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Abstract: Artificial reefs are effective measures to improve the marine ecological environment and
increase fishery production. However, there are several geometries being investigated nowadays
and their setup, including the spacing between groups of them, can provide dissimilar effects on
hydrodynamics. To enhance the understanding of this topic, in this paper, the focus is mainly on
M-Type artificial reefs that will be adopted in Juehua Island, Liaodong Bay, China. An experimental
campaign was carried out in order to simulate the influence that M-Type unit reef groups may have
on the local flow field and the Particle Image Velocimetry (PIV) technique has been implemented to
provide velocity maps. The results showed that with the increase of velocity’s current approaching
the artificial reef, the height, length and area of the upwelling and the back vortex rise with the
increase of spacing between the artificial reefs. Furthermore, when comparing different geometrical
configurations with similar currents approaching the artificial reef, the maximum values of both
upwelling and back vortex were obtained when the spacing between unit reefs was 1.25 L. Finally,
the entropy method was used to evaluate the effects on the flow field under four kinds of spacing
based on the hydrodynamic characteristics and the economic cost. The comprehensive score obtained
for all the configurations followed the order 1.25 L > 1.50 L > 0.75 L > 1.00 L. Therefore, it is suggested
that the original design spacing should be increased by 25% when the M-type unit reef is put into
practice. Additionally, after having completed a comparative analysis, it is recommended to further
change the reef group into four reef monocases. By executing this adjustment, the unit reef cost was
reduced by 10%, and the influence range on the flow field increased by 10%, and this result can
consequently achieve greater ecological benefits with less economic input. The results of this study
provide a preliminary reference for the construction of artificial reefs M-Type from the perspective of
theory and practice.

Keywords: artificial reef; PIV experiment; flow field; hydrodynamics; entropy method

1. Introduction

In recent years, due to the pollution of offshore environments, habitats” degradation,
overfishing and climate change, global marine fishery resources have declined signifi-
cantly [1-4]. To re-establish a sustainable equilibrium, countries across the world have
adopted the use of artificial reefs, which are considered to be an effective measure to reduce
the impact of human activities on coastal ecosystems and increase fishery production, and
have flourished as a result [5,6]. These are defined as “submerged structure[s] deliberately
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constructed or placed on the seabed to emulate some functions of a natural reef, such as
protecting, regenerating, concentrating, and/or enhancing populations of living marine
resources, hence providing ecological benefits” [7,8]. When locating artificial reefs into
marine environments, it is well researched that they tend to generate blocking effects to
existing currents. More in detail, currents approaching towards them are usually split
into two parts, one uplifted to form upwelling, and another which passes through the reef
and produces eddy and sedimentary currents [9]. The upwelling current can promote the
exchange between the upper and lower layers of the seawater, increase the transport of
nutrients within the bottom and top layers. In fact, due to the presence of the artificial reef,
a gentle and stable eddy current characterized by low velocity is indeed generated on the
back of the reef, which facilitates the deposition of nutrients, and provides a place for fish
and other organisms to live, avoid enemies and feed, therefore enhancing fish gathering.
These characteristics then tend to enhance the presence of fish which is attracted by the
high quantities of nutrients to feed on plankton or smaller fish, attracting other predators
in the nearby locations [10-19]. Therefore, due to this impact that artificial reefs can have
on flora and fauna in marine environments, it is essential to evaluate, assess and determine
with precision which flow field generates and what are the effects they cause, being vital
and crucial for the fate of marine environment [20-24].

To date, the most common methods to investigate the hydrodynamic characteristics of
artificial reefs relate to numerical simulations or experimental tests conducted within wind
tunnel or flumes, where particle image velocimetry (PIV) techniques can be applied [25-31].
Previous studies conducted by adopting these methods have highlighted a list of factors
that can alter the hydrodynamic characteristics of artificial reefs, and this includes the
original flow field and the existing terrain, the location of the new artificial reefs placed, the
manufacturing materials, the shape and the structure, the opening ratio and the upstream
area of the reefs, as well as the number of elements [32-38]. Most of the studies available
in literature refer to single artificial reefs, however, when these are implemented within
marine regions across the world, their setup involves groups of them which form proper
reef belts, and there is a need to accurately assess the performance of them as a full unit
rather than their independent performance. Therefore, more attention should be paid to
the hydrodynamic effects caused by larger scale reefs.

