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To design artificial reef (ARs) structures that can provide better habitats for fish,

extensive research has been conducted on the flow field effects of ARs with

different structures. The evaluation indices of the flow field effects include

upwelling and back vortex flow. However, there has been little quantitative

analysis of these two indices. In addition, several studies have suggested that

other flow field characteristics of ARs can aid in providing habitats for fish. To

evaluate the flow field effects of ARs more comprehensively, the following

work was conducted in this study. First, the flow field of the solid cubic AR was

simulated using a computational fluid dynamics (CFD)-based software (Fluent),

and based on the particle image velocimetry (PIV) approach, these simulation

results were verified by flume experiments. Next, the flow fields of ARs with

other structures (hollow cube, solid triangular pyramid, hollow triangular

pyramid, solid truncated rectangular pyramid, and hollow truncated

rectangular pyramid) were simulated using the verified numerical model.

Subsequently, based on the analytic hierarchy process (AHP) approach, an

evaluation model with six evaluation indices of the flow field effect of ARs

(upwelling region, wake region, surface area of ARs, upper slow-flowing area,

lateral slow-flowing area, and internal velocity of ARs) was established, and the

weights of the evaluation indices were determined using the entropy weight

method (EWM). Finally, to determine the structure of ARs with optimal flow field

effects, the evaluation model was used for evaluating the flow field effects of all

ARs. The superiority and ranking of the flow field effects of all ARs were

calculated using the fuzzy comprehensive evaluation (FCE) method. This

study provides a theoretical basis and reference for the optimization of

AR structures.

KEYWORDS

artificial reef, PIV flume experiment, numerical simulation, flow field, fuzzy
comprehensive evaluation
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1 Introduction

For decades, the role of artificial reefs (ARs) in improving

and optimizing the ecological environment has attracted

increasing attention (Taormina et al., 2022). ARs are widely

used in the restoration and improvement of the ecological

environment of fishing grounds and aquaculture waters,

generating significant economic and environmental benefits

(Folpp et al., 2020; Roughan et al., 2022). After the deposition

of the AR, the local flow field is significantly changed, which is

called the flow-field effect. This is regarded as a criterion for

evaluating the goodness of the AR structure. According to this

criterion, the upwelling and back vortex flow are crucial indices

to evaluate the flow field effect of AR. Upwelling is formed on the

stoss side of the AR, which can promote the transportation and

exchange of nutrients, increase the diffusion of bait organisms,

and improve the natural habitat (Jiang et al., 2016). The back

vortex flow is formed on the lee side of the AR, which provides

energy saving, sheltering, feeding stopover, and spawning space

for marine creatures (Kim et al., 2019). In recent years, based on

numerical simulations and flume experiments using the particle

image velocimetry (PIV) approach, research comparing these

indices has been conducted to determine the goodness of ARs (Li

et al., 2017; Jiang et al., 2020; Nie et al., 2022). However, these

studies only concluded that the flow field effect of an AR is better

if both of these indices of the AR are better. This implies that the

goodness of flow field effects of the two ARs cannot be compared

if one has a better upwelling index and the other has a better

back vortex flow index. That is, there is a lack of research on the

quantitative comparison of the flow-field effect indices.

Furthermore, recent evidence suggests that, in addition to

these indices, other flow field characteristics can improve the

natural habitat of marine creatures. The concrete roughened

surface of the ARs can dramatically increase the live cover,

species richness, abundance, and biodiversity of benthic

assemblages on concrete elements in marine environments

(Perkol-Finkel et al., 2018). The internal and external flow

structures of the AR influence each other, leading to a

coordination between them. The inner vortical structure of the

AR is directly connected to water exchange and nutrient

transport inside and outside the reef (Zheng et al., 2022). The

flow field above and on the sides of different AR structures has a

significantly different effect on the gathering of juvenile fish (Li

et al., 2021).

