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Abstract: Due to the complex structure and the multiformity of boulder arrangements, there is
currently no perfect design criterion for nature-like fishways. This paper proposes four types of
nature-like fishways arranged with an impermeable partition wall (IPW), a semi-permeable partition
wall (SPPW) or a fully permeable partition wall (FPPW). The hydraulic characteristics of these
fishways were investigated experimentally. The results show that the discharge of the fishway
arranged with a FPPW was almost twice that of an IPW fishway, and the discharge of a SPPW fishway
was between the two extremes. The mean flow velocity of the FPPW fishway was larger than that
of the other schemes. For the fishway arranged with an IPW, the flow information was basically
consistent with that of the engineered technical fishway. In the FPPW or SPPW fishway, there was
more abundant flow information and no obvious recirculation zones in the fishway pool, and these
conditions are suitable for migratory fish moving up- and downstream. Notably, for the fishway
arranged with two fish passages, two mainstreams were formed in the pool, which divided the flow
pattern of the pool into three flow regions. A weak recirculation area was formed in the low-velocity
region, which facilitates swimming for migratory fish. According to this comprehensive comparative
study, the SPPW fishway with two fish passages had low discharge, abundant flow information and
favorable fish migration characteristics; thus, it is the optimal fishway scheme among those studied
in this paper.

Keywords: nature-like fishway; hydraulic characteristics; impermeable partition wall;
semi-permeable partition wall; fully permeable partition wall

1. Introduction

Fishways are special facilities that enable fish to migrate through obstacles such as dams, and they
play an irreplaceable role in maintaining the continuity of rivers and the intercommunion between
different fish species [1,2]. The success or failure of a fishway is the evaluating indicator of the health
of a river ecosystem, which is also an important ecological indicator for hydropower engineering [3,4].
Nature-like fishways are very popular all over the world at present [5,6]. Compared with traditional
engineering fishways, nature-like fishways are advantageous for fish passage because of the familiar
flow patterns for fish [7]. A nature-like fishway is suitable for the upstream migration of many kinds
of fish, especially for gated dam projects with large dam widths and low water heads [8].

Since their initial construction, nature-like fishways have been widely used in Germany,
Switzerland, Finland, Australia, Japan and many other countries [9-11]. Nature-like fishways
are built with diverse materials, such as combinations of gravel, rocks, boulders, wood and riparian
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vegetation, to imitate natural stream geomorphological conditions. Thus, they create more diverse
flow conditions within a cross-section than standard fishways and are amenable to many species of
fish [7,12,13]. After some nature-like fishways were built, monitoring and evaluation were carried
out. Aarestrup et al. [14] used the passive integrated transponder (PIT) technique to monitor the fish
passing situation in a nature-like bypass fishway in Denmark. The monitoring results showed that
over 90% of target fish could enter the fishway, but the passing rate was only about 55%, which was
affected by the overlength and the excessive flow velocity in the fishway. Kim et al. [15] also used PIT
to investigate the effectiveness of the nature-like fishway installed at Sangju Weir on the Nakdong
River, Korea. The monitoring results showed that 63.2% of the fish tested could pass through the
fishway, and some of the fish were found to stay inside the fishway for more than 28 days, which means
that the nature-like fishway has uses other than fish passing. Comparing the passage efficiency of the
nature-like fishway, denil fishway, vertical slot fishway and weir-type fishway, Bunt et al. [7] pointed
out that the upstream migration rate of fish in the nature-like fishway was the highest. It can be seen
from the monitoring results that the flow structure in a nature-like fishway is obviously diversified,
and the flow condition is suitable for different kinds of aquatic organisms.

