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Abstract: Artifcial reefs are considered to have the function of repairing and improving the coastal 
habitat and increasing the fshery production, which are mainly achieved by changing the regional 
hydrodynamic conditions. The characteristics of fow turbulence structure are an important part of 
the regional hydrodynamic characteristics. Different methods are used to evaluate the performance 
of artifcial reefs according to their shape and the purpose for which the reef was built. For this study, 
the M-shaped unit reefs, which are to be put into the area of Liaodong Bay, were selected as the 
research object and have never been fully investigated before. Experimental tests were conducted to 
assess the effect of these M-shaped artifcial reefs on the vertical and longitudinal turbulent intensity 
under different hydraulic conditions and geometries, and datasets were collected by using the Particle 
Image Velocimetry technique implemented within the experimental facility. The distribution and 
variation characteristics of the turbulence intensity were analyzed, and the main results obtained can 
confrm that in the artifcial reef area, there was an extremely clear turbulent boundary. Furthermore, 
the area of infuence of the longitudinal turbulence was identifed to be larger than that of the 
vertical turbulence, and the position where the maximum turbulence intensity appeared was close 
to where the maximum velocity was measured. Finally, results demonstrate that low turbulence 
conditions are typically located in front of the unit reef, the general turbulence area is located within 
the upwelling zone, and the more intense turbulence area is located between the two M-shaped 
monocases. These results are extremely important, because they provide the local authorities with 
specifc knowledge about what could be the effect of these M-shaped reefs within the area where 
they will be implemented, and therefore, specifc actions can be taken in consideration with the 
geometrical setup suggested as an optimal solution within this study. 

Keywords: Liaodong Bay; Bohai Sea; artifcial reef; turbulence; particle image velocimetry; experi-
mental modeling 

1. Introduction 

In recent years, due to the pollution of offshore environments, their habitat degra-
dation, overfshing activities, and effect generated by the climate change, global marine 
fsheries have signifcantly declined [1–7]. Nowadays, artifcial reefs, submerged structures 
deliberately constructed or placed on the seabed to emulate some functions of a natural reef, 
are some of the techniques adopted to protect, regenerate, or enhance the population of 
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living marine resources [8]. Over the last decade, artifcial reefs have also been considered 
to be an effective measure to reduce the impact of human activities on coastal ecosystems 
and increase fshery production, and recent studies have confrmed these properties [9–15]. 
The fow felds generated by artifcial reefs are considered to be the source of the major 
benefts that these structures may have on marine environments. By deploying artifcial 
reefs into open biological environments, there will certainly be disruptions to the original 
smooth fow felds; however, the new currents generated may facilitate salt transport, 
enriching coastal ecosystems and providing vital sources and an ideal habitat for reef 
fsh [16–18]. Different confgurations can in fact infuence the fows passing through these 
structures, generating specifc currents that could aid the deposition of solid material as 
well as the exchange of nutrients between multiple layers, with a consequent benefcial 
aspect for fsh expansion [19,20]. Furthermore, these structures may also be used as pro-
tection or gathering areas by fsh or other organisms, because the gentle and stable eddy 
currents created on the back of them could support the deposition of nutrients and function 
as a shield that is useful for avoiding enemies or larger predators [21–27]. 

Research on the hydrodynamics of artifcial reefs is primarily based on insights ob-
tained within experimental and numerical modeling of different reef types, individual or 
as a combination of various geometries, and to date, based on the authors’ knowledge, 
the main scope was to identify characteristics and changes of upwelling and eddy currents 
induced by these artifcial structures [8,28–38]. However, there is a paucity of studies 
related to the turbulence around these artifcial reefs. 

Turbulence represents the most effective mixing factor that can be met in nature 
on small as well as large scales [39]. In coastal areas, turbulence structures affect the 
chemical and physical interaction between the reefs and the surrounding features [40], 
and they have a strong impact on the typology of different aquatic organisms that may 
have dissimilar preferences for either high or low turbulent fow conditions. Therefore, 
turbulence is considered to be an extremely important factor affecting the larval survival 
and recruitment of pelagic fsh [41,42]. 

