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Diaphragm fishways are often used in fishway engineering construction.
Although there are an increasing number of new types of fishways, other
types of diaphragm fishways can be derived from the combination or
evolution of the following three basic types of fishways: vertical slot,
overflow weir and orifice. To compare the hydraulic characteristics of
different foundation types of fishways, the operations of vertical slot
fishways, overflow weir fishways and orifice fishways are calculated by
numerical simulation, and we comprehensively compare the flow field
characteristics and application scenarios of various types of fishways from
the two dimensions of hydraulic characteristics and application
characteristics. This paper analyses the hydraulic characteristics of the
flow field, such as velocity distribution and turbulent kinetic energy, and
analyses the application characteristics of the fishway from the aspects of
applicable flow, favourite swimming speed range, explosive swimming
speed, fish passing position, and the matching characteristics of typical
target fish. It is concluded that the vertical slot fishway can be widely
applied to different target fish species due to its own advantages, such as
less impact from environmental conditions. The characteristics of the
overflow weir fishway and orifice fishway need to be analysed in
combination with the hydraulic characteristics of the fishway, the
swimming ability of the target fish species and the natural environmental
conditions.

KEYWORDS

diaphragm fishway, numerical simulation, hydraulic characteristics, application of
fishway, fish swimming index

1 Introduction

During the growth and development of fish, to meet their own needs and adapt to
constant changes in environmental conditions, they need to carry out periodic, directional
and cluster migration activities between wintering grounds, spawning grounds and
feeding grounds (Tu, 2012; Cai et al., 2013). This characteristic of fish is called the
migration behaviour of a fishway (Wang et al., 2017; Liu, 2018). It is the migration
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behaviour of fish that enables fish species to survive and multiply,
and this characteristic is inherited by future generations (Cao,
2018; Alo et al., 2020).

To improve the utilization rate of water resources, some
water retaining structures, such as gates and dams, are often built
on rivers. The destruction of river continuities has greatly
affected the ecological and environmental conditions that fish
need. For this reason, people have taken measures to build
fishway projects for ecological compensation to restore the
river continuity to the maximum extent possible (Chen and
Kang, 2020). After long-term development, the fishway
systematic design principle and method was formed. Based on
the principle of hydraulic energy dissipation, according to the
swimming ability characteristics of different fish, taking into
account the terrain of the environment and other factors, a
fishway flow field is adapted to the flow field preferred by fish
to realize fish migration. Based on the analysis and classification
of built fishway projects, according to the structural type of the
fishway, fishway projects can be divided into trough fishways,
pool chamber fishways and imitation ecological fishways (Niu,
2016). Ecological fishways can be further divided into stone
types, plant types and combined types according to the
different bottom materials; trough fishways can be divided
into simple trough types, Daniel types and partition types
according to their different internal structures (Mao, 2019a;
Liu, 2020; Zhou, 2021). According to the shape and position
of the fish passage hole, the diaphragm type can also be divided
into vertical slot types, overflow weir types, orifice types and
combined fishways (Liu et al., 2010; Li, 2017). Because of its
simple structure and good energy dissipation effect, the
diaphragm fishway can provide an ideal water flow pattern for
all levels of water tanks, is easily maintained and is widely used in
practical projects. Therefore, this paper studies three basic types
of diaphragm fishways.

The premise of building a fishway with high fish passing
efficiency is to understand the swimming ability of fish (Zheng
etal, 2010; Ding et al., 2020) so that the flow conditions provided
by the fishway structure can meet the requirements of fish
upstream (Wang and Luo, 2020; Zhong, 2020). Therefore, the
swimming ability index of fish is defined to describe the
swimming speed of fish, including continuous swimming
speed, explosive swimming speed and durable swimming
speed (Wang et al, 2010; Gao, 2015). According to the
physiological conditions of fish, the flow velocity in the
fishway pond is divided into induction velocity, preference
velocity and limit velocity (Ruan, 2018). The former refers to
the swimming speed of fish, and the latter refers to the flow
velocity in the fishway. The higher the matching of the two, the
higher the fish passage efficiency of the fishway (Dong, 2021).

Due to the water level difference between the upstream and
downstream areas of the fishway, turbulent flow is formed in the
pond, which can be described by the continuity equation, N-S
equation and energy equation. Therefore, to solve the governing
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equations in a closed form, the stress expression is established to
assume the Reynolds stress to form a new turbulent governing
equation, which links the pulsation value with the time mean
value. Turbulent viscosity models can be divided into zero
equation models, single equation models and double equation
models according to the number of supplementary differential
equations (Yan, 2020). The two-equation model is divided into
the standard k-¢ model, RNG k-& model, and realizable k- model
(Yang, 2020). To solve the problem of free surface tracking, Hirt
and Nichols (1981) proposed the VOF method, which tracks the
free surface through the volume proportion function F of the
fluid in the mesh element (Hirt, 1981). When all the mesh
elements are liquid, the value of F is 1; when all mesh cells
are air, the value of F is 0; when there are both liquid and air grid
elements and they are not mixed with each other, the value of F is
between 0 and 1, and the element is an interface element (Hong,
2001; Lin, 2010). The fluid volume function distribution is
obtained by solving the F function at the corresponding time,
and the slope and curvature of the free surface are calculated by
interface reconstruction technology to accurately track the free
surface (Huang, 2005; Wang, 2012). A large number of experts
and scholars at home and abroad, such as Fujihara (2002), CEA
(2007), and BaiyinBao LiGao (2009), widely use numerical
simulation methods to study the hydraulic characteristics of
fishways (Masayuki et al., 2002; Cea et al., 2007; Bai et al., 2009).

In this paper, the operation of fishways will be calculated by
numerical simulation to explore the applicability of the hydraulic
characteristics of various types of fishways to different fish. The
research results can provide some scientific basis for the selection
of fishway types and have practical guiding significance for the
design of fishways and the application of computational fluid
dynamics in the simulation of fishway flow fields.