The hydrodynamics of conventional fishways have been studied for many years, but the same is
not true for nature-like fishways [8,16]. Although the design principles in geometry and many examples
of implementation of such nature-like fishways have been presented [17,18], it is difficult to establish
uniform dimensions for nature-like fishways, such as the distance of boulders, the shapes of boulders
and their arrangement, which are important indexes that influence the hydraulic characteristics of
nature-like fishways [19-23]. Therefore, in the past few years, studies of nature-like fishways have
always focused on the shape or the arrangement of boulders. For example, Acharya et al. [24]
performed a comparative study of the hydraulic characteristics of two different kinds of nature-like
fishways, focusing on the analysis of how the hemispherical tectonic structure, cylindrical tectonic
structure and square tectonic structure of the fish channel influenced the downstream migration of
fish. Similarly, Muraoka et al. [19] studied how the shape, arrangement and height of the boulders
influenced the migration of fish in the rock-ramp-type fishway, a nature-like fish pass with a staggered
arrangement of boulders, via physical experiments. Baki et al. [25] put forward a design scheme for a
rock-ramp-type fishway and studied the mean flow characteristics at three different slopes (5%, 3%
and 1.5%). It was found that this type of fish pass can produce an adequate water depth and favorable
flow velocity suitable for fish passage. Baki et al. [26] also examined the turbulence characteristics
of a rock-ramp-type fishway considering slopes of 1.5% and 3% tested under different discharges. It
should be pointed out that there are some major differences between the flow with a cluster of boulders
(wake-interference flow) and the flow with isolated boulders (isolated-roughness flow) in the decay
rate of turbulence and the turbulence magnitude. In addition, some researchers, such as Tran et al. [20]
and He et al. [27], have used numerical simulations to study the layout of boulders in nature-like
fishways and put forward some layout proposals. Wang and Hartlieb [16] presented a verification
of the hydraulic and geometric parameters of nature-like pool-type fish passes via experimental and
field investigations. Additionally, some researchers have also put forward many types of fishways
piled with boulders [28,29]. However, most materials of partition walls formed by boulders in the
above-mentioned nature-like fishways are impermeable; such fishways are actually imitations of
engineered technical fishways, and not really nature-like fishways. Because of the diversity of the
placement and arrangement of boulders in nature-like fishways, the layout of nature-like fishways has
remained in the stage of optimization and exploration in recent years [16].

Plenty of research has shown that when a river is blocked by gated dams, a nature-like fishway is
the best alternative scheme to guarantee an unblocked ecosystem. However, because of the complexity
of the structure, the variability of section types, the high roughness of the slope and bottom material
and the difficulty in estimating the roughness coefficient of nature-like fishways, neither the perfect
research method nor design criterion for nature-like fishways has been formed to date, especially for
the layout of a fishway piled with boulders [16,30]. This paper presents a new fishway type formed by
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a rubble wall. The hydraulic characteristics of fishways formed under impermeable, semi-permeable
and fully permeable rubble wall conditions are comparatively analyzed, which could provide the basis
for the engineering design and application of nature-like fishways.

2. Materials and Methods

2.1. Experimental Arrangements and Instruments in the Model Test

Figure 1 shows a schematic diagram of the model design. The model included an impounding
pool, a test section in the fishway and a tail pool. The tail pool and the impounding pool were
connected by a groundwater reservoir. Four fishway types, with impermeable, semi-permeable and
fully permeable rubble walls, were arranged in the test section. The cross-section of the fishway was
trapezoidal, as shown in Figure 1. The length of the fishway test section (L) was 17 m, including a
total of 11 fishway pools, and the longitudinal slope (J) was 1%. The bottom and the side slope of the
fishway were smoothed by concrete. The bottom width (a) was 0.75 m, and the side slope (i;) was
1:2.5. The flow velocity and flow patterns were analyzed, as described in the following paragraphs, by
taking the fish channel and the intermediate pond in the fishway test section as typical research objects.
Figure 2 shows a picture of the original experimental model.

Eletromagnetic Flowmeter Control valve

Sluice Gate

L

fishway test section .
Baffle Tailwater Control Gate

%
oL

Impounding Pool

J=1%

Tailwater Pool

Fishway Baffle Wall

—— Groundwater Reservoir

——————

Figure 1. Scheme of the experimental flume, representing a side view of the channel on a slope of 1%

with the location of impounding area, test area and tailwater area. “A” represents the cross section

number and “A-A”" refers to the cross section of the experimental flume with a 1:2.5 side slope (i;).
= length of the fishway test section; ] = longitudinal slope; a = bottom width.