Therefore, to determine the goodness of ARs, this paper

proposes a quantitative evaluation method of the flow field effect

of ARs based on the fuzzy comprehensive evaluation (FCE)

method, which is based on fuzzy mathematics. It converts

qualitative evaluation into quantitative evaluation based on the

affiliation theory of fuzzy mathematics and formulate an overall

evaluation subject to multiple factors. Owing to its clear and

systematic results and its ability to solve problems that are
Frontiers in Marine Science 02
difficult to quantify, the FCE method is widely applied in

many fields, such as process control (Ihsan et al., 2019),

environmental quality supervision (Wang et al., 2017) and

market prediction (Feng and Sun, 2020). For this purpose, the

following steps were performed. First, the flow field of the solid

cubic AR was simulated by a computational fluid dynamics

(CFD)-based software (Fluent), and the simulation results were

verified by flume experiments based on the PIV approach. Next,

the flow fields of other basic structures (hollow cubic, solid

triangular pyramid, hollow triangular pyramid, solid truncated

rectangular pyramid, and hollow truncated rectangular

pyramid) were simulated using the verified numerical model.

Subsequently, an evaluation model for evaluating the flow field

effect of ARs was established, which provides more evaluation

indices other than the upwelling and back vortex flow. Finally,

based on these simulation results, the evaluation model was used

to rank the flow field effects of all ARs and determine the

structure of ARs with the best flow field effects. This study

provides fresh insight into the comparison of the flow field effect

of AR and can be applied to the optimization of ARs with

complex structures.
1.1 Numerical simulations based on CFD

1.1.1 Governing equations
The ANSYS FLUENT software (ANSYS Inc, 2016) is a three-

dimensional (3D) numerical model based on CFD. In this study,

the complete flow fields of the six basic AR structures were

obtained using this software. The continuity equation and 3D

Reynolds-averaged Navier–Stokes (RANS) equations are the

governing equations (Eq. 1–2).
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where, ui and uj represent the average velocities (i, j = 1, 2, 3

represent components x, y, and z in the Cartesian coordinate

system, respectively), p is the static pressure, m is the viscosity

coefficient of the fluid, u
0
i and u

0
j represent the fluctuation

velocities, and − ru0
iu

0
j represents the Reynolds stress. The

Reynolds stresses are expressed as a function of the turbulent

viscosity, which is obtained from the Boussinesq vortex viscosity

assumption. This assumption establishes the relationship

between the Reynolds stresses and the mean velocity gradients

(Eq. 3).
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where, mt is the turbulent viscosity, dij is the Kronecker delta
(i = j, dij =1; i≠j, and dij = 0), and k is the turbulent kinetic

energy. In this study, the renormalization group (RNG) k-ϵ

turbulence model was adopted (Yakhot & Orszag, 1986; Yakhot

et al., 1992), which retains more turbulent dynamic details and

can accurately simulate flow processes, such as strong shear and

large curvature. The turbulent equations for “k” and “ϵ” are as

follows (Eq. 4–5).
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where, Gk is expressed by the average flow gradient based on

the turbulent kinetic energy, meff is the validity turbulent viscosity
coefficient, ak and aϵ are the inverse turbulent Prandtl numbers

for the k and ϵ equations, respectively, and C1ϵ and C2ϵ are

known constants. The equations for these items and coefficients

are expressed as follows:

Gk = mt(
∂ ui
∂ xj

+
∂ uj
∂ xi

) ∂ ui∂ xj
; meff = m+mt; mt = rCm

k2

ϵ ; Cm = 0.0845;

ak = aϵ = 1.39; C*1ϵ = C1ϵ −
h(1−h=h0)
1+bh3 ; C1ϵ = 1.42; C2ϵ = 1.68; h0 =

4.377; b = 0.012; h = (2Eij · Eij)
1=2 k

ϵ ; Eij =
1
2 (

∂ ui
∂ xj

+
∂ uj
∂ xi

),

where h is a dimensionless parameter; h0, Cm and b are

constants, and Eij is the main rate of the strain tensor.
1.1.2 Computational domain
and boundary conditions