2 Materials and methods

2.1 Governing equation of the turbulence
model

Fluid motion will follow the laws of mass conservation,
momentum conservation and energy conservation. Therefore,
turbulence can be described by the continuity equation, N-S
equation and energy equation. To close the governing equations,
a turbulence model is introduced to simulate the high-order
unknown correlation terms with low-order correlation or time-
averaged flow variables. The RNG k-& model is derived from the
instantaneous N-S equation by renormalization group
mathematics (Wang and Zhu, 2019).

The continuity equation is as follows:

au,-
ax,‘

=0 (1-1)

The Navier-Stokes equation is as follows:
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FIGURE 1
Schematic diagram of 3D model of vertical slot fishway.
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The energy equation is as follows:

o 3 ¢
o ax, Voo,

) 1-3)
where u; is the instantaneous velocity component in the x;
direction; p is the instantaneous pressure; g; is the force per
fluid mass; ¢ is a scalar, which can represent temperature T or
substance concentration C; s is the volume source term, such as
the heat generated by chemical reactions or biological reactions; v
is the kinematic viscosity coefficient of water; and y is the ¢
molecular diffusion coefficient.
The k equation is as follows:
ok ok 0 (v, ok

—+<uj>a—x"=a—x] —>+P+G—€

— 1-4
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The ¢ equation is as follows:
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where p is the turbulent kinetic energy generation term caused by the
average velocity gradient; G is the generation term of turbulent
kinetic energy caused by buoyancy; Ci. = 1.42; C, = 1.68;
o = 0.7194; and o, = 0.7194. The expression of C,, is as follows:

Cur? (1=1/n,)
1+

where Cu =0.0845; 1, = 4.38; B =0.012;and # = Skle; S =
(24838

C; :C2£+ (1—6)

2.2 Model setup

The vertical slot fishway model adopts a layout in which the
vertical slots are all on the same side. The fishway chamber is
3.7 m long, 3.0 m wide, and 2.5 m high, the fishway slope is 1:78,
with a total of 10 chambers, and the total length of the model is
42.12 m. The entity model is shown in Figure 1. Because the main
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FIGURE 2
Schematic diagram of 3D model of overflow weir fishway.

study area is the hydraulic characteristics of the chamber section
of the pool, no rest pool is set.

The overflow weir fishway model tank chamber is 2.7 m long
and 2.6 m wide. The vertical distance from the top of the
diaphragm to the bottom of the upper tank chamber is 0.8 m,
and the drop between adjacent tanks is 0.175 m. The total length
of the model is 19.5 m, with six tanks in total. The solid model is
shown in Figure 2.

The orifice fishway model tank chamber is 2.4 m long, 2 m
wide, and 2.5 m high. The total length of the model is 22.1 m,
with eight tanks in total. The solid model is shown in Figure 3.
There are three holes in the diaphragm, including one 1 m x 1 m
large hole on the side near the middle and two 0.3 m x 0.3 m
small holes arranged side by side at the bottom; the large holes of
adjacent diaphragms are staggered, as shown in the diagram.

2.3 Meshing and conditions

All models use uniform structured orthogonal grids, with
only one grid block wrapping the calculation area. Since the
cross-flow section size of the three models is in the same order,
according to existing calculation experience, the maximum grid
size is 0.05 m, which fully meets the calculation requirements.
The grid division details are shown in Table 1.

The boundary condition in the x direction of the model is the
flow inlet, and the boundary condition in the x direction is the
pressure outlet. Different outlet water levels are given under
different scenarios, and the boundary conditions in other
directions are symmetrical boundaries. The initial condition is
hydrostatic pressure, and the pool chamber is covered with water
of a certain height. The specific boundary condition parameter
settings are adjusted according to different scenarios.

2.4 Model calibration and validation

To verify the reliability of the calculation method of the
mathematical model, the measured data of the physical model of
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FIGURE 3
Schematic diagram of 3D model of orifice fishway.

TABLE 1 Details of grid division.

Fishway type x direction range (m)

Vertical slot 0.05-42 0.1-33
Overflow weir 0.0125-17.9875 0.1-3.1
Orifice 0.1-22 0.1-23

the vertical slot section of the fish passing facilities of the Dipanzi
hydropower station in Qinghai Province are compared with the
numerical simulation results (Yuan, 2017).

2.4.1 Validation model overview

The geometric scale of the physical model is determined to be
10 according to the gravity similarity criterion. The total length of
the vertical slot section is 18.4 m, the length of the cell is 0.3 m,
the width is 0.2 m, the height is 0.32 m, the width of the vertical
slot is 0.04 m, the roughness is 0.018 m, and the drop between
adjacent cells is 0.0056 m. The bottom of the physical model of
the fishway is paved with 2 cm thick pebbles, while the rest of the
model is made of plexiglass. The size of the built three-
dimensional model is the same as that of the conventional
fishway chamber of the vertical slot fishway section of the
physical model. Twenty pool chambers and two remaining
pools are selected for simulation. The total length of the
model calculation section is 7.1 m. To clearly understand the
internal structure of the vertical slot fishway, a section of the
model is intercepted, as shown in Figure 4.

2.4.2 Numerical method

A total of 3,408,000 structured orthogonal grids are selected,
and the RNG k-& model is selected for calculation. The boundary
conditions are set according to the physical model parameters.

Frontiers in Environmental Science

y direction range (m)

04

z direction range (m) Number of grids

0.05-3.15 3329152
0.0125-2.5 17169720
0.05-3.15 2350920

The upper and lower boundary conditions in the x direction are
pressure boundaries, and the boundary conditions in the other
directions are symmetrical boundaries. The initial water depth is
0.2 m, and the roughness of the solid model is 0.018 m.

2.5 Scenario design

To compare the hydraulic characteristics of the flow fields of
different types of fishways, three different inlet flows of the three
types of fishways were used for comparison.