Figure 2. Picture of the original experiment flume without roughening, facing upstream. The materials
of the bottom and side slope are concrete.
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According to the uniform flow theory in an open channel, the roughness coefficient (1) of the
open channel can be expressed as:
A
n = =R¥3/2 )

In the above formula, A is the wetted cross-sectional area of the open channel, Q is the flow
discharge, R is the hydraulic radius and i is the channel slope.

According to the cross-sectional dimension of the model, the wetted cross-sectional area of the
open channel can be expressed as:

A = h(b+mh) = h(0.75+ 2.5h), )

The corresponding wetted perimeter can be expressed as:

X = b+2hV1+m? = 0.75+5.3852h, 3)
The corresponding hydraulic radius can be expressed as:

R — A _ h(0.75—|—2.5h). @
X 0.75 + 5.3852h

In the above formula, / is the depth of the water, b is the width of the bottom, m is the slope ratio
of the channel and y is the wetted perimeter. The literature indicates that when the angle between the
slope and the horizontal is less than 6°, the hydraulic gradient | can be used as an approximation to
replace the channel gradient [; therefore, the channel roughness value can be solved by knowing the
upstream flow rate and the uniform flow depth.

By adjusting the water depth and flow rate in the channel, the channel roughness was calculated
using three scenarios (Table 1). Scenario I was the original scheme with no roughening, and the average
roughness of the channel was measured to be 0.012, as shown in Table 1. In actual engineering, in
order to reduce the flow velocity in the fishway pool, sand gravels are usually laid at the bottom and
slope of the pools, which can increase the roughness of the fishway and bring the flow information in
the fishway much closer to a natural river channel.

Table 1. Roughness calculation table of the test under three schemes with nine scenarios. “Original
roughness” represents a scheme without roughening. “Bottom roughness” refers to a scheme with
roughening at the bottom only. “Overall roughness” refers to a scheme with roughening at the bottom
and side slope all. “-1, -II and -III” represent different scenarios under diverse flow rates.

Scheme Scenario FlQo:/;ln Isllast)e Deptl}: :)Ifl ;Nater Roug:ness Average I:loughness

I-1 0.057 0.055 0.0111

Original roughness I 0.045 0.049 0.0115 0.012
1111 0.024 0.035 0.0121
11 0.057 0.081 0.0219

Bottom roughness T1-11 0.045 0.073 0.0231 0.023
TI-11T 0.027 0.054 0.0227
TI-1 0.057 0.098 0.0308

Overall roughness TII-T1 0.043 0.085 0.0316 0.034
III-11T 0.024 0.067 0.0372

Scenario II represented the scheme with bottom roughening. During the test, concrete blocks
with an equivalent particle size of 2.0 cm were used to simulate sand gravel, and the spacing between
concrete blocks at the bottom of the channel was about 1 cm, as shown in Figure 3. After the concrete
blocks were laid at the bottom of the channel, the average value of roughness was increased to 0.023.
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In addition, according to the research results published by Hou et al. [31], the slope could be further
roughened by the quincunx roughening method. The equivalent particle size of the roughened material
was 2.0 cm, and the spacing between the particles was 12 cm. Therefore, an overall roughness test of the
channel was carried out (scenario III), and the concrete arrangement is shown in Figure 4. The overall
roughness of the channel reached 0.034.

@ ()

Figure 3. Simulation of sand pebbles at the bottom of the fishway: (a) Sand pebbles in prototype; (b)
Simulated sand pebbles in the test. The red circle means a local region in experimental flume.

(a)

Figure 4. Roughening scheme of the side slope: (a) the schematic diagram; (b) simulated result in
the test.

