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Abstract: Fishway research is important for mitigating the fragmentation of river habitats caused by 11 

hydraulic projects. The vertical slit fishway is a broadly used fishway type because of its high efficiency 12 

and adaptability to water levels. However, the resulting vortex current disrupts the fish passage hence 13 

directly affecting fish migration. This study aims to accurately capture the vortex structure in the fishway 14 

and analyze the effect of vortex elements (vortex structure, vortex intensity, etc.) on fish. We conducted 15 

an analysis of the three-dimensional current flow field in the fishway through the utilization of an 16 

experimental model and the Large Eddy Simulation (LES) method for dynamic stress. Moreover, we 17 

captured the vortex information in the fishway at different flow rates using the Liutex vortex 18 

identification method and investigated the effect of the vortex on fish migration. The results revealed that 19 

the structures inside the fishway pool occupy most of the room; however, the areas with higher vortex 20 

strength were primarily located in the vortex near the vertical seam and the mainstream; the vortex 21 

strength inside the fishway gradually increases with increasing flow, suppressing fish migration. Fish 22 

experienced significantly increased resistance when encountering strong vortexes. This suggests that the 23 

vortex may act as a physical barrier to fish migration. These findings highlight the potential negative 24 

effects of vortex on fish movement and reiterate the importance of understanding vortex dynamics for 25 

aquatic environmental management. As an effective tool for identifying vortexes in fluid flow, the Liutex 26 

method demonstrates features of vortex within the fishway, thereby providing important insights into the 27 

interaction between fluid dynamics and aquatic organisms. 28 

  29 

Keywords：Vertical Slit Fishway; vortex identification method; Liutex; Large Eddy Simulation (LES); 30 

fish experiment; Computational fluid dynamics 31 

0.Introduction 32 

With the use and development of river water resources, dams have been or are being built in most 33 

rivers [1,2]. Dam construction has had a significant effect on the river ecosystem, particularly their barrier 34 

effect on the river, which directly blocks the upstream and downstream fish passage and affects the 35 
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normal two-way spread of fish communities between habitats [3]. A fishway is a hydraulic structure that 36 

allows certain fish species to migrate upstream and downstream in a river amidst natural and man-made 37 

barriers [4]. Fishway can be classified as Daniel, vertical slot, pool weir, imitation natural fishways, etc. 38 

Among them, Vertical Slit Fishway is broadly used across the globe for its good operation under a wide 39 

range of water level conditions and high fish passage efficiency. 40 

The water flow in the vertical slit fishway forms a jet at the vertical slit, creating a circulation area 41 

on both sides of the mainstream [5]. Notably, the circulation area inside the pool room is an important 42 

factor affecting fish passage. Nikora et al. [6] reported that the effect of the eddy on fish may be associated 43 

with the size of the eddy and that of the fish. Lupandin [7] used the one-dimensional time dependence of 44 

flow velocity to determine the scale of turbulence (L) and utilized L to represent the mean vortex size. 45 

They found that the vortex size and fish size influence the swimming performance. Besides, the torque 46 

generated by the vortex hydrodynamics makes the fish prone to tipping over; therefore, the fish need to 47 

use their pectoral fins to regain their balance, thus increasing their hydrodynamic resistance. Marriner et 48 

al [8] used vorticity magnitudes to analyze vortices in the resting pool of the fishway and discovered that 49 

vortices delay or prevent fish passage. Zhao et al. [9] observed the 3D vortex structure within the 50 

conventional and modified fishways based on large eddy simulations using a Q-criterion with a larger 51 

threshold. 52 

Several studies have provided evidence of the substantial impact of vortex on fish passage in 53 

fishways, and previous research focused on the vortex in fishway pairs. However, other studies 54 

characterized the vortex structure only by velocity vectors, vortex volumes, or average streamlines, 55 

successfully capturing limited vortex information. With the advancement of vortex identification 56 

technology, recent studies have introduced a third-generation vortex identification method known as 57 

