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Abstract: Based on fractal theory, a regular fractal is used to construct symmetrical reef models (e.g.,
cube and triangle reef models) with different fractal levels (n = 1, 2, 3). Using the concept of fractal
dimension, we can better understand the spatial effectiveness of artificial reefs. The void space com-
plexity index is defined to quantify the complexity of the internal spatial distribution of artificial reefs
models under different levels. The computational fluid dynamics (CFD) flow simulation approach
was used to investigate the effects of void space complexity on the flow field performances of the sym-
metrical artificial reef models. The upwelling convection index (Hupwelling/HAR, Vupwelling/VAR),
wake recirculating index (Lwake/LAR, Vwake/VAR) and non-dimensionalized velocity ratio range were
used to evaluate the efficiency of the flow field effect inside or around artificial reefs. The surface area
and spatial complexity index of artificial reefs increase with increasing fractal level. The numerical
simulation data shows that the Menger-type artificial reef models with a higher spatial complexity
index have better flow field performances in the upwelling and wake regions. Compared to the
traditional artificial reef models, the upwelling convection index (Vupwelling/VAR) and recirculating
index (Vwake/VAR) of n = 3 fractal cube artificial reef increase by 37.5% and 46.8%, respectively. The
efficiency indices of the upwelling region and wake region around the fractal triangle artificial reef
model are 2–3 times those of the fractal cube artificial reef model when the fractal level is 3.

Keywords: artificial reef; Menger sponge; fractal dimension; void space complexity; flow field effect

1. Introduction

In the 1960s the term “fractal” was first used by Benoit B. Mandelbrot [1] to de-
scribe complex geometry objects, which cannot be characterized by an integral dimension.
Fractal geometry has been extensively applied in various fields (one-dimensional, 1D;
two-dimensional, 2D; or three-dimensional, 3D), such as geophysics, biology, and fluid
dynamics [2]. Application of the fractal in different ways leads to different results [3–5].
The concept of fractal sets proposed by Mandelbrot enables us to consider the degree of reg-
ularity of organizational structures associated with the behaviour of a physical system [6,7].
However, few studies have applied fractal theory in the design of artificial reefs (ARs).
Fractals can be divided into regular and irregular fractals. The Sierpinski carpet is a typical
representative of a regular fractal. The two important principles of fractal theory are the
self-similarity principle and the iterative generation principle. Regular fractals are strict
self-similar objects. Therefore, in this study, fractal theory was applied in the design of ARs
with self-similar symmetrical structures, which could increase the structural complexity
of ARs.

There are positive impacts on reef fishes abundance [8,9], species diversity and rich-
ness [9–12] by increasing the complexity of available habitat. Different habitat types and
scales of ARs were deployed on the seabed, which can remove some environmental or
ontogenic bottlenecks that may impact the nets’ yield gains in important commercial fishery
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productivity. The large surface area of ARs provides fishes with a place to forage, while
the void spaces offer shelter from predation and wave surges. ARs with small void spaces
and greater spatial structural complexity have greater fish abundance, species richness,
and biomass than those with large void spaces [13,14]. Thus, the suitable design of the
AR structure can effectively increase the productivity of some important commercial fish
species [15]. Researchers such as Kim [16], have indicated that the variation configuration
type and hole size offered by the porous ARs may also have effects on the fish assemblage.
Therefore, the purpose of this study is to apply a regular fractal in the design of AR to
improve the space validity and spatial complexity of reef bodies and provide numerous,
relatively small interconnected cavities and an extended surface area. Shulman’s [17] ex-
periments showed that the quantity and scale of sheltering places have significant impacts
on the number, size, and species abundance of the reef fishes. Similarly, Eklund’s [18]
observations indicated that the addition of concrete block rubble to generate void spaces
inside reef structures can help increase the number of reef fishes, species, and biomass
over hollow reefs. Sherman [13] carried out a two-year investigation to study the effects of
block reef with highly complex void spaces and traditional reef ball with a simple large
hollow space on the reef fishes abundance and species richness, respectively. His results
showed that the block reef had higher biomass than the traditional reef ball. Overall, the
application of fractal theory to improve the void space complexity of ARs is feasible.

One objective of this research was to quantify the complexity of the internal spaces
distributed in an AR by calculating the void space complexity index (VSCI). As a quan-
titative feature and basic parameter, the fractal dimension (Df ) is a crucial basic concept
of fractal theory, which reflects the basic characteristics of fractals and the validity of the
space occupied by complex shapes. The Df of the Menger sponge is between 2 and 3, i.e.,
approximately 2.727. It definitely is more than a 2D object, but it does not completely fill up
3D space. Therefore, how should the spatial validity and complexity of ARs be evaluated if
a Menger sponge is applied in the design of ARs, such as a symmetrical cube or triangular
ARs? At present, the geometric volume of an AR or reef set simply indicates the space scale
occupied by the single AR or reef set, i.e., for a cube AR with side length a, the geometric
volume is a3 [19]. However, an AR unit is usually a structure with void space. In particular,
some large ARs consist of a few interconnected chambers that can serve as physical sites
for the settlement of fish larvae recruited from off-reef locations, and for foraging around
the ARs. In this case, the geometric volume of an AR is not sufficient to reflect the void
space complexity and validity. Here, the VSCI value of an AR mainly depends on two
factors: the quantity and size of the void spaces in the reef body. The Menger sponge can
be used to generate regular and symmetrical void space distribution inside an AR model,
and the application of the Menger sponge in the design, making it easier to understand
the formula for calculating the VSCI of an AR structure. In fact, the VSCI proposed in the
present study can also be used to describe the structural complexity of irregular reefs or
natural reefs; however, it is very hard to count the cavities and calculate their size in the
irregular AR. Therefore, irregular or natural reefs are excluded from the scope of this paper.

