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Abstract 
 
Recently, artificial reefs (ARs) have been frequently used primarily owing to the development in AR materials 

and projects for relatively complicated, large ARs. Among several engineering issues of ARs, wake region of an 
AR has been characterized because these regions have a high probability of recruiting seaweed spores, providing 
an energy saving zone, and facilitating deposition of sediments, nutrients, and bio-deposits. To characterize an 
efficiency index of an AR wake region and its dependency on the prevailing water flow directions, this study pro-
poses a so-called efficiency index diagram. This characterization is done by normalizing the wake volumes with 
respect to the real AR volume and illustrating how efficiency indices vary with respect to the inlet flow directions. 
As a result, according to the diagram characteristics such as an averaged efficiency index, fundamental symmetric 
angle, secure angles, and principal directions, we can easily figure out how a target AR should be aligned along 
the main water flows to maximize the wake region around the AR. In addition, six ARs are considered and their 
efficiency index diagrams are illustrated to pinpoint the physical characteristics. 
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1. Introduction  

Recently, artificial reefs (ARs), man-made structures, have been used frequently primarily owing to the 

development in AR materials and projects for relatively complicated, large ARs, to create marine habitats, 

provide angling, surfing, and diving sites, mitigate shore erosion, and increase living marine resources and 

biomass (London Convention and Protocol/UNEP, 2009). Although the so-called attraction vs. production 

debate (Lindberg, 1997; Hunter and Sayer, 2009; De Troch et al., 2013) among the marine scientists has 

not been completely solved, both arguments are all acceptable in these days based on the accumulated sci-

entific observations specifically in relatively shallow waters (Broughton, 2012). Accordingly, it is now 

natural for marine scientists to believe that ARs can contribute to not only attracting marine resources 

around ARs from natural reefs and but also increasing marine production in a specified area. This resolu-

tion supports ones focusing on how to design ARs for a specific purpose and naturally install ARs in a 

proper manner. However, it should be noted here that we have explored less than five percent of the ocean 

(Snelgrove, 2010); hence, the interaction between marine lives and ARs should be consistently studied for 

a better AR application and establishment. 
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In engineering point of view, there are several issues related to successful use of ARs, generally designed 

to target a goal or multiple aims. First, reef stability should be secured otherwise horizontal or vertical 

movement of ARs occurs. This movement reduces the facility and usable volume of ARs (Yoon et al., 

2016) and accordingly the efficiency of an AR module, set, group, and complex decreases. This instability 

is usually according to scour, settlement, loss of friction force, and/or significant hydrodynamic forces 

(Harris, 2009; Manoukian et al., 2011). Here, settlement may include immediate settlement due to the ini-

tial contact with the seabed, primary consolidation settlement owing to a volume change in saturated cohe-

sive soils, and secondary consolidation settlement as the result of the plastic adjustments of soil fabrics. 

Second, a certain reef function should be established to increase living marine resources and biomass, oth-

erwise the initial goal cannot be partially or even completely achieved. This function is categorized into 

several elements such as gathering or attracting marine species, providing a rest, spawning, and energy-

saving region (Hockley et al., 2013), protecting the species from predators, and finally increasing biomass 

and diversity. Quantification of these elements in terms of physical measures has been carried out (Kim et 

al., 2016b), for example efficiency, tranquility, and stability indices of an AR wake region. 

Wake region of an AR is formed by the interaction of the reef with prevailing currents or water flows 

(Wolanski and Hammer, 1988). Wake regions have a high probability of recruiting seaweed spores or at-

tracting marine species because they facilitate energy saving zones for marine species (Liao et al., 2003; 

Beal et al., 2006; Hockley et al., 2013) and deposition of sediments, nutrients, and bio-deposits (Sawaragi, 

1995; Miller et al., 2002; Falcão et al., 2007; Prairie et al., 2012). In general, the wake region of an AR is 

defined as the space consisting of the recirculating water flow immediately behind the AR (Sheng, 2000; 

Oh et al., 2011). The wake region provides shelter, feeding grounds, spawning grounds, rest areas, and a 

temporary stopover for marine species (Sheng, 2000); hence, a larger wake region seems desirable than a 

smaller one. However, the wake region efficiency is not only dependent on its size but also related to the 

flow velocities in the region. In other words, relatively slow recirculating flow speed has a more chance to 

recruit marine species to the region. 