Liutex [10]. The Liutex method mathematically extracts the rigid rotating part of the fluid motion, thereby 58 

defining and visualizing the vortex [11]. The Liutex method is superior to the previous vortex identification 59 

methods. The major benefit of the Liutex isosurface method is that it does not contain shear or tensile 60 

contamination [12]. The Liutex method represents the rotation or vortex intensity of the fluid, which is 61 

more valuable than previous methods that could not measure the rotation or vortex intensity of the fluid 62 

[13-15]. Therefore, the Liutex method has also been broadly used in the field of fluid mechanics [16-18].  63 
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The three-dimensional computational fluid dynamics (CFD) model is an effective tool to analyze 64 

the flow field of a vertical slit fishway. The flow field in a vertical slit fishway has a complex turbulent 65 

structure, and previous studies have commonly used the RNG k-ε and LES methods to analyze the 66 

turbulence in the fishway. Fuentes-Pérez et al. [19] observed that both the LES and RNG turbulence 67 

models yielded satisfactory outcomes. Nonetheless, the LES approach was more spatially consistent with 68 

the measured data, making it particularly relevant for biological studies focusing on smaller spatial and 69 

temporal scales. Quaresma et al. [20] compared four methods, RNG k-ε, k-ε, k-ω, and LES, and noted that 70 

LES corresponds with the experimental results. Elsewhere, Santos et al [21] revealed that the LES is 71 

slightly better than the RNG method in capturing turbulence values.  72 

The VOF method has shown to be effective in accurately capturing free water surfaces, and several 73 

studies have successfully utilized the VOF method to model the free surface of fishways with favorable 74 

outcomes [22,23]. To more accurately study the vortex information in the fishway, this work constructed 75 

the fishway model based on the aqueduct and measured the instantaneous flow velocities at the 76 

characteristic points of the model using a 3D Acoustic Doppler Velocimeter (ADV). Furthermore, the 3D 77 

flow field of the vertical slit fish passage was simulated using the LES and VOF methods. The vortex 78 

structure inside the fishway was also captured using the Liutex method, and the vortex characteristics 79 

inside the fishway pond were analyzed under different water flow conditions. Eventually, the fish 80 

experiments were performed to investigate the effect of vortex characteristics inside the fishway pond on 81 

fish upstream. 82 

1. Materials and Methods 83 

1.1 Experimental Steps and Procedures 84 

As shown in Figure 1, a scale model of a vertical slit fishway was constructed on the flume. The 85 

model was constructed in a glass flume 7.5m long, 0.3m wide, and 0.5m high. The fishway was flanked 86 

by the side walls of the flume, and the bottom slope and baffle comprised Plexiglas. The model was built 87 

in a 7.5m long, 0.3m wide, and 0.5m high glass flume, the two sides of the model were the side walls of 88 

the flume, and the bottom slope and baffle were made of acrylic panels. The flow in the fishway was 89 

controlled by a gate valve at the front of the flume and the whole structure was in the water flow circuit. 90 



4 

 

The model had five levels of pool chambers with a 3% bottom slope and a 10:8 ratio of length to 91 

width of the chambers. The model inlet front length was long with smooth model inlet water flow. The 92 

flow velocity of the experiment was measured using a 3D Doppler velocimeter (ADV), which determines 93 

instantaneous flow velocity in the X, Y, and Z directions at a given point. The ADV was mounted on a 94 

trolley on top of the flume, which could measure the three-dimensional flow velocity at the target point 95 

by freely adjusting the horizontal and vertical distances. The ADV fixed by the trolley reduces the 96 

measurement error and increases the accuracy of the experiment. 97 

To analyze the vortex characteristics of the fishway under different current conditions, 98 

dimensionless variables Q* [24] were used to characterize the different water flow conditions. Q* is 99 

defined as follows: 100 

*

5

2
0

Q
Q

gS b

=  (1) 

Where Q denotes the flow rate, g denotes the acceleration of gravity, 0S denotes the bottom slope 101 

of the fishway, and b denotes the net width of the fishway. The Q* values corresponding to the three 102 

different water flow conditions were calculated to be 0.095, 0.166, and 0.261, respectively. 103 

 Fig. 1 Fish passage model installation schematic. 