Previous studies have stated that the existence of ARs can significantly affect the
local flow distribution near the ARs by altering flow velocity, turbulence patterns, and
sedimentary regimes, which can offer suitable fish habitat [20,21]. The change in flow
velocity near the reefs, as an important factor for reef fishes aggregation effect blocks, is
closely related to their size and configuration [22]. Computational fluid dynamics (CFD)
simulation is a feasible tool for understanding the flow performance inside and around an
AR model, which can be used to optimize the design of the structure and determine the
effectiveness of AR deployment research [23–25]. Thus, to better understand the influence
of spatial complexity of fractal ARs, numerical models were established to investigate the
flow performance inside and outside fractal ARs with different VSCI values based on CFD
methods. The numerical simulation results are expected to provide suggestions for the
design of ARs with appropriate space complexity.
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This paper is organized as follows. First, we apply fractal theory to design a Menger
cube and triangle AR under different fractal orders, respectively. A quantified index, i.e.,
VSCI, is proposed to evaluate the structural complexity of ARs under different fractal levels.
Second, the four cases were selected for detailed numerical analysis: a solid AR (n = 1),
Menger ARs (n = 2,3), and traditional frame ARs. These simulation results can illustrate
the relationship between the structural complexity and the flow field effect around ARs.
Cost-benefit analyses were conducted following non-dimensionalized treatments, i.e., the
convection efficiency index and recirculating efficiency index.

2. Menger-Type Artificial Reef Models and Numerical Simulation Methods
2.1. Menger-Type Artificial Reef Models

The Menger sponge is a type of regular fractal, which is an extension of the Sierpinski
carpet in 3D space. ARs with complex spatial structures (i.e., Menger-type cube and Menger
triangle ARs) were designed based on the Menger sponge model under different fractal
levels (n = 1, 2, 3). Because the interior of the Menger sponge model is full of cavities of all
sizes, the surface can reach an infinite size by continuously reducing the size of the holes.
In 1919, mathematician Felix Hausdorff proposed the concept of continuous space, i.e.,
the dimension of space can change continuously; this can be a natural number, rational
number, or positive irrational number, which is the Hausdorff dimension. Assuming that a
self-similar fractal graph can be divided into N small graphs of the same size and shape,
and the linear scale of each small graph is 1/r of the original graph, i.e., reduced by r times.
The self-similar fractal dimension Df of this self-similar structure can be defined as the
logarithmic ratio between the number N of the internal homotheties within a body and the
reciprocal of the common ratio of the homothety r, see Equation (1) [1].

D f = −ln N(r)/ln(r). (1)

For a 2D triangle with a fractal structure, the side length is 1/2 of the original triangle.
The basic unit consists of N = 3 small triangles whose linear scale is narrowed to 1/2 of
the original size, D f = ln 3/ ln 2 ≈ 1.58. For a 2D square with a fractal structure, the side
length of each of the small square is 1/3 of the original square. The basic unit includes
N = 8 small squares whose linear scale narrows to 1/3, D f = ln 8/ ln 3 ≈ 1.893. Therefore,
for 2D fractal, the fractal dimension is between 0 and 2.

Next, we present the application of the Menger sponge in the design of a 3D sym-
metrical AR structure. Figure 1 shows the diagrams of the fractal cube and triangle ARs,
respectively. Here, the fractal triangle reef combines square and triangle fractal methods,
which significantly expands the surface area and improves the space complexity.

Figure 1. Three-dimensional (3D) Menger-type cube and triangle artificial reef (AR) models.
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Starting with the level 1 cube, each subsequent iteration adds many small cubes within
this level 1 cube. There are eight cubes at the front face, eight cubes at the back, and then
four in between, for a total of 20 cubes (n = 20). Next, the length of each level 2 cube is 1/3
the length of the level 1 cube; hence, the magnification factor is 3. Using these values, the
Df of the Menger cube AR is calculated as follows:

D f = ln 20n/ln 3n ≈ 2.727. (2)

The dimension of the Menger cube AR is between 2 and 3. It definitely is larger than a
2D object, but it does not completely fill up a 3D space either. Here, the Menger triangle AR
is a special case, because it is a combination of a cube fractal and triangle fractal. According
to the planar triangle fractal and 3D cube fractal, the total number of cubes and triangles is
less than 20. Thus, Df of the Menger triangle AR should also be between 2 and 3.

2.2. Void Space Complexity Index

The VSCI is proposed to quantify the complexity of the internal space of an AR, which
is determined by two factors: the number and size of the void space in the structure. The
VSCI is defined as follows:

VSCI = −∑
i

Pi(ln Pi), i = 0, 1, 2, 3 . . . , (3)

where Pi = Vi/V, Vi is the component volume of the void space in AR (i = 0, 1, 2, 3 · · · ), V
is the 3D volume of a fractal AR model including void spaces, as shown in Figure 2. With
the increase of the fractal level, the interconnected chambers and surface area of AR also
increase. That is to say, the higher the VSCI value is, the higher the void space complexity
of the fractal AR model is. In Section 3.1, the detailed data of different component volumes
in fractal AR models will be presented. In this paper, the prototype scale of the cube AR
model is 3 m× 3 m× 3 m, and that of the triangle AR model is 4 m× 3.12 m× 2.7 m.

Figure 2. The profile of level 2 fractal AR models. (a) presents the configuration of the level-2 fractal
cube reef model; (b) presents the configuration of the level-2 fractal triangle reef model.
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2.3. Numerical Simulation Methods

In terms of numerical calculations for flow field near ARs, CFD flow simulations
are feasible tools to describe the flow vortex and flow fields inside and outside ARs,
which can be useful to optimize the design of ARs. All CFD equations, in one form
or another, are based on the fundamental governing equations of fluid dynamics—the
equations of continuity, momentum, and energy [26]. In the present study, the Reynolds-
averaged Navier–Stokes (RANS) equation was used to calculate the core performance
function of the viscous fluid dynamics. The finite volume method (FVM) was applied to
calculate the discretized RANs equation, which can improve the accuracy of the flow fields
around submerged complex geometry and the computational efficiency of the computer
programs [22].

