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Abstract: This paper focuses on three artificial reefs with different functionalities to be placed in the 
marine pasture in South Sulawesi Province, Indonesia, and investigates the effects of different 
incoming current velocities and headward current angles on their flow field effects, aiming to explore 
the flow field effects of the three reefs and analyze the functionality of their flow fields and flow 
regimes on the sea area. A combination of PIV experiments and numerical simulation is used to 
analyze the velocity at the measurement point of the flume, the characteristics of the cross-section 
flow pattern, and the flow field effects under different incoming velocities and head-on angles, and 
the accuracy of numerical simulation is verified by flume tests. The results show that the changes in 
the incoming velocity and the angle of flow on the three reefs have different effects on the volume of 
upwelling and back eddy; the shape of the reef and the internal structure of the reef do not have any 
impact on the flow pattern, and the changes of the flow field are different under different conditions. 
The scale of the flow field reaches the optimization under specific conditions. 

Keywords: artificial reefs; numerical simulations; PIV experiments; flow field effects 
 

1. introduction 

With humans' deepening exploitation of marine resources, the aquatic ecosystem faces 
increasing pressure (Yu, 2020; Hong and Lin, 2002). The construction of artificial reefs has received 
widespread attention and application to protect and restore the marine ecosystem. Artificial reefs are 
structures artificially installed in the ocean that can provide marine organisms with habitat(Farinas-
Franco and Roberts, 2014), reproduction, and feeding sites by altering the current flow field(Gatts et 
al., 2015), thereby promoting the recovery and growth of marine living resources(Chua C. and Chou 
L.M., 1994; Seaman W J, 2000). The flow field effect of fish reefs is mainly determined by some 
upwelling and back eddy characteristics, including upwelling and back eddy area, height, etc., which 
are important indexes to measure the standard of fish reef construction(Yu et al.,  2019).  

Different types of reefs have various shapes, which have a significant effect on the flow field. A 
larger surface area can provide sufficient attachment opportunities for seaweeds, thus promoting the 
formation of seaweed beds, and a complex structure contributes to the formation of turbulence, 
which has a significant effect on the performance of their fish aggregations(Sherman et al., 2002; Jiang 
et al., 2014, Liu and Su, 2013). The flow field of artificial reefs varies with different shapes and opening 
ratios(Li and Zhang, 2010; Kageyama M et al., 1982; Shao et al., 2014; Liu et al., 2011), and a reasonable 
opening ratio and number of openings will enhance upwellings and back eddies, while an excessive 
amount will have negative impacts(Fu et al., 2014). For hollow as well as artificial reefs with openings, 
variations in the permeability coefficient (Wang et al., 2018) affect the flow conditions of artificial 
reefs. Different incoming flow velocities and headwater angles can significantly affect the flow field 
effects of artificial reefs(Zheng et al., 2012), with the magnitude of the incoming flow velocity 
determining the magnitude of the impact and shear forces of the current on the reefs (Zhang et al., 
2020), while the headwater angle determines the relative direction of the current for the reefs and the 
area of action (Jiang et al., 2019). 
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Currently, scholars at home and abroad have conducted many studies on the flow field effects 
of artificial reefs. These studies have mainly used numerical simulations (Guan et al., 2016; Lu et al., 
2006) and physical model tests (Fu, 2013; Liu, 2021). Numerical simulation methods can quickly and 
accurately predict the flow field effects of artificial reefs. Still, they require reasonable simplifications 
and assumptions about the computational model, so the reliability of their results needs to be verified 
by physical model tests(Kim D et al., 2021). In previous studies, most scholars focused only on the 
flow field effects of single-type and functional artificial reefs at specific incoming flow velocities and 
incoming flow angles. 

The main economic products of the area of South Sulawesi Province are seaweeds and groupers, 
as well as small-scale shrimps, shellfish, sea cucumbers, etc. Groupers are coral reef-type fishes (La 
Ode et al.,2015) and are suitable to inhabit coral reef crevices, and coral reefs provide a rich source of 
subsistence for groupers(Afero, F et al., 2010; Albasri, H et al., 2010). Coral reefs are home to various 
marine organisms, including algae, shellfish, shrimp, and crabs, which provide rich food options for 
grouper(Aslan, L.O.M., 2008). The complex structure of artificial reefs provides hiding places and 
breeding grounds for grouper, which is conducive to the survival and growth of grouper(X. Moreno-
Sánchez et al., 2019). Three kinds of artificial reefs have been designed with different structures and 
functions according to the living habits of major fish species and the ecological environment of the 
seabed to achieve the purpose of aquaculture and restoration of the marine environment. 