1.2 Numerical model 104 

The numerical simulation model was developed based on the physical experimental model. In this 105 

study, the coordinate system had its origin situated at the lower left corner of the inlet. The X-axis was 106 
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aligned parallel to the direction of water flow, the Y-axis was perpendicular to the bottom, and the Z-axis 107 

was transverse to the water flow direction. The components of velocity, namely u, v, and w, corresponded 108 

to the velocities in the X, Y, and Z-axis directions, respectively. The model used a mixed mesh of 109 

tetrahedra and hexahedra to profile the fluid domain (Figure 2). The model pool was 0.625 m long, with 110 

an inlet section of 2.375 m and an outlet section of 1.5 m. The three-dimensional computational fluid 111 

dynamics (CFD) solver FLUENT was to simulate the distribution of flow fields in the fishway. The LES 112 

turbulence model was utilized to calculate the turbulence characteristics within the vertical slot. 113 

The bottom, side walls, and partitions of the fishway were considered as solid boundaries with no-114 

slip boundary conditions. The upper part of the model was defined as a pressure boundary condition, 115 

with a relative pressure of zero. The near-wall viscous layer was handled using the wall function method, 116 

while the conventional wall boundary conditions were applied to the walls and baffles throughout the 117 

fishway. The velocity inlet boundary conditions were used for the model inlet, and the velocity values 118 

were determined by experimental velocity. The inlet velocity values corresponding to the three different 119 

sets of water flow conditions were u = 0.069 m/s, u= 0.081 m/s, and u = 0.092 m/s. Pressure-type exit 120 

boundary conditions were provided at the exit of the model. The convergent solution was determined by 121 

running 40,000-time steps with a time step of 0.001s to achieve it. 122 

Fig. 2 Model geometry and meshing diagram. 

The LES method was employed to simulate the three-dimensional turbulent flow field in the fishway. 123 

The simulation used the PISO algorithm for solving the equations, the momentum equation was 124 

discretized using the second-order upwind, and the time term was discretized using the second-order 125 

implicit method. In turbulent large eddy simulations, a filter function was first used to decompose the 126 
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flow variable f (x, t) into large-scale quantity ( , )f x t
-

 and small-scale quantity ( )' ,f x t .  127 

( )( , ) ( , ) ,f x t f x t f x t
= +  (2) 

Substituting equation (2) into the Navier-Stokes equation and the continuity equation to obtain the 128 

control equation for the large eddy simulation 129 

( ) 0
i

i

u
t x

 ¶ ¶
+ =

¶ ¶
 (3) 

( ) ( )
ij ij

i i j

j j j i j

p
u u u

t x x x x x

 
   

¶ ¶¶ ¶ ¶ ¶
+ = - -

¶ ¶ ¶ ¶ ¶ ¶
（ ）  (4) 

Where i、j=1、2、3， ij
  is the stress tensor around the molecular viscosity, ij

  is subgrid-scale stress 130 

(SGS). 131 

The subgrid-scale model uses the basic Smagorinsky model, and the SGS equation expression [25]  132 

is： 133 

2 21
2 2

3
ij kk ij t ij s ijS c s s    - = - = -  (5) 

Where ijδ  is the Kronecker   function, t
 is the sublattice scale vortex viscosity coefficient，134 

