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Abstract

Human-made structures are the main obstacles constructed on the river’s cross-
section, preventing fishes from swimming toward the ideal spawning zones upstream of
the streams. Present study determines the hydrodynamic performance of a Modified
Meander C-type Fishway (MMCF) with a 20% bed slope using both physical and
numerical modeling. Specifically, the study investigates the variations in Turbulent
Kinetic Energy (TKE) and fluid friction coefficient (C¢) in the pools, which are critical
hydraulic characteristics of the fishway. The study examines the TKE variation for
different discharge and geometry scenarios through the longest path in the pools of the
MMCF. This analysis was performed at an average depth of 0.5d to investigate the
possibility of creating resting pool areas in the fishway, where fish can rest during their

migration. In addition, the propulsive energy of three hypothetical rainbow trout fish
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species was estimated based on their physical characteristics, including weight, length,
swimming speed, and time to exhaustion, using empirical relationships. The propulsive
energy of the fish species was evaluated for different levels of volumetric energy
dissipation in the measuring pool of fishway, and the study discussed the ability of
migratory fish species to safely navigate through the pools of fishway.

Keywords: Meander Fishway, Experimental Modeling, Computational Fluid
Dynamics, Turbulence, Aquatic Suitability Index

1 Introduction

Fish passage structures, also known as fishways, are constructed to aid the migration
of fish species through obstacles in rivers. These structures can be classified into several
types including pool and weir, Vertical Slot Fishway (VSF), culvert, Denil fishways, and
nature-based passages (Clay) [1], (Weibel and Peter) [2], (Katopodis and Williams) [3].
The main objective of these structures is to modify the surrounding environment to
establish optimal habitat conditions that are suitable for aquatic species (Baki et al.) [4],
(Katopodis et al.) [5], (Rajaratnam et al.) [6]. To achieve this goal, researchers such as
Rajaratnam and Katopodis [7], Marriner et al. [8], and Decker [9] have conducted
extensive studies on the geometry and flow pattern structure of various fishway types.
Additionally, Noonan et al. [10], and Bunt et al. [11] have investigated several hydraulic

and biological factors to improve the efficiency of fish passage structures.

Physical modeling, numerical analysis, and field studies have shown that the Vertical
Slot Fishway (VSF) is a robust design that enables various fish species with different
swimming abilities to migrate upstream (DVWK) [12], (Puertas et al.) [13], (Marriner et

al.) [8], (Quaranta et al.) [14]. According to Baki and Azimi [15], the crucial aspect of the
2
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VSF is its ability to function under a range of upstream and downstream river level
conditions, allowing fish to move from one pool to the next without having to jump. This
structure can operate in a broad range of hydraulic and biological conditions, reducing

the impacts of annual changes in water level (Katopodis and Williams) [3].

Rajaratnam et al. [7] conducted a crucial study on the hydraulics of VSFs. They
investigated various configurations of VSF and determined the flow characteristics in
seven geometry designs and four different geometric scales. Their results presented a
dimensionless relation known as the characteristic discharge. Rajaratnam et al. [6]
evaluated the performance of 18 fishway structures built in the United States, leading to
the identification of three main and simple designs for fishway structures with vertical
slots. Additionally, Wu et al. [16] studied fishway structure number 18 from Rajaratnam
et al.'s [6] study and determined the likely flow patterns in slopes of 5%, 10%, and 20%.
Rajaratnam et al. [7] established a linear relationship, expressed in Equation (1), between

the characteristic discharge parameter of the flow and the relative depth parameter (yo/s).

Q. =a(y,/s) + B )

where @« and f are constant coefficients of the linear relationship between

characteristic discharge and flow depth (yo), and s is width of opening in slots of VSF.

Baharvand and Lashkar-Ara [17] modified the geometry configuration of C-type
Meander fishways, i.e., a novel design of VSFs, presented by Stamm et al. [18]. They
studied the effect of geometry scenarios on the dimensionless discharge of Modified
Meander C-type Fishway (MMCF) using physical and numerical models. The unique
geometry of MMCEF shapes the mixing process within the structure's pools. This mixing

process can enhance the flow's energy dissipation along the structure due to the fluid
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friction effect, which increases the structure's efficiency, particularly for steep slopes.
However, it is necessary to assess the ability of MMCF to accommodate a variety of fish

species.

The present study endeavors to investigate the biological aspects of various geometric
scenarios of MMCEF for a critical slope of 20% through a combination of experimental
and computational fluid dynamics models. Several slot opening ratios with and without
modified baffle blocks will be employed to evaluate the effective parameters for
designing and operating the MMCF. Fluid friction coefficient (C), and turbulent kinetic
energy (TKE) are the target hydraulic parameters of the current study that were not
investigated by Baharvand and Lashkar-Ara [17]. Moreover, the swimming speed of
three synthetic Rainbow Trout (Oncorhynchus mykiss) fish species, with varying body
lengths, will be calculated using empirical methods to assess their ability to safely

navigate through the pools of the MMCF.
2 Materials and method

The study evaluated the hydraulic performance and biological suitability of the
Modified Meander C-type Fishway by using physical and numerical models. The MMCF
was designed to increase energy dissipation and ease of construction compared to vertical
slot fishways. The physical model was built on a bed slope of 20% at the Jundi-Shapur
University of Technology's Hydraulic Laboratory with a total length of 6.62 m and width

of 1.31 m. The design is shown in Figure 1.