The spacing between reefs is indeed an important factor affecting the flow field be-
tween, before and after unit reefs. Yu et al. [39] studied the effect that various artificial reef
arrangements may have on hydrodynamic characteristics by conducting both experimental
tests within a flume and by completing numerical simulations too. The results showed
that the scale and the resistance coefficient of the rising flow of the two reefs are inversely
proportional to the vertical flow layout spacing, and that the rising scale is directly pro-
portional to the distance of the parallel flow. Guan et al. [40] used numerical simulations
to study the influence of spacing within three tube artificial reefs. The results showed
that when the spacing is arranged according to the size of the reefs, the maximum values
and strengths of the upwelling and the back vortex can be obtained. Furthermore, the
effect on flow field had bigger magnitude when the longitudinal distance between reefs
was 1.5~2.0 times the reef’s size. Pang et al. [41] simulated the three-dimensional flow
field of porous hollow composite reef with the same air permeability under three kinds
of reef spacing by adopting CFD technology, and found that the scale and intensity of the
upwelling firstly increased and then decreased with the increase of the reef spacing, and the
flow field effect was more mild when the reef spacing was twice the reef length. Although
there are many studies on the influence of layout spacing on the flow field generated by
artificial reefs, most of the studies at this stage focus on maximum two individual reefs,
and there is a lack of research on the layout spacing of unit reefs and other large scales.
Additionally, the available studies are mostly descriptive, based on observations and there
is a need for more experimental and numerical studies to estimate the strength and scale
of upwelling and back vortex currents induced by various unit reefs spacing to aid the
development and stipulation of design guidelines for local and national authorities.
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To fill this gap, in this study, units of M-type reefs, to be planted in the typical artificial
reefs area of Bohai Bay, were selected as the research objects. These M-shaped reefs have
been proposed by local authorities for the protection of coastal environment in Liaodong
Bay. In literature there are other shapes that to date have been presented such as hollow
cubes, B-plus shape, pentagon dome, octpus and multi holes [36] and considering all the
implications that artificial reefs may have once located, it has been necessary to start to
investigate the effects that these M-shaped reefs may have as well. Therefore, dissimilar
internal spacing between these unit reefs was tested and the particle image velocimetry
(PIV) technology was applied to quantify the flow fields generated for each scenario. The
experimental facility was developed to carry out, in a multi-function tank, simulations to
replicate oceanic conditions, to explore the influence of spacing on the flow fields linked
with each different unit reef. At the same time, the entropy method was used to evaluate
the experimental results, in order to provide a reference for the selection of unit reef spacing
and reasonable layout of reefs.

2. Methodology
2.1. Artificial Reef Model

The reef monocase model with holes of 400 mm inclined by 41° is displayed in
Figure 1. The dimensions adopted were considered by applying the geometric factor of
1:50 according to the prototype size of M-type Reef. Applying the principles of the Froude
Similitude, the models were made of plexiglass. Each M-type unit reef is composed of 14
reef monocases, organized in three groups, 4 in the front part, 4 at the back and 6 in the
middle. In order to avoid drifting and rolling of the artificial reefs, the models were fixed at
the bottom of the flume with transparent rubber belts and were positioned perpendicularly
to the flow direction.
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Figure 1. (a) Lateral, (b) side and (c) aerial views of the artificial reef prototype tested (all dimensions
in mm).
2.2. Experimental Setup

The experimental campaign was carried out in a multi-functional circulating flume in
the State Key Laboratory of Water Environment Simulation, at Beijing Normal University,
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China. The internal dimensions of the flume are 25.00 m x 0.80 m x 0.80 m (length
x width x height), whose bottom and sides are made of transparent glass to facilitate
the observation of hydraulic phenomena. The flow was generated by a complete water
circulation system, and the maximum flow rate tested was 240 L/s. The experimental setup
is illustrated in Figure 2.

o ADV velocimetry /Frce waler surface

| |
—_— AH———— N ——— ————t e — ] — .
Flume tank | ~ AN Models s L ~ Flow

b ) Computer Synchronizer CCD camera Laser generator

Figure 2. (a) Upstream view of the experimental facility, (b) schematic diagram of the experimental flume and setup and 3D
representation of M-Type artificial reefs implemented.

The facility was setup to enable the application, as previously mentioned, of a PIV
system. More in detail, this is a non-contact two-dimensional flow field measurement
technology based on cross-correlation analysis of flow field images, which can produce
flow maps and instantaneous flow patterns. It is usually adopted and applied to support
the development of models for complex flows or validation of numerical simulations.
Nowadays, it has become one of the main experimental technique for measuring velocity
fields [42—48] and has been widely used in the analysis of flow fields around artificial reef
models in recent years [49,50].

To setup the experimental facility to enable the application of this technique, an
Acoustic Doppler Current Velocimetry (ADV) was installed 1~2 m in front of the test target
to measure the inflow velocity. The artificial reef model was placed in the middle of the
flume. The laser was placed at the bottom of the tank so that it could hit the central axis of
the reef model. The instantaneous frames were recorded by a CCD camera for 5 min and
then were analysed by using Dynamic Studio software. The results of the velocity were
then finally visualised using Tecplot software.

2.3. Boundary Conditions

In the real case scenario, along the flow direction, the spacing between each reef
monocases group is 18.85 m, which corresponds to 377 mm (L) in the flume experiment
according to the Froude Similitude adopted. On this basis, the spacing was reduced and
expanded as trials to verify consequent effects, and four different spacing and a reef free
control group were set up, which were L; = 0.75 L = 283 mm, L, = 1.00 L = 377 mm,
L3 =1.25L =471 mm, Ly =1.50 L = 566 mm, respectively. According to Cui et al., [51], the
best spacing between the two reef monocases should be 1~1.5 times the length of the reef.
Therefore, the spacing between two monocases in each group was set up as one time of
model length, that was, 60 mm. The specific placement form is shown in Figures 3 and 4.
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Figure 3. Aerial view of the artificial reefs placement.

Group A Group B Group C

t t ——
B | B
BEm L mE®E LEE

, Reef monocase A-1 , Reef monocase B-2
. Unit reef

1 1

k

Figure 4. Composition of the reefs in the flume.