Indicates the filter width, 2 ij ijS S S=  is the mode of the strain rate tensor. The expression of ijS  135 

is given by： 136 
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The Volume of Fluid (VOF) method was utilized to track the free surface and analyze the fluid 137 

behavior. The fluid-to-grid volume ratio function F was examined in each grid cell to determine the 138 

variation of the fluid. The volume of fluid method (VOF) equation proposed by Hirt and Nichols [26] is 139 

as follows:  140 

0=



+



i

w

i

w

x
u

t  

(7) 

Where 0
w

 =  means that there is no water in the calculation cell, 1
w

 =  means that the calculation 141 

cell is all water, 0 1
w

   indicates that the calculation cell is a mixed interface of water and air and 142 
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there is a cross interface.  143 

1.3 Model Validity 144 

No truly grid-independent scheme exists for large eddy mode simulations [19], but Celik [27] proposed 145 

a criterion that a good LES model should resolve at least 80% of the total turbulent kinetic energy. To 146 

perform the analysis and select the best resolution, different grid resolutions were compared and the grid 147 

with LES IQ greater than 0.80 was finally selected for calculation (the number of grids was 201825，148 

316043，437056 respectively). 149 

To confirm the validity of the model, the water depth and velocity in the X-direction of each cell in 150 

the simulation results were compared with experimental results under the current condition of Q*=0.09. 151 

The simulated free water surface was obtained by the VOF method, and the experimental water depth 152 

values were obtained by averaging multiple sets of measurements. The water depths of the simulated 153 

results and the experimental results matched, as shown in Figure 3(a). The experimental flow velocities 154 

were measured by ADV, and the water depths within the five pool chambers and the flow velocities in 155 

the X-flow direction at the outlet of the vertical slit of the five pool chambers were monitored under 156 

similar flow conditions. The experimental data were compared and analyzed with the simulated data, and 157 

the numerical simulations were consistent with acceptable accuracy despite errors in the experimental 158 

data (Fig. 3 (b)).  159 

1.4 Vortex identification method  160 

The vortex structure in the fishway is a complex water flow structure. Herein, the Liutex method 161 

Fig. 3 Comparison of simulation and experimental results. (a) Water depth in the center of the pool 

chamber of each fishway; (b) velocity in the x-direction at the characteristic point of the centerline of the 

fishway. 
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was used to capture the vortex structure in the vertical slit fishway. Liutex represents the rigid rotating 162 

part of the fluid motion [28-31]. The vector R is defined as follows: 163 

( ) 2 2

2 2

2 , 0

0, 0
R

   

 

ì - -ï
= í

ï - ³î
 (8) 

Where   and   are denoted as 164 

1

2

Q Q Q Q

Q Q Q Q

v u v u
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 (9) 

1
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2

Q Q
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¶ ¶
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Where Q
x 、 Q

y  are the variables generated in the initial xyz coordinate system using Q rotation， Q
v  165 

and Q
u  are the velocity components in the Q Q Q

x y z  coordinate system after rotation. 166 

2. Results 167 

In this study, the three-dimensional flow field inside the fishway was simulated by large eddy 168 

simulation based on experiments. The Liutex method was used to capture the three-dimensional vortex 169 

structure inside the fishway pond under different flow conditions separately. The relationship between 170 

fluid vortex dynamics and aquatic organisms was investigated through fish experiments to reveal the 171 

vortex effect in the fishway on fish migration. 172 

2.1 3D vortex structure in the Fishway  173 

As shown in Figure 4(a), a large vortex and a small vortex were formed on both sides of the 174 

mainstream as the water flowed downstream from the vertical slit position in the upper pool chamber. As 175 

water flows downstream from the vertical slit position in pool chamber 1, the flow becomes biased 176 

toward the left side wall, and a small portion of the water flow near the side wall changes direction, 177 

creating a smaller corner vortex at the corner position. The main flow then flows downstream along the 178 

left-hand side wall, and upon reaching the next vertical seam position, a portion of the left-hand side 179 

changes direction and flows into the right-hand side of the area. The flow velocity in the right side area 180 

is smaller than that in the main flow area, and the backward-flowing water forms a larger backflow area 181 
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in this right side area. The water flow in the return area rotates with the vortex, and part of the peripheral 182 

water flow meets the main flow again and flows into the main flow to the next level of the pool chamber. 183 