2.3.1. Governing Equation

To simplify the numerical equations, it is assumed that the fluid in the flow field is an
incompressible, steady, and viscous Newtonian fluid. The continuity equation and moment
equation in the RANS equation can be expressed in the orthogonal coordinate system and
are determined as follows,

The continuity equation:
∂ρ

∂t
+

∂

∂xj
(ρui) = 0, (4)

The momentum equation:

∂

∂t
(ui) +

∂

∂xj
(uiuj) = −

∂p
∂xi

+
∂

∂xj

[
µ

∂ui
∂xi
− ρu′iu

′
j

]
, (5)

where ui is the mean velocity component (i = 1, 2, 3) for x, y, and z, respectively; p is the
static pressure; u′i and u′j represent the fluctuating velocity, respectively; u′iu

′
j is the Reynolds

stress; ρ is the fluid density, µ is the coefficient of the fluid dynamic viscosity. This study
used the standard k − ε turbulent flow model to replace u′iu

′
j, the related mathematical

equations can be represented by the following equations:

∂

∂t
(ρk) +

∂

∂xj
(ρkui) =

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk − ρε, (6)

∂

∂t
(ρε) +

∂

∂xj
(ρεui) =

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1

ε

k
Gk − C2ρ

ε2

k
, (7)

where Gk represents the turbulent energy based on the average flow gradient; Cµ, C1, and
C2 are constants; σε and σk represent the turbulent Prandtl numbers for k and ε, respectively.
These parameters can be expressed as follows [27]:

Gk = µt(
∂ui
∂xj

+
∂uj
∂xi

) ∂ui
∂xj

, µt = ρCµ
k2

ε , Cµ = 0.09,

C1 = 1.44, C2 = 1.92, σk = 1.0, σε = 1.3.
(8)

2.3.2. Computational Domain and Boundary Conditions

In the present study, the cube and triangle AR models are 1:50 scale models of the
prototype models of the cube reef, and the triangle reef, respectively. Therefore, the model
scale of the cube reef is 0.06 m× 0.06 m× 0.06 m (length × width × height), and the model
scale of the triangle reef is 0.06 m × 0.08 m × 0.054 m (length × width × height). A
computational domain of 2.26 m × 0.48 m × 0.3 m (length × width × height) was set in
the Cartesian coordinate system, see Figure 3a. The AR model was placed in the middle of
the computational domain. The width of the flow field around the AR model should be
greater than 2.5 times the length of the AR model, to avoid the flow field being influenced
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by the sidewall effect [28]. The coordinate origin was set at the bottom centre of the reef
0.23 m upstream from the inlet and 2.03 m downstream from the outlet. The current speed
around the Bohai Stain between Shandong Province and Liaoning Province of China is
about 0.4–1.25 m/s. According to the Froude number, in the current study, the velocity
in the simulation, 0.085 m/s, is also scaled by geometric scale, λ = 50. The boundary
conditions were divided into inlet, outflow, and wall as follows:

(1) The inlet was the fluid entrance of the computational domain, which is at the front
side of the computational domain. The turbulent kinetic energy (k) and the turbulent
dissipation (ε) were initialized at the inlet, respectively;

(2) The outflow was applied behind the computational domain to model the flow outlet
when the details of the flow velocity and pressure were unknown before solving the
flow problem. This boundary condition is applicable when the flow is fully developed
at the outlet;

(3) The symmetry boundary conditions were applied in the sidewalls of the computation
domain to model zero-shear slip walls in viscous flows. A fixed no-slip wall boundary
condition was adopted at the bottom of the domain, in addition, the surface roughness
coefficient of the ARs should also be considered during the simulation, which impacts
its fluid dynamics and flow field [29–31]. Therefore, the AR surface faces were defined
as a non-sliding wall with a roughness coefficient of 0.014.

Figure 3. (a) presents the computational domain and boundary conditions for AR flow numerical
simulation; (b) presents the Mosaic poly-Hexcore mesh of the Menger cube AR.

2.3.3. Fluent Meshing Method

To obtain precise simulation results, it is necessary to construct the appropriate nu-
merical model mesh. The mesh quality and mesh cells quantity are two main factors that
directly affect the numerical simulation results. In general, the mesh should have low
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skewness (e.g., the maximum skewness less than 0.8) and high orthogonal quality (e.g.,
the minimum orthogonal quality greater than 0.2). However, a high mesh quality means
more mesh cells and a longer computation time for the simulation. The Fluent meshing
method used in the present study was developed to provide a native polyhedral mesh,
which helps reduce the mesh count while preserving the mesh quality. This reduces the
simulation time and resolves the boundary layer effect around ARs. It is integrated with
Fluent to form a single-window workflow for CFD simulations (Fluent, 2012R1). In Fluent
meshing, one can switch directly to the setup, solution, and post-processing modules.

In this study, the application of the Fluent Meshing method to the Menger-type AR
grid process can generate efficient, high-quality meshes using the Mosaic Poly-Hexcore
topology, which provides novel meshing strategies to solve the flow around increasingly
complex ARs with greater accuracy and speed [32]. Furthermore, the technique is parallel
and extensible on high-performance computing platforms and leads to faster grid mesh
generation. It also speeds up the ANSYS Fluent solver by 10–50%, providing similar
results and consuming less machine memory. Figure 3b shows the Poly-Hexcore with
the Mosaic technology, in which the bulk region is filled by octree hexahedral elements,
the boundary layer is filled by isotropic poly-prisms, and the transition region is filled by
Mosaic polyhedron elements.

When meshing ARs, it is often useful to estimate the wall distance required to obtain
the y+ value. The grid near the AR wall must be accordingly sized to ensure accurate
simulations. The first layer height is calculated according to the desired y+ using flat-plate
boundary theory. Due to the low Reynolds number (Re) and slow velocity in the boundary
layer near the AR model, the standard k − ε model could not be used to discretize the
N-S equation directly. Therefore, a standard wall function was applied in the near-wall
treatment, and a set of formulas were used to associate the boundary layer parameters with
a Re and reference length to simulate the low Re flow in the boundary layer. According to
the flow conditions and material characteristics, the following parameters are obtained:

Reynolds number : Re =
ρ · u · lboundary layer

µ
(9)

Skin friction : C f = [2 log10(Re)− 0.65]−2.3for Re < 109 (10)

Wall shear stress : τw = C f ·
1
2

ρu2 (11)

Friction velocity : uτ =

√
τw

ρ
(12)

Wall distance : ∆y =
y+µ

ρuτ
(13)

where u is the inflow velocity and uτ is the wall friction velocity; τw is the shear stress
of the wall; lboundary layer is the boundary layer length; C f is the skin friction coefficient
related to Re. ∆y is first layer height near the reef wall. The y+ of the turbulent flow is in
the logarithm layer when y+ ≥ 11.63. The properties of the logarithm layer are identical
to those at the core of the turbulence. Consequently, the near-wall treatment was carried
out when ∆y was arranged in the logarithmic layer and y+ ≥ 11.63. In the present study,
grid independence tests were carried out to obtain appropriate mesh size and mesh cells
around the AR model [22,33]. The residuals convergence was set as 1× 10−5. Finally, the
results of the tests show that for a cube AR model, the total number of mesh cells is about
1.0× 106 − 1.9× 106, for a triangle AR model, the total number of mesh cells is about
1.2× 106 − 1.9× 106. Table 1 lists the detailed data of grid size and cells amount for each
simulation case. To enhance the numerical accuracy of the flow field, the minimum grid
size was employed near the fractal reef block to mesh the fractal AR numerical model.
Increasing the fractal orders, the total amount of the mesh cells increases.
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Table 1. Grid allocations for fractal AR model flow simulations.