In this paper, three types of artificial reefs with different design objectives are combined with 
numerical simulation and physical model test to study the current field effect of these three types of 
artificial reefs under different incoming current speeds and current angles, analyze the influence of 
the incoming current speed, current angle, shape and structure of the reefs on the current field effect, 
explore and verify the scale and functionality of the current field after the proposed release, and 
provide scientific bases for the design of the artificial reefs and the influencing factors. It will also 
provide a scientific basis for the design of artificial reefs and the factors affecting them, and at the 
same time, provide technical support for the protection of marine ecology and the sustainable use of 
aquatic resources. 

2. Material and Methods 

2.1. Reef Model 

The simulation model with Solidwork designed three kinds of fish reefs, such as in Figure 1, the 
size of the reef model A is 3m (L) × 3m (W) × 3m (H), mainly for juvenile fish, the lower hollow side 
is open with holes to provide an ideal habitat for juvenile fish, and at the same time to simulate the 
shrimp in the natural environment of the habitat to provide food for the juvenile fish, the internal 
space allows juvenile fish to escape from the enemy. The upper and top layers are equipped with 
grooves to allow algae and shellfish to attach; Model B is in the shape of a hexagram, with dimensions 
of 3m (L) x 2.7m (W) x 3m (H), targeting juvenile and sub-adult fish, which enter the sub-adult stage 
and increase in size and mobility. The structure of the frame can change the local water flow, making 
it easier for plankton to gather around the reef, and the gaps and channels between them can allow 
sub-adult fish to weave in and out of them and are sufficient to provide shelter space; Model C 
measures 3m (L) x 2.7m (W) x 3m (H) and is mainly aimed at adult fish, which have a larger size and 
is fitted with a removable base at the bottom to prevent sinking. The reef has ample hollow space to 
provide a more expansive habitat for adult fish, and a groove is opened at the top to attach various 
algae and shellfish. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2025 doi:10.20944/preprints202502.1671.v1

https://doi.org/10.20944/preprints202502.1671.v1


 3 of 22 

 

  
(A) (B) (C) 

Figure 1. Schematic of the model. 

2.2. PIV Test 

The test model was scaled down to a modeling size of 1:15, the material was Plexiglas, and the 
model parameters are shown in Table 1. 

 
(A) (B) (C) 

Figure 2. Life-size model. 

Table 1. model parameter. 

Type Dimensions/mm (L×W×H) Material 

A 

B 

C 

180×180×150 

plexiglass 200×200×200 

200×150×200 

The flume test was carried out in a hydrodynamic circulation tank, as shown in Figure 3. The 
size of the flume test section is 200 cm × 80 cm × 70 cm (L × W × H), and the maximum flow rate can 
be up to 1 m/s. It is also equipped with a data acquisition instrument, a high-speed camera, a laser, 
and a PIV particle velocimeter. The fish reef model is fixed in the test section. The origin is located in 
the center of the reef body bottom point, along the current direction for the x-axis positive (flow 
direction), vertical current direction up for the y-axis positive (lateral), to establish a three-
dimensional coordinate system. The flow field in the x-y center-axis plane of the reef was measured 
using PIV during the test. 

1) Place the fish reef model at 0°, 15°, 30° and 45° to the flow angle, set the target flow velocity, 
and turn on the flow-making device; 

2) After the flow velocity was stabilized, a high-speed camera was used to take pictures and 
collect image data, see Fig. 4. 
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3) The obtained particle images are first imported into PIVlab for processing, and the transient 
flow field map is obtained by selecting the image region to be analyzed for image correction, image 
analysis, error vector rejection, and data smoothing. 

4) The data processed by PIVlab were imported into Tecplot software for further detailed 
processing and analysis. 

Figure 3. Model fixation and PIV instrumentation. 

   

Figure 4. Capture particle images. 