The experimental velocity (1) tested within this study was calculated according to
the maximum velocity of the sea currents in the area where artificial reefs are placed. Five
velocities recorded in the sea area of Juehua Island, where the M-type reefs will be launched,
were selected, which are 0.6 m/s, 0.9 m/s, 1.2m/s, 1.5 m/s and 1.8 m/s [52-55]. Based
on the Froude Similitude, the correspondent experimental velocities to be tested in the lab
resulted to be 0.085 m/s, 0.130 m/s, 0.170 m/s, 0.214 m/s and 0.257 m/s.

The experimental water depth was kept at 300 mm, and this value was calculated
according to the actual water depth recorded at sea around Juehua Island, which cor-
responded to 15 m. Prior to each test, the water tank gradient was constant, and the
experimental conditions were achieved by adjusting the angle of the flowmeter and the
tailgate. The flow was let stabilize for 5 min and then the velocity measurement were
gathered for 5 min. To sum up, a total of 25 groups of experiments were conducted, as
shown in Table 1. No wave condition was applied.

Table 1. Test conditions.

Experimental Group (Test Case) L (mm) 1 (m/s) Q (L/s)
0 (1-5) \ 0.085 20
1 (1-5) 283 0.13 30
2 (1-5) 377 0.17 40
3 (1-5) 471 0.214 50
4 (1-5) 566 0.257 60

Note: L: the internal spacing of artificial reef group, uy: the average velocity of incoming flow, Q: the flow rate.
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3. Results
3.1. Laws of the Velocity Ditribution in Artificial Reef Areas

Effects on the flow field generated by the presence of artificial reefs were mainly
observed in the upwelling area in front of the reefs and behind the reefs, where a back vortex
condition was noticed. Therefore, the distribution of the upwelling and the back vortex
around the reefs were mainly considered when analyzing the hydrodynamic characteristics
of artificial reefs [56].

3.1.1. Experimental Settings for Analysis

In order to accurately compare the changes of longitudinal and vertical velocity under
different velocity conditions, 16 cross-sections were identified as displayed in Figure 5.
More in detail, Section A and Section B are 60 mm (1 times reef length) and 30 mm
(1/2 times reef length) before the first group (Group A, as introduced in Figure 5) of
artificial reefs; Section C is 30 mm after the first monocase of Group A; Section D, Section
E and Section F are 30, 60 and 120 mm after the last monocase of Group A; Section G,
Section H, and Section I are 120, 60, and 30 mm in front of the second group of artificial
reefs, Group B; Section ] is 30 mm after the first monocase in Group B; Section K is 30 mm
after the second monocase in Group B; Section L is 30 mm after Group B; Section M is
30 mm before the final group of artificial reefs, Group C; Section N is 30 mm after the first
monocase in Group C; Section O and Section P are 30 mm and 60 mm after Group C.

DE F G HI J K L M N oP

3030, 60 60 EOQO ﬁ)* 4‘3—0* ﬁ)# ;_0* E—O-f IXP—O*

unit; mm

Figure 5. Settings of the cross-section in the artificial reef area.

3.1.2. Longitudinal Velocity Distribution

According to the location of these sections relative to the unit reefs, the 16 sections are
classified into four categories as follows:

A and B are the sections not entering the reef area (Type I);

D, E, E L, O, and P are the rear sections of the reef groups (Type II);

C, ], K, and N are the sections between the two reef monocases (Type III);
G, H, I, and M are the front sections of the reef groups (Type IV).

Taking the flow velocity of 0.130 m/s as an example, the longitudinal velocity distri-
bution of each section under different spacing is compared and analyzed. The specific rela-
tionship between longitudinal velocity and relative water depth H, (H/h, water depth/reef
height) are shown in Figure 6.
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Figure 6. Longitudinal velocity distribution of each section of M-shaped unit reef.
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(1) Typel

Because it is hardly affected by the reef groups, the longitudinal velocity distribution
of Sections A and B not in the artificial reef area conforms to the logarithmic distribution
law which can be fitted with Equation (1), R?: 0.99.

U=a+bxInH, (1)

2) Type Il & III

For the sections of Type II &lI1I, the bottom velocity of Section C, D, J, K, L, Nand O is
less than 0 m/s, because these sections are in the back-vortex region where the generated
vortex reverses the velocity. In this region, the longitudinal velocity distribution no longer
conforms to the logarithmic distribution, but more conforms to the exponential distribution
which can be fitted with Equation (2), R?: 0.94~0.99. At this stage, the velocity increases
rapidly until the dividing point and then changes to the logarithmic distribution. However,
this kind of logarithmic distribution is different from Type I, and there is a certain offset
in the starting coordinates of H, which is better fitted with Equation (3), R?: 0.83~0.99.
Meanwhile, different sections have different dividing point heights. For the sections of
Type Il behind the reef group, the H, of the dividing point is about 1.5, but for the sections
of Type Il between the two reef monocases, the H, is about 1.2.