Previous studies on the turbulent characteristics of natural coral reefs confrm that 
turbulent mixing controls the vertical coupling between the implantation layer and the 
overlying water, and it determines the vertical transport of heat, food, pollutants, lar-
vae, or nutrients from the seabed community [40,43–45]. At the same time, an improved 
understanding of turbulent processes on coral reefs is crucial for the prediction of mo-
mentum, energy, and scalar transport, and from an understanding of these basic fuxes, it 
could be possible to learn more insights about the physics that shape reef ecosystem pro-
cesses [46,47], sediment suspension and transport [48], and larval settlement on reefs [49]. 
Many mollusc veligers change their behavior in response to turbulence, and variations 
in these responses provide clues to whether or how adult habitat structure shapes larval 
behavior [50]. A study conducted by Fuchs et al. [50] has shown that Oyster larvae (Cras-
sostrea virginica) could enhance their settlement success by moving toward the seafoor 
in the strong turbulence areas associated with coastal habitats, and the speeds that larvae 
propelled themselves downward rose steadily with turbulence intensity to several times 
the terminal fall velocity in still water [50]. Turbulence mixing is the major driver to change 
the physicochemical characteristics of water column, and it can, for example, not only 
facilitate oxygen transport from water to surface sediment, but it can also enhance sediment 
suspension, which is one of the key processes affecting water turbidity and indirectly infu-
encing eutrophication in shallow lakes [51,52]. A previous study completed by Li et al. [53] 
confrmed that turbulence intensity plays an important role in internal phosphorus release: 
the results presented demonstrated that strong turbulence caused a reduction of phos-
phate in the overlying water, oxygen delivery was enhanced under moderate turbulence 
mixing, and turbulence induced high suspended sediment adsorption, contributing more 
intensively to phosphorous (P) inactivation [53]. Recent studies [54–56] have shown that 
turbulence may also affect the feeding of marine organisms such as plankton and other fsh. 
Furthermore, turbulent motions in the surrounding fows can be important also for the 



Appl. Sci. 2021, 11, 1393 3 of 21 

encounters of aquatic microorganisms and their prey by bringing predators and prey close 
from time to time and thereby enhancing the probability of capture even without relying 
on self-induced motions [57–61]. Nevertheless, sometimes, turbulence can also provide 
organisms with hydrodynamic signals that may be wrongly interpreted as generated by 
an approaching predator, which may affect their behavior and the energetic cost of swim-
ming [62]. In addition, the presence of turbulence can change the particles’ settling velocity, 
which subsequently alters the concentration within the suspension layer. Thus, turbulence 
is an infuencing factor for sediment transport and seabed evolution as well [63,64]. Consid-
ering all these impacts that turbulence may have in marine environments, it is necessary to 
further study the turbulent characteristics of fow felds altered by the presence of artifcial 
reefs, because these features, as previously mentioned, are being adopted more frequently 
for coastal protection, rehabilitation, and restoration. 

To achieve this aim and fll this gap identifed in the literature, this study focuses on the 
experimental modeling of M-shaped unit reefs, which are to be put into the typical artifcial 
reef area of Liaodong Bay (China) next to the Bohai Sea (Figure 1). The experimental 
campaign involved testing different infow velocities and spacing of these M-shaped unit 
reefs, and results have been collected using the Particle Image Velocimetry (PIV) method. 
The characteristics of turbulence intensity and its variation under different fow conditions 
were then analyzed, and results have been presented to characterize specifc turbulent fow 
features in typical M-shaped unit artifcial reefs, which should be taken into consideration 
in Liaodong Bay, where these structures will be used. Furthermore, outcomes obtained in 
this study can provide a reference for improving artifcial reef confgurations, which are in 
continuous development. 
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2. Experimental Setup 
2.1. Experimental Model 

The experiments were carried out in a multi-functional fume in the State Key Labora-
tory of Water Environment Simulation, at Beijing Normal University, China. The internal 
dimensions of the fume are 25.00 m × 0.80 m × 0.80 m (length × width × height), 
whose bottom and side are made of transparent glass. The fow is generated by a complete 
water circulation system, and the maximum fow rate is 240 L/s. 