2.2. Structural Design of the Pool in the Fishway

One of the main features of the nature-like fishway is the use of natural stones to construct the
inner partition wall of the fishway. The wall can be constructed to be either permeable or impermeable.
In this regard, rounded cobbles were used to simulate the permeable rubble wall. The diameter of the
cobbles was 10-15 cm. A brick wall was used to simulate the impermeable masonry wall. The specific
layout was determined by comparing the two kinds of walls and their combined types. According
to the research results on the living habits of the target fish, the migration characteristics of the four
major Chinese carps are different. Therefore, this study added a design scheme using multiple fish
passages to complicate the flow pattern and improve the selectivity of upstream migration paths for
fish. In this regard, in addition to the water permeability of the partition wall, different widths of the
fish channel and different numbers of fish passages were comparatively studied through experimental
investigation. The comparison schemes are shown in Table 2. Among them, case I was the arrangement
of the water-impermeable partition wall, case II was the arrangement of the permeable partition wall,
and case III and case IV were the arrangements of the semi-permeable partition wall. The water
permeability of the fully water-permeable partition wall was 12%. The schematic diagram of the
layout of each case is shown in Figure 5. From Table 2, it is seen that the thickness of the partition wall
was different, but the height was the same. This is because the thickness depended on the structural
stability, and the height was due to the water level. If the height was different, it would affect the
discharge and flow velocity. However, the influence of the thickness could be ignored because the key
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factor of the effect on hydraulics in the pool was the uniformity of the pool length, which had a value
of 1 m in the present study.

)

@)

®)

4)

Case I: The partition wall was constructed by impermeable brick. The layout of the wall was
referenced to the layout of the vertical slot fishway. The fish passage was located on the left side
of the river channel. The direction of the fish passage was 45° with the main channel, and the
opening width was b = 0.20 m. The spacing of the brick walls at each level was s = 1.0 m, the
height was h = 0.30 m and the thickness was d = 0.24 m.

Case II: The partition wall was fully permeable and piled by cobbles, and the fish passage was
located on the left side of the river channel. The direction was 45° with the main channel, and the
width was b = 0.20 m, the spacing of the cobble walls at each level was s = 1.00 m, the height was
h =0.30 m and the thickness was d = 0.30 m.

Case III: The partition wall was semi-permeable. The height of the bottom impermeable layer
was h; = 0.15 m, the height of the upper permeable layer was hy = 0.15 m, the fish passage was
located on one side of the bottom and the width of the fish passage was b = 0.20 m. The spacing
of the rubble walls at each level was s = 1.0 m, and the thickness was d = 0.12 m.

Case IV: the height and width of the piled wall were the same as those in case III. However,
the number of fish passages was increased to two, with a new fish passage arranged beside the
original one. Even so, the total cross-sectional area of the fish passages remained the same. The
width of the middle fish passage was b; = 0.10 m, and the side fish passage width b, was about
0.20 m. In order to reduce the discharge for the fishway, the fish passages adopted an upstream
and downstream staggered arrangement.

(a) Cases I-11I

side-fish passage

middle-fish passage
(b) Case IV

Figure 5. Schematic diagram of the layout of every scheme from a top view. (a) Nature-like fishway
with one fish passage; (b) nature-like fishway with two fish passages. b = width of fish passage for
case I-1II; b; = width of middle-fish passage for case IV; b, = width of side-fish passage for case IV;
s = length of a pool; d = thickness of the partition wall.
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Table 2. Layout parameters of every comparison scheme. “Impermeable” water permeability means
the partition walls are constructed by brick only. “Fully permeable” means the partition walls are
constructed by cobbles only. “Semi-permeable” means the partition walls are constructed by brick and
cobbles. Substrates dimensions: brick = 24 cm long x 11.5 cm wide x 53 cm high; cobbles = 10 to 15 cm.