Phase I U=a+bx et (2)

Phase IT U=a+bxIn(H,+c) (3)
(3) TypelV

For Sections G, H, I and M in the front of the reef groups, the bottom velocity of these
sections is greater than 0 m/s because of the long distance from the front reefs and no effect
from the back vortex. Moreover, the longitudinal velocity increases almost steadily from
the bottom to the dividing point, and then increases slowly with the increase of water depth.
Although there are two different acceleration modes, the longitudinal velocity distribution
of all these sections can still conform to the logarithmic distribution. But similar with the
Phase II of Type II &III, the logarithmic distribution of Type III has a certain offset in the
starting coordinates of H, which can be fitted with Equation (3), R?: 0.96~0.99.

Overall, different spacing has little effect on the longitudinal velocity distribution of
each section, and the distribution of the longitudinal velocity under each spacing is highly
coincident. For almost all sections, the logarithmic velocity at different spacing is less than
when the reefs were absent. And the longitudinal velocity of Type I & IV are two different
logarithmic distributions, while the velocity distributions of Type II & IIl is a combination
of exponential and logarithmic distributions which can be divided by a certain relative
water depth H,. Below this certain point, the longitudinal velocity no longer conforms
to the logarithmic distribution and is significantly less than when the reefs were absent.
Above this point, the longitudinal velocity is gradually getting close to the logarithmic
distribution which is coincident with that when the reefs were absent. The specific fitting
results of some representative sections can be seen in Table 2.
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Table 2. Fitting results of longitudinal velocity distribution in some representative sections.

Longitudinal Velocity Distribution Longitudinal Velocity Distribution
Section Section
(Type) o U=a+bx1nH, (Type) U=a+b x1In(H,+c)
a b R? a b c R?
0.085m/s 0.0617 0.1042 0.98 0.00954 0.08163 1.23484 0.99
0.130m/s 0.0173 0.1051 0.98 0.11864 0.13492 291120 0.99
A®) M (IV)
0.170m/s 0.0207 0.1171 0.99 0.04705 0.06567 0.59773 0.99
0.214m/s 0.0198 0.1013 0.98 0.23196 0.17871 4.19658 0.99
Longitudinal velocity distribution
Section Phasel: U=a-+b x et PhaseIl: U=a+b x In(H, +c)
(Type) iy asel: =a e :U=a r+c
a b c R? a b c R?
0.085m/s —0.04786 0.02351 1.2781 0.99 0.11587 0.01855 —1.22938 0.90
0.130 m/s —0.03855 0.01055 1.91429 0.99 0.12055 0.02109 —1.19501 0.98
D (II
an 0.170m/s —0.07181 0.04590 1.00823 0.99 0.13299 0.01851 —1.21682 0.94
0.214 m/s —0.02744 0.02529 1.21683 0.99 0.12385 0.01427 —1.22469 0.95
0.085m/s —0.04405 0.01437 1.51288 0.99 0.13509 0.01619 —1.47371 0.99
- 0.130m/s —0.03004 0.01074 1.56525 0.99 0.12347 0.01912 —1.45391 0.99
J 0.170 m/s —0.03531 0.01623 1.33927 0.99 0.11999 0.02513 —1.32204 0.99
0.214 m/s —0.02538 0.01477 1.44130 0.99 0.13196 0.01588 —1.44713 0.99

3.1.3. Vertical Velocity Distribution

Taking the flow velocity of 0.130 m/s as an example, the vertical velocity distribution
of each section under different spacing are shown in Figure 7. According to the distribution
pattern of vertical velocity in the vertical direction, all sections can be classified into three
categories as follows:

e A, B,G, H,Iand M are the front sections of the reef groups. (Type I & IV);
D, E, E L, O and P are the rear sections of the reef groups (Type II);
e (,J,Kand N are the sections between the two reef monocases (Type III);

For Type I & IV, the vertical velocity of the section can be roughly regarded as a “V”
shape distribution with the left opening. The velocity gradually increases from the bottom
and reaches the maximum at the velocity dividing point which is basically 1~1.5 times the
reef height. After that, the velocity decreases gradually with the increase of water depth.
Among these sections, section G is greatly affected by the front and rear reef groups at
the same time, the vertical velocity fluctuates on the vertical line except for the spacing of
1.25 L, but the overall change is small. This kind of section is in the upward flow affected
by fish reefs, and the upwelling effect is obvious. Therefore, the vertical velocity generally
increases, and the velocity at most measuring points on each section is greater than that
when the reefs are absent. The comparison between different spacing conditions is obvious,
which basically follows the trend: 1.25 L >1.50 L > 0.75 L ~ 1.00 L.

However, the vertical velocity distribution law on the sections of Type II is completely
opposite to Type I & Type IV, which can be regarded as the “V” shape distribution with the
right opening. The velocity decreases rapidly from the bottom and reaches the minimum
value at the velocity dividing point which is basically 1~1.5 times the reef height. After
that, the velocity increases gradually with the increase of water depth. Such sections are
located in the back-vortex region with a large number of vortices, so the vertical velocity
generally decreases and is basically less than 0 m/s. The velocity at most measuring points
on each section is less than that when the reefs are absent, and there was no significant
divergence between different spacing.
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Besides, the vertical velocity on the section C, ], K and N of Type III can be regarded
as an irregular “Z” shape distribution. When H/h < 1, the near bottom vertical velocity
first decreases rapidly with the increase of water depth, and then increases rapidly with
the increase of water approximately when 1 < H/h < 2.3, and finally the velocity decreases
slowly with the increase of water depth. And there was also no significant difference
between different spacing.
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Figure 7. Vertical velocity distribution of each section of M-shaped unit reef.