The reef monocase model used for this study is 0.06 m × 0.06 m × 0.044 m in size, 
3 mm in thickness, 4 mm in round hole radius, and 4◦ in triangle angle, which was scaled 
by a geometric factor of 1:50 according to the prototype size of the M-shaped reef (Figure 2). 
The feld observation of the daily fow velocity reported in the Liaodong Bay varied 
between 0.6 and 1.8 m/s, which corresponds to a design fow velocity 0.085–0.257 m/s or 
fow rate 20–60 L/s range according to the scale factor specifed here. The M-shaped reef 
models were made of plexiglass. Each M-shaped unit reef is composed of 14 reef monocases. 
In order to avoid drifting and rolling, the reef models were fxed on the bottom of the fume 
with transparent rubber belt and were located perpendicular to the fow direction. 
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Figure 2. Three views and schematic diagram of M-shaped artifcial reef prototype. 

The Particle Image Velocimetry (PIV) method was adopted to investigate fow con-
ditions. This is a non-contact two-dimensional fow feld measurement technology based 
on cross-correlation analysis of fow feld images, which can produce a quantitative visu-
alization effect of instantaneous fow patterns without disrupting the phenomena under 
analysis. It is usually used to support the development of phenomenological models for 
complex fow or numerical simulation verifcation. It has become the main experimental 
technique for measuring fow velocity felds [65–67] and has been widely used in the analy-
sis of fow feld around artifcial reef models in recent years [30,31] as well as for other fow 
applications [68–72]. The fuid velocity was calculated using an adaptive cross-correlation 
technique, keeping an interrogation area of 1903.5 × 1183.5 pixels with consideration 
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of 80 pixel overlap between two adjacent areas. Median correction post-processing was 
applied to remove erroneous vectors, which removed approximately 2 to 7% vectors from 
each measurement set. To validate this technique, an Acoustic Doppler Current Velocimetry 
(ADV) was installed 2 m in front of the test target to measure the infow velocity and results 
compared with PIV outputs were within the range of 4% error. With the artifcial reef 
model placed in the middle of the fume, the laser used for the PIV data collection was 
placed at the bottom of the tank to hit the central axis of the reef model. The images were 
captured by a CCD (Charge Coupled Device) camera and consequently analyzed using 
Dynamic Studio software [73]. The velocity maps produced were fnally visualized using 
Tecplot software. A full experimental setup is illustrated in Figure 3. 
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2.2. Experimental Design 

The unit reef model is composed of three sub reefs, which are parallel to the fow 
direction in the prototype arrangement. Along the fow direction, the spacing between 
each reef monocases group is 18.85 m (Figure 4), which should be 377 mm in the fume 
experiment according to Froude similarity adopted [30]. On this basis, multiple setups 
were studied, with the spacing reduced and expanded, replicating different confgurations, 
which were (1) L1 = 0.75 L2 = 283 mm, (2) L2 = 377 mm as the basic spacing typically adopted 
in the real case scenario, and (3) L3 = 1.25 L2 = 471 mm, respectively. According to the study 
completed by Cui et al. [74], which stated that the most optimal spacing between the two 
reef monocases should be ≈1.0–1.5 times the length of the reef, the spacing between two 
monocases in each group was set as one time the model length, which was 60 mm. All the 
geometrical confgurations tested in this study are displayed in Figure 5. Group A, Group B, 
and Group C correspond to the three sets of artifcial reefs, as displayed in Figure 5. 
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2.3. Hydraulic Conditions 

Five velocities measured during a feld campaign in the sea area of Juehua Island, 
where the M-shaped artifcial reef prototypes will be released, were selected to be replicated 
in this study. These velocities are 0.6, 0.9, 1.2, 1.5, and 1.8 m/s, and they were obtained 
by releasing the fow Q as 20, 30, 40, 50, and 60 L/s, respectively (±2.5%). Based on 
the Froude similarity adopted, the correspondent experimental velocities tested within 
the experimental facility were then 0.085, 0.130, 0.170, 0.214, and 0.257 m/s, respectively; 
therefore, the values replicated were within ±0.86% of the values measured in the feld. 