Combined with the model size and actual operation, the
vertical slot fishway has three different inlet flow scenarios, as
follows: 0.7, 0.9, and 1.1 m*/s. To simulate the real situation to the
greatest extent possible, ensure that the flow field in the tank is
easier to calculate and stable, and save calculation time and space,
the water level under the upper and lower boundary conditions of
the three different scenarios and the initial water depth in the
tank are also adjusted accordingly with the change in flow. The
detailed numerical simulation condition design of the vertical
slot fishway is summarized in Table 2.

The inlet flows of the overflow weir fishway are set to 0.15,
0.20, and 0.25 m?/s, and the inlet water level changes accordingly.
The detailed numerical simulation condition design of the
overflow weir fishway is summarized in Table 3.
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3 Results
3.1 Model performance validation results

The average velocity and the water depth before and after the
diaphragm at the vertical slot are measured by the physical model
test. After the numerical model calculation, the calculated values
are extracted and compared with the measured values.

The comparison in Figure 5 shows that the overall deviation
between the calculated value and the measured value is small. The
calculated value of the average velocity at the vertical slot of the last
pool is too large. The main reason is that in the actual physical
model, the simulated natural channel is connected after the end of
the vertical slot fishway, and the average velocity at the vertical slot
in the pool will be affected by the operation of the pool chamber
downstream of the fishway. In the numerical simulation, it is
simply generalized by the lower boundary condition of the
pressure outlet controlling the water level, which cannot be
identical to the actual flow. In the study of the hydraulic
characteristics of the fishway, the typical tank chamber in the
middle of the fishway will be selected for additional research.
Therefore, although the calculated value of the outlet section of the
fishway model calculation area is too large, it has no impact on the

FIGURE 4

analysis of the hydraulic characteristics of the fishway.
Model structure.

The water depths before and after the diaphragm at the
longitudinal central axis of the fishway were extracted and
compared with the measured values. It can be seen from the
comparison between Figures 6A,B that the calculated value

The inlet flow of the orifice fishway are set to 0.8, 1.0, and
1.2 m’/s, and the inlet water level also changes. The detailed
numerical simulation condition design of the orifice fishway is
summarized in Table 4.

TABLE 2 Scenario design of vertical slot fishway numerical simulation.

Scenario Fishway type x direction
upper boundary
condition flow(m3/s)
1 Vertical slot 0.7
2 Vertical slot 0.9
3 Vertical slot 1.1

fluctuates up and down compared to the measured value. The
main reason is that in the physical model, 20 mm thick pebbles
are lining the bottom of the fishway. The pebbles are scattered
and irregular, so it is difficult to simulate the real situation using

x direction

x direction

Initial water

upper boundary lower boundary depth in
condition water condition water the pool
level (m) level (m) (m)

224 17 16

2.64 2.1 2.0

3.04 25 24

TABLE 3 Scenario design of vertical overflow weir fishway numerical simulation.

Scenario Fishway type x direction upper x direction upper
boundary condition flow boundary condition water
(m3/s) level (m)

4 Overflow weir 0.15 2.175

5 Overflow weir 0.20 2.195

6 Overflow weir 0.25 2.215
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TABLE 4 Scenario design of orifice fishway numerical simulation.

X direction upper
boundary condition flow

Scenario Fishway type
(m3/s)
7 Orifice 0.8
8 Orifice 1.0
9 Orifice 1.2
the numerical simulation method. However, overall, the

calculated value is in good agreement with the measured value.

The relative error between the measured and calculated
values of the three groups of data was calculated. It is
concluded that the relative error of the average velocity at the
vertical slot is 4.8%, the relative error between the measured and
calculated values of the water depth in front of the diaphragm is
1.42%, and the relative error between the measured and
calculated values of the water depth behind the diaphragm is
0.31%. In general, the relative error is small, and the consistency
between the measured value and the calculated value is high,
which supports the reliability of the turbulence model used in this
paper the
characteristics of fishways.

for numerical simulation of the hydraulic

3.2 Analysis of the hydraulic
characteristics of different types of
fishways

3.2.1 Analysis of the hydraulic characteristics of
the vertical slot fishway
3.2.1.1 Velocity distribution

Figure 7 shows that the velocity difference between the main
flow area and the reflux area is obvious. The area occupied by the
reflux area on the left side of the main flow is larger than that on
the right side of the main flow, and the velocity in the middle of
the vortex in the reflux area is smaller than that outside the
vortex. The maximum velocity in the tank appears at the top of
the short diaphragm at the vertical joint. The velocity distribution
in the tank has similar distribution characteristics under different
scenarios, and the velocity will change accordingly under the
influence of the boundary conditions.

The maximum flow velocity along the tank chamber with
section z = 1.025 m is extracted, as shown in Figures 8A-D shows
the magnitude and location of the maximum velocity under three
different scenarios. Figure 8A is the flow velocity cloud of
scenario 1, showing the research scope of A typical cell.
Figure 8B is the size and position of the maximum velocity
along the path at the corresponding position of the pool chamber
under scenario 1. Figure 8C is the size and position of the
maximum velocity along the path at the corresponding
position of the pool chamber under scenario 2. Figure 8D is
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X direction upper
boundary condition water
level (m)
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FIGURE 5

Verification of average velocity at the vertical slot.

the size and position of the maximum velocity along the path at
the corresponding position of the pool chamber under scenario 3.

The maximum flow velocity along the tank chamber peaked
twice. The peak positions in different scenarios are the same, which
are the positions where the water flow first contacts the diaphragm.
The surrounding flow field decreases from the centre of the
maximum flow velocity to both sides, and the maximum flow
velocity occurs in the centre of the main stream. The calculation
results of flow velocity under various scenarios are summarized in
Table 5. Controlling the flow velocity range in the main stream
area within the preferred swimming speed range of fish is of great
significance for fishway design and fishway applicability research.