Layout Partition Wall Length of Pool Fish Passage

Scheme  Water Permeability ~Thickness (m)  Height (m) (m) Quantity ~ Width (m) Location

Casel Impermeable 0.24 0.30 1.00 1 0.20 Stand by the main channel
Case II Fully permeable 0.30 0.30 1.00 1 0.20 Stand by the main channel
Case III Semi-permeable 0.12 0.15+0.15 1.00 1 0.20 Stand by the main channel
Case IV Semi-permeable 0.12 0.15+0.15 1.00 2 0.10-0.20 Staggered arrangement

The schematic diagram of the layout of the rubble walls of each scheme is shown in Figure 6.

fish passage - - fish passage

cobble Wa/ly
%7 TR0 .'wm

brick wall

Casel Case II

fish passage T I

. i side-fish passage — "
brick wall cobble v‘vallA ] brick wall blmlddle fish passage i
i’

hy

-

Fish passage

Impermeable fishway Fully permeable fishway Semi-permeable fishway
(b)

Figure 6. Layout plan of rubble wall with different materials: (a) schematic diagram; (b) layout pictures
in the model test. h = height of the partition wall for case I and case II. h; = height of the bottom

impermeable layer for case III and case IV; hy = height of the upper permeable layer for case III and
case IV.

2.3. Method

During the test, the water level profile in each pool was tested with a steel ruler manufactured by
Hynix. The test position was located downstream of the partition wall and contained three measuring
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points at the left, middle and right of the cross-sections. The test accuracy of the steel ruler was 0.5 mm.
The discharge of the experimental flume was recorded by an electromagnetic flow meter produced by
Shanghai Guanghua Aihe Meite Instrument Co., Ltd., and its accuracy was +0.02%. The velocity field
in the pool was measured with a two-dimensional (2D) electric magnetic velocity meter (ACM2-RS)
produced by JFE Advantech in Japan. The measurement accuracy was +2%. To ensure the statistical
significance of the velocity record, velocity measurements were recorded at a frequency of 60 Hz for
a sampling period of 120 s for each point. Preliminary tests were conducted to define the sampling
period needed for an accurate determination of the mean velocity. The tested sampling periods ranged
from 20 to 180 s. It was found that velocity became almost constant for sampling periods greater than
60 s; therefore, a sampling time of 120 s was considered to be adequate for the determination of mean
velocities. Flow velocities were measured at the water surface, where z/h = 0.17, for a total of about 120
points located 0.10-0.20 m apart at the longitudinal and lateral direction separately.

3. Results

From a hydraulics point of view, the nature-like fishway can be regarded as a section of open
channel, and its main hydraulic parameters are still water level, flow velocity and discharge [32].
Therefore, in the present study, the velocity, discharge and flow pattern were the main analysis indexes
for a uniform water level (0.30 m) in the fishway.

3.1. Roughness

Channel roughness evaluation is very important in fishway hydraulics, especially for nature-like
fishways [33]. Velocity and discharge relationships are influenced by channel roughness [34]. For a
given slope, velocity increased as discharge increased and roughness decreased. The roughness values
for the fishways of the four schemes in this paper are illustrated in Figure 7. As shown in the figure,
the roughness value of case I is much larger than those of the other cases and is nearly double that of
case II. This is because the partition wall for case I was constructed by brick, which is an impermeable
material. When the partition wall was constructed by cobbles for case II, which is a fully permeable
material, the flow resistance was be decreased and the porosity increased. For cases III and IV, the
partition wall was constructed by a semi-permeable material, so the roughness was between the two
extremes (increasing by about 40% compared with that of case II and decreasing 30% compared with
that of case I). It should also be pointed out that the roughness values of case III and case IV were
nearly the same in spite of their different numbers of fish passages. This is because the porosity of the
partition walls was the same for the two cases, and the flow areas were also uniform.