The experimental water depth tested in the laboratory was 300 mm, and it was 
calculated using Froude similarity as well, according to the actual water depth recorded in 
situ, 15 m. To sum up, a total of 20 groups of experiments were conducted, including four 
geometrical conditions (1, 2, and 3 previously explained plus a controlled test with no 
artifcial reefs, called 0), and fve fow conditions with dissimilar velocities. All these 
experimental details are summarized and displayed in Table 1. 

Table 1. Testing conditions. 

L (mm) u0 (mm) Fr 

\ 0.085–0.257 0.05–0.15 
283 0.085–0.257 0.05–0.15 
377 0.085–0.257 0.05–0.15 
471 0.085–0.257 0.05–0.15 

Note: L: the spacing between each artifcial reef; u0: the averaged infow velocity. 

3. Methods 
3.1. Quantifcation of Turbulence Velocity 

The fuctuating fow structure mainly refers to the distribution of turbulence intensity, 
which is an important index commonly used to describe the characteristics of turbulent 
fow felds. 

The velocity of each point in the turbulent fow changes with time, but if considering 
a long time duration, its time-averaged value is relatively stable. Therefore, the time-
averaged velocity can be calculated as follows: 

N 
Time− averaged velocity u = 

1 
∑ ui (1)

N i=1 

The value obtained by subtracting the instantaneous velocity from the average velocity 
at a point is the fuctuating velocity, also known as turbulence velocity, which is one of the 
most important characteristics of fow turbulence. 

Turbulence velocity umi = ui − u (2) 

In Equations (1) and (2), ui is the longitudinal instantaneous velocity at point i; umi is 
the longitudinal turbulence velocity; and N is the number of sampling statistics. The ex-
pressions of vertical velocity vi are similar. 

3.2. Quantifcation of Turbulence Intensity 

Turbulence velocity may have positive–negative points, which is not convenient for 
statistical comparison. 

http:0.05�0.15
http:0.05�0.15
http:0.05�0.15
http:0.05�0.15
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In order to compare the intensity of turbulence at different points more intuitively, 
the root mean square of turbulent velocity is usually used to represent the intensity of 
turbulence. Thus, mean square velocity and turbulence intensity are calculated as follows: 

2N 
Mean square velocity u02 = 

1 
∑(ui − u) (3)

N i=1 q
Turbulence itensity σu = u02 (4) 

The turbulence intensity is usually treated to make it dimensionless. For example, 
σuthe relative turbulence intensity σ0 u = is used to represent the turbulence intensity of u0 

the fow, where u0 is the infow velocity (the turbulence intensity mentioned below is the 
relative turbulence intensity). 

3.3. Estimation of Reynolds Shear Stress 

Reynolds shear stress is the shear stress between the fow layers due to the water 
momentum exchange and can be quantifed as follows: 

Reynolds shear stress τuν = −ρu0ν0 (5) 

As for the turbulence intensity, the Reynolds shear stress is also usually treated to 
u0 ν0make it dimensionless. For example, the relative Reynolds shear stress R = 2 is used to 
u0 

represent the Reynolds shear stress on the XY plane. 

4. Results and Discussion 
4.1. Characteristics of Turbulence Intensity Distribution along the Flow Direction 

The changes of turbulence intensity in the proximity of the unit reef tend to be 
consistent under different working conditions, as displayed in Figures 6 and 7, which show 
the distribution of turbulence intensity under the worst scenario for the velocities tested 
and each geometrical setup; therefore, tests 0-5, 1-5, 2-5, and 3-5 displayed in Table 2 show 
the average values for the longitudinal and vertical turbulence intensity over the whole 
study range. 
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Table 2. The average longitudinal and vertical turbulence intensity for cases 0-5, 1-5, 2-5, and 3-5. 