According to the Reynolds similarity criterion, the flows

around the model and actual ARs can be considered similar

under the action of viscous force when their Reynolds numbers

are equal. This is the basic principle behind model experiments

in flume (Chang et al., 2018). In addition, the ARs were placed

on the seabed; therefore, they were not significantly influenced

by free surface changes. Thus, the Reynolds similarity criterion

was used in the simulations in this study. The flow velocities in

these simulation cases were the same as those in the flume

experiments, in which they were calculated based on the

maximum velocity of the sea area in which the ARs were

placed to satisfy the identified gradient requirements. The ARs

studied herein are generally present on the Zhangzi Island coast

in northern China, where coastal water is shallow at a depth of

approximately 5 m. According to the depth rate between the sea

water and flume tank and the Reynolds similarity criterion, the

structure parameters of the reef model were scaled by a factor of

1:5. The ratio of the Reynolds number in the simulations to the

actual Reynolds number was 0.889. Many studies have

confirmed that the hydrodynamic performance of artificial
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reefs does not change significantly within a certain range of

Reynolds numbers (Liu et al., 2013; Jiang et al., 2016; Kim et al.,

2019). Therefore, the simulations reflect similar flow-field

characteristics of the ARs. The structures of the six basic AR

models are shown in Figure 1.

A computational domain of 1.60 m × 0.45 m × 0.60 m was set

in the Cartesian coordinate system, whose origin was at the

bottom center of the inlet boundary. The slope of the numerical

flume was set to 0° because its actual slope ranged from 0° to 3°.

The AR models were located 0.55 m downstream the inlet

boundary and 0.225 m from both sides of the computational

domain, which was divided into tetrahedral (pyramidal)

unstructured grids. Grid independence was checked according

to the method (Biron et al., 2004). When the calculation results of

the different grid models are close to each other, it is believed that

the simulated value is close to the actual value if the error of 90%

of the flow field points is less than 5%. As a criterion for

comparison, the maximum velocity was documented and

compared among the cases, as summarized in Table 1. The test

results tended to converge as the grid number increased. Based on

the model with the densest grid case (total elements of 30 × 104),

the model with a grid of 20 × 104 reached the requirements of grid

independence. To balance the accuracy and efficiency of the model

calculation, a model with a grid of 22 × 104 elements was applied

in the numerical simulation (Figure 2).

The flow was set as an incompressible, steady, and viscous

Newtonian fluid, and the boundary conditions for the solution

were set as follows: To the left of the inlet, the average velocities

were the same as those for the PIV experiments (0.067, 0.110,

and 0.180 m/s), while the turbulence kinetic and dissipation

rates were evaluated according to the computational formulas

for the turbulence parameters (Table 2). In addition, the initial

flow velocity, turbulent kinetic energy, and turbulent dissipation

rate were set the same as the inlet boundary. The water flow at

the right exit was considered as an outflow with unknown

velocity and pressure values, calculated from the incoming

flow. The upper boundary was defined as a moving wall with

zero shear force and the same velocity as the incoming flow. The

sidewalls of the flume and AR were established with a stationary

no-slip wall boundary condition. Overall, the outflow flux was

equal to the inflow flux.

In these simulations, the maximum Reynolds number is

approximately 81,000, which implies that the resistance regime

is transitional and not fully developed turbulence. Because the

RNG k-ϵ turbulence model is a high Reynolds number model

and is weak in the treatment of solid boundaries, the standard

wall function (ANSYS Inc, 2017) was used for the near-wall

turbulence treatment in this study, which is based on

assumptions (Launder & Spalding, 1974). y+ is the

dimensionless wall distance. The condition in Fluent for this

method is that the y+ value be between 30 and 300, which is the

intersection of the logarithmic and linear near-wall profiles. The

y+ value was set to 40 in this study, and the height of the first
frontiersin.org
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FIGURE 1

Six basic AR structure models; (A1) Solid cube; (A2) Hollow cube; (B1) Solid triangular pyramid; (B2) Hollow triangular pyramid; (C1) Solid
truncated rectangular pyramid; (C2) Hollow truncated rectangular pyramid.
TABLE 1 Grid independence verification.