It is necessary to consider the size of a wake region and its recirculating flow speed for a better evaluation 

of the wake region. However, it is not always economic or possible to increase the size and decrease the 

speed. These are all dependent on the reef material used, structural composition designed, and prevailing 

water flow characterized by its magnitude and direction. For example, a solid body without any voids is 

likely to be an optimum reef type because it generally provides a relatively large wake region and slow 

flow speed in the region. However, the solid body is not a good option as an AR because it does not pro-

vide any void in which marine species can hide and it is expensive due to the bulk use of materials. Besides, 

it should be emphasized here that the recirculating water flow speed is dependent on the prevailing flow 

velocity (Kim et al., 2016a). Thus, we need to normalize those two measures (size of wake region and re-

circulating flow speed). For the normalization, Kim et al. (2016b) proposed efficiency and tranquility indi-

ces to evaluate performance in the AR wake region. 

Focusing on the efficiency index (Kim et al., 2016b) and considering the dependency of efficiency index 

on the prevailing flow speed, this study proposes a so-called efficiency index diagram. This diagram shows 

the overall characteristics of efficiency index of an AR wake region, i.e., an average value, fundamental 

symmetric angle, secure angles, and principal directions. Thus, it is possible to obtain the dependency of 

the efficiency index on the prevailing water flow directions with one figure or illustration. For the purpose, 

the following materials and methods are implemented. First, it is considered six general ARs approved by 

the Central Artificial Committee in South Korea and used for marine forest creation or seaweed substrates. 

Second, the so-called element-based finite volume method (EbFVM), a CFD tool, is used to capture wake 

volumes of the six ARs. It should be noted here that the measure called wake volume was proposed by Kim 

et al. (2014a) to characterize the wake region with one figure. For the numerical scheme, a general purpose 

flow software package, ANSYS-CFX is used (ANSYS Inc., 2009). It should be also noted that lab-scaled 

experimental work using PIV (particle image velocimetry) measurement is also possible to get water flow 

characteristics around ARs (Liu et al., 2012); however, the relevant works have not focused on wake vol- 
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 Table 1. Geometric dimensions of target ARs. 

Type Length (m) Width 

(m) 

Height 

(m) 

Area (m2) Volume 

(m3) 

AR02 2.00 2.00 1.30 14.81 0.94 

AR07 2.00 2.45 1.50 26.35 2.37 

AR08 2.40 2.40 1.20 12.96 1.35 

AR10 3.45 5.00 2.85 67.29 7.90 

AR11 2.00 2.60 1.50 29.35 2.62 

AR17 3.47 2.87 2.08 33.71 0.17 

 

ume. Third, considering prevailing water flow directions, the wake volumes of the six ARs are calculated 

and then their efficiency indices are obtained. Finally, wake region efficiency index diagrams are proposed 

and established for the six ARs. 

2. Materials and Methods 

2.1 Target Artificial Reefs (ARs) 

Six ARs are selected, as shown in Fig. 1 because these ARs have been installed in coastal waters in Korea 

since 1971. The AR in Fig. 1a is a semi-spherical type AR (AR02), the one in Fig. 1b is a concave-convex 

type AR (AR07), the one in Fig. 1c is an overpass type AR (AR08), the one in Fig. 1d is a semi-spherical 

branch type AR (AR10), the one in Fig. 1e is also a concave-convex type AR (AR11), and the one in Fig. 

1f is a ceramic type AR (AR17). These ARs are all included in the general Korean AR inventory, which is 

approved by the Central Artificial Reef Committee, a government authority in South Korea. The main ge-

ometric dimensions of each AR are given in Table 1. 