 
Figure 5. Measurement point location. 
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2.3. Numerical Simulation Methods 

2.3.1. Governing Equations 

In this paper, we adopt the RNG k-ε turbulence model, whose basic idea is to regard turbulence 
as a transport process driven by random forces, eliminate its small-scale eddies by spectral analysis, 
and merge their effects into vortex viscosity (Lu et al., 2006), compared with the standard k-ε 
turbulence model, the RNG k-ε turbulence model has the following characteristics The most 
important feature of the RNG k-ε turbulence model is that: 

1) The rotational and cyclonic flow cases in the mean flow are taken into account by correcting 
the turbulent viscosity; 

2) An additional coefficient C1 is calculated in the ε equation, thus reflecting the time-averaged 
strain rate Si,j of the main flow, such that the resulting term in the RNG k-ε model is not only related 
to the flow situation but also a function of the spatial coordinates in the same problem. 

Thus, the RNG k-ε model can better handle flows with high strain rates and a significant degree 
of streamlined bending and respond better to transient flows and streamlined bending effects than 
the standard k-ε model. The k and ε equations for the RNG k-ε model are as follows: 
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Where: 𝜇௧ is the turbulent viscosity; 𝜎௞  and 𝜎ఌ  are the adequate Trump numbers; 𝜇௘௙௙  is the 
effective viscosity coefficient. 

The basic equations of the numerical model of the artificial reef hydrodynamics are the 
continuum equations with the N-S equations for viscous incompressible fluids without considering 
the variation of the fluid density: 

∂𝜌
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+

∂

∂𝑋௜
(𝜌𝑢ത௜) = 0                                                                                                                  （3）
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Where: 𝜌: fluid density, kg/m3; 𝑢ത௜, 𝑢ത௝(i, j = 1,2,3, i ≠ j): the average flow rate of X, Y, and Z directions 
under the spatial coordinate system after filtration, m/s；𝑝̅: the average pressure after filtration, Pa; 
μ: is the kinetic viscosity, Pas；𝜏௜௝: the sub-lattice stress, expressed as follows: 𝜏௜௝ = 𝜌𝜇௜𝑢௝

——
− 𝜌𝑢ത௜𝑢ത௝. 

2.3.2. Computational Domain and Boundary Conditions 

The computational domain of the flow field in this study includes inlet boundary, outlet 
boundary, symmetry boundary, and wall boundary, and the computational domain is set to be 3 
times the reef length in front of the reef, 7 times the reef length in the back, 5 times the reef width in 
width, and 3 times the maximum height of the reef in height, as shown in Fig. 6. 
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Figure 6. Numerical simulation computational domain. 

The following settings are made for the boundary conditions: 
1) The inlet boundary condition is a velocity inlet. The corresponding incoming velocity is set, 

and the turbulence intensity and turbulent viscosity ratio on the boundary are calculated and given; 
2) The outlet boundary is a pressure outlet; 
3) The bottom surface of the computational domain, the side walls, and the surface of the 

artificial reef body are set as wall boundary conditions, and the standard wall boundary parameters 
of static no-slip are used. 

In the simulation, the fluid density is set as the typical density of seawater 1024 kg/m³, and the 
second interpolation (QUICK) approximation is chosen for spatial discretization; the equations are 
iterated to the steady state by SIMPLEC for velocity-pressure correction; and it is assumed that the 
residuals are lower than 10-5 when convergence is achieved. Considering the influence of storm surge 
and extreme weather, the current speed may be increased to make the experimental results more 
obvious, so the experimental incoming currents are selected to be 0.2 m/s, 0.4 m/s, 0.6 m/s, 0.8 m/s, 
and 1.0 m/s, and four current angles, namely, 0°, 15°, 30°, and 45°, are chosen to investigate the effects 
of different current speeds on the flow fields of three different reefs. 

2.3.3. Meshing 

Grids are divided to consider the accuracy of computation on the one hand and the efficiency of 
calculation on the other. Currently, grids can be roughly divided into two categories: structured grids 
and unstructured grids. As shown in Table 2, the respective advantages and disadvantages of 
structured and unstructured grids are listed. 

Table 2. Structured vs. unstructured grid characteristics. 

 Structured Grid unstructured grid 

Advantages 

Fast generation, high 

generation quality, simple 

structure 

Wide range of applications and 

simple generation 

Disadvantages 
Limited scope of application, 

only for regular shapes 

Higher requirements for 

hardness and precision 
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In order to ensure that the simulation results under the premise of effectively improving the 
speed of calculation, according to the reef and the characteristics of the computational domain are 
entirely symmetrical, the symmetry analysis method is used, the numerical calculations, assuming 
that the origin of the coordinates is located in the center of the bottom surface of the reef, the direction 
of the incoming flow is along the direction of the X-axis, the Y-axis is the vertical direction, and Z = 0 
in the pendant plane (XOY plane) is selected as the middle pendant plane of the study. The simulation 
model of the reef was created using Solidworks software and imported into the computational 
domain established by the ANSYS Workbench Mesh module. The area is meshed with tetrahedral 
unstructured mesh, the size of the flow field area is 0.1m, the surface of the fish reef ranges from 0.045 
to 0.09m in size as required, the growth rate is 1.1, and the number of meshes of the fish reef model 
is finally in the range of 1×107 to 1×108. 