Figure 1(a) displays a perspective view of the model with C-type pools and pool
radius R. The main channel and tailwater pool had a total length of 5.62 m. Three pools,

numbers 8, 9, and 10, served as measuring stations to determine flow depth and depth-

4
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averaged velocity. Pressure transducers were installed at the pool bed to measure total

pressure and convert pressure fluctuations to mean flow depth using a digital data logger.

Once the mean flow depth is estimated by the pressure transducers, the depth-

averaged velocity of the flow at the vertical slot cross-section is calculated using

V= %, in which ¥ is the depth-averaged velocity at slots of the MMCF, Q refers to
f

the flow discharge obtained from an electromagnetic flowmeter installed in a pumping
station, h_f is the average of 60-sec flow depth fluctuation at the slots of measuring pools,
and s represents the width of opening at the slots. Figure 1(b) depicts a top view of the
measuring pools in the MMCF, which were designed to study the potential flow patterns
in the pools. Wooden baffle blocks designed with two height (hy) scenarios were built
and placed in the middle of the vertical slot openings to increase the submergence ratio
and control the flow velocity inside the pools (Figure 1c). The design and measurement
techniques used in the laboratory, as well as the operating scenarios, are described in

detail by Baharvand and Lashkar-Ara [17].

Figure 2 depicts the complete process of the present study, from building the physical
model to conducting CFD simulations and evaluating the ability of rainbow trout to

navigate through the MMCF's pools.

According to Figure 2, the validation of the CFD model was carried out by comparing
the results obtained from the physical model's velocity and depth measurements at the
slots with numerical model. The friction coefficient in the modified meander c-type
fishway pools was estimated using a combination of the experimental measurements and
CFD model outputs. The CFD model simulation was used to evaluate the turbulent

kinetic energy distribution in the pools of the MMCF and determine the safe zones for

5
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fish. Lastly, the ability of three different sizes of rainbow trout to migrate through the
MMCF was analyzed based on their propulsive energy and the fishway's geometry and

flow conditions.
2.1 Fluid friction coefficient calculation

Rajaratnam et al. [7] proved the importance of friction coefficient in different designs
of vertical slot fishways. Laboratory assessments at the measuring pools revealed that
MMCEF could create turbulent eddies while the flow passes through the structure pools.
Therefore, each pool is expected to have more energy dissipation due to the turbulent
regime with a lower fluid friction coefficient. Therefore, fluid friction coefficient
parameter could be investigated as an effective hydrodynamic parameter controlling the
shear stress generated between the flow in vertical slots and the water mass in

downstream pool.

The fluid friction coefficient (Cs), i.e., a factor that determines the shear stress

between different fluid layers, can be calculated using Equations (2) to (6).
YRS, = 7o
)
where y is the specific weight of the fluid, t, refers to the shear stress component, So

is the bed slope, and R is the ratio of the cross-sectional area of the main channel could

be represented by Equation (3).

R = Syd/(s + 2d)

(3)

where d is the average depth of the flow.
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Equation (4) is obtained by substituting Equation (3) with Equation (2) to determine

the friction coefficient.
pgSoSd = 1(s + 2d)
4)

Equation (5) shows the relationship between shear stress and C; in vertical slot

fishways (Rajaratnam et al.) [7].
To = Cf_ %)
The fluid friction coefficient for MMCEF can be defined using Equation (6), which is
obtained by substituting Equation (5) into Equation (4).

_ 2gSed
Cr = vZ(1+2d/s) (6)

Equation (6) is used to estimate the friction coefficient of MMCF for different

geometry and discharge scenarios using both physical and CFD models.
2.2 Numerical simulations

In recent years, CFD models have been widely used in modeling the flow in fishways.
This is due to the critical impact that flow characteristics have on fish behavior and fish
habitat suitability indices. Many studies have utilized CFD models to study fishways,
including those by Cea et al. [19], Barton et al. [20], Fu et al. [21], Mariner et al. [8],

Mahmoudian et al. [22], Baharvand and Lashkar-Ara [17, 23].
2.2.1 Numerical model setup

In present study, Flow-3D (i.e., a widely used finite volume-based computational fluid
dynamics model that simulates fluid- and heat-transfer problems) was used to simulate

7
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flow in MMCEF for various geometry scenarios. The model can incorporate a variety of
solid geometry design cases, which makes it easier to import the geometry and embed the
solid geometry model using the Fractional Area Volume Obstacle Representation

(FAVOR) method (Hirt and Sicilian) [24], (Flow Science User’s Manual) [25].