3.2. Characteristics of Upwelling Flow and Back Vortex Flow Field
3.2.1. The Upwelling Flow Field

Once the artificial reef was located in the flume, the incoming flow was obstructed
by the reef body, resulting in a flow separation. The upwelling observed, could promote
the exchange of seawater between the upper and lower layers, increase the transport of
nutrients, improve the marine primary productivity, and enhance the bait effect in the
reef area, inducing a more obvious fish gathering. Therefore, the scale of the upwelling
phenomenon has to be considered as an important index to evaluate the flow field effect
of the artificial reefs. At present, there is no unified standard definition for the upwelling
phenomenon. Based on previous research results identified in literature [57-59], this study
defines as an upwelling region the area where the ratio between the vertical velocity V and
the incoming velocity U is greater than or equal to 10%.

The distribution of the upwelling area induced by M-type unit reefs shows high
similarities under different testing conditions, as shown in Figure 8. The upwelling area
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mainly appears at the sharp corner above the first single reef upstream, and is generally
fan-shaped with the sharp angle as the center. Along the direction of the flow, the scale of
the rising flow area produced by the reef impact gradually decreases and at the same time,
there is a small range of upwelling between the two adjacent monomeric reefs in each reef
group. Figure 4 shows the upwelling region under different working conditions when the
interval between reef groups in unit reef is 1.25 L.
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Figure 8. Upwelling area of M-shaped unit reef under different conditions. (a) Case 3-1; (b) case 3-3; (c) case 3-5.

The length, height and area of the upwelling region under each working condition
tested within the experimental facility were considered for a comparative analysis. The
maximum upwelling velocity Vmax and the average upwelling velocity Vave were used
to measure the intensity of the upwelling, and the maximum upwelling height Hyp max,
the maximum upwelling length Lyp max and the total upwelling area Syp were used to
characterize the scale of the upwelling. The height of the upwelling was calculated with
the bottom of the reef as the zero point. Figure 9 shows the variation of the upwelling
values for M-type reef under the different hydraulic conditions tested. Overall, the charac-
teristic values of the upwelling seem to be increasing with the increase of the flow velocity.
Analysing similar velocity conditions but different geometrical configurations, it is possible
to mention that the characteristic value of the upwelling initially decreased first, then
increased and then decreased again with the increase of spacing applied. The maximum
value was recorded when the spacing was 1.25 L. The maximum velocity of the upwelling
was about 28.78~53.56% of the incoming velocity. Relation of V for various configurations
was V(1.25L) =~ V (0.75L) > V (1.50 L) > V (1.00 L). The average velocity of the upwelling
was about 13.67~16.19% of the incoming velocity, which is roughly 1.25L > 0.75L ~ 1.50 L
> 1.00 L. The maximum height of upwelling was about 1.89~2.63 times higher than that
of single reef, which is roughly 1.25 L > 1.50 L > 0.75 L > 1.00 L; The maximum length of
upwelling was about 1.84~2.47 times of the height of single reef, which is about 1.25 L >
0.75 L >1.50 L > 1.00 L; The total area of upwelling was 1.25 L >1.50L > 0.75L > 1.00 L.
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The scale of the upwelling phenomenon generated by the first single reef of the first reef
group was obviously dominant in all the upwelling areas.
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Figure 9. Upwelling values of M-shaped unit reefs under different testing conditions: Vimax, Vave, Lupmax, Hupmax, Sup-

3.2.2. The Back Vortex Flow Field

After the artificial reef was setup in the experimental facility, part of the incoming
flow would pass through the reef and produce a low turbulence area on its back. Because
there are a lot of vortices generated in this region, this was called back vortex area. The
eddy current structure in this area was generally stable, which can support the fact that
these conditions facilitate the deposition of nutrients, and provide a place for fish and
other organisms to inhabit, avoid enemies and feed. The scale of the back vortex is also an
important index to evaluate the effect on the flow field induced by artificial reefs. In this
study, the back vortex region was defined as a slow flow region where vortices formed on
the back or inside of a single reef.

The maximum height Hy,,«, the maximum length Ly, and the total area Sy, of the
back vortex were used to characterize the scale and magnitude of the back vortex and
were quantified by looking at the experiments and analysing the flow field generated. The
height of the back vortex was calculated with the bottom of the reef as the zero point. The
characteristic values of the back vortex under each working condition are compared and
analyzed and displayed in Figure 10.
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Figure 10. Characteristic values of the back vortex region recorded for M-shaped unit reefs under different configurations:
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Under different conditions, the distribution of the back vortex region showed a high
degree of similarity too. The back vortex region mainly appeared between every two
adjacent reefs in each reef group and at the back of the last reef in each configuration. In
general, seven large back vortex regions were spotted in the whole flow field, with one
or two clockwise large vortices in each region. Furthermore, there were also small eddy
currents in the reef, but the scale was too small hence could be ignored. Along the flow
direction, there was no obvious rule characterizing the magnitude and scale of each back
vortex area, and the difference between them was small, however the scale on the back of
the first single reef was usually recorded as the largest.

