximum value was about 0.09 m2/s2 (0.13

V2
g ) for the circular obstacles and approximately 0.05 m2/s2 (0.18 V2

g ) for the simulation
with square obstacles.
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Figure 16. Turbulent kinetic energy at plane z/h = 0.4 along Lines 1 (a) and 3 (b). The circles
correspond to the simulation with circular obstacles reported by Chorda et al. [1].

The depth-averaged turbulent kinetic energy was computed along Line 1 for both
configurations, and the results are shown in Figure 17a. For both cases, it increased in the
wake zone, reaching a maximum value, then it decreased gradually along the longitudinal
line. This plot confirmed the larger wake zone for the square blocks. The values ranged
from 0.027 to 0.065 m2/s2 (0.04 to 0.094 V2

g ) for the configuration with circular cylinders
and from 0.027 to 0.047 m2/s2 (0.096 to 0.167 V2

g ) for the square blocks. To describe the
curve, a power equation was applied fitting the points in the region after the wake zone,
and the resulting fitted line is additionally depicted in Figure 17a.
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Figure 17. Square depth-averaged turbulent kinetic energy (a) and square depth-averaged streamwise
turbulent intensity (b) along Line 1. The circles correspond to the simulation with circular obstacles
reported by Chorda et al. [1].

The same procedure was performed for the streamwise turbulent intensity (u′)2, and
the results are plotted in Figure 17b. Along the considered Line 1, the values also increased
in the wake zone. After, they gradually decreased, then they slowly rose again because
of the downstream obstacle and the subsequent stagnation point. The values ranged
from 0.012 to 0.024 m2/s2 (0.043 to 0.085 V2

g ) for the square obstacles and from 0.016 to
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0.032 m2/s2 (0.023 to 0.046 V2
g ) for the circular configuration. A fitted line to describe the

variation after the wake zone is also shown in this plot.
The turbulent intensity is calculated as [14]:

I =

(
2
3

k
V2

g

)0.5

(7)

and depicted in Figure 18 for a plane at z/D = 0.47. The values of the intensity were
between 10 and 40% for the simulation with the square obstacles and were between 10
and 35% for the circular cylinders. The highest values for the latter case were located in
the wake zone while, and for the square simulation, they were found near the sides of
the obstacles.

I (-)

(a)

I (-)

(b)
Figure 18. Turbulent intensity at z/D = 0.47. Results from the domain with square obstacles from
the present work (a) and simulation with circular obstacles from Chorda et al. [1] (b).

As an important property affecting fish behavior, the lateral velocity component
fluctuation v′ was analyzed at the wake zone in four locations along the center axis of the
obstacle at three vertical positions, z/h = 0.16, z/h = 0.47, and z/h = 0.8. The spectrum of
v′, illustrated in Figure 19, presents the frequency of the vortices generated by the obstacle
arrangement. The left side of Figure 19 shows the results for the square blocks’ simulation
from the present work, while on the right side, the results with circular cylinders from
Chorda et al. [1] are presented. The values were normalized with the highest amplitude,
which was obtained at the lowest vertical position z/h = 0.16 of the circular obstacles
simulation. For the square obstacles, the line at z/h = 0.8 presented the highest amplitude,
and it was given for St = 0.35 and x/D = 2.0. At lines z/h = 0.16 and z/h = 0.47, the
highest amplitude was found at x/D = 1.1 and for St = 0.24 and St = 0.25, respectively.
For the circular case, the highest amplitude was given for St = 0.24 and x/D = 1.1 at the
vertical positions z/h = 0.16 and z/h = 0.47; while for z/h = 0.8, the highest values were
also at x/D = 1.1, but St = 0.35.

The quadrant analysis of the velocity fluctuations u′ and w′ was performed in order
to analyze the fractional contribution of the different bursting events to the uw component
of the Reynolds shear stress. For this analysis, the profiles of PI,H along Line 1 at different
vertical positions are plotted in Figure 20. For higher vertical positions (z/h = 0.47 and
z/h = 0.8), outward and inward events were dominant for the majority of the collected
points for both simulations, and the higher the position, the greater was the importance of
outward interactions. The fractional distribution of the events in these positions differed
from the one found in the region close to the bottom (z/h = 0.16). For this position,
ejections and sweep events were dominant at almost all x positions for the simulation with
square obstacles. For the same vertical position, outward and sweep events were dominant
downstream of the obstacle for the circular cylinders until approximately x/D = −1. Then,
inward and ejection events became more important, except for the point immediately
upstream of the obstacle, where outward events were more frequent. The dominance
of burst events in the region close to the bottom was expected. According to Lu and
Willmarth [26], throughout the turbulent boundary layer, the bursts (sweep and ejection)
were the largest contributors to u′w′.
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Figure 19. Spectrum of the lateral fluctuations as a function of the Strouhal number at Line 1 for
different vertical positions. Results from domain with square obstacles (a) and simulation with
circular obstacles from Chorda et al. [1] (b).