2.2 Flow Domain and Boundary Conditions 

The flow domain of each AR is determined as shown in Fig. 2. Each domain size (L×B×H) is made to 

consider the different sizes of the ARs. Here, the boundary conditions are the following: (1) an inlet at the 

front face (Fig. 2a) to facilitate a steady flow of 2 m s-1 (the general Korean practice for ARs) in the  -

direction; (2) an outlet at the rear face (Fig. 2b) to allow water to flow out by assigning zero pressure gradi-

ent; (3) symmetric boundary conditions at the left, right, and top faces (Fig. 2c) to reduce the effect of the 

limited dimensions on flow analyses; (4) a no-slip boundary condition at the bottom face (Fig. 2d); and (5) 

smooth wall on the ARs. Here, the no-slip boundary assumes that the fluid will have zero velocity relative 

to the boundary. It should be noted here that the size of a wake volume is independent of the prevailing 

water flow speed if turbulence is fully developed in the wake region (Kim et al., 2014a). Thus, the inlet 

flow speed of 2 m s-1 considered in this study does not have an effect on the size of wake volume of each 

AR. Kim et al. (2014a) showed that wake volumes according to inlet velocities (0.1, 0.5, 1.0, 2.0, 4.0, and 

8.0 m s-1) are almost identical. Le (2016) also observed this independency. 

 

Fig. 1. Target ARs: (a) AR02, (b) AR07, (c) AR08, (d) AR10, (e) AR11, and (f) AR17 (not is scale). 
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Fig. 2. Flow domain and boundary conditions: (a) inlet, (b) outlet, (c) symmetry, and (d) no-slip wall. 

2.3 Analysis Method and Hypotheses 

The EbFVM has been used widely as a computational fluid dynamic tool for flow analyses of automobiles, 

subsea pipes, artificial reefs, and other structures (Marcondes and Sepehrnoori, 2010; Woo et al., 2014; 

Jung et al., 2016; Kim et al., 2014a, 2014b, 2016a, 2016b) because this tool allows powerful mesh genera-

tion and wake volume adaptation. The method discretizes the analysis domain into sub-regions, and the 

governing equation is converted into algebraic equation and then iteratively applied to find a solution (Fin-

negan and Goggins, 2012). In the classical FVM, the structural grid, elements, and control volumes are 

coincident (cell-centered formulation), and the transport equations are integrated directly using the geomet-

ric grid. In the EbFVM, the elements are used as auxiliary entities from which the control volumes are con-

structed (cell-vertex formulation) (Profito et al. 2015). Accordingly, the control volumes consist of a sec-

ondary or computational grid, where the local conservation of the physical flux balances is effectively en-

forced. The detailed description on EbFVM for wake volume estimation is introduced by Kim et al. 

(2016b). 

In the flow analysis, the water in the domain was assumed to be incompressible, viscous, Newtonian, and 

steady flow. The governing differential equation is the Reynolds Averaged Navier-Stokes (RANS) equa-

tion with the standard k-epsilon turbulence model. RANS models, which are commonly used in engineering 

problems due to their low cost in terms of computational power and time, apply a Reynolds decomposition 

technique to the Navier Stokes equations that break the velocity down into its mean and fluctuating compo-

nents. The standard k-epsilon turbulence model is one of the most commonly used eddy viscosity models, 

and in fact represents a two-equation solution for evaluating free shear and non-wall bounded flow behav-

ior. To increase the numerical precision, the maximum element size near the ARs was limited to 10 or 

20mm, depending on the element location. The water temperature, density, and dynamic viscosity are 25°C, 

997 kg/m3, and 8.899×10-6 kg m-1 s-1, respectively. It should be noted here that the variation of water tem-

perature, density, and dynamic viscosity does not give a major effect on the wake volume size (Le, 2016). 

Le (2016) showed that wake volumes according to water temperature (24 and 29°C) are almost identical. 