Test ID Average Longitudinal Turbulence Average Vertical Turbulence 

0-5 0.075 0.046 
1-5 0.117 0.086 
2-5 0.110 0.073 
3-5 0.118 0.084 

Figures 6 and 7 show that, except for condition 0-5, where no artifcial reef is applied, 
the turbulence intensity has an obvious boundary between the turbulent and non-turbulent 
regions, which gradually rises with the fow direction. When the fow was introduced into 
the fume inlet and passed through the artifcial reef structure, it was apparent that the fow 
patterns in the upstream area of the fume and in those around the reef group A, the ini-
tial set of artifcial reefs, were largely similar despite using different reef confgurations. 
These were understandable as initial fow conditions and are usually typical of each artif-
cial reef shape used. It can be noticed that comparing the same geometrical confguration, 
the longitudinal turbulence intensity is signifcantly larger than the vertical one, in terms 
of magnitude and areas characterized by high values. In fact, the characteristic length of 
the larger longitudinal turbulence intensity (>2.0) is about 5–7 times the height of the reef, 
while the larger vertical turbulence intensity (>0.16) is about 2–4 times the height of the 
reef. Moreover, the location of the area with larger longitudinal turbulence intensity is 
higher than that of the vertical turbulence intensity, as expected. 

Before entering the reef area, the longitudinal turbulence intensity gradually increases 
from the bottom at about 2.8 times the height of the reef in front of it, and along the fow 
direction, the turbulence height increases, which is close to the position where the current 
uplifts. The vertical turbulence intensity begins to change from the bottom at about 1 time 
the length in front of the reef. These results indicate that the blocking effect of artifcial 
reefs is mainly refected in the longitudinal velocity. 

Analyzing the longitudinal turbulence intensity under different working conditions, 
the magnitude of the numerical values and the area affected can be classifed as follows: 
condition 2-5 > condition 1-5 > condition 3-5, but in terms of average turbulence intensity, 
this is the fnal order: condition 3-5 > condition 1-5 > condition 2-5. 

Analyzing the vertical turbulence intensity calculated for different geometrical and 
hydraulics of the worst scenario (higher velocities), the magnitude of the numerical values 
obtained and the length of the area affected follow this order: condition 1-5 > condition 2-5 
> condition 3-5, but in terms of average vertical turbulence intensity, the order changes to 
condition 1-5 > condition 3-5 > condition 2-5. 

If values of longitudinal and vertical turbulence intensity are combined, the perfor-
mance follows this order: condition 1-5 > condition 2-5 > condition 3-5; that is, L1 > L2 > L3, 
which indicates that when the spacing is small, the impact of reef on the fow is greater and 
the turbulence is stronger. 

Nevertheless, it can also be observed that due to the presence of the artifcial reefs, 
the whole unit reef area is characterized by a relatively large turbulence intensity. Higher val-
ues of turbulence intensity initiate above the reef, following in parallel the fow streamlines 
and spreading outward with a strip shape, which is obviously greater than the surround-
ing turbulence intensity. By comparing the turbulence intensity of the three conditions 
with the control experiment (0-5) focusing on the same areas where the artifcial reefs are 
located, the longitudinal and vertical turbulence intensity increased by 53.6% and 76.8%, 
respectively. 

Table 2 displays the average values of longitudinal and vertical turbulence for cases 
0-5, 1-5, 2-5, and 3-5. It is possible to notice that the real scenario, 2-5, has lower values 
of turbulence in comparison with the spacing confgurations suggested with 1-5 and 3-5. 
Therefore, confgurations suggested by the authors (1 and 3) could be more benefcial to 
fsh and the ecology of the reefs, because stronger turbulence could provide more food and 
nutrients within the entire area under investigation [75]. 
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4.2. Characteristics of Turbulence Intensity along the Entire Flow Depth 

Although the maps produced for the turbulence within the artifcial reefs can clearly 
show the overall variation of longitudinal and vertical turbulence intensity, due to the dif-
ference between unit reef spacing setup for the experiments conducted, it is not convenient 
to compare and analyze the turbulence intensity at the same relative position because it 
may be not related to exactly the same location. 