Case Total elements (×104) Umax (m·s-1) Standard deviation

1 10 0.208 0.00908

2 20 0.215 0.00473

3 22 0.219 0.00392

4 25 0.221 0.00244

5 30 0.222 ––
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layer of mesh nodes near the wall was 0.01 m. As AR is usually

made of stone or concrete, the roughness height of the AR was

set to 4 × 10-4 m according to a previous study (Jiang et al.,

2021). The finite volume method (FVM) was used to disperse the

governing equations. A 3D pressure-based solver and second-

order implicit unsteady formulations were adopted. The least-

squares cell-based method was used to calculate the gradients of

the governing equations. SIMPLEC (SIMPLE-Consistent), an

improved algorithm of semi-implicit method for pressure-linked

equations (SIMPLE), was employed to iterate the equations (Van

Doormaal and Raithby, 1984). A second upwind discretization
Frontiers in Marine Science 05
scheme was used for the convection term of the momentum,

turbulent kinetic energy, and energy dissipation rate equations.

The solution convergence criterion was selected as 10−5 with a

maximum of 30 iterations per time step.
1.2 Experimental validation

To validate the simulation results, laboratory experiments

were conducted in an open-water recirculation channel at the

State Key Laboratory of Coastal and Offshore Engineering,
TABLE 2 Variable settings at the inlet.

Case Inlet velocity(m·s-1) Turbulent kinetic energy (k) Turbulent dissipation rate (ϵ)

1 0.067 1.23E-5 1.75E-7

2 0.110 2.93E-5 6.45E-7

3 0.180 6.93E-5 2.35E-6
FIGURE 2

Schematic illustration of the grids in the computational domain; (A) 3D view; (B) Left view; (C) Top view.
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Dalian University of Technology, P. R. China. The basic test

equipment included a rectangular flume and a high-speed

PIV system.

1.2.1 AR model
The solid cubic AR model, shown in Figure 1 (A1), was used

in the laboratory experiments. The dimensions of the AR model

were 0.1 m × 0.1 m × 0.1 m (length × width × height). The AR

model was scaled by a factor of 1:5 to satisfy the physical

constraints of the flume measuring area and to avoid inducing

an undesirable channel wall effect.

1.2.2 Experimental flume
The experimental flume was 22 m × 0.45 m × 0.6 m (length ×

width × height). The water depth of the test was 0.45 m, and the

maximum test section was 0.45 m wide, 0.6 m deep and 1.6 m

long. The sides and bottom of the test area at the center of the

water channel were composed of glass to facilitate the PIV

measurement of the flow fields at various positions around the

AR model. A centrifugal pump was fixed to the left of the flume,

which afforded flow velocities of 0.067 m/s, 0.11 m/s, and 0.18

m/s. The corresponding original physical values were 0.3 m/s,

0.5 m/s, and 0.8 m/s with full-scale reefs. The incoming velocity

was measured using acoustic Doppler current velocimetry. The

flume tank inflow was generated using a water pump. Water was

drawn from the reservoir, injected at one end of the tank, and

flowed to the other side. Moreover, the PIV calibration

experiment was performed before the model experiments, and

the results of the PIV measurement showed that the flow field in

the experimental section was uniform. The inflow velocities were

determined when the pump was used. With different inflow

velocities, the difference in water depth was a few centimeters.

This study focuses on the hydrodynamic performance of the
Frontiers in Marine Science 06
boundary layer on the reef surface; therefore, the water depth

difference is negligible.