The distribution of the Reynolds shear stress component u′w′ is plotted in Figure 21.
Following the quadrant analysis, u′w′ > 0 corresponds to a region where inward or
outward interactions events are dominant, while for u′w′ < 0, sweep or ejections are
more frequent. These plots show the dominance of inward or outward interactions in
the wake zone, confirming the results of the quadrant analysis. By comparing the two
simulations, regions with negative values of u′w′, which corresponds to burst events, were
more common in the simulations with the square obstacles.
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Figure 20. Proportion of the joint turbulent event distribution along Line 1 at different vertical
positions. Results from domain with square obstacles (a) and simulation with circular obstacles from
Chorda et al. [1] (b).
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Figure 21. Reynolds shear stress component u′w′ at z/D = 0.47. Results from domain with square
obstacles from the present work (a) and simulation with circular obstacles from Chorda et al. [1] (b).
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It is important to point out that the results from the simulation with circular obstacles
depicted in Figures 18–21 were not shown in the publication of Chorda et al. [1], but they
were post-processed from the results of their simulation published in the referenced article.

5. Discussion

By analyzing the depth-averaged turbulent kinetic energy in Figure 17a, it was shown
that the region after the wake zone presented a decay exponent of approximately −0.95
for both configurations. Similar results were found by Baki et al. [8]. In their paper, the
authors investigated a rock-ramp-type fish pass with a staggered arrangement of boulders
with an approximately spherical shape. They computed a decay exponent for the square
depth-averaged turbulent kinetic energy (

√
k) of about −0.5, which corresponded to a

decay exponent of about −1.0 if k was considered instead of its square root. The values for
the depth-averaged turbulent kinetic energy varied from 9.6 to 16.7% of V2

g for the square
obstacles and from 4 to 9.4% of V2

g for the circular blocks. These results were consistent
with the findings of Baki et al. [8]. In their study, these values ranged from 2.2 to 12.2% of
the square of the maximum flow velocity.

For the depth-averaged streamwise turbulence intensity in Figure 17b, the decay
exponent was −0.45 for the square case and −0.97 for the circular obstacles. The decay
exponent for the configuration with circular cylinders was similar to those found in the
literature ([8,27,28]). Nosier et al. [27] studied the characteristics of the wake generated
by twin cylinders arranged in parallel side-by-side and staggered arrangements. They
computed a decay exponent of −1.0. This value was also the one resulting from a single-
cylinder wake ([27,28]). For the study with approximately spherical boulders of Baki et
al. [8], the corresponding decay exponent for the depth-averaged streamwise turbulence
intensity was also approximately −1.0. Nevertheless, in the present paper, a significant
smaller decay exponent (−0.45) was found for the square blocks. This indicated that the
components (v′)2 and (w′)2 may play a more significant role in the wake zone for the
configuration with square blocks than in the one for circular cylinders. The values for the
depth-averaged streamwise turbulence intensity ranged from 4.3 to 8.5% of V2

g for the
square obstacles and from 2.3 to 4.6% of V2

g for the circular blocks. These values were also
consistent with the ones found in the work of Baki et al. [8]. Their corresponding values
varied from 2.2 to 9.0% of the square of the maximum flow velocity.

As discussed in Tran et al. [14], areas of low speed and low turbulence can increase
the passage efficiency. As shown above, the same discharge in a configuration with square
blocks presented a lower turbulent intensity and lower lateral fluctuations than with
circular obstacles. However, it could also involve an increase of almost 60% of the water
depth. Because of building constraints, the water depth had to be reduced. On the other
hand, the attractiveness of the fish pass had to be maintained by a sufficient discharge. This
showed that the shape is an important modifiable parameter, as well as the density and the
diameter to be taken into account when designing this type of fish pass.

As given in Equation (2), when parameters such as slope, concentration, obstacle diam-
eter, and water depth are the same, the relation between the discharges of the configurations
with square and circular blocks is approximately:

Qsquare

Qcircular
≈

√
Cdsquare

Cdcircular
(8)

Remembering that Cdsquare ≈ 2 and Cdcircular ≈ 1, the discharge would be smaller for
the square configuration, which reduced its attractiveness. Nevertheless, this also means
that the velocity between the blocks was drastically reduced, which indicated a better
passability of the fish pass with square obstacles. In addition, by comparing the wake
regions, the wake for the configuration with square obstacles was larger and quieter than
the wake for circular blocks. For instance, considering an averaged intensity of 20% for
both cases in the wake (Figure 18), k was 0.085 m2/s2 for the circular block wake and
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0.05 m2/s2 for the square block wake. This comparison pointed out once more that the
wake developed from square obstacles was more adequate for fish rest. Therefore, square
blocks had significant advantages in terms of reduced velocity and turbulence, but they had
also a less attractive discharge. The configuration to be employed had to be chosen according
to the site configuration: competing discharge, position of the fish pass entrance, etc.