The Navier-Stokes equations, which are the primary equations solved by the Flow-3D
model to simulate the flow field in various conditions, are presented in Equations (7-10).
The Navier-Stokes equations are a set of three-dimensional mass and momentum
conservation equations that are discretized using the Finite Volume Method (FVM). To
model the turbulent regime in MMCEF, the Flow-3D model employs the K-¢ turbulence
model, which has been used in the hydrodynamic modeling of fishways by various
researchers, including Baharvand and Lashkar-Ara [23], Duguay et al. [26], and
Mahmoudian et al. [22]. The solid geometry regions within the grids in the Flow-3D
model are defined using the Fractional Area/Volume Obstacle Representation (FAVOR)

method (Samani et al.) [27].

5} 5} 0 5}

Vi e T 52 (PUAL) + 52 (pvA,) + 5 (pwA,) = 0 (7)

du 1 ou ou du __la_p

6_t+V_F{qu&+VAy0_y+WAZ£}_ pax+Gx+f
(8)

av 1 ov ov ov __la_p

E+V—F{UAX£+UAya—y+WAZ£}— p0y+Gy+f
(9)

ow 1 ow ow ow __la_p

E-FV—F{quE-FUAya—y-FWAZE}— p62+GZ+f
(10)
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where Ay, Ay, and A, refer to the Cartesian system’s desired fluid volume of the
element’s free surface component. G and f are the main gravitational component and
gravity from the viscosity of the fluid, respectively. u, v, and w are velocity components
in X, y, z directions, respectively. More information on the Navier-stocks equation and

computational process would be found at Flow Science (2018).

Figure 3 depicts the simulated flow in MMCEF for a specified discharge of Q = 37 I/s
and s/R = 0.2. The inlet boundary condition was set to the flow discharge, while the
outlet and upper mesh plane were assigned a zero-pressure boundary condition. To
reflect the free surface boundary condition with air-water interaction, the Volume of
Fluid (VOF) method was utilized, which determines the volume fraction with values

ranging from 0 to 1 for empty and fully filled cells, respectively (Stamou et al.) [28].

The sidewalls and bottom of the structure were assigned wall boundary conditions,
with an average roughness height of 0.3 mm (concrete wall). The computational mesh
domain was discretized to the optimal finest mesh cells for modeling, and the exact
number of mesh cells for each model was determined based on specific geometry
configuration scenarios, such as s/R and hy/R. The mesh sensitivity test was conducted
for all models, and the finest rectangular mesh domain with 590,000 cubic cells was
selected for the entire control volume after consideration of all results. In accordance
with the Froude similarity, the prototype geometry scale was reduced by a factor of four

(scale 1:4). The pool’s radius is R = 0.1 m for all CFD scenarios.

The capacity of the pools in the MMCF determines the range of discharge that is

allowed to prevent overtopping and ensure a minimum flow depth sufficient for the
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passage of fish species. Table 1 presents the various discharge, baffle height, and opening

ratios that were considered in the numerical modeling for different models.

2.2.2 Turbulent Kinetic Energy in MMCEF pools

The swimming capability and behavior of fish species are closely related to the
hydraulic conditions (speed, depth) and the turbulence structures formed in the pools of
the fishway (Shahabi et al.) [29]. The Total Kinetic Energy (TKE) was calculated using
Equation 11, which employs the velocity fluctuation components in every direction in a

CFD model (Rodi) [30], (Silva et al.) [31].

TKE = ~(@W)? + @)% + W)?)
(11)

where u’, v/, w' are flow velocity fluctuation components in longitudinal (x),

transverse (y), and vertical (z) directions.

2.2.3 Validation of the numerical model

The depth-averaged velocity (V1) and the mean flow depth (d[1) at the slots of the
MMCF measuring pools were determined using both experimental measurements and a
CFD model. The discharge observed in the physical model was compared to the
discharges obtained from the CFD model to evaluate the accuracy of the flow simulation
for different geometric scenarios. Figure 4 illustrates the comparison of discharge
between the physical and numerical models for s/R = 0.1 and three different baffle height

scenarios (hy/R =0, 0.1, 0.2) in pool number 8.

The CFD model demonstrates high accuracy for each baffle height scenario, with R-

squared values ranging from 0.94 to 0.96 for s/R = 0.1 (Figure 4). Figures 5 and 6 show
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the comparison of measured and simulated discharge for s/R = 0.2 and 0.3 with a

minimum R?=0.96 that proves the precision of CFD model.

Furthermore, the average water surface elevation in the middle of the measuring
station (at the center of the slot in pool number 8) is compared to the result from the CFD
model at the same location. The Mean Error (ME) of the water surface elevation for s/R
= 0.1 was determined to be 5.69%. The mean error of the simulated water surface
elevation for s/R = 0.2 and 0.3 is 8.12% and 9.05%, respectively. It is important to note
that factors such as mesh size, simplification assumptions, and inaccuracies in laboratory
measurements could result in some discrepancy between the CFD model and physical
model results. Nevertheless, the low mean error and favorable R-squared statistical
metrics demonstrate that the CFD model is validated and can be utilized to evaluate

various hydrodynamic variables of flow in MMCF, including TKE and Cs.