Figure 10 shows the variation of the characteristic values of the back vortices within
M-type reefs under different configurations. Similarly to the variation of the upwelling
characteristic values, those of the back vortex increased with the increase of the velocity.
However, at the same velocity, the characteristic values of the back vortex had obvious
differences, but no uniform variation law was identified. The maximum height of the back
vortex was about 1.07~1.22 times of the height of the single reef, and the total area of the
back vortex firstly increased and then decreased with the increase of the spacing, reaching
the maximum value when the spacing was 1.25L > 1.50 L > 1.00 L > 0.75 L. The maximum
length of the back vortex firstly decreased, then increased and then decreased with the
increase of the spacing, (1.25L >1.50 L > 0.75 L > 1.00 L), which is about 1.49~1.75 times of
the height of the single reef.

3.3. Evaluation of Each Configuration Tested Based on Impacts of the Hydrodynamics

The artificial reefs have enormous ecological and environmental effects. The upwelling
generated by the obstruction of the reef can enable the transportation of nutrients in the
upper and lower layers of sweater, and at the same time the back vortex generated on
the back of the reef provide a place for fish to rest, avoid natural enemies and find food.
Therefore, reef groups improve the condition of current flow fields within the marine
environment which cause an increasing production of marine biological resources. In
order to better judge the effects of the M-Type reefs on the flow field to figure out which
layout spacing is the one creating the most favorable conditions to the marine environment,
in this paper 11 hydrodynamic indexes and 1 extra economic index were selected for
evaluation. Between these indexes there are velocity distribution, the upwelling and the
back vortex, the turbulence intensity and the economic cost and their effects are combined
to provide a final evaluation score associated with each spacing layout tested under each
configuration. Finally, the comprehensive score of each spacing is calculated by adopting
a weighting method, and the best scheme obtained and presented was the one with the
largest value calculated.

3.3.1. Entropy Method

Entropy was introduced firstly within thermodynamics [57], and then it was devel-
oped as a theory to quantify the degree of uncertainty within a system [58-61]. The basic
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idea of the entropy method is to reflect the degree of differentiation of evaluation objects
from the perspective of the index entropy. The smaller is the entropy value of an index,
the more useful information it provides and greater is the corresponding weight. On the
contrary, the higher is the entropy, the less useful information the index provides, and the
less important the index is.

The entropy method is an objective weighting method, which can overcome human
subjective factors and objectively reflect the utility value of each index. Since it was
proposed, it has been widely used in the evaluation of problems in many fields, as well
as the optimization of multi working conditions and different schemes [62—69]. There is
no limit on the number of indexes to be selected, and it has strong practicability and wide
application range. The specific steps of the entropy method can be listed as follows:

(1) Raw data standardization:

xi]- — min{xlj, e ,xn]-

Positive index - - - - - - x'jj =

4)

max{xyj, -+, ¥y —min{xg, -, Xy

i max{xqy;, -, Xy — Xji
Negative index - - - x';; = a " ij ®)
maX{xlj’---,xn]» 7mln{xl-]»’...’xnj

Among all the indexes, only the economic cost index can be negative. Because
the logarithm is used in the entropy method, the normalized value cannot be used
directly. In order to solve the influence of the negative number, the standardized
value is transformed as follows:

Zij = x/ij + A (6)

where x;; is the original value of the i-th sample and j index, ;" is the standardized
index value, Zjis the value after translation, and A is the translation amplitude.

(2)  Calculation of the characteristic proportion or contribution (p;;) of the i-th evaluation
object under the j-th index:
Z;j . .
pij = 7 — (i=12...,m;j=12...,m) (7)
Y Zjj

i=1

where 7 is the number of samples (spacing, n = 4 in this paper) and m is the number
of indicators.
(3) Calculation of the entropy value (¢;) of index j:

n
ej = —k)_ piIn(py) ®)
i=1
where, k = ﬁ,ej >0.
(4) Calculation of the difference coefficient (g;) of index j:
gi=1-¢ 9
(5) Normalization of the difference coefficient and calculation of the weight of index
j (Wp):
8j .
W= (j=12...... m) (10)
L 8j
1=
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(6) Calculation of the comprehensive score (Y;) of each index of the i-th evaluation object:
m

Yi=) Wp; (11)
i=1

3.3.2. Weight Optimization

In order to explore the balance between ecological benefit and economic cost for the
application of artificial reefs, two evaluation indexes were established. The first one was
the hydrodynamic index, and the second one incorporated the contribution of both hydro-
dynamic and economic cost indexes. For the economic cost index, through a preliminary
field investigation and literature research, it was found the cost of each empty volume
occupied by the single square ecological reef (Table 3). However, it was decided that if the
cost of each empty volume was directly taken as the economic cost index, the value of the
index was equal under all the design spacing, and this index would not play a role in the
comprehensive evaluation. Therefore, in order to improve the rationality of the evaluation
index, this study puts forward the cost index per square meter of unit reef through the total
cost of unit reef and its area (the total cost is the construction price of the reef, and the cost
per square meter is calculated based on the cost of the reef and the area of the reef group),
and takes it as the economic cost index. The specific results are shown in Table 3.

Table 3. Economic cost evaluation index of flow field effect of M-shaped unit reef.