3.2.1.2 Turbulent kinetic energy

The distribution of turbulent kinetic energy in the middle
layer of the tank chamber under scenarios 1-3 is shown in
Figure 9. Figure 9A shows the turbulent kinetic energy
distribution cloud diagram of the middle layer of two typical
cell under scenario 1. Figure 9B is the turbulent kinetic energy
distribution cloud diagram of the middle layer of two typical cell
under scenario 2. Figure 9C is the turbulent kinetic energy
distribution cloud diagram of the middle layer of two typical
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(A) Verification of the water depth before the diaphragm; (B) Verification of the water depth behind the diaphragm.
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FIGURE 7
Velocity distribution diagram of the pool.

cell under scenario 3. The figure shows that the turbulent kinetic
energy gradually increases with increasing flow, but the change
range is small, and the distribution is similar. The main stream
distributions of the three scenarios follow similar laws. After the
calculation becomes stable, the flow pattern and velocity
distribution will not change with time. The turbulent kinetic
energy of the main flow area in the middle of the tank chamber is
lower than 0.05 m*/s®, and the turbulent kinetic energy of the
reflux area on the left side of the main flow, which is lower than
0.03 m?/s, is smaller. The velocity in the main stream area of the
vertical slot fishway and the maximum velocity in the pool are
suitable for most fish. From the perspective of turbulent kinetic
energy, the three calculation conditions of the vertical slot
fishway can be used for fishway operation.
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3.2.2 Analysis of the hydraulic characteristics of
the overflow weir fishway
3.2.2.1 Velocity distribution

When the inlet flow is 0.15 m?/s, ie., scenario 4, the velocity
distribution in the x-z direction at y = 1.625 m (the middle-most
position of the fishway tank chamber) is shown in Figure 10, and the
maximum velocity distribution along the way is shown in Figure 11.
The position where the maximum velocity of the pool chamber
occurs is the position where the water just flows through the baftle
(x = 9.00625), and the maximum velocity reaches 1.87 m/s. The
maximum flow velocity of the main stream decays first, increases
sharply after encountering the baffle, and decays rapidly after
crossing the baffle. The flow velocity values in other areas of the
pool room are centred on the maximum velocity of the main stream
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FIGURE 8
Maximum velocity and position along the way.
TABLE 5 Calculation results of flow rate under different scenarios.
Scenario Inlet flow (m3/s) Maximum velocity of Velocity range in
the main flow the main flow
(m/s) area (m/s)
Scenario 1 0.7 1.19 0.44~1.19
Scenario 2 0.9 1.22 0.45~1.22
Scenario 3 1.1 1.24 0.46~1.24
and decay in all surrounding directions. The area with high velocity The flow velocity calculation results under various scenarios
is mainly distributed on the water flow surface of the pool chamber are summarized in Table 6. The main flow area under working
x=9.04-9.08 m, the velocity range is 1.00-1.87 m/s, and the velocity Scenario 6 always fluctuates in the tank room. The flow direction
range of a large area in the main stream area is less than 1 m/s. in the tank room is chaotic and is prone to extreme flow velocity.
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It is impossible to clearly define the flow velocity range in the FIGURE 11
main flow area. This scenario is not suitable for fishway Scenario 4 Maximum velocity and position along the way.
operation. Therefore, in the construction of overflow weir

fishway projects, the stability of the main flow field should be
ensured as much as possible.

3.2.2.2 Turbulent kinetic energy

As shown in Figure 12, the position with the largest turbulent
kinetic energy occurs at the position where the water flows
through the baffle and a water tongue forms. Where
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Figure 12A is the turbulent kinetic energy distribution cloud
diagram of the middle section of A typical cell at scenario 4.
Figure 12B is the turbulent kinetic energy distribution cloud
diagram of the middle section of a typical cell at scenario 5.
Figure 12C is the turbulent kinetic energy distribution cloud
diagram of the middle section of a typical cell at scenario 6. The
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TABLE 6 Calculation results of flow rate under different scenarios.

10.3389/fenvs.2022.977295

Scenario Inlet flow (m3/s) Maximum velocity of Velocity range in
the main flow the main flow
(m/s) area (m/s)
Scenario 4 0.15 1.87 0.59~1.87
Scenario 5 0.20 1.89 0.64~1.89
Scenario 6 0.25 1.95 _
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FIGURE 12
Turbulent kinetic energy diagram under different scenarios.

maximum turbulent kinetic energy of the tank chamber appears
at the end of the hydraulic jump. Overall, the turbulent kinetic
energy in the tank will increase with increasing flow, but the
turbulent kinetic energy in a large portion of the reflux area in the
tank is relatively small. Only at the mainstream tongue behind
the baffle is the turbulent kinetic energy slightly larger, and it
decreases with the water depth in a ring-shaped area.