1.2.3 PIV system
A schematic layout of the experimental arrangement is

shown in Figure 3. The basic optical devices of the PIV system

were designed according to the experimental configuration

specified by TSI, Inc. (USA). Reflective polyvinyl chloride

powder with a mean diameter of 10 mm and a density of 1050

kg/m3 was added to the water as a trace particle. The light sheets

were generated by an Nd: YAG laser capable of producing 3–5

ns, 120 mJ pulses at a repetition frequency of 15 Hz. Digital

images were captured using a high-resolution CCD camera with

two million pixels. The maximum frame rate of the camera was

32 f/s. To acquire images, a CCD camera (Power View 4 MP)

coupled to the PC image acquisition software was used. The

operation of the laser and camera was synchronized with a

digital delay pulse generator. These images were processed using

a window size of 32×32 pixels, with a 32-pixel analysis step. The

calculation of the speed of the particles in the raw particle images

was based on cross-correlation, and techniques such as

erroneous vector correction were employed to reduce the

computing error. The velocity distribution vector data around

the artificial reef were acquired by performing the established

procedures. The flow-field data were determined as the average

value of 15 pairs of instantaneous flow fields.
1.3 A method for evaluating the
flow field effect of ARs

To quantitatively compare the flow-field effects of ARs with

different structures, an evaluation method was developed.
FIGURE 3

A schematic illustration of the experimental apparatus and the PIV system.
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1.3.1 Selection of evaluation indices
To develop the evaluation method, the first step is to select

the evaluation indices. Previous studies discussed above have

established that different flow field characteristics around ARs

can support ecological service functions, such as promoting the

transportation and exchange of nutrients, increasing the

diffusion of bait organisms, and improving the natural habitat

(Jiang et al., 2016; Perkol-Finkel et al., 2018; Kim et al., 2019; Li

et al., 2021; Zheng et al., 2022). To fully evaluate the flow field

effects of ARs, the evaluation indices were selected by referring to

these studies, as shown in Table 3. The evaluation index

definitions of upwelling and back vortex flow are based on

previous studies, and the definitions of other evaluation

indices are defined herein.

The analytic hierarchy process (AHP) approach has been

extensively used in environmental and safety sciences (Lyu et al.,

2020; Hu et al., 2021). The AHP approach is a decision-making

method that decomposes decision indices into three levels:

objectives, criteria, and options. Subsequently, qualitative and

quantitative analyses are performed (Lee, 2015). In this study,

this approach was applied to establish an evaluation model based

on the flow field effect of ARs. The specific process is as follows:

After determining the evaluation indices, the evaluation model

was divided into three levels. The flow field effect of the ARs was

set as the objective level. Six preliminary evaluation indices,

including upwelling region, wake region, surface area of ARs,

upper slow-flowing area, lateral slow-flowing area, and internal

velocity of ARs, were set as the criteria level. Twelve specific
Frontiers in Marine Science 07
evaluation indices belonging to the preliminary indices were set

as option levels (Figure 4).

The AHP approach calculates the weight of each index by

comparing the relative importance (contribution to the

objective) of each of the two indices, which is relatively

subjective. The entropy weight method (EWM) was used in

this study to objectively determine each index. EWM is based on

information theory, in which information entropy is a measure

of the degree of disorder in a system, and it can be used to

determine the dispersion degree of a certain index. The smaller

information entropy value of an index indicates the greater the

dispersion and influence (weight) of the index on the overall

evaluation, and vice versa (Xiao, 2020). For example, if the

difference in the upwelling is greater than that of the back vortex

flow in the simulation results across all AR structures, the

information entropy value of the upwelling is smaller than

that of the back vortex flow, and the weight of the upwelling is

larger than that of the back vortex flow. Determining the weights

based on the EWM comprises three steps: In the first step, the

original data matrix X was formed (Eq. 6), where m is the

evaluation index of the flow field effect (e.g., upwelling), and n is

the evaluation object (flow field simulation results with different

ARs). Next, matrix X was normalized (Eq. 7), where rij is the

standard value of the j evaluation object on i evaluation index.

The rij value was calculated using Eq. 8, and it ranged from 0 to

1. In the second step, the entropy of i evaluation index was

calculated using Eq. 9, where fij and k are defined as follows

(Eq.10–11): In the third step, the entropy weight of the i
TABLE 3 Evaluation indices and definitions of the flow field effect of ARs.