2.3.4. Selection of Indicators for the Flow Field Region 

The scaled index of the flow field effect of artificial reefs is an evaluation factor used to indicate 
the impact of the flow field of artificial reefs. The effect of the flow field is mainly generated by the 
upwelling on the facing surface and the back eddy on the back surface. When the flow velocity 
reaches a specific value, the corresponding flow field movement will produce the corresponding 
functional effects. Hence, the speed index is the selected standard of the upwelling and back eddy 
area. For this reason, the upwelling zone was chosen as the velocity region where the vertical flow 
velocity at the front of the reef was more incredible than 10% of the incoming flow velocity. The back 
eddy zone was the velocity region where the absolute value of the incoming flow velocity at the back 
of the unit reef was less than 80% of the incoming flow velocity(Gou, 2020). 

3. Results 

3.1. Test Results 

3.1.1. Characterization of Flow Patterns in the Mid-Axial Plane 

As shown in Figs. 7-8, the flow conditions of the axial surface particles in the three types of 
artificial reefs are compared when the angle of the headward current is 0° and v = 0.5 m/s. From the 
figure, it can be seen that all three types of artificial reefs form a specific scale of upwelling above 
them. The upwelling areas of A and C are more extensive, and a small portion of the slow flow area 
is generated within 50 mm above the reef. Among them, the cavity structure of Reef A has a noticeable 
gap pipe flow effect inside the reef. 

Meanwhile, the upwelling area of Reef B is smaller, and the inclination angle of the flow-facing 
surface is smaller. On the contrary, Reef B and C have larger back eddy areas, and Reef A reduces the 
scale of the back eddy behind the reef due to its internal cavity structure. Velocity vector plots show 
that all three types of reefs have significant eddy generation behind the reefs. In the wake behind 
Reef C, a part of the current touches the bottom to form an upwelling with an increased velocity. 
There is also a significant acceleration of the current at the inner void of Reef A and small areas of 
eddy disturbance at and around the inner structure of Reef B and C. 
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Figure 7. Velocity cloud map of the center axis surface. 
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(b) 

Figure 8. Vector diagram of center-axis surface velocity. 

3.1.2. Point Velocity Results 

As shown in Fig. 9, the flow velocities at each reef are compared and analyzed at three headwater 
velocities at 0° headwater angle. The figure shows that with the increase of the headward current 
velocity, the flow velocity of all the measurement points of the three types of Reef A, B, and C 
increases, of which the first four measurement points have minor changes, i.e., the flow velocity in 
the back eddy area behind the reefs has minor changes. After measurement point 6, i.e., the upwelling 
area has significant changes. Overall, the velocity of the three types of reefs behind Reef A, B, and C 
tends to increase first and then decrease. 

 

 

Figure 9. Comparison of velocities at measuring points with different incoming velocities. 
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3.2. Numerical Results 

3.2.1. Cross-Sectional Flow Characteristics 

Figures 10-12 compare the flow conditions in the axial plane (x=1.5m) and cross-section (y=H/2) 
of the three artificial reefs A, B, and C for different incoming flow velocities at a headwater angle of 
0°. 

 
Figure 10. Velocity clouds in the sag and cross-section at different velocities in Reef A. 
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Figure 11. Velocity clouds in the sag and cross-section at different velocities in Reef B. 