3.2.3 Analysis of the hydraulic characteristics of
the orifice fishway
3.2.3.1 Velocity distribution

In the pond chamber of the orifice fishway, the maximum
velocity in the pond chamber often appears near the orifice. In
addition, fish mainly migrate upwards through the orifice on the
baffle, so the velocity distribution at the orifice is an important factor
determining the fish passage effect of the fishway. Taking working
Scenario 7 as an example, as shown in Figure 13A. Figure 13A
mainly shows the size and position of the maximum velocity along
the middle of the large orifice of a typical cell under scenario 7 the
maximum flow velocity of the main stream just passing through the
orifice (x = 5.15m) reaches 1.08 m/s. Then, the flow rate first
decreased and then increased, and the maximum flow rate increased
to 1.2 m/s. The variation trend of the maximum velocity under
different working scenarios follows a similar law. The magnitude of
the velocity increases with increasing inlet flow, and the position of
the distribution of the maximum velocity is almost unchanged.
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Regarding the small orifice at the bottom of the orifice fishway,
take the small orifice on the right side of working Scenario 7 in
Figure 13B as an example. Figure 13B mainly shows the size and
position of the maximum flow velocity along the middle of the
small pore of a typical cell under scenario 7. After the water just
flows out of the orifice, the maximum velocity rises along the x
direction, reaching the maximum value at x = 539 m, and the
velocity is 1.014 m/s. Then, the maximum flow rate decreased
continuously along the way to x = 7.07m, decreased to the
minimum value of the maximum flow rate in the tank room,
i.e.,0.348 m/s, and then increased continuously under the influence
of the next small orifice. The law in which the maximum flow
velocity along the small orifice first rises and then falls to the lowest
value is slightly different from the law in which the large orifice first
drops quickly, then slowly and then rapidly. The flow velocity
gradient of the upper large orifice in the pool is smaller than that of
the bottom small orifice. From the perspective of giving full play to
the function of the fishway, the upper large orifice is more
conducive to the upwards migration of fish. The maximum
velocity variation trends along the left and right small orifices
are similar, and there is no obvious difference between the left and
right sides. The calculation results of each working scenario are
shown in Table 7. The maximum velocity along the small orifice
will also increase with increasing flow. However, overall, under the
same scenario, the maximum velocity along the bottom small
orifice is less than that along the upper large orifice.
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FIGURE 13
Maximum velocity and position along the way.
TABLE 7 Calculation results of flow rate under different scenarios.
Scenario Inlet flow  Maximum Velocity Maximum Velocity Maximum Velocity
(m3/s) velocity of range in velocity of range in velocity of range in
the main flow the main flow the main flow the main flow the main flow the main flow
at the large area of the at the small area of the (m/s) area (m/s)
orifice (m/s) large orifice (m/s) small
orifice (m/s) orifice (m/s)
Scenario 7 0.8 1.10 0.57~1.10 0.85 0.42~0.85 1.10 0.42~1.10
Scenario 8 1.0 1.34 0.73~1.34 1.01 0.50~1.01 1.34 0.50~1.34
Scenario 9 1.2 1.77 0.88~1.77 1.23 0.62~1.23 1.77 0.62~1.77

3.2.3.2 Turbulent kinetic energy

The turbulent kinetic energy in the orifice fishway pool is
relatively small at the position where the flow passes through the
orifice, and the turbulent kinetic energy is relatively large around
the outside of the main stream area, as shown in Figure 14.
Figure 14A shows the turbulent kinetic energy distribution cloud
diagram at the middle of a large pore in a typical cell under
scenario 7. Figure 14B is the turbulent kinetic energy distribution
cloud diagram at the middle position of a small pore in a typical
cell under scenario 7. Figure 14C is the turbulent kinetic energy
distribution cloud diagram at the middle position of a large pore
in a typical cell under scenario 8. Figure 14D is the turbulent
kinetic energy distribution cloud diagram at the middle position
of a small pore in a typical cell under scenario 8. Figure 14E is the
turbulent kinetic energy distribution cloud diagram at the middle
position of a large pore in a typical cell under scenario 9.
Figure 14F is the turbulent kinetic energy distribution cloud
diagram at the middle position of a small pore in a typical cell
under scenario 9. At the bottom orifice, the turbulent kinetic
energy distribution of the small orifice is asymmetric on both
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sides. Because the outlet of the bottom small orifice is affected by
the outlet of the upper orifice, the turbulent kinetic energy at the
outlet of the small hole on one side of the corresponding upper
orifice is smaller than that at the outlet of the small hole on the
other side, and there is an obvious low turbulent kinetic energy
channel in the main stream area, while the turbulent kinetic
energy at the outlet of the small hole on the other side is larger.

Compared with scenarios 7-9, the turbulent kinetic energy of
both the upper large orifice and the lower small orifice will increase
with increasing inlet flow, but overall, the turbulent kinetic energy
of the upper large orifice is greater than that of the lower small
orifice. Compared with (a), (c) and (e) in Figures 14A,CE, the
maximum value of turbulent kinetic energy appears at the side
near the sidewall baffle at the large orifice entrance of the next-
stage tank chamber, and the maximum turbulent kinetic energy
value increases exponentially with the change in flow. For scenario
7, the turbulent kinetic energy distributed in a large area in the pool
is less than 0.05 m?/s®, while for scenarios 8 and 9, the turbulent
kinetic energy distributed in a large area in the pool is 0.09 m*/s’.
According to the current understanding of the physiological
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TABLE 8 Comparative analysis of the hydraulic characteristics of different types of fishways.

Fishway type Scenario Inlet flow Corresponding preferred
(m3/s) velocity range
(m/s)

Vertical slot 1 0.7 0.44~1.19

2 0.9 0.45~1.22

3 11 0.46~1.24
Overflow weir 4 0.15 0.59~1.87

5 0.2 0.64~1.89
Orifice 7 0.8 0.42~1.10

characteristics of fish, for the orifice fishway, when the flow reaches
1.0 m?/s, the flow field in the fishway is too turbulent for fish to
swim. Fish spend much time migrating upstream in this flow field
environment, and their bodies will be damaged to varying degrees
even if they are able to reach the upper reaches of the river.
Therefore, for the three orifice fishway scenarios, only scenario
7 can be used for normal fishway operation.

3.3 Comparison of fishway performances
based on fish swimming ability

The hydraulic characteristics of the flow fields in the vertical
slot, overflow weir and orifice fishways are analysed above. The
hydraulic conditions of the flow fields in fishways with different
types of diaphragms have different advantages. From the nine
calculated scenarios, six scenarios are selected for normal fishway
operation. This section will compare the hydraulic characteristics
of six fishway scenarios and comprehensively analyse the
performances of fishways based on fish swimming ability. The
specific comparison parameters are summarized in Table 8.

Although the flow pattern distributions in the three types of
fishways are different, they are divided into main stream areas and
reflux areas. Fish generally migrate upstream in an area where the
velocity in the main flow area corresponds to the preferred velocity
of fish, so the velocity range in the main flow area should be
applicable to the preferred velocity range of the fish in the fishway.
The corresponding swimming speed range of the vertical slot
fishway is the same as that of the orifice fishway. The overflow weir
fishway has the smallest incoming flow and the largest calculated
swimming speed, indicating that the overflow weir fishway is only
suitable fishway type for a river with a relatively small incoming
flow and can only be used for the upstream migration of fish that
are used to jump swimming on the surface and have a high
explosive swimming speed, which is also the main reason why the
overflow weir fishway is not used much in practical engineering.