Evaluation index Definition

Horizontal span of the area facing
incoming flow

Maximum horizontal distance in front of the AR area where the x-direction velocity component is less than 80% of the
incoming flow velocity.

Height of the upwelling region Maximum vertical distance in the area where the z-direction velocity component in the upwelling current is greater than 10%
of the incoming flow velocity.

Maximum velocity of the upwelling
region

Maximum velocity component of the upwelling current in the z-direction.

Horizontal span of the upwelling region Maximum horizontal width of the area where the z-direction velocity component of the upwelling current is greater than
10% of inflow velocity.

Height of slow-flowing area above the
reef

Maximum vertical height of the area where the x-direction velocity component of the slow-flowing area above the reef is less
than 80% of the inflow velocity.

Width of slow-flowing area on the lateral
side of the reef

Maximum transverse width of the area where the x-direction velocity component of the slow-flowing area on the lateral of
the reef is less than 80% of the inflow velocity.

Height of the wake region Vertical height of the area where the x-direction velocity component of the area of back vortex flow behind the reef is less
than 0.

Width of the wake region Transverse width of the area where the x-direction velocity component of the area of back vortex flow behind the reef is less
than 0.

Length of the wake region Horizontal length of the area where the x-direction velocity component of the area of back vortex flow behind the reef is less
than 0.

Length of the rear flow field Horizontal length of the area where the x-direction velocity component of the slow-flowing area behind the reef is less than
80% of the inflow velocity.

Surface area of the reef Total surface area of the reef in contact with water.

Maximum velocity inside the reef Maximum velocity of incoming flow through an open reef.
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evaluation index was calculated using Eq.12, where wi ranges

from 0 to 1 (Eq. 13). The weights of each index are shown in

Figure 4.

X =

x11 x12 ⋯ x1n

x21 x22 ⋯ x2n

⋮ ⋮ ⋮ ⋮

xm1 xm2 ⋯ xmn

2
666664

3
777775 (6)

R = rij
� �

m�n (7)

rij =
rij −min r1j, :::, rnj

� 	
max r1j, :::, rnj

� 	
−min r1j, :::, rnj

� 	 (8)
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Hi = −ko
n

j=1
fijln(fij),   i = 1, 2, 3,⋯,m (9)

fij = rij=o
n

j=1
rij (10)

k = 1= ln (n) (11)
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1 −Hi
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i=1
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FIGURE 4

Evaluation model of the flow field effect of ARs and the weights of evaluation indices in the model.
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2 Result and discussion

2.1 Comparison of simulation and
experiment results

Figure 5 shows a comparison of the simulation and

experimental results of the velocity distribution around the

solid cubic reef. The velocity distribution in the simulation

was fundamentally consistent with that in the experiment. A

comparison of the intensities and scale of the upwelling and back

vortex flow between the simulation and experiments is shown in

Figure 6. The relative errors of the height and width of the

upwelling current between the simulation and experimental

results were 2.8%–12.23% and 7.92%–10.1%, respectively, and

the relative errors of the height and length of the back vortex

flow were 7.8%–13.42% and 8.86%–10.85%, respectively. The

mean error between the simulation and experimental values was

8.78%, which was less than 10%. The simulation results were in

good agreement with the experimental results, and the

numerical model demonstrated high accuracy. Therefore, the

flow fields of other AR structures can be accurately simulated by

the numerical model, which provides a basis for evaluating the

flow-field effects of ARs.
2.2 Flow fields of ARs
with six basic structures

The velocity contours of the flow fields of the ARs with six

basic structures at an s incoming velocity of 0.18 m/are shown in

Figure 6, which shows the x-z plane (y = 0) in the Cartesian

coordinate system. Apparently, compared to the horizontal span

of the area facing the incoming flow, A2 was close to A1, but B2

was smaller than B1 and C2 was much smaller than B3. The

results suggest that excessive opening holes are disadvantageous

in the formation of slow-flowing areas facing the incoming flow.
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From the respective upwelling, the upwelling heights and widths