Type Fractal Level Minimum Size (m3) Maximum Size (m3) Total Amount

Cube
n = 1 4.33 × 10−11 7.08 × 10−6 1,009,446
n = 2 3.62 × 10−12 7.08 × 10−6 1,786,876
n = 3 1.30 × 10−13 7.08 × 10−6 1,876,488

Triangle
n = 1 6.11 × 10−12 1.68 × 10−5 1,221,873
n = 2 2.49 × 10−12 1.68 × 10−5 1,600,308
n = 3 5.24 × 10−15 1.68 × 10−5 1,838,084

2.3.4. Flow Field Effects around an Artificial Reef

In this study, CFD numerical methods are effectively applied to describe the flow
vortex and flow velocity distribution inside and outside the fractal AR models. With
regard to the quantitative analysis of the influencing range of reef models, the flow field
of the central cross-section plane (i.e., XOY central plane |z = 0 or XOZ central plane
|y = 0.03 ) is more varied and complex [22]. Thus, the investigation of the AR flow field in
the central plane facilitates comparisons of the flow performances by varying the fractal
levels. Figure 4 presents the magnitude velocity contours in the central plane (z = 0).

Figure 4. Flow field velocity contour near AR in the central plane, z = 0.

Upwelling region:

Rupwelling =
{
(x, y, z)

∣∣∣uy

∣∣∣(x,y,z) > 0.1u0, (x, y, z) ∈ Computation Domain
}

,

Wake region:

Rwake =
{
(x, y, z)

∣∣∣ux

∣∣∣(x,y,z) < 0, (x, y, z) ∈ Computation Domain
}

,

Relative velocity region:

Rrelative =

{
(x, y, z)

∣∣∣∣0 ≤ u(x, y, z)
u0

≤ 1, (x, y, z) ∈ Computation Domain
}

.

where u(x, y, z) is the fluid point velocity at (x, y, z) in the coordinate system, u0 is the
inflow velocity. ux is the component of velocity in the x-direction. uy is the component of
velocity in the y-direction.

As shown in Figure 5, the upwelling height (Hupwelling) and upwelling volume
(Vupwelling), and the wake length (Lwake) and wake volume (Vwake) were estimated to quan-
tify the flow field efficiency to indicate the differences between the fractal AR models and
traditional existing AR models. Vwake can be estimated by adding all of the subvolumes
with recirculating water flows, which are in the opposite direction to the flow direction.
Vupwelling is estimated by adding all of the subvolumes with convection water flows, the
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local velocity component in the y-direction is greater than 0.1u0. Thus, the upwelling and
wake volumes include the corresponding finite volumes in and around the AR [34].

Figure 5. Upwelling and wake regions: (a) presents upwelling height and upwelling volume;
(b) presents wake length and wake volume.

2.3.5. Flow Velocity Distribution Near an Artificial Reef

When an AR model was placed on the simulated seafloor, the field around the AR
model showed a non-dimensionalized velocity value greater or less than 1.0, and the non-
dimensionalized value away from the flow field near the AR model returned to nearly 1.0.

Tsung [22] carried out numerical analysis of the influence range of AR arrangements
to emphasize that reef fishes aggregation was associated with the sheltering effects of
slowing down the fluid movement behind the AR model. Similarly, in this study, the
non-dimensionalized slow velocity distribution area with a value less than 0.8 could be
obtained through numerical simulations. The effective range of the sheltering effect was
used to compare the impact of the void space complexity of fractal reefs on the slowing
velocity distribution.

To quantitatively determined the effective area of fractal AR models flow fields, the
central plane (i.e., ycube = 0.03 m, ytriangle = 0.027 m; z = 0 m) was used to present the
nondimensionalized velocity distribution area, as shown in Figure 6. The related reference
values can be calculated as follows:

α =
u(x, y, z)

u0
, 0.1 ≤ α ≤ 0.8, (14)



Symmetry 2021, 13, 1040 10 of 22

Aα = area
∣∣∣u(x,y,z)≤α·u0

, (15)

kα = Aα/Ap, (16)

where α is the non-dimensionalized velocity coefficient; Aα is the non-dimensionalized
velocity distribution area wherein the local velocity satisfied with u(x, y, z) ≤ α · u0. kα is
also a non-dimensionalized ratio between the non-dimensionalized velocity distribution
area and projected area Ap of the AR model.

Figure 6. The contour of the non-dimensionalized velocity distribution of fractal cube AR in the
central plane, y = 0.03 m.

2.4. Particle Image Velocimetry (PIV) Experiments

To verify the accuracy of the numerical model, the particle image velocimetry (PIV)
experiments of a symmetrical cube porous reef model were carried out in the flume tank at
the Tokyo University of Marine Science and Technology. The tank measures 7 m × 0.3 m ×
0.7 m (length ×width× height), see Figure 7. The test reef model was placed in the middle
of the test area. A large number of tracer particles (hollow glass beads with a diameter less
than 10 µm and density close to that of water) tracked the flow movement. A green laser
beam through a composite beam expander lens piece was used to illuminate the flow field,
which was subsequently captured by a charge-coupled device (CCD) camera. The images
captured by the CCD camera were analyzed with the PIVlab software to obtain the velocity
distribution, vector, and streamlines, which were visualized by using Tecplot360 software.