2.3 Fish swimming capabilities and biological properties

Fish species have two types of muscles - red and white - that affect their swimming
speed and time to exhaustion, i.e., the maximum time a fish can swim without rest
(Behlk) [32]. The white muscles can produce swimming speeds four times greater than
the red muscles, but tire much more quickly. This difference in performance makes the
white muscle critical in fishway design, especially in high-velocity areas such as the
opening slots of vertical slot fishways. By analyzing the swimming behavior and forces
on the fish body, it is possible to determine the suitability of each fishway design for a

specific fish species (Behlk) [32,33].

2.3.1 Dynamics of fish swimming

11
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According to the study conducted by Behlk et al. [32,33], three main forces act on the
body of fish species while swimming in natural streams: gravitational, virtual mass, and
drag. These forces are depicted in Figure 7, where the direction of each force on the fish

body is illustrated.

The three main forces acting on fish bodies during swimming in natural streams are
gravitational force (Fg), virtual mass force (Fuy), and profile drag (Fp). Fc is due to
weight and buoyant force and acts in the opposite direction to the fish's movement path.
Fum 1S generated by both red and white muscles when the fish needs to swim faster. Fp is
the result of skin friction and pressure and is the hardest force to measure directly. Figure
7(b) and (c) show the direction of F,, and Fp on the fish body, respectively, and Table 2

lists the governing equations used to estimate these forces.

2.3.2 Fish propulsive energy calculations

The propulsive force required for a fish to successfully navigate through a fish
passage is determined by the total of various forces that impact its body. These forces
include gravitational force (Fg), virtual mass force (Fym), and profile drag (Fp), which are

represented in Equation 15.
E,= Fs+ Epm+ Fp (15)
where F, is the net propulsive force acting on the fish body.

According to a study by Behlk [32], the net propulsive force (Fp) acting on the fish
body must be countered by an equal amount of energy generated by the fish in order to
swim upstream. To determine the net propulsive power (Pwr) for each fish class, the
swimming speed of the fish relative to the surrounding water should be calculated using

Equation (16).
12
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Ror = Fp X Vpy (16)

Rainbow trout was selected as the main fish species of the present study. The physical
characteristics of the rainbow trout are collected from available datasets and will be
discussed in the next section. Equation 17 represents the net propulsive energy (Ep)

required for a fish to migrate upstream in open channel (Behlk) [32, 33].

Lc
Ep = PWTV_f (17)

where L. refers to the critical length of fish swimming path, that is considered to be
total length in present study (TL). In the present study, physical characteristics of
Rainbow trout were utilized to examine the factors that influence the swimming
capability of this specific fish species. This was done by considering three hypothetical

body lengths that reflect the age of the fish.
2.4 Rainbow trout characteristics

Rainbow trout, also known as "Oncorhynchus mykiss", are a vital species in North
America and Canada with a historical range from Alaska to Mexico. They are a type of
cold-water fish that can thrive in various environments with ideal temperatures between
12.7 and 23.8 degrees Celsius. However, factors such as changes in water quality, rising
temperatures, and the loss of riverside vegetation and soil erosion have led to a decline in
their distribution. Changes in water quality and drought (Maymandi et al.) [34], increased
average temperature and drought (Hassanzadeh et al.) [35], loss of vegetation in
riversides, soil erosion (Baharvand et al.) [36], (Kabir et al.) [37], etc., are examples that
led to a significant reduction in the suitability of aquatic habitat distribution (Ahmari et

al.) [38]. Also, human activities such as dams and bridges constructions are altering the

13
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habitat conditions for the migration of native aquatic species, a crucial part of their life
cycle (Baharvand et al.) [39], (Fathinezhad et al.) [40], (Nasseri and Hummel) [41],
(Ahmari et al.) [38,42]. As a result of these alterations to the rainbow trout habitat, nine
types of the species have been listed on the federal endangered species list (FWS) and a
comprehensive assessment of fish migratory facilities is required to mitigate the effect of

human made constructions on aquatic habitat.

Hunter and Mayor [43] found that fish length is a critical factor in fish behavior and
used a nonlinear regression relationship between fish length and time to exhaustion to
estimate fish swimming speed (Equation 18). In the present study, the swimming speed
of hypothetical rainbow trout fish species were estimated using Equation (18).
V= alf ¢ (18)

where a , 8, and { represent the regression coefficient constants and would differ
based on fish species. L represents the length of fish, and t is the time to exhaustion. In
the present study, the swimming speed constants and the rainbow trout's minimum, mean,

and maximum length were obtained from Furniss et al.'s [44].

In the present study, the total length (TL) of rainbow trout was used as the primary
measure of body length (Figure 8). Table 3 presents the physical characteristics of three
hypothetical rainbow trout with different body lengths selected to reflect the range of
rainbow trout length measurements. The burst swimming speed was calculated for each
class of rainbow trout using Equation (18), with a time to exhaustion of 20 sec and the

burst swimming coefficients listed in Table 3.