When the fish are stimulated by rapid water flow, they will
enter the burst swimming mode. If the high velocity water flow is
not distributed throughout a large area in the pool room, the fish
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Corresponding minimum  Fish passing
explosive swimming position
speed (m/s)

1.19 Surface layer, middle layer and bottom layer
1.22

1.24

1.87 Surface layer

1.89

1.10 Middle layer and bottom layer

can also swim back to the upper pool room through burst
swimming. Therefore, taking the maximum velocity in the
pool the speed
corresponding to the fishway, if the explosive swimming speed

as minimum  explosive swimming
of fish is greater than the maximum velocity in the pool, fish can
complete upstream migration in the fishway. In the three
scenarios of the vertical slot fishway and the orifice fishway,
the velocity corresponding to the minimum explosive swimming
speed is relatively small, while the velocity corresponding to the
explosive swimming speed in the overflow weir fishway is
relatively large.

The main difference between different types of fishways is
that the type of fishway diaphragm is different, and the
positions of the main stream areas in the pool are different.
A vertical slot fishway can be used for fish accustomed to
swimming at any water depth. An overflow weir fishway is
only suitable for fish used to swimming on the surface. An
orifice fishway is generally suitable for fish accustomed to
swimming in the middle or bottom layer according to the
position of the orifice opening.

For the three types of fishways in this paper, the maximum
inlet flow of the vertical slot fishway reaches 1.1 m*/s and can be
used for fishway operation. The calculation results of the inlet
flow under three different scenarios are suitable for fish
upstream migration. The overflow weir fishway is suitable
for inlet flows of 0.15 and 0.2 m*/s. When the inlet flow is
set to 0.25 m*/s, the overflow weir fishway model is not suitable
for fishway operation. The maximum inlet flow of the orifice
fishway is 1.0 m*/s. Through comparison, the vertical slot
fishway is suitable for large inflows, the orifice fishway is
suitable for medium inflows, and the overflow weir fishway
is suitable for the smallest inflows. The applicable flows of
vertical slot fishways and orifice fishways are significantly
greater than that of overflow weir fishways.

Although the applicable flows of the vertical slot fishway and
orifice fishway are similar and the flow velocity ranges in the
main stream areas are also similar, the sensitivity levels of the two
types of fishways to the impact of the incoming water flow are
different, as shown in Table 9. The velocity distribution in the
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TABLE 9 Comparison of velocity variations with flow rate.

Fishway type Scenario Inlet flow (m3/s)
Vertical slot 1 0.7

2 0.9

3 11
Orifice 13 0.8

14 1.0

15 12

indoor main stream area of the orifice fishway pool, which is
more sensitive to the inflow than i the vertical slot fishway, is
obviously affected by the incoming water flow. This characteristic
of orifice fishways has both advantages and disadvantages, which
are easily affected by the incoming water flow for the orifice
fishway on the river channel with a large variation in incoming
water flow, cannot have a good fish passing effect on the target
fish, and may even lose the upstream function of the fishway,
which puts forward higher requirements for the flow control
device at the inlet and outlet of the fishway. However, for
fishways with a large number of target fish, it is only
necessary to adjust the flow at the inlet and outlet of the
fishway in different seasons, which can provide upstream
migration conditions for more species of fish.

3.4 Application of fishway based on typical
target fish

The design velocity of fishway operation should not be too
large, and the fish with the weakest swimming ability among
the target species should be able to pass through. The design
flow velocity should not be too small. On the one hand, the
flow velocity in the pond is less than the induced flow velocity
of fish, which will easily lead to fish being unable to find the
migration direction. On the other hand, reducing the flow
velocity in the fishway pond means reducing the fishway slope
or increasing the cross-sectional area of the fishway, which
will add much unnecessary burden to the construction
project.

On the basis of fully mastering the swimming ability of
fish, by selecting a suitable fishway design scheme for the
target fish its fish passing effect can be guaranteed. Taking this
study as an example, according to the above research on the
hydraulic characteristics of the fishway flow field, the
hydraulic characteristics of the fishway flow field under
nine scenarios of three types of fishways are calculated and
analysed, and six scenarios are selected for fishway operation.
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Corresponding preferred velocity
range (m/s)

Rate of change

0.44~1.19 —
0.45~1.22 5%~15%
0.46~1.24 5%~15%
0.42~1.10 _
0.50~1.34 40%~120%
0.62~1.77 60%~215%

According to the existing research results on fish swimming
ability, several typical fish species in common target fish
species in fishway construction are selected for application,
as shown in Table 10.

Note: the preferred swimming speed and burst swimming
speed data in the table are from the s1609-2013 Guideline for
fishways in water conservancy and hydropower projects (Hua
et al.,, 2013).

The three vertical slot fishway scenarios designed in this
paper are suitable for the upstream migration of the
following five species of fish: Chinese sturgeon, rainbow
trout, grass fish, herring and bighead carp. These five
types of fish have different preferences for swimming
water layers. The applicable inflow of the fishway is
between 0.7 and 1.1m’/s, and the change rate of the
corresponding swimming speed range with the inlet flow
is small, between 5% and 15%. The two operating scenarios of
overflow weir fishways are applicable to the upstream
migration of salmon, silver carp fish and bighead
carp. These three types of fish can cross the baffle by jump
swimming, like to move on the surface, and have a large
explosive swimming speed. The fishway is suitable for small
incoming water flows, between 0.15 and 0.20 m*/s. One
scenario applicable to the operation of orifice fishways is
applicable to the upstream migration of rainbow trout, grass
fish and herring. These three fish like to move in the middle
or bottom layer. The corresponding swimming speed range
of the fishway varies greatly with the inlet flow, ranging from
40% to 215%. In conclusion, compared with the three types of
fishways, the vertical slot fishway is applicable to more fish
migration types, and the change in velocity in the pool is less
affected by the incoming water flow. It is generally applicable
to most scenarios, which can ensure the long-term and stable
operation of the fishway. Overflow weir fishways and orifice
fishways have different characteristics and need to be
designed according to the specific analysis of the hydraulic
characteristics of the fishway, the swimming capacity of the
target fish species and the natural environmental conditions.
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TABLE 10 Selection of fishway based on the swimming ability of several typical fish.