2.4 Wake Region and Efficiency Index 

The wake region is an enclosed space immediately downstream of an AR in which recirculating flows ex-

ist. As shown in Fig. 3, the wake length (WL) or wake area (WA) has been used to represent the quantita-

tive measure of a wake region (Kim et al., 2014b) and characterize the size and flow velocity profile at a 

certain plane (Liu and Su, 2013; Liu et al., 2013). However, these two measures are insufficient to capture 
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the whole feature of a wake region for several reasons. First, WL and WA are all dependent on the selec-

tion of a reference plane. Second, current sophisticated AR design makes it necessary to have multiple dis-

tinctive, separated wake sub-regions and accordingly multiple WL and WA measurements are required to 

characterize the region. Third, the recirculating flows in an AR cannot be accounted for by WL or WA. 

This underestimation becomes more obvious when a relatively large AR is considered. Thus, it is not easy 

to quantitatively estimate a wake region by WL and WA. To overcome this obstacle, Kim et al. (2014a) 

proposed a wake volume concept based on the EbFVM. In their method, the wake volume can be estimated 

by summing all of the sub-volumes that have recirculating water flows; thus, it is possible to represent the 

wake region as one figure. 

Although the wake volume represents the size and shape of a wake region, it does not sufficiently charac-

terize the efficiency of the wake region. One way to characterize the wake region efficiency is considering 

the corresponding AR volume, the so-called efficiency index ( eI ), proposed by Kim et al. (2016b), as 

shown in Eq. 1, where wV  is the wake volume and ARV  is AR volume. 

 

 w
e

AR

V
I

V
=   (1) 

 

The ratio estimates the total wake per reef volume. Note that the reef volume is not the apparent volume, 

but the actual volume, as listed in Table 1, which is related to the material used and accordingly the fabrica-

tion cost. Thus, the index correlates efficiency with respect to the cost. 

2.5 Efficiency Index Diagram 

Kim et al. (2016b) proposed a wake volume diagram to characterize the wake volume variation according 

to flow directions (0° to 360°). With the diagram, we can figure out the fundamental symmetrical angle 

( fq ), averaged wake volume, wake volume with flow direction, principal direction ( pq ), and secure angle 

( sq ) of wake volume. Thus, the wake volume diagram is useful to catch the dependency of the wake vol-

ume on an inlet flow direction and the averaged wake volume, which considers the wake volume variations. 

Similarly, focusing on the efficiency index, we can define a wake volume efficiency index diagram as illus-

trated in Fig. 4. As shown, the AR illustrated has the fundamental symmetric angle ( fq  = 45°) indicating 

the geometric symmetry of the AR, efficiency indices according to the inlet flow directions (0 to 360°), 

averaged efficiency index ( a
eI vg = 2.32), and principal directions (  pq = 0, 90, 180, and 270°) resulting in 

the in the maximum efficiency index 3.13. From the figure, we can also obtain the secure angles ( sq  = 0, 

15, etc.) of those efficiency indices, which are larger than the average efficiency index (2.32). In other 

words, a secure angle guarantees an efficiency index larger than the average efficiency index. 

 

Fig. 3. Definition of wake region, represented by wake length and wake area. 



174  Dongha Kim, Somi Jung, and Won-Bae Na  
 Journal of Advanced Research in Ocean Engineering 2(4) (2016) 169-178 

 

 

 

 

 

 

 

3. Results and Discussions 

Fig. 5 shows efficiency index diagrams of the target ARs, i.e. AR02, AR07, AR08, AR10, AR11, and 

AR17, respectively. As illustrated in Fig. 4, these diagrams describe the fundamental symmetric angle ( fq ), 

efficiency indices ( eI ) according to the inlet flow directions (q ), averaged efficiency index (  
   

), princi-

pal directions (  ), and secure angles (  ) of each AR, as follows. The wake region of AR02 is character-

ized by    = 45°,    ranging from 1.96 (  = 30°) to 3.13 (  = 0°),   
   

 = 2.32,    = 0, 90, 180, and 

270°, and    = 0, 15°, etc. The wake region of AR07 is quantified by    = 90°,    ranging from 1.28 (  

= 90°) to 1.98 (  = 30°),   
   

 = 1.77,    = 30, 150, 210, and 330°, and    = 15, 30, 45, 75°, etc. The 

wake region of AR08 has characteristics such as    = 45°,    ranging from 1.27 (  = 0°) to 1.62 (  = 