In the study by Larinier [45], it was established that the volumetric energy dissipation

in fishway pools should be below 200 W/m3 for salmonids and 150 W/m3 for cyprinids
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to be considered acceptable. The present study calculates the net propulsive energy for
each class of hypothetical rainbow trout for different energy dissipation rates using

Equation (19) (Baki) [46], (Towler et al.) [47].

YQAH
E, = ad (19)

where E, represents the volumetric energy dissipation, y refers to the specific weight
of water, Q is flow discharge, AH is the head loss for each pool of MMCF, A is the area
of the pool, and d is the average depth of water. The following section will variation in

the propulsive energy of fish species for varying energy dissipation rates.

3 Results and Discussion

3.1 Effect of the opening ratio (s/R) on the friction coefficient (Cs)

Based on experimental observations, a high-velocity flow jet will be shaped in slots of
MMCEF, which will mix with the subsequent flow zone in the pool. This mixing process
can result in the dissipation of energy from the upstream high-velocity flow due to
existing friction between flow layers in mixing process. Consequently, in MMCF, the

friction coefficient is a crucial factor, particularly when the flow is turbulent.

Figure 9 shows the relationship between the fluid friction coefficient (Cf) and the
relative flow depth for hy/R = 0 (i.e., corresponds to the absence of baffle blocks), where
hu/R represents the ratio of the average flow depth to the slot's opening width (s). The
results presented in Figure 9 illustrate that the fluid friction coefficient (Cf) varies
between 0.02 to 0.06 for different relative depth scenarios, which span from negligible

amounts to a depth ratio of d/s = 7.84 for a flow rate of Q = 24 I/s.
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Figure 9 employs more than four discharge scenarios, which are also used in the CFD
model (as listed in Table 1), to represent the laboratory tests. To enhance the accuracy of
the regression trends for the friction coefficient, some discharge scenarios are linearly
interpolated between the values listed in Table 1. The experimental tests used discharges

that varied between the minimum (Q1) and maximum (Q4) discharges stated in Table 1.

Figures 10 and 11 depict the variation of C; with respect to the relative depth ratio
(d/s) for hy/R = 0.1 and 0.2, respectively, with different opening ratios. It is worth
mentioning that the highest value of d/s for each s/R scenario in Figures 9, 10, and 11
represents the maximum discharge scenario for the C; variation plots. Similarly, the
lowest value of the relative depth ratio corresponds to the minimum discharge scenario

for each geometry listed in Table 1.

As shown in Figure 9, the fluid friction coefficient (Cf) exhibits a decreasing trend
across all opening ratios of MMCF. This implies that for the range of discharges
considered in this study, a higher relative depth ratio (i.e., corresponding to a higher

discharge scenario) results in a lower friction coefficient in MMCEF pools.

Based on the laboratory observations, a submerged jet is formed in the pools of
MMCEF for an average value of d/s = 6.15, 3.2, and 1.7 for hy/R = 0.1, 0.2, and 0.3,
respectively. However, for low discharge scenarios, the mixing process is not visibly
detectable in the measuring pools of MMCEF for hb/R = 0, due to the highly turbulent
flow regime. Figure 9 demonstrates that for all scenarios, the maximum C; occurs at the
d/s for each opening ratio. In contrast, Cs exhibits a decreasing nonlinear trend for higher

relative flow depth, which results in a higher rate of turbulent eddies created in the pools
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due to the mixing process. This observation is based on a qualitative comparison of

image sequences taken from the flow pattern over Pool no. 8.

Increasing the opening ratio from s/R=0.1 to s/R=0.3 shifts the values of fluid friction
coefficient to lower d/s of less than C;=0.035 (as shown in Figure 9) for the specified
discharge range. This indicates that for higher s/R values, the friction coefficient is
reduced due to the dissipation of energy caused by the turbulent regime in the pools. In
other words, achieving the same friction coefficient for s/R=0.1 and s/R=0.3 requires
approximately six times higher average relative depth ratio for the specified discharge

range.

The maximum friction coefficient in Figure 10 occurs at s/R = 0.2 and a discharge of
Q = 26 I/s, with all other baffle height ratios having a lower maximum C¢ than s/R = 0.2
(as seen in Figures 9 and 10). Therefore, s/R = 0.2 provides the highest friction
coefficient, which are 0.062, 0.415, and 0.718, for hy/R = 0, 0.1, 0.2, respectively.
Figures 10 and 11 also show less variation in C; compared to Figure 9 for s/R = 0.1,
indicating that baffle blocks significantly increase the friction coefficient compared to

hb/R =0.

In Figure 12, a qualitative assessment of two flow pattern variations in MMCF pools
are presented: one with no baffle (h,/R=0) and s/R=0.1 (Figure 12a), and the other with
s/R=0.2 (Figure 12b) with having a similar d/s=2.54. The discharge for s/R=0.1 and 0.2
are Q=13 I/s and Q=20 I/s, respectively. The creation of a turbulent flow zone due to the

submerged flow jet can be observed in Figure 12(b).