Length of the Width of the . Cost per Square Cost of the Cost per
. . . Representative .
Spacing Experimental Experimental Area (m2) Meter of the Experimental Square Meter
Section (mm) Section (mm) Monocase (CNY) Section (CNY) (CNY/m?)
0.75L 1400 800 2800 435.07 88,319.21 31.5426
1.00 L 1600 800 3200 435.07 88,319.21 27.5998
1.25L 1800 800 3600 435.07 88,319.21 24.5331
1.50L 2000 800 4000 435.07 88,319.21 22.0798

According to the entropy method Equations (4)—(11), the weight of each evaluation
index under the five flow rates tested was calculated. In order to make the weight more
reasonable, the arithmetic mean value of the weight of each index under the five flow
rates was selected as the final weight, as shown in Table 4. It can be seen from the table
that the top three index weights are maximum length of upwelling (10.71%), average
vertical turbulence intensity (9.74%) and average longitudinal turbulence intensity (9.73%),
respectively. The weight of upwelling index was 40.77%, ranking first, among which the
weight of the maximum length and total area of upwelling was larger. The weight of the
back vortex index was 23.89%, ranking second, and the weight of the maximum length
of the back vortex was the largest. The weight of turbulence intensity index was 19.47%,
ranking third, and the weight of longitudinal and vertical indexes was equal. Finally, the
weight of the economic cost index was 7.19%.
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Table 4. Weight system for each variable affecting the flow field around M-shaped unit reefs.

No Economic  Including Economic No Economic  Including Economic
Index Type Cost Index Cost Index Index Cost Index Cost Index
Weight I Weight II Weight I Weight II

di;’;ﬁig’m 9.35% 8.68% Uave 9.35% 8.68%
Vmax 6.97% 6.47%
Vave 7.44% 6.90%
Upwelling 43.94% 40.77% Hupmax 7.92% 7.35%
Lupmax 11.55% 10.71%
Sup 10.06% 9.34%
Hpmax 8.13% 7.55%
Back vortex 25.73% 23.89% Limax 9.65% 8.96%
Sp 7.95% 7.38%

Mean longitudinal

1 turbulence intensit 1048% 9.73%
Tﬁii:?ce 20.98% 19.47% y
i -
Y Mean vertical 10.50% 9.74%
turbulence intensity
Economic cost - 7.19% Cost per square meter - 7.19%

Note: Uave; The fitting results of representative sections C and ] between the two reef monocases and behind the reef groups were selected
to calculate the average longitudinal velocity. Turbulence intensity: the calculation results of this variable are from published papers [20].

3.3.3. Analysis of Evaluation Results

According to the determined index weight system, the scores of each spacing under
five design flow rates were calculated according to Equation (8). In order to compare and
analyze the results associated with different spacing, the arithmetic average of the five
flow rates was used as the comprehensive score y of each interval, and the comprehensive
scores of the two index systems were recorded as Y; and Y respectively.

Figure 11 shows the final comprehensive score Y for the four intervals. When consid-
ering the hydrodynamic index, the comprehensive scores followed the trend Y (1.25L) > Y
(1.50L) >Y (0.75 L) > Y (1.00 L), with the gap between 1.50 L and 0.75 L which was very
small. The comprehensive score of the scenario 1.25 L was significantly higher than any
other spacing, being 1.871, 2.117 and 4.747 times of 1.50 L, 0.75 L and 1.00 L, respectively.
The results showed that when the spacing between each reef group in a unit reef was
1.25 times of the original design interval, the flow field effect had the maximum impact,
and the scores of up-flow, back eddy current and turbulence intensity were all reaching
maximum values for all the four kinds of spacing. It can also be found that when the
distance between the reefs increased, the comprehensive score decreased significantly.

This outcome indicated that the critical value of the scale of the M-type reef unit reefs
had been reached after 1.25 times of the original design distance, and it was not suitable to
increase the spacing anymore. The original design spacing was the worst among the four
spaces tested, with score less than 0.1, only 31.5% of the average comprehensive score of
the other three spacing setups. It showed that the scale of the original design spacing was
not suitable for M-type unit reefs, and the cooperative effect between the reefs couldn’t be
fully exerted under this spacing.



J. Mar. Sci. Eng. 2021, 9, 1155

18 of 23

1Yl mY2
0.500 0.451 0.444
0.400

0.300

0.200

0.095 0.102

0.100

0.000
0.75 L 1.00L 1.25L 1.50 L

Disposal spacing

Figure 11. Comprehensive evaluation score of flow field effect of M-shaped unit reef.

The results of the evaluation taking in consideration the cost index are consistent with
those focusing on the hydrodynamic characteristics. The comprehensive scores followed
this trend: 1.25L >1.50L > 0.75 L > 1.00 L, the score of scenario 1.25 L was 2.254 and
4.353 times of 0.75 L and 1.00 L, respectively. After the cost index was included, the score
of 0.75 L and 1.25 L had decreased, and the scores of 1.00 L and 1.50 L had risen, but the
change range was not enough to affect the final evaluation results. This confirmed that
the economic cost has negligible influence on the M-type unit reefs application of different
sizes and spacing. Overall, the cost per square meter of the unit reef only accounts for
less than 8%. In fact, the flow field effect and ecological benefit of the artificial reefs are
considered when deciding quantities of M-type artificial reef to implement. In conclusion,
from the theoretical and practical point of view, it is suggested that the size of M-type reef
unit reef should be adjusted when the reef is cast, and the interval between reef groups
should be changed to 1.25 times of the original interval.