Figure 7. Particle image velocimetry (PIV) experiment flume tank and symmetrical four-opening
cube porous reef model.
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3. Results
3.1. Void Space Complexity Index of Menger Type Artificial Reefs

Fractal cube and triangle AR models were constructed based on the fractal theory,
which is expected to improve the space complexity and expand the surface area of ARs.
For different fractal levels, the interconnected chambers inside the AR increased with the
increase in the fractal order. Tables 2 and 3 list the geometric parameters, such as concrete
volume, surface area, interconnected chamber volume, and number for fractal cube and
triangle AR models. We can obtain the VSCI value of each reef model by calculating
Equation (3). From these data, we can conclude that the application of the fractal theory
to construct ARs effectively improves the space complexity and expands the surface area.
The VSCI value of fractal reef models is greater than those of traditional reef models.

Table 2. Spatial complexity index of the Menger-type cube AR models.

Fractal
Dimension Dimension Concrete

(m3)
Surface Area

(m3) V0
V1

(1, 1, 1)
V2

(0.34, 0.34, 0.34) VSCI

n = 1 3 ×3 × 3 27.00 45.00 0 0 0 0
n = 2 3 ×3 × 3 20.00 64.00 0 7 0 0.572
n = 3 3 ×3 × 3 14.81 112.14 0 7 140 0.896

Trad. cube AR 3 ×3 × 3 6.57 81.73 20.43 0 0 0.555

Table 3. Spatial complexity index of Menger-type triangle AR model.

Fraction Order Dimension Concrete
(m3)

Surface Area
(m2) V0

V1
3·∆(0.69,0.69,1.04)

h = 1.34 m

V2
∆(0.69,0.69,0.69)
h = 1.33 m

V3
∆(0.2,0.2,0.26)
h = 0.44 m

V4
∆(0.2,0.2,0.2)
h = 0.44 m

V5
∆(0.2,0.2,0.2)
h = 0.88 m

VSCI

n = 1 4 × 3.12 × 2.7 16.85 33.36 0 0 0 0 0 0 0
n = 2 4 × 3.12 × 2.7 11.78 54.18 0 1 6 0 0 0 0.801
n = 3 4 × 3.12 × 2.7 8.84 91.62 0 1 6 15 54 18 1.316

Trad. triangle
AR 4 × 3.12 × 2.7 4.73 54.57 12.12 0 0 0 0 0 0.594

Note: ∆(0.69,0.69,1.04) is the underside of a triangle prism with 0.69 m × 0.69 m × 1.04 m, the value in the column is the number of the triangle
prism, see Figure 3.

3.2. Validation of Simulation Data

The numerical results for the four-opening cube reef model were validated by PIV
measurements. Figure 8a–c represent the velocity distribution along y = 0.06 m, 0.1 m, and
0.15 m, respectively. The closer to the four-opening cube reef model, the fluctuation of the
velocity curve is stronger. Figure 8 shows the comparison between the PIV experimental
data and simulation data, which showed good agreement. Therefore, the numerical model
(Standard k–ε model), the fluent meshing method (Mosaic poly-Hexcore mesh), and similar
boundary conditions can be employed in the present study to simulate the flow around the
Menger-type cube and triangle AR models.
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Figure 8. Comparison of the flow and velocity distribution line between the PIV model and numerical model. (a,b) are the
velocity vector of the PIV model and numerical model, respectively; (c) is the velocity curve along y = 0.06 m; (d) is the
velocity curve along y = 0.1 m; (e) is the velocity curve along y = 0.15 m.

3.3. Flow Fields around Fractal Artificial Reef Models

The spatial complexity index values in Tables 2 and 3 show that fractal AR models
indeed have better structural complexity and connectivity performances as well as a greater
surface area. However, the main function of ARs deployed on the sea bed is to change
current speed and flow direction, which can generate various complex recirculating flows
inside their bodies, to provide different flow conditions for fish aggregation [20].

In this section, the numerical simulations of the flow field inside and outside fractal
AR models are carried out to describe the flow patterns around fractal AR models. The
comparison between fractal and traditional reef models show the impact of the spatial com-
plexity on the upwelling region, wake region and non-dimensionalized velocity influence
range.

3.3.1. Non-Dimensionalized Slow Velocity Distribution of Flow Fields around the Fractal
Cube Artificial Reef Models

Figure 9a–d present the nondimensionalized velocity distribution of the flow field
around cube AR models under different fractal orders (n = 1, 2, 3). Table 4 lists the values
of the non-dimensionalized area kα with a certain velocity contour line of relative velocity
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α behind the cube reef models. This value is the area of calculated equal-velocity line
area divided by the projected area of the cube AR model (see Equation (16)), which is the
square of the cube reef body length, 0.036 m2. For example, in Table 4, the value 26.806
under α ≤ 0.8 represents a non-dimensionalized area enclosed by all the domain points
with a non-dimensionalized flow velocity α less than 0.8, for an n = 2 fractal cube AR
model. As shown in Figure 9a–d, the velocity distribution contours show the significant
differences between a simple traditional reef model and complex fractal reef models using
CFD simulations. For a traditional frame and solid AR model (n = 1), which have no
complicated inner space in their bodies, the area of low velocity behind them is less than
that behind fractal reef models (n = 2, 3).

Figure 9. Non-dimensionalized velocity contour with different fractal orders, n = 1,2,3. (a–d) are the velocity contour of the
fractal cube AR models; (e–h) are the velocity contour of the fractal triangle AR models.



Symmetry 2021, 13, 1040 14 of 22

Table 4. The non-dimensionalized area coefficient (kα) for different cube AR models.