Besides friction coefficient, the velocity fluctuations in different directions can also
affect the swimming ability and stability of fish by creating resistant forces. The
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Turbulent Kinetic Energy (TKE) parameter will be discussed in the next section as an
important factor to evaluate the impact of velocity fluctuation components on fish species

swimming capability.
3.2 Turbulent Kinetic Energy in MMCF pools

The TKE variation through the largest Pool’s Middle Axis (PMA) in Pool 8 was
evaluated using the numerical model results. Figure 13 illustrates the TKE changes along
the PMA for three opening ratios (s/R = 0, 0.1, 0.2) and the no baffle block scenario
(ho/R = 0) at a depth of 0.5d (where d represents the average flow depth at pool). Figures
13(a-c) demonstrate that the range of turbulent kinetic energy for the no baffle block
scenario (hy/R=0) is from negligible amounts near the walls at PMA=0 and PMA=1, to a
maximum of 0.48 m?/s%, 0.402 m?/s?, and 0.32 m%/s’ for s/R = 0, 0.1, 0.2, respectively.
Additionally, for all opening ratios, the TKE increases once PMA>0, indicating the high
turbulent kinetic energy of the incoming jet from pool no. 7 to pool no. 8 (illustrated in

Figure 12).

Figure 13(a) shows that TKE ranges from 0.37 m?/s® to 0.48 m?/s* between PMA=0 to
PMA=0.3, decreases to 0.2 m?/s® for Q=13 I/s, and a low of 0.162 m?/s® for Q=24 I/s.
TKE remains relatively close to 0.2 m%/s? for all discharge scenarios within a PMA range

from 0.2 to 0.93, as seen in all scenarios in Figure 13.

High turbulent kinetic energy regions can be identified when PMA = 0.93, as there is
a noticeable increase in TKE for all discharge scenarios near this point. Therefore,
around 14% of the PMA in each scenario represents the high TKE zones that correspond

to the high flow velocity jets observed in laboratory experiments. The maximum TKE for
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PMA > 0.93 is approximately 0.25 J/kg for all discharge scenarios. TKE becomes

negligible again near the walls of the MMCEF structure (PMA~1).

Figure 13(a) shows that increasing the opening ratio from s/R = 0.1 to 0.2 and 0.3
results in a decrease in maximum TKE, but an increase in discharge scenarios. Thus, the
MMCEF with higher opening ratios may provide safer zones for migratory fishes due to
less turbulent kinetic energy variations. TKE for s/R = 0.2 varies from 0.13 to a
maximum of 0.22 J/kg at PMA = 0.97. Figure 13(c) depicts that the high flow jet for s/R
= 0.3 ranges from PMA = 0 to 0.08, possibly due to low contraction effects on the flow
(greater opening ratio). The middle part of the pool at s/R = 0.3 shows higher TKE values

than s/R = 0 and s/R = 0.1, indicating an unsafe zone for some migratory fish species.

It appears that the installation of baffle blocks at the middle of the opening slots
reduces the TKE significantly, as shown in Figures 14 and 15 for hy/R=0.1 and 0.2,
respectively. For PMA > 0.3, the TKE is less than 0.1 m%/s? for an opening ratio of S/R =
0.1 and hp/R=0.1 and 0.2, while for s/R=0.2 and s/R=0.3, the TKE ranges from a low of
0.11 m%s® to a high of 0.23 m?s®. The TKE fluctuations for PMA > 0.3 for both

hy/R=0.1 and 0.2 are much less than hy,/R=0 shown in Figure 13.

According to the TKE variation discussed above, the decrease in TKE due to the use
of baffle blocks may improve the safety and resting areas for migratory fish species. The
swimming abilities of rainbow trout will be investigated for all mentioned geometry and
discharge scenarios in the following section. Engineers and designers can refer to the
TKE graphs to estimate the possible resting pool size based on the specific biological

criteria of the fish species. By estimating the safe zones, the fishway pools can be
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designed optimally to achieve a high migration rate while minimizing fatigue and risk to

the fish’s health.
3.3 Migratory Capabilities of Rainbow Trout

After acquiring biological data on rainbow trout from Furniss et al. [44] and creating
three hypothetical classes of rainbow trout based on body length and swimming
capabilities, the fish species' biological power is employed to evaluate the propulsive
energy available for various MMCF design scenarios. Figures 16 to 18 show the
computed propulsive energy of the three hypothetical Rainbow trout classes for passing
the pools of MMCF with different opening ratios (s/R = 0.1, 0.2, and 0.3). The propulsive
energy required for the three hypothetical Rainbow trout classes to pass through the pools
of MMCF with different opening ratios (s/R = 0.1, 0.2, and 0.3) is presented in Figures

16 to 18, which was calculated using Equation 17.