of the solid ARs (A1, B1, and C1) were higher than those of the

hollow ARs (A2, B2, and C2), while the maximum velocities of

the solid and hollow ARs were close. The results indicate that in

these basic AR structures, solid ARs have better upwelling

indices than hollow ARs. From the back vortex flow

perspective, the heights and widths of the back vortex flow in

A1 and B1 were similar, while B2 was smaller than B1, and C2

was much smaller than B3. The results indicate that an excessive

opening hole was not beneficial in the formation of a back vortex

flow. Streamline diagrams of the flow fields of the ARs with six

basic structures at an incoming velocity of 0.18 m/s are shown in

Figure 7, which is in the same plane as Figure 6. For solid ARs

(A1, A2, A3), the location of the back vortex center of the flow

field around different ARs was different. For the hollow ARs,

only B1 had a back-vortex center. These results show that the

back-vortex flow is strongly influenced by the AR structure, and

an excessive opening hole inhibits its formation. As shown in

Figures 7 and 8, A1 has a better upwelling index, and A2 has a

better back-vortex flow index. Therefore, ARs with better flow-

field effects must be determined using the evaluation method.
2.3 Fuzzy comprehensive evaluation of
the flow field effects of ARs with six
basic structures

The flow-field effects of ARs with six basic structures were

evaluated using the evaluation method proposed in this paper, as

follows: First, based on the simulation results and the evaluation

method we established, the eigenvalues and weights of each flow-

field effect index of ARs with six basic structures after

normalization were presented (Table 4). Next, based on the

FCE method, Euclidean distances were calculated and were used

to judge the superiority of AR with j structure (Eq.14–15), where

rij and wi were calculated using Eq. 8 and Eq. 12. Eventually, the
FIGURE 5

Flow field diagram of (A) Fluent simulation and (B) PIV experiment for solid cubic AR at a velocity of 0.18 m/s.
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relative superiority (Uj) of the AR with j structure was

determined (Eq. 16). The superiority of the flow-field effect of

ARs can be determined by comparing Uj (Table 5). In the ARs

with the six basic structures used in this study, the ranking of

their flow field effects from best to worst was A2, A1, B1, C1, B2,

and C2. One unanticipated finding was that the hollow AR (A2)

with open holes had a better flow field effect than the solid AR

(A1). These results corroborated the findings of a several

previous studies (Wang et al., 2018; Tang et al., 2019; Nie

et al., 2022), demonstrating that opening holes has a

significant influence on the flow field of AR. Wang’s study

suggested that the flow effect of AR can be improved by the

appropriate cut-opening ratio (OR), especially back vortex flow.

A proper increase in the OR of a cubic reef was beneficial to

expand the range of back eddies in the flow field. In Figure 8, the

back eddy current range of A2 was significantly larger than that

of A1, which was in a good agreement with Wang’s study.

According to Tang’s and Nie’s studies, excessive OR might cause

enhanced permeability of a cubic artificial reef, resulting in an

obvious reduction of upwelling and back vortex flow at a high-

level of OR. This was consistent with the simulation results of A2

and A3 in this study. When the OR was too large, the upwelling

and back vortex flow was greatly reduced. In addition, this

ranking was consistent with the flow-field simulation results for

each AR structure. A1 and A2 demonstrated better upwelling

and back vortex flow indices than the other four structures

(Figure 7), so A1 and A2 ranked in the front. B2 and C2 did not
Frontiers in Marine Science 10
have back-vortex flow formation, and the flow field effects were

evidently worse than those of the other four structures

(Figure 7), so B2 and C2 ranked behind.

djg =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
m

i=1
wi(1 − rij)½ �

2
s

(14)

djb =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
m

i=1
(wi · rij)

2
s

(15)

Uj =
1

1 + (
djg
djb
)2

(16)
3 Conclusion

Previous studies have evaluated the flow field effects of ARs

using a single index, such as upwelling and back-vortex flow.