In order to accurately compare the changes of turbulence intensity in the vertical line 
under different velocity conditions, 16 sections were identifed as displayed in Figure 8. 
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 frst group (Group A, as introduced in Figure 5) of 
artifcial reefs; Section C is 30 mm after the frst 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 artifcial 
reefs, Group B (as introduced in Figure 5); Section J is 30 mm after the frst 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 fnal group of artifcial reefs, Group C (as previously 
displayed in Figure 5); Section N is 30 mm after the frst monocase in Group C; Section O 
and Section P are 30 mm and 60 mm after Group C. 
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According to the location of these sections relative to the unit reefs, the 16 sections are 
classifed into four categories as follows: 

• A and B are the sections not entering the reef area (Type I); 
• G, H, I, and M are the front sections of the reef groups (Type II); 
• C, J, K, and N are the sections between the two reef monocases (Type III); 
• D, E, F, L, O, and P are the rear sections of the reef groups (Type IV). 

Figures 9 and 10 show the comparison of longitudinal and vertical turbulence across 
each section for the worst scenario tested (3) and all the velocities replicated (1–5). It is 
possible to notice that on the same section, the trends of turbulence intensity are highly 
coincident, despite the different velocities tested. A general pattern can also be observed: 
along the fow direction, outside the reef area, the longitudinal turbulence intensity gradu-
ally decreases with the increase of the water level, while this behavior cannot be noticed for 
the vertical turbulence intensity. After the fow enters the reef area, two infection points 
appear in the turbulence intensity on the vertical line. In fact, after the fow enters the reef 
area, the turbulence intensity frstly increases to the maximum value with the increase of 
water level (1st infection point); then, it decreases sharply with the increase of water level 
(2nd infection point) and then decreases slowly. The 1st infection point appears at the 
highest point where the water fow is affected by the reef on the vertical line. In the test 
area, the height of the 2nd infection point increases gradually along the fow direction. 
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At the same time, it was also found that the trend of longitudinal and vertical turbu-
lence intensity is affected by upwelling and back vortex conditions. For example, in sections 
G, H, I, and M, affected be upwelling, the 1st infection point of the longitudinal turbulence 
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intensity appears at 1.7 times the reef height, and the position of the 2nd infection point is 
not clearly identifable. The 1st infection point of the vertical turbulence intensity appears 
at 1 times the height of the reef, and the 2nd infection point is higher, about 3.2 times the 
reef height. However, in the sections affected by back vortex, such as C, J, K, and N, the 1st 
infection point of longitudinal turbulence intensity appears at 1.25 times the reef height, 
and the 2nd infection point appears at about 2 times the reef height. The 1st infection 
point of vertical turbulence intensity appears at about 1 times the reef height, and the 2nd 
infection point appears at about 2 times the reef height. 

It can be confrmed based on the results displayed in Figures 9 and 10 that the infuence 
of the back vortex on the turbulence intensity is more severe, because the turbulent intensity 
range of the section in the back-vortex region is larger than that in the upwelling region. 
However, the infuence range of upwelling on turbulence intensity is higher, because the 
2nd infection point of the section in the upwelling region is higher than that in the back-
vortex region. 