3.3.4. Analysis on the Application of the Adjusted Layout Scheme

According to the evaluation results for the system that only considers the hydrody-
namic characteristics and the economic cost, and comprehensively considers the ecological
benefits and economic cost, it is suggested that the unit reef spacing of M-type reef should
be expanded by 25% on the basis of the original spacing. In addition, through comparative
analysis, it is found that the differences of upwelling, back vortex and other hydrodynamic
characteristics between reef groups composed of 6 individual reefs and 4 individual reefs
are negligible. Therefore, it is suggested that at the actual site all reef groups should be
composed of 4 individual reefs to further reduce economic input. For this configuration,
the interval between unit reef groups was 23.57 m, and the side length of square unit reef
was 52.5 m (Figure 12). The M-type reef unit reef group was composed of five unit reefs
with a spacing of 100 m. The schematic diagram before and after adjustment is shown in
Figure 13. It can be seen from Table 5 that the flow field effect of unit reef and unit reef
group after spatial layout adjustment is enhanced compared with the original spacing,
the number and cost of single reef are reduced by 10%, and the affected flow field area is
increased by 10% and 5% respectively, which can obtain greater ecological benefits with
less economic input and create a better living environment for more marine organisms.
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Figure 12. Comparison of M-shaped unit reef before and after the adjustment. (a) Original design spacing; (b) adjusted spacing.
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Figure 13. Comparison of M-shaped reef cluster before and after the adjustment. (a) Original design spacing; (b) adjusted spacing

Table 5. Comparison of M-shaped reef layout before and after adjustment.
Side Length (m) Area (m?) Number of Monocases Economic Cost (Yuan)
Original design unit reef 50 2500 22 9571.54
Adjusted unit reef 52.5 2756.25 20 8701.40
Original design reef cluster 200 40,000 110 47,857.70
Adjusted reef cluster 205 42,025 100 43,507.00
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4. Conclusions

Nowadays, artificial reefs are increasingly being adopted because to date they have
demonstrated to provide shelter, food and other necessary elements for biodiversity and
a productive ocean [70-72]. As a consequence to these benefits, marine life becomes
rich, attracting divers and anglers and therefore it could also enhance the tourism and
commercial fishing of many local areas around the world improving their economies.

In this paper, M-Type artificial reefs are investigated to determine the benefits of their
presence on the hydrodynamics, and more in particular on the upwelling and back vortex
characteristics they induced on the flow field. Effects have been analyzed via conducting
a series of experimental tests within a flume and the entropy method was implemented
to conduct a comprehensive evaluation based on different evaluation systems. The main
conclusions can be summarized as follows:

(1) According to the longitudinal velocity distribution of all sections, it was found that
the longitudinal velocity distribution of the sections in front of the reef groups (Type I
& IV) conforms to logarithmic distributions which can be fitted with Equations (1)
and (3) respectively. While the longitudinal velocity distribution of sections between
the two reef monocases and behind the reef groups (Type II & III) is a combination
of exponential and logarithmic distributions which fitted with Equations (2) and (3),
and there is a little difference between the dividing point height of Type II and III.

(2) By comparing the flow field under different hydraulic conditions and configurations,
the experimental results show that, in general, the eigenvalues of both upwelling
and back vortex increase with the increase of the velocity when the spacing is kept
uniform. For similar velocity, the maximum values of both upwelling and back vortex
are obtained when the distance between unit reefs is 1.25 L.

(3) Based on the hydrodynamic characteristics and the economic cost, the entropy method
was used to evaluate the flow field effect induced by M-shaped reef under four spacing
setups. The comprehensive score obtained from large to small was Y (1.25L) > Y
(1.50L) > Y (0.75 L) > Y (1.00 L). The ecological benefits and the economic cost were
considered, and it is suggested that the original design spacing should be increased by
25% when the square ecological unit reef is put into practice. This suggestion can be
considered as a reference for the construction of M-Type artificial reef in coastal areas.

(4) Through comparative analysis, it is suggested that the M-type reef groups should be
further changed into four individual reefs. In fact, after this adjustment was made,
the cost of the unit reef was reduced by 10%, while the influence range on the flow
field increased by 10%. Therefore, greater ecological benefits could be obtained with
less economic input.

To the author’s knowledge, no other studies are available in literature with M-Type
artificial reefs, therefore it was not possible to compare these results with those that have
been obtained with dissimilar artificial reefs and with different flow conditions and flume
dimensions. Due too many variables in place, it is impossible to compare too unrelated
features, therefore this manuscript focused on explaining the results obtained rather than
generating a broad and vague discussion not applicable in this case. Within this study, the
artificial reef was fixed on the sea bed, as it should be within the real scenario, and particular
focus was directed on investigating the hydraulic features generated, however, the stability
of the artificial structure should be investigated. Further research will also focus on the
interaction of similar configurations with unsteady flow conditions and a variety of wave
profiles characterized by dissimilar amplitudes and frequencies, representing features that
may be typical of climate change [73,74].
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