 

Figure 12. Velocity clouds in the sag and cross-section at different velocities in Reef C. 
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When the incoming flow contacts the reef body, due to the water flow contacting the reef body's 
headward surface, the ascending effect at the top of the reef produces a significant speed-up 
phenomenon and a certain amount of upwelling. Reef A center cavity, due to the gap tube flow effect, 
the flow velocity accelerated to reach the maximum velocity in the flow field area in the cavity with 
a baffle groove area to form a slow flow area. When the water flow passes through the reef area, the 
flow velocity shows a significant slowdown due to the increased contact volume of the water flow 
with the flow field area, reflecting the hindering effect of the fish reef on the incoming flow and 
generating a backflow area behind the fish reef to form a back vortex flow area. Due to the fewer 
openings in Reef C, the area of the oncoming flow is relatively larger, showing a good obstruction 
effect and generating a good eddy effect behind the reef. The upwelling and back eddy areas are 
significantly larger than those of the remaining two groups of fish reefs. Reefs A, B, and C have more 
and larger open holes. The voids divert the more the flow surface of the reef body, the weaker the 
upwelling on the upper side of the reef body, but the tube flow effect inside the reef body is more 
apparent, and the slow flow area is more. Reef A has a more extended wake with the increase of 
velocity, the area of the back eddy has increased, and from the cross-section, it can be seen that there 
is a clear diversion of the flow after the flow passes through the back of the reef body. A fuzzy vortex 
is generated on both sides and as the flow velocity increases, Reef B has an increased wake, 
accompanied by a rise in velocity. The Karman eddy behind the reef body has a good effect. The 
upwelling and back eddy area is significantly larger than the remaining two groups. The Karman 
vortex phenomenon behind the reef is more prominent, as Reef A's upwelling and back eddy have a 
larger area than the remaining two reefs. 

Figures 13-15 compare the flow regimes in the axial plane (x=1.5m) and cross-section (y=H/2) of 
the three artificial reefs A, B, and C at v=1.0m/s for different headwater angles. 
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Figure 13. Velocity clouds in the sag and cross-section of reef A at different headwater angles. 
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Figure 14. Velocity clouds in the sag and cross-section of reef B at different headwater angles. 
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Figure 15. Velocity clouds in the sag and cross-section of reef C at different headwater angles. 

Under different flow angles, the flow pattern inside the reef and the basin changes significantly 
due to the surface change. a. Reef A has a more obvious Karman vortex on the left side at 15°, and 
the larger the angle is, the more pronounced the diversion phenomenon and the wake becomes 
shorter, the area of the back eddy decreases, and the tube flow effect inside the reef disappears 
gradually. Reef B has the disappearance of the Karman vortex with the increase of the angle, the back 
eddy area decreases, and there is a tube flow phenomenon in the reef. Reef C also showed a decrease 
in the area of the back vortex as the angle increased, a divergence of the flow behind the reef at 45°, 
and a tube flow effect in the internal structure. 

3.2.2. Volume Characteristics of the Flow Field for Different Incoming Velocities 

As shown in Figure 16 on six different artificial reefs with varying angles of flow and changes in 
flow velocity and the impact on the upwelling, take the incoming velocities 0.2m/s, 0.4m/s, 0.6 m/s, 
0.8m/s, 1.0 m/s as a comparative analysis. Reef A upwelling volume in the angle of 0 ° and 45 ° when 
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the volume of the flow velocity increases and decreases, but the change is not significant, the 30 ° 
when the first decrease and then increases to reach a minimum at v = 0.6m/s, 15 ° no considerable 
change. The volume of the upwelling of fish reef B did not change significantly with velocity at 0° 
and 45° but increased with velocity at 15°, then increased and then decreased at 30°, and reached a 
maximum at v=0.6 m/s. The volume of the upwelling of fish reef C increased with the velocity at 0° 
and 30°, respectively, and did not change significantly at the other angles. 

 

Figure 16. Volume of upwelling at different incoming flow rates. 

As shown in Fig. 17, for six different artificial reefs with varying angles of headwater, the back 
eddy is affected by the flow velocity change. Reef A at 15° and 45°, the volume of the back eddy 
increases with the increase of velocity. It reaches the maximum at v=0.8m/s at 15°, and v=0.6m/s at 
45°, and decreases and then increases at 0°, and reaches the minimum at v=0.8m/s, and decreases with 
the increase of velocity and the decrease of volume at 30°. Reef B decreases and then increases at 15°, 
reaches a minimum at v=0.6m/s, and there is no clear pattern of change with velocity at other angles. 
Reef C increases and then decreases at 0°, reaches a maximum at v=0.6m/s, and there is no clear 
pattern of change with velocity at other angles. 
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Figure 17. Back vortex volume for different incoming flow velocities. 