Roughness

0.6 -

0.558

0.5

0.4

0.3

0.2

0.1

0.0

case | case Il case lII  case IV

Figure 7. Comparison of the roughness for each configuration tested, calculating by discharge
(0.027 m3/s71, 0.053 m3/s71, 0.039 m3/s~! and 0.037 m3/s~! for cases I-1V, respectively), water depth
(0.3 m) and longitudinal slope (1%).
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3.2. Discharge

Discharge is one of the important indicators that need to be considered when a fishway project
is selected and implemented [35]. A larger discharge means that more abandoned water will be
generated from the gated dam, which will affect the operational benefits of the project. Figure 8
compares the results of the discharge under different fishway schemes. The results show that the
discharge of the fishway of each case was quite different. The discharge of the fishway constructed by
the impermeable partition wall was only 0.027 m%/s (case I). The discharge of the fishway constructed
by a permeable partition wall was 0.053 m®/s (case II), which is twice the discharge of case I. When
the rubble wall was made of a combination of permeable cobbles and impermeable material (case
III), the wetted cross-sectional area of the fishway channel was increased compared with that of the
case I and was reduced compared with that of case II, so the discharge of the fishway for case IIl was
0.039 m3/s. Compared with case III, the number of fishway channels was double in case IV, but the
total cross-sectional area of the fishway channels was unchanged. Under this condition, the discharge
of the fishway was reduced to 0.037 m/s.

Discharge /m* s™!

0.06 —
0.053
0.05 —
0.04 —
0.03 —

0.02 —

0.01 —

0.00 —

o .ar&\\\ Aa\\!
o o

AY
=4
o® o=

Figure 8. Comparison of the discharge magnitude (m? s7!) for each configuration tested, using an
electromagnetic flowmeter.

3.3. Flow Velocity

According to the basic principles for fishway design, the maximum flow velocity in the fishway
pond generally appears near the inlet of the fishway. Its size determines whether the fish can
successfully pass through the pool. The flow velocity in the fish passage is the main fishway design
indicator, the value of which should not exceed the burst swimming speeds of the fish [36]. Figure 9
shows the comparison of the average flow velocity at the cross-section of the fish passage. In the figure,
the velocities of flows M-F and S-F in case IV represent the average of the cross-sectional flow velocity
in the middle fish passage and side fish passage (as shown in Figure 6), respectively. It can be seen
from the figure that the maximum flow velocity of the fishway occurred in case II, in which the flow
velocity reached 0.69 m/s. Under the other three schemes, the average flow velocity in the fish passage
was only 0.45-0.55 m/s.

3.4. Flow Pattern

The flow pattern in a fishway is one of the key indicators affecting the migration rate [35-37]. The
distribution of the mainstream area in the pool should not be too concentrated, and it is not appropriate
to form a wide range of recirculation areas on both sides of the mainstream, so the fish in the rest
area can quickly find the mainstream and continue on their way. There should be more diverse flow
conditions in the rest area of a pool in order to mimic the natural environment, and it can provide a
place for fish to rest, forage and migrate. Figure 10 is the measured velocity vectors in the central pool
at the surface for the different cases. The magnitude and direction of the flow velocity in the pool were
measured at 2 cm below the water surface with a velocity meter (ACM2-RS). The magnitude of the flow
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velocity, U, was calculated by U = Vu? + v2 at all measurement points in the detailed measurement
area. Herein, u and v are the time-averaged streamwise and lateral velocities, respectively.

Velocity /m s™!
1.0 —

0.8 —
0.6
0.4

0.2

0.0

t 3 5
o o o ¥

cﬂ.\“ﬁ o

)

Figure 9. Comparison of the mean water velocity magnitude (U = +/u?+ v2), m s7!) for each
configuration tested at the cross-section of the fish passage, using a two-dimensional (2D) electric
magnetic velocity meter. U = mean water velocity magnitude; u = time-averaged streamwise velocity;
v = time-averaged lateral velocity.

(a) _ ——10m/s

Recirculation
High - zone
Velocity
Impermeable
wall
—1.0m/s
Recirculation
zone
High
Velocity I
Low Velocity
Permeable
wall
© Boundary ~ ——1.0 m/s
Mainstream?2 - - High Velocity
Low Velocity
Mainstream] # 5 Semi-permeable
wall
High Velocity #

Boundary

Figure 10. Measured velocity vectors in the central pool at the surface for (a) case I; (b) case II/III; (c)
case IV. The units of the values in small black rectangles are m/s all.