Among the four categories of sections previously identifed, we selected one repre-
sentative section for each type to simplify the comparisons between different locations. 
Therefore, Section A was selected to represent Type I, Section C was selected for Type II, 
Section D was selected for Type III, and Section M was selected for Type IV. In addition, 
G was also included within this list, because it was found that the infuence of the front and 
rear reefs on Section G was similar, and its vertical velocity was quite different under each 
testing conditions. The vertical distribution of Reynolds shear stress values, longitudinal 
turbulence intensity, longitudinal velocity, and vertical turbulence intensity and vertical 
velocity at Sections A, C, D, G, and M are displayed in Figure 11a–e. 
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It can be highlighted that although there is no direct relationship between the tur-
bulence intensity and the time-averaged velocity, the infection point of the turbulence 
intensity on the vertical line is generally consistent with that of the vertical velocity; the min-
imum Reynolds shear stress appears at a height close to that of the maximum turbulence 
intensity. Before entering the reef area, the longitudinal turbulence intensity has the follow-
ing order of magnitude: condition 3-5 > condition 2-5 > condition 1-5. However, after the 
disturbance of the reef, the turbulence intensity of condition 1-5 with the smallest spacing 
is the largest. Therefore, it can be stated that small spacing can stimulate the occurrence of 
turbulent features. 

Analyzing the Reynolds shear stress values obtained at each section, when the fow 
feld is not affected by reefs, the Reynolds shear stress is relatively small, and the Reynolds 
magnitude follows this spacing order: L2 > L1 > L3. After the fow enters the reef area, 
the Reynolds shear stress changes greatly, and the overall trend is roughly opposite to 
that of the turbulence intensity: the Reynolds shear stress frst decreases to the minimum 
value with the increase of water level; then, it changes suddenly after encountering the reef. 
Then, it increases with the rise of water level, and fnally, it remains stable, with the overall 
performance of L3 > L2 > L1. However, there are differences among the different sections: 
the variation range of Reynolds shear stress in Sections C and D is greater than that in 
Sections G and M, and the height of the turning point is relatively uniform. The reason for 
this difference may be that Sections C and D belong to the front part of the reef area and 
have a blocking effect on the fow. When the fow reaches Sections G and M, the velocity 
ideally reduced and the turbulence intensity weakens, inducing minor changes to the 
Reynolds shear stress. 

4.3. Characterisation of Maximum Turbulence Intensity 

The magnitude and the location of the maximum turbulence intensity can aid in 
characterizing the effect of the artifcial reef on the fow. Figure 12 shows the relationship 
between the maximum value of turbulence intensity and the height at which it occurs of 
each section under all conditions. 
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between the two groups of reefs, where usually the upwelling occurs. The turbulence in-
tensity in this area is higher than the one obtained in the first category, with the longitu-
dinal turbulence intensity between 0.1 and 0.15, and the vertical turbulence intensity be-
tween 0.05 and 1. The third category is the strong turbulence area, and it is usually located 
between two monocases, which is typical of the back-vortex area. The maximum values 
of longitudinal turbulence intensity in this region generally appear at 1.5 times the reef 
height, and they are generally greater than 0.2; the maximum vertical turbulence intensity 
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Figure 12. Distribution of maximum turbulence intensity for each typical section in the artifcial reef area. (a) The location 
of the maximum value of the longitudinal turbulence intensity; (b) the location of the maximum value of the vertical 
turbulence intensity. 

Figure 12a shows the location of the maximum value of the longitudinal turbulence in-
tensity quantifed for each typical section. The maximum values of longitudinal turbulence 
intensity at Section A and Section B of Type I occur at the bottom of the vertical distribu-
tion. At Sections G, H, I, and M of Type II, the correspondent maximum values appear at 
0.8–2.5 times the reef height, which are mostly concentrated in the length with the size of 
1.2–2 times the reef height, and the values obtained are between 0.15 and 0.2. As shown in 
Figure 12a, these values are scattered, but their range is relatively concentrated. At Sections 
C, J, K, and N of Type III, the maximum values appear at 1.0–1.5 times the height of the 
reef, which are mostly concentrated at 1.25 times the reef height, and the values obtained 
are greater than 0.2. This confrms that the location is relatively concentrated, but the range 
of these values is relatively scattered. Finally, at Sections D, E, F, L, O, and P of Type IV, 
the maximum values appear at 0.8–1.8 times the height of the reef, and the values are 
between 0.175 and 0.275. 