3.2.3. Cross-Sectional Flow Characteristics 

The effects of changes in the flow angle on the upwelling of three different artificial reefs at 
different incoming velocities are shown in Fig. 18. Reef A upwelling volume decreases and then 
increases with the increase of the flow angle at v=0.2m/s and v=0.8m/s. Both are the smallest at 15° 
and increase with the flow angle increase at the other velocities. The volume of Reef A increases and 
then decreases with the increase of flow angle, and is much larger than the rest of the angles at 15° 
and 30°, and reaches the maximum at 30°. Reef A decreases with the increase of flow angle. 

 

 

Figure 18. Volume of upwelling at different headwater angles. 

The effects of changes in the angle of flow on back eddy currents at different incoming velocities 
for six different artificial reefs are shown in Figure 19. The volume of back eddy currents on reef A 
decreases and then increases with increasing flow angle and is minimized at 15°. The volume of back 
eddy currents on reef B increases and decreases with increasing flow angle, reaching a maximum of 
30°. The volume of back eddy currents on reef C is much larger at 0° than at the other three angles, 
and the difference in volume of back eddy currents is relatively tiny in the different angles. Reef A 
has a much larger back eddy volume at 0° than the other three angles, and the difference in back eddy 
volume at other angles is slight. 
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Figure 19. Back vortex volume at different head-on flow angles. 

3.3. Validation of Results 

Validation experiments using cross-sectional measurement of the control point method, the 
computational domain, and the numerical model will be reduced by 15 times following the same 
numerical simulation method, taking the exact location of the measurement point, the flow velocity 
of the measurement point of the physical experiments against the numerical simulation of the flow 
velocity comparison, the specific area of the measurement point is shown in Fig. 20, used to respond 
to the effect of the back vortex at the back of the reef as well as the trend of the upper updrafts. 

 

 

 

Figure 20. 测点速度对比. 
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Comparison of the flow velocity at different flow measurement points of the flume experiment 
and numerical simulation, as shown in Fig. 20, the comparison of the velocity at the measurement 
points of the flume experiment and numerical simulation post-processing data, the trend of change 
is the same. After calculation, the relative errors of the six types of reefs are 1.00%~24.74%, 
0.66%~22.51%, 0.38%~18.69%, and the average errors are 7.43%, 7.52%, and 9.86%. 

4. Discussion 

The incoming current velocity changes affect different reefs' upwelling and back-eddy volumes. 
For example, the upwelling volume of the reef at 0° for Reef C shows a gradual increase with 
increasing incoming velocity (Liu et al., 2009). This is because as the incoming current velocity 
increases, the impact force of the current on the reef increases accordingly, thus prompting more 
water to surge upwards and form a larger upwelling. However, the upwelling volume does not 
increase monotonically with increasing incoming velocity. The effect on the flow field diminishes 
when the reef reaches a certain height (Zhang et al., 2024). Reef A may decrease and then increase the 
volume of updraft at 30° operating conditions. When the incoming flow velocity is low, due to the 
kinetic energy of the water flow being small, the obstruction effect of the fish reef on the water flow 
is relatively weak, and the formation of upwelling is more complicated. With the gradual increase of 
the incoming flow velocity, the impeding effect of Reef A on the water flow at 30° is strong. Within a 
specific range, this impeding effect may lead to a decrease in the upwelling volume. When the 
incoming flow velocity continues to increase to a certain extent, the impact and shear forces of the 
water flow become strong enough to push more water flow upward instead, thus increasing the 
upwelling volume again. 

Meanwhile, the upwelling volume of the three types of reefs at certain angles did not change 
significantly when the incoming flow velocity changed due to the changes in the projected area of 
the structure and shape of these reefs at specific angles (Wei and Zhang, 2023). For example, the C-
reef is insensitive to changes in incoming flow velocity due to the lack of change in the flow surface 
at 15°, 30°, and 45°. Alternatively, the flow field effect of the reef has reached a relatively stable state 
within a specific range of incoming flow velocities so that even if the incoming flow velocity changes, 
the upwelling volume does not change significantly. 

The back eddy volume also shows different patterns with the change of the incoming flow 
velocity. For some conditions, the back eddy volume gradually increases with the increase of the 
incoming velocity. This is because an increase in the incoming flow velocity leads to an increase in 
the impact of the current on the reef, which makes the formation of back eddies behind the reef more 
pronounced (Kim et al., 2014). The back eddy volume also decreases as the incoming velocity 
increases. This is because at higher incoming velocities, the kinetic energy of the current is higher, 
and the B-reef structure allows the current to bypass the reef quickly, which inhibits the formation of 
back eddies. Other reefs may show an increase and decrease in the volume of back eddies as the 
incoming velocity varies or may show no clear pattern of change. 