It can be observed from Figures 16 to 18 that the energy dissipation rate remains
below 150 W/m3 for all discharge scenarios. This is considered suitable for Salmonid
fish species, which includes Rainbow trout, based on the criteria established by Larinier
[45]. Figure 16 illustrates the propulsive energy for the hypothetical Rainbow trout fish
species in the MMCF with s/R = 0.1 and hb/R =0, 0.1, and 0.2. Each trendline represents
the energy produced by the fish using burst velocity for the discharge scenarios outlined
in Table 1. The lowest volumetric energy dissipation occurs at the lowest discharge
scenario, while the highest discharge scenario for each scenario results in the greatest

potential volumetric energy.

When comparing the potential volumetric energy dissipation of the flow in the

measuring pool to the available propulsive energy, it was found that rainbow trout class 1
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may not generate the same amount of propulsive energy as is dissipated energy in the
pools for s/R = 0.1 and hp/R = 0 and 0.1 (Figure 16) for the corresponding discharge rates
(Table 1). As can be seen, the rainbow trout class 1 could generate greater propulsive
energy (Ep, = 21 J) than the pools' dissipated energy after replacing the baffle block with

hb/R =0.2.

Furthermore, rainbow trout classes 2 and 3 exhibit similar propulsive energy values
for various volumetric energy dissipation levels at s/R=0.1, regardless of the discharge
scenario. Higher discharge rates result in greater propulsive energy due to the greater
availability of volumetric energy dissipation in the MMCEF pools. The migration trends in
all cases demonstrate the impact of baffle blocks in reducing volumetric energy. In
Figures 16 to 18, the red trendlines correspond to the absence of baffle blocks (h,/R=0),
the blue trendlines represent hy/R=0.1, and the black trendlines illustrate the changes in

propulsive energy for different energy dissipation rates at hy/R=0.2.

The hydraulic conditions for ensuring a secure fish passage are different for s/R=0.1
compared to higher slot opening ratios (s/R=0.2 and 0.3), as shown in Figures 17 and 18.
Higher minimum discharges are needed to maintain suitable hydrodynamic criteria for
fish species, and the volumetric energy dissipation of the MMCEF pools increases with the
flow discharge. Rainbow trout class 1 may face swimming difficulties for all baffle block
height ratios (hy/R=0, 0.1, 0.2) due to the increased volumetric energy dissipation.
However, the maximum volumetric energy dissipation criteria (Ey, < 200) indicate
general suitability. Rainbow trout classes 2 and 3 produce propulsive energy ranging

from 45 J to 132 J for the specified discharge rate for s/R = 0.2. The maximum height of
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the modified baffle blocks (hp/R) results in the lowest propulsive energy for creating a

safe fish passage, as seen in Figure 16.

The physical characteristics assumed for each fish class result in class 3 producing
more propulsive energy than classes 1 and 2. For example, at a volumetric energy of 60
W/m3, class 3 generates 2.4 times more propulsive energy than class 1, as shown in
Figure 17. However, increasing the baffle block height to hy/R=0.1, 0.2 causes the

propulsive energy diagrams for fish classes 2 and 3 to merge.

Similar to the propulsive energy produced by fish species for s/R = 0.2 in Figure 17,
rainbow trout classes 2 and 3 will be able to pass the fishway’s pools for all baffle height
scenarios with s/R = 0.3 (Figure 18). The propulsive energy of the fish class 1 for s/R =
0.3 ranges from 28 J to 64 J, which is relatively less than the available volumetric energy

at pools of MMCF, which ranges from 32 J to 88 J.

Comparing the propulsive energy variations in Figures 16 to 18 showed the ability of
fish species to generate the appropriate potential energy that each fish class could
generate due to the hydraulic characteristics of the MMCF using the burst swimming
condition. Rainbow trout 1 represents less ability to produce propulsive energy in the
pools due to less muscular ability to generate the burst swimming speed than classes 2
and 3 with higher weight and length. Also, the propulsive energy is increased for larger
opening ratios so that the biological energy needed for fish to pass pools ranges from 15 J
to 16 J for s/R = 0.1, but it ranges between 28 J to 166 J for s/R = 0.3. Overall, the
volumetric energy dissipation for all geometric scenarios of the study was in the

acceptable range for salmonid fish species. However, in some cases, the fish species with
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a smaller length and weight produced lower propulsive energy generated by the white

muscles.

4 Conclusion

The Modified Meander C-type Fishway (MMCF) was previously introduced by
Baharvand and Lashkar-Ara [17] as a vertical slot fishway for safely passing fish species
upstream. However, the hydraulic characteristics of the flow in the pools of the structure,
including fluid friction coefficient and turbulent kinetic energy, have not been thoroughly
studied. This study aimed to comprehensively evaluate these parameters using physical
and numerical modeling approaches. The fishway's bed slope remained constant (20%),
and wooden baffle blocks of different heights were used as modification elements to

create safe zones for different opening slot ratios.