Target Families Preferred Explosive

species velocity swimming
(m/s) speed (m/s)

Chinese Acipenseridae  1.00-1.20 1.5-2.5

sturgeon

Rainbow trout Salmon family 0.7 2.02-2.65

Salmon Salmon family 1.3 5

Silver carp fish Cypriniformes  0.3-1.0 0.7-1.9

Grass fish Cypriniformes  0.3-1.27 0.7-1.2

Herring Cypriniformes  0.60-1.31 >1.30

Bighead fish Cypriniformes ~ <0.8 1.2-1.9

Preferred moving
water layer

Fishway type
applicable

Corresponding
scenarios

Bottom layer Vertical slot Scenario 2, Scenario 3

Middle layer or bottom  Vertical slot, Orifice Scenarios 1-3, Scenario 7

layer

Surface layer Overflow weir Scenario 4, Scenario 5

Surface layer Overflow weir Scenario 4, Scenario 5

Middle layer Vertical slot, Orifice Scenario 1, Scenario 7

Middle layer or bottom  Vertical slot, Orifice Scenarios 1-3, Scenario 7

layer

Scenarios 1-3,
Scenarios 4-5

Vertical slot, Overflow
weir

Surface layer or middle
layer

Note: The preferred swimming speed and burst swimming speed data in the table are from the s1609-2013 Guideline for fishways in water conservancy and hydropower projects (Hua et al.,

2013).

4 Discussion

In this paper, the hydraulic characteristics of different types
of fishways are studied by numerical simulation to better
understand their applicability, limitations and challenges.
Some key aspects of the research process, including 1)
research subjects, 2) research methods, and 3) data analysis,
will be further discussed below.

In fishway engineering, the most basic types of fishway can be
divided into the vertical slot type, overflow weir type and orifice
fishway; other types of fishways can be derived from the
combination or evolution of these three types of fishways. For
example, Professor Dong Zhiyong from Zhejiang University of
Technology has studied the turbulent structure and hydraulic
characteristics of a variety of combined fishways, such as
rectangular openings (Dong et al, 2019), slot-pore-weir
combinations (Dong et al, 2020), different-side slot-hole
combinations (Dong et al,, 2021a), overflow weirs and vertical
weir combinations (Dong et al., 2021b). From the perspective of
the evaluation and innovation of the combined fishway, it is
necessary to study the turbulent structure of the specific new
fishway structure, but for the hydraulic characteristics of different
types of fishways, an in-depth study of the hydraulic
characteristics of the basic typical fishway can often obtain
twice the result with half the effort. It provides a valuable
reference for the birth of new fishways or the construction of
common fishways. For example, Yang Peisi studied the hydraulic
characteristics of vertical slot fishways (Yang, 2017), Jiang Lubing
(Jiang, 2019) studied the turbulent structure of vertical slot
fishways and carried out fish release tests, and MAO Bin
(Mao, 2019b) studied the turbulent structure of rectangular
orifice fishways. However, such studies lack control variables
for various types of fishways, so it is difficult to make a horizontal
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comparison. In this study, three different inlet flows were set for
three different types of fishways to compare and analyse the
velocity distribution and the influence of flow changes.

With the development of computational fluid dynamics,
Liu used the RNG k-e model and VOF method to calculate the
hydraulic characteristics of a combined fishway with vertical
slots and orifices. According to the calculation results, the
migration feasibility of typical target species was analysed by
taking the straight section of the Changzhou fishway as an
example, which provided technical support for the actual
construction of fishways (Liu et al., 2017). Li et al. used the
RNG k-¢ model, VOF method and FAVOR technology to
simulate the flow pattern and turbulence kinetic energy of a
fishway model, verifying the rationality of fishway model
design and providing technical support for the actual
construction of fishways (Li et al. 2018). Shi Xunlei et al.
calculated the flow characteristics of fishway inlets at different
positions and orientations with flow-3D software to optimize
the layout of fishway inlets, analysed the flow velocity and
turbulent kinetic energy, and proposed a more suitable
fishway inlet layout scheme, which provides a theoretical
basis for fishway inlet layouts (Shi, 2020). Therefore, the
RNG k-¢ model is also verified in this paper, and the
extracted error is within 5%. The research and calculation
of fishway hydraulic characteristics by the RNG k-&¢ model has
strong reliability. The numerical simulation method is the key
step to obtain the analytical data in this study. The mesh
quality and calculation time step are strictly controlled in the
calculation process. The high calculation quality can be
reflected by the obvious periodicity of the flow pattern of
each typical tank with the structure of the tank and the
consistency of the calculation results of adjacent times after
the flow stabilizes.
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The key to different fishway types lies in the different
positions of the main stream, so the positions of the fish are
different. The distribution characteristics of the main flow area
in the fishway pond are as follows: the high-speed flow is the
centre of the main flow, and the maximum flow rate is the
centre of the main flow. Therefore, to accurately grasp the
location of the main stream area, the maximum flow velocity
and location along a typical location in the tank were extracted.
Guo Ziqi studied the flow structure of the vertical slit fishway
and its influence on the upwards movement of the aligned
fissure by extracting the distribution along and in this position
(Guo, 2020). Li Xiuping, Zhao Bingru, and Guo Weidong all
adopted the method of data analysis when studying the
hydraulic characteristics of fishways (Guo et al., 2015; Zhao
etal.,2017; Lietal,, 2020). On this basis, this paper extracted the
maximum velocities and positions of three types of fishways for
comparative analysis. Among them, the maximum flow velocity
of the vertical slot fishway in the tank and the hole mouth
fishway has certain two-dimensional characteristics in the x-y
direction, so for a fixed z value, the box selects a complete tank
cycle as the x range through the different y values to express the
location of the maximum flow velocity distribution. However,
the maximum flow velocity of the overflow weir fishway along
the pond has certain two-dimensional characteristics in the x-z
direction, so different from the other two fishways, a fixed y
value and a complete tank cycle are selected as the x range, and
the location of the maximum flow velocity distribution is
expressed by the different z values. Through the flow
velocity distribution in the main flow area, the range of the
fish and the preferred speed corresponding to the fishway can
be obtained. By comparing the change rate of the preferred
speed range of each type of fishway under different scenarios, it
can be concluded that the change in the flow velocity in the
fishway is affected by the change in the flow, and the
adaptability of the fishway to the change in the flow can be
concluded.