Fractal
Dimension α ≤ 0.1 α ≤ 0.2 α ≤ 0.3 α ≤ 0.4 α ≤ 0.5 α ≤ 0.6 α ≤ 0.7 α ≤ 0.8

n = 1 0.228 2.674 3.688 4.570 5.723 7.444 11.051 26.806
n = 2 0.900 2.695 3.939 5.141 6.609 9.128 14.970 33.734
n = 3 0.994 3.279 4.768 6.110 7.892 10.788 17.204 34.948

Traditional type 0.299 1.037 2.392 3.455 4.818 7.120 12.310 31.539

Figure 10a presents the non-dimensionalized low-velocity distribution column stack-
ing diagram, 0 < α < 0.7. If the plane covered by the equal velocity line was smaller than
0.7 times the inflow velocity defined as the sheltering effect of the AR, the influence range
with a sheltering effect behind the AR model extended to approximately 10, 8, 12, and 13
times the reef length of the traditional and three fractal cube AR models, respectively. This
indicates that within the range α < 0.7, the area enclosed by velocity contour increases
with higher fractal levels. Moreover, there was a significant difference among the four-cube
reefs in the range α ∈ [0.2, 0.5], p < 0.001. With regard to the top and front views of the flow
field near different fractal reef models, there are more complex recirculating flows inside
the AR models with higher spatial complexity. The complex flow field can offer different
velocity selection for fish habitats. According to the above analysis, the flow field effect
around the solid AR model (n = 1) is the worst.

Figure 10. The non-dimensionalized ratio between the non-dimensionalized low-velocity area and
projected area, kα.
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3.3.2. Non-Dimensionalized Slow Velocity Distribution of Flow Fields around the Fractal
Triangle Artificial Reef Models

Figure 9e–h present the non-dimensionalized velocity distribution of the flow field
around triangle AR models under different fractal orders (n = 1, 2, 3). Table 5 lists the value
of the non-dimensionalized area coefficient kα with a certain velocity contour line of relative
velocity α behind the triangle reef models. A comparison of the flow field simulation results
among these four triangle reef models showed that, regardless of the non-dimensionalized
velocity influence range or non-dimensionalized area, triangle AR models with high spatial
complexity have better flow field effects and more complex recirculating flows inside their
bodies, similar to fractal cube AR models. However, for the downstream side, the influence
range of cube AR models per unit reef projected area is greater than that of triangle AR
models. The area covered by the equal velocity line was 0.7 times less than the inflow
velocity as the sheltering effect of the reef model. The influence range with a sheltering
effect behind the triangle reef extended to approximately 12, 17, 18, 16 times the reef length
of the traditional and fractal triangle AR models, respectively. Figure 10b presents the
low-velocity distribution column stacking diagram (0 < α < 0.7). The sheltering effect
differences (0.3 < α < 0.7) among fractal triangle AR models and traditional AR model
were highly significant, p < 0.01.

Table 5. The non-dimensionalized area coefficient (kα) for different triangle AR models.

Fractal
Dimension α ≤ 0.1 α ≤ 0.2 α ≤ 0.3 α ≤ 0.4 α ≤ 0.5 α ≤ 0.6 α ≤ 0.7 α ≤ 0.8

n = 1 0.691 3.228 4.980 6.736 8.359 10.392 14.333 23.520
n = 2 1.787 3.374 4.318 5.368 6.645 8.405 11.418 22.039
n = 3 1.961 3.454 4.763 5.747 7.051 8.969 12.629 24.541

Traditional type 1.345 2.680 3.375 4.311 5.489 7.044 10.472 27.216

3.3.3. Upwelling Volume and Wake Volume

In Sections 3.3.1 and 3.3.2, 2D analysis of the simulation data was employed to compare
the influence range of cube and triangle AR models with different spatial complexities,
respectively. The non-dimensionalized velocity distribution or non-dimensionalized area
shows the flow field differences behind the reef models in the central plane. However,
these 2D values are not sufficient to obtain the whole characteristics of upwelling and wake
regions. The velocity distribution patterns and area of influence range were dependent on
the selected analysis plane, e.g., the central plane. Therefore, the recirculating flows in or
around an AR cannot be accounted for just by 1D or 2D measures. The wake volume, a
3D measure, proposed by Kim [35] was applied to quantify the scale of the wake region
behind the AR model. Table 6 presents the 3D measures, upwelling volume, and wake
volume. The value Vupwelling/VAR is the non-dimensionalized upwelling volume, i.e., the
upwelling volume divided by the geometric volume of the AR model; for example, the
geometric volumes of cube and triangle AR models are 2.16× 10−4 m3 and 1.348× 10−4 m3,
respectively. For the upwelling and wake regions, the triangle AR model can generate
greater upwelling and wake volume per unit geometric volume compared with the cube
AR model. However, the non-dimensionalized velocity distribution in the central plane
cannot indicate the differences between the two types of AR model. A comparison of the
spatial complexity of cube and triangle AR models show that the index of the triangle AR
model is greater than that of the cube AR model (see Tables 2 and 3). Therefore, along with
their higher spatial complexity, fractal triangle AR models have better upwelling and wake
regions.
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Table 6. Upwelling and wake volumes of cube and triangle AR models with different fractal orders.

Artificial
Type

Fractal
Dimension Vupwelling (m3) Vwake (m3) Vupwelling/VAR Vwake/VAR

Cube

n = 1 6.58 × 10−4 3.42 × 10−4 3.05 1.58
n = 2 5.45 × 10−4 2.01 × 10−4 2.52 0.93
n = 3 5.71 × 10−4 2.45 × 10−4 2.64 1.13

traditional 4.16 × 10−4 1.67 × 10−4 1.92 0.77

Triangle

n = 1 1.27 × 10−3 7.22 × 10−4 9.46 5.36
n = 2 9.09 × 10−4 4.00 × 10−4 6.74 2.97
n = 3 9.08 × 10−4 3.09 × 10−4 6.74 2.30

traditional 8.49 × 10−4 3.27 × 10−4 6.30 2.43

For the n = 1 case, the solid reef model had better upwelling and wake regions, but
the recirculating and convection flows around the AR model were not better than in the
other cases. Moreover, the solid AR was unable to provide sheltering places to protect
fishes from predation. Therefore, we consider the cases (n > 1), fractal AR models with
high spatial complexity can generate better upwelling and wake regions, and also provide
more suitable habitats for reef fishes.

3.4. Effect of the Flow Velocity on the Flow Field around Fractal Artificial Reef Models

In this section, we study the impact of different inflow velocities on the flow field
patterns around the fractal cube and triangle AR models. Reef models with fractal order of
n = 3 were selected. The velocities were set to 0.028 m/s, 0.057 m/s, 0.085 m/s, 0.114 m/s,
0.142 m/s. Table 7 lists the velocities of the numerical model vs. the prototype model. To
understand the impact of different velocities on the flow field inside and around the fractal
AR models, the upwelling height, upwelling volume, wake length, and wake volume were
calculated to quantify the flow effect inside and outside AR models, i.e., upwelling region
and wake region.