According to Triantafyllou et al. [29], the propulsive efficiency for aquatic animals
corresponded to the interval: approximately 0.25 < St < 0.35. Thus, the spectra of lateral
velocity fluctuations could help in the estimation of unsteady movements relative to fish.
For both geometries, the spectra showed a similar behavior in relation to the Strouhal
number, with peaks located at St = 0.24− 0.25. They differed only for higher vertical
positions, which should not impact the fish behavior.

Turbulent events play an important role in sediment transport and resuspension [10].
According to Golpira et al. [11], the lack of frequent sweep events, as in the wake zone,
may imply a higher sediment deposition. In addition, the low frequency of ejections and
sweeps events, as seen in Figure 20, could indicate preferential paths of resting zones
for fish. Sediment deposition is unlikely to occur in the present fishway. However, the
design process remains pertinent for by-pass rivers where the slope can be weaker and the
deposition has to be taken into account. Further investigations are necessary to identify the
fish preferences relatively to the turbulence events.

In general, knowledge about the local flow variations gained from the investigation of
Chorda et al. [1] and the present study ensures that the design process based on integrated
values as the water depth and the discharge is pertinent for fish passages. Furthermore,
as could be seen in the two validation cases shown in this work, the simulation with the
LES model of this type of flow was satisfactory. As investigated in Chorda et al. [1], with
the RANS methodology, this high turbulent flow could hardly be reproduced with such
accuracy and details as with LES.

6. Conclusions

In this work, a rock-ramp fish pass with square blocks was experimentally and nu-
merically investigated. Shadowgraphy was employed for measuring the water depth, and
the velocity profiles were obtained with ADV. For the simulations, the open-source code
OpenFOAM was employed. LES was applied as the turbulence model, and the multiple
phases were treated with the VOF method. In addition, the cyclic boundary condition was
applied to reduced the computational cost.

In the first part of this paper, two different validations were successfully performed.
In the first one, the numerical results regarding the velocity field and turbulent kinetic
energy were compared with the measurements. In the second validation, the experimental
and numerical stage-discharges were compared. Both comparisons presented a satisfactory
agreement. In the second part of this study, the turbulence characteristics resulting from a
rock-ramp fish pass with square obstacles were compared with the ones resulting from a
passage with circular obstacles. For this investigation, the discharge was nearly the same
for both configurations, which implies different water depths for both geometries. The
results showed a lower velocity field and a lower turbulent kinetic energy for the square
obstacles. However, this configuration also presented the highest water depth. In addition,
the results for the depth-averaged turbulent kinetic energy and depth-averaged streamwise
turbulent intensity presented similar values as the ones found in the literature. The analysis
of the Strouhal number of the lateral velocity fluctuations showed similar results between
the two cases. Furthermore, no significant discrepancies between the two domains were
observed in the quadrant analysis. Finally, the Reynolds shear stress component u′w′ fields
were compared, and the results showed more burst areas in the simulation with square
obstacles. In general, the results prove that the obstacle shape is an important modifiable
parameter for designing this type of fishway.
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Appendix A

Tables A1 and A2 show the parameters of the stage-discharge validation for the
measurements and simulation, respectively.

Table A1. Summary of the experimental parameters for the stage-discharge validation.

Slope S (%) Discharge Q (m3/s) Mean Water Depth h (m)

1 0.01 0.077
1 0.02 0.120
1 0.03 0.151
1 0.04 0.169
2 0.01 0.064
2 0.02 0.103
2 0.03 0.134
2 0.04 0.160
2 0.05 0.170
3 0.01 0.056
3 0.02 0.092
3 0.03 0.126
3 0.04 0.150
3 0.05 0.169
4 0.01 0.053
4 0.02 0.081
4 0.03 0.109
4 0.04 0.137
4 0.05 0.152
4 0.06 0.175
5 0.01 0.045
5 0.02 0.071
5 0.03 0.100
5 0.04 0.127
5 0.05 0.146
5 0.06 0.161
6 0.01 0.04
6 0.02 0.067
6 0.03 0.093
6 0.04 0.120
6 0.05 0.140
6 0.06 0.152
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Table A1. Cont.

Slope S (%) Discharge Q (m3/s) Mean Water Depth h (m)

7 0.02 0.062
7 0.03 0.089
7 0.04 0.112
7 0.05 0.132
7 0.06 0.145

Table A2. Summary of the parameters employed in the simulations for the stage-discharge validation.

Slope S (%) Initial Water Depth h (m) Discharge Q (m3/s)

5 0.060 0.0178
5 0.100 0.0311
5 0.130 0.041
5 0.158 0.051
5 0.200 0.0643
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