Under the impermeable condition (case I), the flow pattern distribution was basically the same as
that of the technical fishway [38]. The flow velocity distribution was relatively simple, the mainstream
area was concentrated, and two recirculation zones were formed in the rest zone, as shown in Figure 10a.
The flow velocity in the zone between the mainstream and backflow was close to zero. In contrast to
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the flow pattern of case I, when the partition wall was constructed by fully- or semi-water-permeable
material, such as in cases II and III, more diverse flow conditions were formed at the surface of the
pool. Figure 10b shows that the mainstream was no longer concentrated, and the two recirculation
zones on both sides of the mainstream diminished or disappeared. However, there was still a relatively
high flow velocity zone at the fish passage, which would exceed the critical swimming speed of most
migratory fish for a project in China. On the basis of the hydraulic theory, if the discharge is uniform,
then the larger the flow area, the smaller the flow velocity. Hence, in the present study, an increase in
the number of fish passages was put forward to increase the flow area. In order to control the discharge
and flow velocity, two fish passages were staggered left and right, as shown in Figure 6. It was found
that two mainstreams were formed in the fishway for the case with two fish passages, as shown in
Figure 10c. Three flow regions were formed in the pool by the two mainstreams, with two high flow
velocity regions and one low flow velocity region. The flow velocity in the low flow velocity region
was about 0.02-0.30 m/s, and a weak recirculation zone was formed inside the region, which could
serve as a rest zone for migratory fish. The average flow velocity in the high velocity regions was about
0.50 m/s, which meets the swimming speed of most migratory fish in China.

4. Discussion

Discharge, flow velocity and flow pattern are key indicators for fishway designs [39]. On the basis
of physical experiments, the present paper analyzes the differences in key indicators for nature-like
fishways under four kinds of partition walls with different water permeabilities. From the analysis of
the discharge, although the total cross-sectional area of the fish passage was the same, it was found that
the discharge of the nature-like fishway with the permeable partition wall was much larger than that
of the fishway with the impermeable partition wall. This was because the gaps inside the permeable
partition walls piled with cobbles increased the wetted cross-sectional area of the fishway. Under
the same running water depth, nature-like fishways with a permeable wall needed to consume more
water than that consumed with a watertight partition wall. In addition, the local water head loss of the
permeable partition wall was reduced by more than that of the impermeable partition wall, thereby
further increasing the discharge of the fishway, which in turn led to an increase in the flow velocity in
the fishway as shown in Figure 10. When the water permeability was 12%, calculations of the flow
area of the permeable partition wall showed that the discharge was 0.053 m%/s, the mean flow velocity
at the fish passage was 0.689 m/s and the mean velocity in the gaps between the cobbles was about
0.3 m/s, which is consistent with the simulation results in the literature [40]. When the partition wall
was semi-permeable, the discharge of the nature-like fishways was reduced compared with that of
nature-like fishways with a fully permeable partition wall, but it was larger than that of fishways with
an impermeable partition wall. For the condition in which the nature-like fishway contained two fish
passages arranged in an interlaced manner, the discharge did not increase much compared with the
single fish passage condition, but the mainstream velocity was significantly reduced.