Table 7. Velocity condition for numerical model and prototype model.

Velocity (m/s) Case1 Case2 Case3 Case4 Case5

Numerical model 0.028 0.057 0.085 0.114 0.142
Prototype 0.198 0.403 0.601 0.806 1.040

3.4.1. Efficiency Indices of Upwelling and Wake Region of Fractal Cube Artificial Reef,
n = 3

In this section, the impact of flow velocity on the upwelling and wake region of the
fractal cube AR model (n = 3) was investigated. The upwelling height and wake length in
the central planes, the upwelling volume and wake volume inside and around AR models
were calculated according to the definition in Section 2.3.4. Table 8 shows no significant
differences between the upwelling regions or wake regions inside or outside the cube AR
model at various flow velocities.

Table 8. Upwelling height and volume, wake length and volume of n = 3 fractal cube AR model.

Scale L = 0.06 m, H =
0.06 m, W = 0.06 m Vupwelling(m3) Vwake(m3) Hupwelling(m) Lwake(m)

Velocity
(m/s)

0.028 4.62 × 10−4 1.68 × 10−4 0.116 0.122
0.057 5.20 × 10−4 2.08 × 10−4 0.121 0.125
0.085 5.55 × 10−4 2.29 × 10−4 0.121 0.133
0.114 5.79 × 10−4 2.43 × 10−4 0.121 0.137
0.142 5.91 × 10−4 2.55 × 10−4 0.126 0.137
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To estimate the efficiency of the upwelling region or wake region as per the as-
sociated fabrication cost, four non-dimensionalized ratios (Hupwelling/HAR, Lwake/LAR,
Vupwelling/VAR, and Vwake/VAR) were calculated under different flow velocities. These rep-
resent an efficiency index per unit length or per unit volume of fractal cube AR model [35].
Here, VAR is the geometric volume of the cube AR, 2.16× 10−4 m3. The simulation results
show no significant differences between the different flow velocities, which is consistent
with our previous conclusion [24,25]. Figure 11a shows the efficiency indices of the up-
welling region and wake region per unit length and per unit volume of the cube AR model.
The efficiency indices of the upwelling height and wake length are 2.1 and 2.3, while the
efficiency indices of the upwelling volume and wake volume are 2.7 and 1.1, respectively.
The multidimensional data comparisons (1D, 2D, and 3D) reflect the flow patterns inside
or outside AR models.

Figure 11. Efficiency indices of n = 3 fractal cube and triangle AR models under different flow
velocities. (a) presents the efficiency indices of n = 3 fractal cube AR model; (b) presents the efficiency
indices of n = 3 fractal triangle AR model; (c) presents the comparison of efficiency indices between
fractal cube and triangle AR models, n = 3.
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3.4.2. Efficiency Indices of Upwelling and Wake Region of Fractal Triangle AR Model, n = 3

Table 9 lists the upwelling height and wake length in the central planes, and the
upwelling volume, and wake volume inside and around the n = 3 fractal triangle AR model
at various flow velocities. Similar to the cube AR model, the change in flow velocity did
not cause significant differences between the upwelling and wake regions. However, a
comparison of the efficiency indices of the cube and triangle AR models showed that the
structural shape was significantly different between these two regions. From Figure 9b,
for the upwelling height and volume of the triangle reef model, the efficiency indices are
2.4 and 6.8, respectively, which are greater than those of the cube AR model, 2.1 and 2.7,
respectively. In particular, for the upwelling and wake volumes, the efficiency indices are
approximately 2–3 times those of the cube AR model (see Figure 11c). In Section 3.3, we
analyzed the non-dimensionalized area ratios between the cube and triangle reef models.
The simulation results indicate that the fractal triangle reef model with higher spatial
complexity had better low-velocity distribution than the fractal cube reef model. These
efficiency indices may be used as specific evaluation indices in the cost-benefit analysis of
different AR structures. They also confirm the statement that “ARs play an important role
in fisheries management.” [36]

Table 9. Upwelling height and volume, wake length and volume of n = 3 fractal triangle AR model.

Scale L = 0.06 m, H =
0.054 m, W = 0.08 m Vupwelling (m3) Vwake (m3) Hupwelling (m) Lwake (m)

Velocity
(m/s)

0.028 8.43 × 10−4 2.14 × 10−4 0.124 0.193
0.057 8.48 × 10−4 2.93 × 10−4 0.127 0.209
0.085 9.08 × 10−4 3.09 × 10−4 0.127 0.214
0.114 9.23 × 10−4 3.31 × 10−4 0.129 0.236
0.142 9.35 × 10−4 3.95 × 10−4 0.129 0.244

4. Discussion

Structurally complex habitats are often shown to possess fractal characteristics [37–39].
The shortage of structurally complex elements in natural habitats exposes fish to preda-
tion [40]. Thus, in our study, the fractal theory was introduced as an optimized method
to design an AR with a certain spatial complexity and extended surface area. When we
consider fractal AR models with embedded cavities (n > 1), the fractal dimension Df of the
artificial habitat was 2.727, which is more than a 2D but less than a 3D structure. For this
novel structural model, our study quantified the space complexity of the Menger-type AR
models and carried out numerical simulations to understand the flow field effect around
fractal AR models. We applied the VSCI value to indicate the spatial effectivity differences
among the fractal AR models under different fractal levels. CFD numerical simulation
results show the convecting and recirculating efficiency indices of the flow field around the
fractal cube and triangle AR models, respectively. Compared to the existing traditional AR
models, the fractal AR models have greater VSCI values and better flow-field performance.