Figure 12b shows correspondent datasets for the maximum values of vertical tur-
bulence intensity calculated at each typical section. The maximum values of vertical 
turbulence intensity at Section A and Section B of Type I are not following a specifc trend, 
and they are distributed from the bottom up to 4 times the height of the reef, ranging from 
0.04 to 0.08. At Sections G, H, I, and M, for Type II, they appear at 0.8–1.7 times the height 
of the reef, and the values are between 0.1 and 0.15. At Sections C, J, K, and N of Type III, 
they appear at 0.9–1.4 times the height of the reef, and they are mostly concentrated at 
1.0 times the reef’s height, and the values are greater than 0.15, with values relatively 
scattered. Finally, at Sections D, E, F, L, O, and P for Type IV, they appear at 0.5–1.0 times 
the reef’s height, and the values are between 0.13 and 0.18. 
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The distributions of the maximum values of longitudinal and vertical turbulence 
intensity appear as a cluster, which can be divided into four categories according to specifc 
observations. The frst category is located in front of the whole unit reef, and it is mainly 
characterized by low turbulence at the bottom of the reef. In this region, the longitudinal 
turbulence intensity is less than 0.15, and the vertical turbulence intensity is less than 0.1. 
The second category corresponds to the ordinary turbulent area, which is usually located 
between the two groups of reefs, where usually the upwelling occurs. The turbulence 
intensity in this area is higher than the one obtained in the frst category, with the longi-
tudinal turbulence intensity between 0.1 and 0.15, and the vertical turbulence intensity 
between 0.05 and 1. The third category is the strong turbulence area, and it is usually 
located between two monocases, which is typical of the back-vortex area. The maximum 
values of longitudinal turbulence intensity in this region generally appear at 1.5 times 
the reef height, and they are generally greater than 0.2; the maximum vertical turbulence 
intensity generally appears at 1 time the reef’s height, with the value greater than 0.15. 
The fourth category is the mixed turbulent area, which is usually located at the back of the 
reefs’ s group. However, because it is not directly affected by the latter reef, the maximum 
value of turbulence intensity is smaller than that of the third category but larger than that 
of the second category. 

5. Conclusions 

This work focused on characterizing the turbulence structure typical in artifcial M-
shaped reefs to be implemented in the area of Liaodong Bay and its infuence on the 
fow, which could affect the motion of sediments and the diffusion of pollutants; the main 
outcomes of this study can be summarized as follows. 

There is a clear turbulent boundary at the height of about 2 times the height of the 
reef, and under the same hydraulic conditions, the area affected by intense longitudinal 
turbulence is larger than the reef area affected by the features induced by the vertical 
turbulence. The trends of longitudinal and vertical turbulence estimated at each section 
are clearly shaped by upwelling and back vortex features. The infuence of back vortex 
phenomena on the turbulence intensity is more severe locally, while the area affected by 
upwelling is larger. The maximum values were measured in close proximity with the 
maximum valued of velocity measured. According to the characteristics of the turbulence 
intensity distribution, the overall set of results can be divided into four categories: 

• The low turbulence area is typically located in front of the unit reef, and in this region, 
only at the sea bottom the turbulence intensity is relatively high; 

• The general turbulence area is located within the upwelling area; 
• The more intense turbulence area is located between the two monocases, and this area 

is strongly characterized by effects induced by the eddy currents; 
• The mixed turbulence area is located at the back of the reef group, and it is not directly 

affected by reef. 

The next step of this research would be to implement and investigate the applica-
tion of these artifcial reefs in a realistic site and analyze their development and their 
interaction with local ecology. Furthermore, in addition to affecting the local turbulence 
intensity, this study confrmed that artifcial reefs can change the original fow conditions, 
and therefore, they could affect the dynamic processes of sediments such as incipience, 
diffusion, suspension, transport, and settlement, thus changing the original natural sea 
bottom environment. The turbulence intensity is closely related to the movement of sedi-
ments, but there is little research on the response relationship between the two for studies 
on artifcial reefs; therefore, this will be the future research to undertake. 
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