Discharge of the fishway affects the operational efficiency of a dam project. Moreover, the flow
velocity in the fish passage will determine whether the fish can migrate back, and the flow pattern is
the key factor in determining the duration of fish migration [41]. The experimental results showed that
when the partition wall was impermeable, the flow pattern in the pool was single, which is similar
to that of the technical fishway [39]. However, the motivation for the construction of nature-like
fishways is to enrich the flow pattern in the fishway so that it mimics the flow pattern in a natural
river [13,16,37]. In other words, nature-like fishways that use impermeable partition walls will not
produce hydrodynamic and morphological properties that are similar to those of natural rivers, which
are best-suited to the original purpose of fishways. From the perspective of discharge and flow
velocity control, this paper proposes a new kind of fish passage arrangement with semi-permeable
partition walls. The related hydraulic indicators for a fishway with a single fish passage and two
fish passages were compared and analyzed. The study found that when using two fish passages,
the discharge and cross-sectional flow velocity of the fishway were reduced, and two mainstreams
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were formed in the fishway pool. Some studies have found that fish generally tend to avoid flows
with unpredictable high-velocity fluctuations or recirculation flow that interferes with swimming
trajectories [2,42,43]. From the prior analyses, it was found that obvious recirculation flow was formed
for the nature-like fishway of types I, II and III, which is disadvantageous for fish migration. In
contrast, the two fish passages in the type IV nature-like fishway were in an interlaced arrangement,
the flow information in the pool became more complex (including some small vertical eddies and
back-flow swirls), and no obvious recirculation zones were formed, which is conducive to the migration
of fish. Furthermore, water flows past the cobbles and velocity gradients are created, which form
small vortices that interact with each other and decay over different time courses. Many studies have
shown that small vortical flows provide an energy-rich environment that can be exploited to enhance
swimming performance [41,44,45]. It could be concluded that, compared with the other three types of
nature-like fishways explored in the present study, type IV is much more suitable for fish migration.
In addition, the two fish passages had different bottom elevations and widths, which can provide
favorable conditions for the upstream migration of fish with different sizes and body types. In the
migration season, different species of fish of various sizes and habits need to run upstream in rivers.
Some fish like swimming on the water surface, and some like swimming on the bottom. Because of the
larger width and high bottom elevation, the side passage of type IV is advantageous for fish swimming
on the water surface to successfully negotiate the fish passage, especially bigger fish. In contrast, the
middle passage is only suitable for little fish because of the small width, but this applies to all fish,
regardless of whether they swim on the surface or the bottom.

Under the premise that the plane dimensions and the slope of the fishway are given, the
relationship among discharge, flow velocity and water depth is reflected by the roughness factor
(n). If the roughness is low, the flow velocity in the fishway will be high, and the presence of large
high velocity regions could make it difficult for protected fish to complete upstream migration. At
the same time, if the flow velocity is higher under the same flow discharge, the water depth will be
shallower, but it is necessary to keep sufficient water depth in the fishway by using a larger flow
discharge. However, if the roughness is too high, the water surface elevation will be higher than that
with low roughness, which may induce a lower flow velocity. In terms of the swimming habits of fish,
lower velocity flow would be less attractive for migration, which will result in low efficiency of the
nature-like fishway [46,47]. It can be seen that for nature-like fishways, the first necessity is to find
an appropriate range of roughness values to form a generally uniform flow structure throughout the
water depth. The calculation results of the overall roughness for the fishways of the four schemes in
this paper are shown in Figure 7. Combined with the previous analysis, it is well recognized that all
four flow schemes can form a suitable flow pattern in the fishway. Different roughness coefficients
correspond to different discharges and flow velocities for the fishway.

5. Conclusions

This paper proposes four nature-like fishway types arranged with impermeable, fully permeable
and semi-permeable partition walls, and it compares the hydraulic characteristics of the various
fishways through physical experiments. The comparative study found that if the partition wall in
the fishway is constructed by permeable materials, then more discharge will be needed, and the flow
velocity in the fish passage will be larger than that of a fishway constructed by permeable materials.
However, the flow pattern information is more complex, with some small vortical flows, especially for
the fishway with two fish passages. In order to decrease the discharge and flow velocity, the nature-like
fishway could be constructed by semi-permeable materials. The present study focused primarily
on flow characteristics in a nature-like fishway, such as the roughness, flow velocity and discharge.
In recent years, researchers have identified some important turbulence parameters in relation to fish
passage, e.g., turbulence intensity, turbulent kinetic energy, Reynolds shear stress, vorticity and eddy
sizes [26,48]. Therefore, the turbulence characteristics in the nature-like fishways described in the
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present paper should be studied next. In addition, experiments with specific fish to evaluate the
efficiency of nature-like fishways should also be performed.
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