Smaller-scale vortex structures also exist at the vertical seam location (Figure 4(b)). When the water 184 

flows through the vertical slit position, two smaller-scale vortex structures are formed around the side 185 

walls on both sides of the vertical slit. 186 

Since the capacity to capture vortex information is limited, only the approximate location of the 187 

vortex surface can be roughly obtained through the experiment, and it is difficult to obtain a 188 

characterization of the bottom vortex structure and vortex intensity analysis through the experiment. 189 

Therefore, this study used the Liutex vortex identification technique to capture the 3D vortex structure 190 

in the fishway and analyzed its information.  191 

Figure 5 illustrates the 3D vortex structure of pool chamber 1 captured using the Liutex method 192 

with different thresholds at a Q*=0.095 water flow condition. The vortex structures captured in the cell 193 

using the threshold |Rortex| = 0.1 are not only the larger-scale vortex structures in the pool but also some 194 

small-scale broken vortex structures. The large-sized vortex on the left and the vortex at the right corner 195 

occupies nearly most of the pool, which is consistent with experimental observations. The diameter of 196 

the large-scale vortex surface on the left side was larger than the middle and bottom of the flow, and the 197 

left and right sides of the vortex were interconnected at the exit of the vertical slit. When the water 198 

returning from the surface of the flow reaches the outlet of the vertical slit, this part of the flow merges 199 

into the main stream, for vortex structure formation. Specifically, previous studies focused more on the 200 

Fig. 4 Vortices on the surface of the water flow. (a) at the pool chamber; (b) at the vertical seam 

position. (Arrows indicate the direction of water flow and vortex) 
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horizontal vortex in the pool; however, the three-dimensional structure of the vortex captured by the 201 

Liutex method is more intuitive. Besides, the three-dimensional vortex node in the return region of the 202 

fishway pool is not a regular geometry but comprises multiple irregular vortex structures. 203 

The Liutex method also captured the vortex structure at the slot position in the fishway. The vortex 204 

at the vertical slit was in the shape of a regular semi-cylinder against the side walls of the baffle on both 205 

sides of the slot, and the corresponding vortex was generated at both the left and right sides of the slot. 206 

When the water flow in the fishway passes through the slot, the direction of the water flow changes, 207 

thereby forming a corresponding vortex structure at the slot position.  208 

When the Liutex method with threshold |Rortex| = 1 is used to capture the vortex structure in the 209 

fishway, the size of the captured vortex structure is significantly reduced, the broken vortex structure is 210 

reduced, and the 3D vortex structure is presented. The vortex structure captured on the right side of the 211 

pool is the vertical axis vortex at the corner, at the same time capturing the vortex at the slot position. 212 

Although the Liutex method with a small threshold can capture more vortex structures, we analyzed 213 

major vortex structure characteristics within the pool; therefore, a threshold of |Rortex| = 1 may help in 214 

analyzing the vortex structure characteristics.  215 
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Fig. 5 (a) Iso-surfaces of |Rortex| = 0.1, colored by Rortex; (b) Iso-surfaces of |Rortex| = 1, colored by 

Rortex, Q*=0.095. (Arrows indicate the direction of water flow and vortex) 