With regard to the fractal dimension Df of a 3D Menger AR model, we found that
the same geometric structures have the same Df values for different fractal levels; in
other words, all the 3D Menger cube AR models had the same Df value of 2.727. To
demonstrate the relationship between the complexity of the reef structure and the fractal
levels, we proposed a definition of the VSCI, which can evaluate the complexity of fractal
ARs depending on the quantity and size of the interconnected cavities inside the AR bodies.
The results show that the VSCI varied significantly among different fractal orders. When
the fractal order is n ≥ 2, both Menger cube and triangle AR models have greater VSCI
values than the traditional AR models with a large hollow inside the reef. Under the same
fractal order, the VSCI value of the Menger type triangle AR model is greater than that of
the Menger type cube AR model. Overall, the above analysis of the VSCI values indicates
that spatial complexity is an important factor in the construction of a well-designed reef
structure.
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As shown in Figure 1, fractals can generate different numbers and sizes of intercon-
nected chambers inside an AR body. The detailed fractal information in Tables 2 and 3
indicate that the fractal dimension determines the number of different-sized chambers
inside the structure. With increasing fractal levels, the number of interconnected chambers
increases, while the size of the subsequently generated chambers decreases. According to
Sherman’s [13] and Eklund’s [18] observations, the reef blocks with spatial complexity can
increase the reef fishes abundance, the fish species richness, and the biomass, compared to
the traditional reef ball with a simple large hole space. Thus, we think that it is feasible to
apply a high fractal level to improve and optimize the existing traditional AR structure.
Because the different size chambers can provide suitable sheltering places for different
marine reef fishes. Meanwhile, the extended surface area on the fractal AR models also
can expand the functional role of the fractal reefs to attract more reef fishes to stay near
the reefs for a long period through biofouling organisms. However, having more or larger
chambers is not necessarily better. Hixon and Beets [41] found that an increase in the
number of large shelters leads to an increase in the number of large predatory fish, which
in turn leads to a decrease in the local abundance of small predatory fish. Therefore, this
would suggest that it would be better to not intersperse large and small void spaces but
have large voids in one area, and small voids in another. Thus the Menger sponge type of
reef might not be suitable, since it has the different levels of voids evenly distributed. Thus,
it is important to estimate the chamber size availability to optimize the cavity size before
deploying well-designed ARs in the local environment.

Previous studies have indicated that deploying ARs in local marine environments
can change the local flow velocity distribution inside and outside the reefs by varying the
water flow, turbulence patterns, and sedimentary regimes, thereby creating suitable fish
habitats [19–23,34]. Thus, this study carried out numerical simulations to further under-
stand the effects of spatial complexity on the flow-field performance of the Menger-type
reefs based on CFD. It is well known that the flow field around or behind the structure will
change regardless of the shape of the structure deployed in the current. However, the flow
patterns around and behind different structures were different. Even for the same structure
or different sizes of the structure, the velocity variations behind the structure were differ-
ent [42]. In Section 3.3, the non-dimensionalized velocity ratio was calculated to quantify
the variation in the flow velocity when the current passed through the AR models. The
contours of the non-dimensionalized velocity ratio visually represent the velocity distribu-
tion behind the fractal and traditional reef models. The flow field simulations clearly show
the flow patterns inside and around these reefs’ blocks. The non-dimensionalized velocity
values indicate the influence range of different velocities. Given the area covered by the
equal velocity line, which is 0.7 times smaller than the inflow velocity, as the sheltering
effect of the reef, Figure 9d,h show that the influence ranges of the flow field extended
to approximately 13 and 16 times the reef lengths for n = 3 fractal cube and triangle ARs,
respectively. However, the traditional cube and triangle AR models have an influence
range of 10 and 12 times the reef lengths, respectively. Taken together, these simulation
results show that fractal ARs can generate a complex flow field in which reef fishes can
select a favourite velocity region as a comfortable living space. Meanwhile, the complex
interconnected chambers can provide breeding grounds for reef fishes to protect them from
predators. Our results support the importance of structural complexity in AR design to
enhance fish recruitment, aggregation, and diversity [13,22].

Our numerical simulations of the flow field patterns inside or around the AR models
can explain the significant differences between the fractal ARs and traditional ARs through
nondimensionalized ratio values, e.g., convection efficiency indices (Hupwelling/HAR,
Vupwelling/VAR) and recirculating efficiency indices (Lwake/LAR, Vwake/VAR). A comparison
of the fluid effect or convection efficiency indices (e.g., upwelling height Hupwelling/HAR
and upwelling volume Vupwelling/VAR), recirculating efficiency (e.g., wake length Lwake/LAR
and wake volume Vwake/VAR) of fractal and traditional AR models, and the flow field
efficiency indices showed that the fractal reefs with higher VSCI values have better per-
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formance in the upwelling and wake regions. From Figure 11c, it can be seen that the
size of the upwelling region and the wake region around the fractal triangle AR model
was greater than those of the fractal cube AR model. Therefore, a more detailed under-
standing of the relationship (e.g., the void space complexity, the influence range of the
non-dimensionalized velocity, and the flow efficiency indices) will enable us to improve
the design of complex reef structures to provide more suitable sheltering places to enhance
fish recruitment, aggregation, and diversity.

In future work, we will carry out marine tests and structural optimization simulations
to improve the fractal AR structures with more appropriate void spaces distributed inside
reef bodies. These could be regular or irregular fractals, depending on the physical aspects
of fractal AR design and their configuration and placement, which can facilitate and en-
hance the application of fractal ARs in fisheries. We anticipate establishing the relationship
between the VSCI and the abundance or richness of marine fishery resources around ARs.

5. Conclusions

Our research successfully applied the fractal theory to create the Menger-type cube
and triangle AR models. According to the non-dimensionalized VSCI values, the fractal
AR models have greater VSCI values than the traditional AR model with a simple large
hollow, and the surface area and VSCI of AR models increase with increasing fractal levels.
At the same fractal level, the VSCI value of the fractal triangle AR model is greater than
that of the fractal cube AR model. Moreover, the numerical simulation results show that
the Menger-type AR models with a higher spatial complexity index have better flow field
performances in the upwelling and wake regions. Compared to the traditional AR models,
the upwelling convection index (Vupwelling/VAR) and recirculating index (Vwake/VAR) of n
= 3 fractal cube AR model increase by 37.5% and 46.8%, respectively. The efficiency indices
of the upwelling region and wake region around the fractal triangle AR model are 2–3
times those of the fractal cube AR model when the fractal level is 3. Although our research
does not support the actual use of fractal ARs to enhance and assemblage marine life on
the fractal ARs, the VSCI values of the AR structure and numerical simulation results do
support the importance of AR structure complexity in relation to void space in reef design.
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