Turbulent kinetic energy is the kinetic energy of a water body
when turbulence occurs. It is an important index to express the
energy loss caused by turbulence and can reflect the turbulence
degree of the water flow and the amplitude characteristics of the
fluctuating velocity (Zhong et al., 2021). The greater the turbulent
kinetic energy of water flow is, the more obvious the inhibition
effect on the swimming ability of fish. Excessively strong turbulent
kinetic energy will also cause some damage to fish, such as
consuming a large amount of physical energy and making it
more difficult for them to find the upwards path. If the
turbulent kinetic energy exceeds the range that fish can bear, it
may even sprain the fish’s body, damage the fish’s eyes and reduce
the balance of the fish body (Tan et al, 2019). Therefore, the
turbulent kinetic energy is an important indicator to judge whether
the fishway can be used for the normal upwards migration of fish
(Li et al., 2019). It is mainly considered from two aspects. When
there is little difference in the turbulent kinetic energy in the whole
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pool, whether the maximum turbulent kinetic energy will cause
damage to fish is mainly considered. When there is a large
difference in the turbulent kinetic energy in the whole pool, the
location and area of the high turbulent kinetic energy area are
mainly considered. If the high turbulent kinetic energy area is small
and is not in the main location of fish migration, fish can bypass
and avoid upstream migration or can pass through quickly
through explosive swimming, and it is considered that the
fishway can still be used for the normal operation of fish. In
this paper, the turbulent kinetic energy in the three scenarios of the
vertical slot fishway is relatively small, and the overall difference is
small. However, from the perspective of turbulent kinetic energy, it
is considered that they can be used for the upwards migration of
fish. In the three scenarios of the overflow weir fishway, the high
turbulent kinetic energy area in the pool is mainly distributed at
the water tongue behind the baffle. Fish can avoid detours or pass
quickly in the process of upstream migration. For the orifice-type
fishway, most of the chambers in scenario 7 are low turbulence
areas, and the difference between the maximum and minimum
values is small. However, under scenarios 8 and 9, a large area of
the chamber has high turbulence kinetic energy area, which is
considered unsuitable for the normal operation of the fishway.

The research on the hydraulic characteristics of fishways
ultimately serves fish upstream, so the analysis and evaluation
of the hydraulic characteristics of fishways in this paper closely
revolves around the indicators that describe the swimming
ability of fish, including the preferred swimming speed, burst
swimming speed, swimming mode and the preferred active
water layer. The preferred swimming speed and burst
swimming speed of specific fish species listed in “SL 609-
2013 Fishway Design Guidelines for Water Conservancy and
Hydropower Projects” are referred to, and the data have strong
representative and reference value. However, this paper only
selected several typical fish swimming features matching the
calculation results and did not consider speed target species
preferences. The eruption speed varies with the length of the
specific changes. For each target species with a range covering
only the same target fish speed, the late period should be based
on an in-depth systematic study of the characteristics of the fish
swimming, which provides a more scientific basis for actual
fishway construction.

5 Conclusion

1) Itis verified that the mathematical model used in this study can
be used to simulate the hydraulic characteristics of fishways. The
calculated value of the mathematical model of the fishway is
compared with the measured value of the physical model. The
relative error between the calculated and measured average
velocity at the vertical slot is 4.8%. The relative error between
the calculated and measured water depths in front of the
diaphragm is 1.42%. The relative error between the calculated
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and measured water depths behind the diaphragm is 0.31%. The
results show that the model can achieve high accuracy in fishway
numerical simulation and has certain reliability.

2) The specific situation of the indoor velocity of the fishway
pool is described and the preferred swimming speed range of
the applicable target fish corresponding to the fishway and the
corresponding explosive swimming speed is calculated. The
corresponding preferred swimming speed ranges of the
vertical slot fishway and orifice fishway are the same, while
the corresponding inflow flow of the overflow weir fishway is
the smallest, and the calculated preferred swimming speed is
the largest. The velocity at the upper large orifice of the orifice
fishway is larger than that at the lower small orifice as a whole.
The specific distribution of the main flow area and return flow
area in the tank are described. This study provides a specific
basis for the comparison of the environmental functions of
the three fishways in repairing fish habitats.

3) The overflow weir fishway is suitable for small incoming water
flows, and the application levels of orifice fishways and vertical
slot fishways for incoming water flows are the same. However,
the velocity distribution in the indoor main stream area of the
orifice fishway pool is more obviously affected by the incoming
water flow than that of the vertical slot fishway. In the process
of fishway selection, it is necessary to conduct a specific analysis
in combination with the water abundance of fish habitat and
the seasonal variations in incoming water flow.

4) Six of the three types of fishways with nine scenarios can be used
for fishway operation. From the comprehensive comparison of
applicable flow, favourite swimming speed range, explosive
swimming speed, fish passing position, and matching
characteristics of typical target fish, it is concluded that in
addition to its own advantages, such as being less affected by
environmental conditions, the vertical slot fishway has a wide
range of application to different target fish species, which can
ensure the long-term stable operation of the fishway. It is suitable
for rivers and lakes with complex fish species and can make the
food chain and material flow of the original fish habitat more
complete. Overflow weir fishways and orifice fishways have
different characteristics that make them appropriate for
different situations. They are applicable to fishway projects
where the target fish species have similar fish swimming
methods. Specific analysis and targeted selection should be
made in combination with the hydraulic characteristics of the
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