The effect of different water flow conditions on the vortex characteristics within the pool was 216 

investigated by varying the flow rate in the fishway. Based on Q*=0.095, we compared and analyzed the 217 

three-dimensional vortex structure characteristics inside the lower fishway with different flow conditions 218 

of Q*=0.166 and Q*=0.261.  219 

As shown in Fig. 6, the three-dimensional vortex structure in pool 1 captured by Liutex was similar 220 

for the flow conditions of Q*=0.166 and Q*=0.261, and the vortex size in the fishway increased with 221 

increasing Q*. The effect of changing Q* on the three-dimensional vortex structure in the fishway was 222 

small, indicating that under different flow conditions, the vortex in the pool chamber majorly comprised 223 

large-size vortices in the return region. This indicates that under different water flow conditions, the 224 

vortex inside the pool primarily consists of large-size vortices in the return area, corner vortices at the 225 

corners, and vertical axis vortexes at slot position. The three-dimensional vortex structure in the fishway 226 

was not a regular geometric structure except for the slot position, and the vortex structure inside the pool 227 

had a larger vortex diameter in the area near the surface of the flow and a smaller vortex diameter in the 228 

area via the bottom of the flow.  229 
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Fig. 6 Iso-surfaces of |Rortex| = 0.1, colored by Rortex. (a) Q*=0.166; (b) Q*=0.261. (Arrows indicate 

the direction of vortex water flow and) 

2.2 Vortex characteristics inside the pool  230 

For more vortex information, we compared the rotation intensity within the fishway under three 231 

water flow conditions separately. Figure 7 shows the distribution of the fish channel vortex rotation 232 

intensity. Vortex at the location of the slot in the fishway > Large-scale vortex > Angular vortex. Among 233 

them, the vortex at the slot had the vortex at two positions of the large baffle and the small baffle, and 234 

the intensity of the vortex generated at the large baffle position was greater than that at the small baffle 235 

position. The slot position of the fish passage had a concentrated water flow and high velocity, generating 236 

largest vortex intensity in this position (strong vortex region |R| > 10). Since the large baffle is located 237 

before the small baffle, water flowing through the slot contacts the side wall of the large baffle first, and 238 
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the vortex intensity at the location of the large baffle becomes greater than that at the location of the small 239 

baffle. The large-scale vortex intensity in the return flow area was majorly located in the nearby area near 240 

the mainstream.  241 

The area with the greatest vortex intensity within the fishway pool was located in pool 5, with a 242 

significantly greater vortex intensity than the other pool, and the area with a vortex intensity greater than 243 

10 occupies approximately 10% of the pool. At the exit of the fishway, there was also a region with high 244 

vortex intensity.  245 

There is a clear difference in the intensity of the vortex inside the pool under different water flow 246 

conditions. In the downstream direction, the slot is numbered separately, the slot at the inlet of pool 1 is 247 

defined as slot 1, and the slot at the outlet position of pool 5 is defined as slot 6. Figure 8 shows the 248 

maximum rotational intensity of the vortex generated at the vertical seam positions under three different 249 

sets of water flow conditions. The rotation intensity of the vortex gradually increased with increasing Q*. 250 

Under different water flow conditions, with the backward movement of the water flow, no obvious 251 

linear change relationship was noted between the strength of the slot locations. The vortex intensity of 252 

the vertical seams near the left side wall (slot 1, slot 3, slot 5) and near the right side wall (slot 2, slot 4, 253 

slot 6) were analyzed, and that of both the left vertical seam and the right vertical seam in the fishway 254 

gradually increased. Overall, the intensity of the vortex generated by the left vertical seam was greater 255 

than that of the right vortex. 256 

 

Fig. 7 Vortex rotation intensity (a) Q*=0.095;(b) Q*=0.166; (c) Q*=0.261. 
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Fig. 8 The maximum rotational intensity of the vortex at the vertical seam position. 