However, quantitative studies on the flow-field effects of ARs

have not been conducted. Herein, the flow fields of the ARs with

six basic structures were simulated and validated using PIV

flume experiments. An evaluation method was proposed and

applied to the flow-field ARs with six basic structures based on

the simulation results. The conclusions are as follows:

First, based on computational fluid dynamics (CFD), a

numerical model was established to simulate the flow fields of
FIGURE 6

Heights and widths of upwelling and the heights and widths of back vortex flow of solid cubic AR at three velocities.
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ARs with six basic structures. For the solid cubic AR, the

simulation flow field was consistent with the PIV experimental

flow field. The average error of the flow field effect indices

(upwelling and back vortex flow) between the simulation and

experimental results was 8.78%. Hence, the numerical model

demonstrated high accuracy and can be used as a reference for

the flow-field effect of ARs.
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Second, for the first time, an evaluation method to

quantitatively analyze the flow-field effect of AR was proposed.

According to the present study, more flow field indices

(upwelling region, wake region, surface area of ARs, upper

slow-flowing area, lateral slow-flowing area, and internal

velocity of ARs) were identified for evaluation. The evaluation

indices were divided into three levels (objectives, criteria, and
FIGURE 7

Velocity contours of the flow fields of ARs with six basic structures; (A1) Solid cube; (A2) Hollow cube; (B1) Solid triangular pyramid; (B2) Hollow
triangular pyramid; (C1) Solid truncated rectangular pyramid; (C2) Hollow truncated rectangular pyramid.
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FIGURE 8

Streamline diagrams of the flow fields of ARs with six basic structures; (A1) Solid cube; (A2) Hollow cube; (B1) Solid triangular pyramid;
(B2) Hollow triangular pyramid; (C1) Solid truncated rectangular pyramid; (C2) Hollow truncated rectangular pyramid.
TABLE 4 Eigenvalues and weights of each flow-field effect index of the ARs with six basic structures after normalization.

Criteria Options Weights A1 A2 B1 B2 C1 C2

Front of the reef Length of the area facing the incoming flow 0.082 0.082 0.055 0.041 0.000 0.045 0.009

Above the reef Height of the upwelling region 0.081 0.081 0.064 0.067 0.017 0.078 0.000

Maximum velocity of the upwelling 0.080 0.080 0.073 0.058 0.000 0.047 0.027

Width of the upwelling region 0.080 0.039 0.068 0.061 0.026 0.080 0.000

Height of the upper slow-flowing region 0.080 0.080 0.058 0.059 0.000 0.062 0.019

Side of the reef Width of the slow-flowing region 0.084 0.084 0.082 0.025 0.003 0.030 0.000

Rear of the reef Length of the wake region 0.082 0.082 0.026 0.039 0.011 0.037 0.000

Width of the wake region 0.080 0.078 0.080 0.036 0.047 0.032 0.000

Height of the wake region 0.094 0.011 0.003 0.094 0.001 0.012 0.000

Length of the wake region 0.079 0.071 0.079 0.079 0.079 0.000 0.079

Area of the reef Total surface area of the reef 0.090 0.030 0.090 0.000 0.002 0.008 0.007

Inside the reef Flow velocity inside the reef 0.088 0.000 0.083 0.000 0.076 0.000 0.088
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options) based on the AHP approach. The weights of the

evaluation indices were objectively determined by the EWM.

The evaluation method that combines AHP and EWM makes

the evaluation results more systematic and objective.

Third, the evaluation method was used to evaluate the flow

fields of ARs with six basic structures based on the simulation

results. The superiority of the ARs was calculated and ranked

based on FCE. The ranking results were in accordance with the

simulation results in several ways. Therefore, the evaluation

method has a certain degree of accuracy in the evaluation of

the flow field effect of ARs and can provide the basis for the

structure selection and optimization of ARs.

The aim of this study was to preliminarily establish an

evaluation method for quantitatively evaluating the flow field

effect of AR. A limitation of this study is that the studied

structures of ARs are basic and some of them are not widely

applied. Further studies evaluating more widely used AR

structures will be conducted in the future.
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