Turbulent Kinetic Energy distribution and fluid friction coefficient variation in
measuring pool were obtained and presented using the computational fluid dynamic
model for different discharge and geometry scenarios through a measuring station pool.
The fluid friction is ranged between 0.02 to 0.06 for different relative depth scenarios for
hy/R = 0 with a maximum d/s = 7.84 for Q = 24 |/s. Also, it is shown that for all
discharge scenarios, increasing the opening ratio from s/R =0.1 to s/R = 0.3 shifts the C¢
values to the lower d/s ranges less than Cs = 0.035 for the specified discharge range. It is
shown that the maximum friction coefficient obtained for greatest opening ratio. The
TKE distribution graphs for different discharge and geometry scenarios through the
longest path in the measuring pool of the MMCF were investigated using the line probe

technique at an average depth of 0.5d. It is revealed that the TKE is reduced significantly
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once the baffle blocks installed at the opening slots of the MMCF that provides safer

resting zones in pools for migratory fish species.

The study also estimated the swimming speeds and propulsive energy of three
synthetic classes of rainbow trout in the MMCF, comparing them with the potential
energy dissipation in the measuring pool. Overall, the MMCF was found to be effective
for passing fish species of different classes, although there were concerns about the
ability of small rainbow trout to pass in certain scenarios (Class 1). Findings of present
study can be used for hydraulic design of the MMCF with consideration of the biological
needs of fish species by relevant organizations and designers. Due to limitations in the
laboratory facilities, the study was unable to include a wider range of flow discharge
scenarios. It is recommended to expand the range of discharge scenarios to conduct a
more comprehensive analysis that considers a variety of possible discharges.

Data availability: Some or all data, models, or codes supporting this study’s findings are
available from the corresponding author upon reasonable request.
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Figure 7. Forces acting on the fish body a) gravitational force b) virtual mass force
c) drag force
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Figure 12. Qualitative assessment of flow in measuring pool no. 8 for (a) s/R = 0.1
and (b) s/R =0.2 for d/s = 2.54
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Figure 13. Turbulent Kinetic Energy (TKE) variation through PMA for hy/R = 0 and
(@ s/R=0.1, (b) s/R=0.2,and (c) ss/R=0.3
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Figure 14. Turbulent Kinetic Energy (TKE) variation through PMA for hy/R = 0.1 and
(@) s/R=0.1, (b) s/R=0.2,and (c) ss/R=0.3
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Figure 15. Turbulent Kinetic Energy (TKE) variation through PMA for hy/R = 0.2 and
(@) s/R=0.1, (b) s/R=0.2,and (c) ss/R=0.3
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Figure 16. Potential volumetric energy (W/m®) in MMCF pools vs. propulsive energy
(J) of three rainbow trout hypothetical classes (s/R = 0.1)

140 —
S/R=0.2

120 Slope =20% &
100

80 s -

0 //Y /5/

el -t
40 f
204 -
0 +— :

0 20 40 60 80 100 120 140

Propulsive Energy (J)

hy/R=0 ; Rainbow Trout Class I
hy/R = 0.1 ; Rainbow Trout Class |
hy/R = 0.2 ; Rainbow Trout Class |
hy/R=0 ; Rainbow Trout Class II
hy/R= 0.1 ; Rainbow Trout Class II
hy/R = 0.2 ; Rainbow Trout Class Il
hy/R=0 ; Rainbow Trout Class III
hy/R=0.1 : Rainbow Trout Class III
hy/R = 0.2 ; Rainbow Trout Class III

Figure 17. Potential flow volumetric energy (W/m®) in MMCF pools vs. propulsive
energy (J) of three rainbow trout hypothetical classes (s/R = 0.2)
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Figure 18. Potential flow volumetric energy (W/m®) in MMCF pools vs. propulsive
energy (J) of three rainbow trout hypothetical classes (s/R = 0.3)
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Table 1. Discharge for each geometry scenario

Discharge (lit/sec)

s/R hu/R Ql Q2 Q3 Q4
0 13 16 20 24
0.1 0.1 16 20 30 37
0.2 31 35 44 47
0 14 16 18 20
0.2 0.1 14 18 22 26
0.2 31 36 44 48
0 14 16 18 20
0.3 0.1 13 17 24 30
0.2 20 27 31 39

Table 2. Relationships of the forces acting on fishes' body

Equation

No

Description

FG = WSO

(13)

w
Fyp = 1.2 [?] Qs

(14)

Fp = (0.036)bkpvZL* 8V}

(15)

W: fish's weight (mass)

So: slope

g: gravitational acceleration

afw: relative acceleration of the fish
with respect to the surrounding water
(assumed to be 1.2)

b: constant depending on the individual
fish (assumed to be 0.4 in the present
study)

k: constant value (k = 4)

p: mass density of water

v: kinematic viscosity of the surrounding
water

L: total length (TL) of the fish

Vs sSwimming speed of the fish with
respect to the surrounding water

Table 3. Biological characteristics of synthetic rainbow trout for different body
length scenarios

Burst swimming

Fish Length TL coefficients Estimated Burst
species class (cm) « B 7 swimming speed (m/s)
Rainbow Class I 10.3 0.313
Trout Class 1 18.3 7.16 0.77 -0.46 0.488
Class 111 28 0.677
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