 2.3 Effects of the Vortex on fish migration 257 

An experimental study was conducted using 13-20 cm Crawfish to study the effect of vortex in the 258 

fishway on fish migration. In the experiment, the fish followed the mainstream from one slot through the 259 

pool to the next level of slot and chose the most central position up the slot location during the migration 260 

process (Figure 9). Based on the above vortex intensity analysis at the vertical seam, the closer the 261 

vertical seam location of the side walls on both sides, the greater the vortex intensity. Although the 262 

intensity of the vortex at the slot location is significant, if the fish do not pass through the vortex area at 263 

the vertical slot location, the effect of the vortex at the vertical slot location on the fish upstream becomes 264 

extremely limited. The tendency of fish to avoid areas with higher vortex intensity suggests that vortex 265 

may block fish migration. During fish migration, the body prefers the bottom position of the current, with 266 

fewer areas of the vortex at the bottom and lower vortex intensity in the return region, reducing the effect 267 

of the vortex on fish migration and optimizing the choice of bottom migration.  268 
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Although the large-scale vortex in the reflux zone occupies most of the pool, its effect on fish 269 

migration is limited. After reaching the next level of the pool, the fish did not first swim to the migratory 270 

zone with low flow velocity but swim along the mainstream to the next level of the pool. However, due 271 

to the decrease in physical strength, a few fish were unable to reach the next level of the pool through 272 

the slot and eventually swam to the center of the large-scale eddy in the reflux area. The vortex intensity 273 

on the back side of the large-scale vortex from the mainstream was small, yet beneficial to the fish despite 274 

the large vortex diameter. The fish recovered their physical strength in this region before attempting to 275 

reach the next level of the slot.  276 

Fish migration became difficult with Q* increase. Under a higher flow rate, the vortex intensity in 277 

the fishway also increased. As shown in Figure 10, the fish would passively enter the reflux zone when 278 

they could not reach the next level of the pool through the slot, and most of the fish would gradually get 279 

lost in the vortex while swimming in the reflux zone. Therefore, a small flow rate meeting fish passage 280 

ensures smooth fish migration in the fishway.  281 

 Fig. 9 Fish migration experiment under Q*=0.095 current conditions. (Arrows indicate the direction 

of vortex water flow and vortex) 
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Fig. 10 Q*=0.261 Fish migration experiment under Q*=0.261 flow conditions. (Arrows indicate the 

direction of vortex water flow and vortex) 

3. Conclusions  282 

In the study, we constructed an experimental model of the fishway to investigate the vortex features 283 

within the fishway and their impact on fish migration. Additionally, a combination of large eddy 284 

simulation (LES) and Volume of Fluid (VOF) methods was employed to simulate the three-dimensional 285 

flow patterns within the fishway. The grid independence of LES was evaluated using the IQ index, and 286 

the simulation results were compared to the experimental data obtained from an acoustic Doppler 287 

velocimeter (ADV), yielding satisfactory accuracy for the model. Based on the numerical simulations, 288 

the Liutex method was applied to capture the 3D vortex structure within the fishway under different water 289 

flow conditions. Furthermore, we analyzed the characteristics of the 3D vortex structure and the intensity 290 

of vortex rotation in the fishway. Through fish experiments, we explored the influence of the vortex 291 

within the fishway on fish migration. The following conclusions were drawn from our study: 292 

(1) The vortex in the fishway comprised a large-size vortex in the return area, a corner vortex at the 293 

corner, and a vertical axis vortex at the vertical slit position. Vortex diameter inside the pool near the 294 

surface of the water flow was significantly larger than that of the vortex near the bottom of the water 295 

flow.  296 

(2) The vortex intensity was greatest at the location of the slot of the fishway and the outlet of the 297 

fishway, and the angular vortex intensity was least at the corner location of the pool. The areas with 298 

higher vortex intensity were primarily distributed near the mainstream despite the large-scale vortex in 299 

the return flow area occupying most of the pool.  300 

(3) Vortex can be a physical barrier to fish migration, and fish tend to avoid areas of higher vortex 301 

strength during migration.  302 
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(4) The vortex effect on fish is majorly attributed to vortex intensity. As Q* increases, the vortex 303 

strength also gradually increases, making fish migration more difficult. Therefore, the use of low flows 304 

is helpful for fish migration when fish passage is guaranteed.  305 
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