Changes in the angle of the upwelling significantly affect the volume of upwelling and back 
eddy of the three artificial reefs, which shows a specific regular change (Fang et al., 2021). When the 
angle of the headwater current changes, the relative direction of the current and the fish reef will also 
change, which leads to a change in the flow field around the fish reef. The different flow angles will 
change the obstruction and channelization of the reef to the water flow, affecting the formation of 
upwelling and back eddy. 

For upwelling, the volume and strength of the flow change accordingly as the angle of flow 
increases. At certain flow angles, such as Reef A, the flow is more effective at impacting the reef at 
larger flow angles, resulting in a larger upwelling. When the current angle is small, e.g., Reef B at 0°, 
the current flows more gently over the reef, and the upwelling formation is relatively weak. When 
the flow angle is larger, the impact of the current on the reef increases, and the volume of upwelling 
increases. Continuing to improve the flow angle on the effects of the current on its reduced, the 
volume of upwelling decreases. 
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For back eddies, the formation of back eddies and diverging currents behind the reef may be 
more pronounced at some current angles, and the wake area behind the reef splits into multiple 
regions, with the total area of influence increasing and becoming more dispersed (Tan et al., 2024). 
Disperses rapids into multiple small eddies, slowing the current and allowing plankton to 
congregate. This allows fish to reside in a relatively stable eddy area and reduces the risk of being 
swept away by the rapids, whereas at other current angles, the back eddies may be suppressed and 
reduced in size. Changes in the volume of back eddies at different current angles also vary among 
reefs, depending on the shape and structural characteristics of the reef. 

The shape of a fish reef determines factors such as its current-facing area and cavity structure, 
which in turn significantly impacts the flow field effects of artificial reefs. Fish reefs with different 
shapes behave differently in the current, and shape factors can also constrain the formation of their 
upwelling and back eddies (Kim et al., 2016). The Reef C has fewer openings and a relatively large 
flow area. This allows Reef C to block the current better in the current and show a good obstruction 
effect. Reef C is subjected to more excellent resistance when the current is impinging and is more 
likely to form upwelling and back eddies. In contrast, Reef A has a smaller flow area, so the 
obstruction effect on the current is weaker, and the magnitude of the change is relatively small under 
different conditions. Reefs A and B, their columnar structure that facilitates the movement of reef-
loving fish, produce Karman eddies behind them, creating slow-moving zones, eddies, and 
backwaters, which increase hiding places and provide a food source, and this is especially noticeable 
at certain angles. 

The cavity structure of the reefs allows the formation of complex flow patterns within the reefs, 
thus accelerating the velocity of the water. The cavity structure of some reefs may not be conducive 
to the flow of water, e.g., at 45° on Reef C, the internal cavity produces a tube flow phenomenon that 
inhibits the formation of upwelling and back eddies(Lv et al., 2005).  

The velocity and pressure distributions around the reefs of different shapes are different at 
various angles, further affecting the formation of upwelling and back eddy. The functionality of the 
three Reefs, A, B, and C types, differs, resulting in a layered and complex internal structure. There 
are different flow regimes for varying angles of the flow. The reefs with more regular shapes may 
cause the water to form a more uniform velocity and pressure distribution around the reefs, and the 
three types of reefs under study are more complex. The irregular shape of the three types of reefs 
leads to a more complex velocity and pressure distribution, and it is expected that the influencing 
factors and patterns can be studied more deeply in subsequent studies. 

5. Conclusions 

In this paper, the accuracy of numerical simulation is verified by combining numerical 
simulation and physical model test, and the flow field effects of three kinds of artificial reefs are 
investigated by numerical simulation data and the following conclusions are drawn: 

Different upwelling and back eddy volumes of the three artificial reefs were affected differently 
by different incoming current velocities and headwater angles, and the shape and internal structure 
of the reefs were essential factors influencing the effects of the flow field. The upwelling scales of the 
three reefs were maximized at 45°, v=0.2m/s; 30°, v=0.6m/s; and 0°, v=1.0m/s conditions, respectively. 
The back eddy scales of the three reefs were maximized at 45°, v=0.6m/s; 30°, v=0.6m/s; and 0°, 
v=1.0m/s conditions, respectively. The variability in shape and internal structure results in different 
regular or irregular changes in the volume of the flow field after changing the angle of approach and 
incoming velocity. 
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