30°),   
   

 = 1.51,    = 30, 60, 120, 150, 210, 240, 300, and 330°, and    = 15, 30°, etc. The wake re-

gion of AR10 is characterized by    = 90°,    ranging from 0.48 (  = 0°) to 4.95 (  = 60°),   
   

 = 

3.25,    = 60, 120, 240, and 300°, and    = 45, 60, 75, 90°, etc. The wake region of AR11 is quantified 

by    = 90°,    ranging from 0.50 (  = 90°) to 1.39 (  = 45°),   
   

 = 1.01,    = 45, 135, 225, and 

315°, and    = 45, 60, 75°, etc. The wake region of AR17 has characteristics such as    = 90°,    rang-

ing from 0.12 (  = 90°) to 9.47 (  = 0°),   
   

 = 2.54,    = 0 and 180°, and    = 0, 15, 30°, etc. Table 

2 summarizes the fundamental symmetric angles, secure angles, and principal directions. 

 

 

 

Fig. 4. Illustration of wake volume efficiency index diagram. 

Type    (°)    (°)    (°) 

AR02 45 0, 15 0, 90, 180, 270 

AR07 90 15, 30, 45, 75 30, 150, 210, 330 

AR08 45 15, 30 30, 60, 120, 150, 210, 240, 300, 330 

AR10 90 45, 60, 75, 90 60, 120, 240, 300 

AR11 90 45,60, 75 45, 135, 225, 315 

AR17 90 0, 15, 30 0, 180 

Table 2. Fundamental symmetric angle (  ), secure angles (  ), and principal directions (  ) of the efficien-

cy indices, which are obtained from the target ARs 
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Fig. 5. Wake volume efficiency index diagram of target ARs: (a) AR02, (b) AR07, (c) AR08, (d) AR10, (e) AR11, and (f) 

AR17. 
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From the efficiency index diagrams (Fig. 5) of the target ARs, the following observations can be made. 

First, the principal directions should be considered for the installation of each AR so that the largest wake 

volume can be secured. However, in marine environment, the water flow direction is not consistent; it al-

ways changes. Accordingly, the secure angles should be considered in installation stage to establish a rea-

sonable efficiency index (e.g., larger wake volume than the average value) along the main water flow direc-

tions, if exist. For example, AR01 should be installed with the inclination of 0 to 15° with respect to the 

main flow direction. Second, among the six ARs, AR07 and AR10 have relatively consistent efficiency 

indices and accordingly their orientation with respect to the main water flow is not a severe matter. The 

necessary condition for the consistent efficiency indices is either many secure angles (see AR07 in Table 2) 

or principal directions (see AR08 in Table 2). On the other hand, AR17 does not have consistent efficiency 

indices; their variation is significant as illustrated in Fig. 5. As summarized in Table 2, AR17 has three 

secure angles and two principal directions, which give fewer cases than those of AR07 and AR08. Third, in 

terms of the averaged efficiency index, AR10 has the largest (3.25) followed by AR17 (2.54), AR02 (2.32), 

AR07 (1.77), AR08 (1.51), and AR 11 (1.01). This observation indicates that AR10 has the largest ratio of 

the wake volume per AR volume, which means the most efficient in terms of the material used to generate 

a wake region. 

It should be noted here that the averaged wake volumes of the six ARs can be listed in order as follows: 

AR10 (25.66 m3), AR07 (25.66 m3), AR11 (2.65 m3), AR02 (2.18 m3), AR08 (2.03 m3), and AR17 (0.43 

m3). This sequence is somewhat different from the sequence of the averaged efficiency indices, specified in 

Fig. 5. In other words, the largest efficiency index (3.25) of AR10 is primarily owing to its large wake vol-

ume (25.66 m3), while the larger efficiency index (2.54) of AR17 is mainly due to its small AR volume 

(0.17 m3), as listed in Table 1. As illustrated in Fig. 1f, AR17 is made from steel frames and eight skewed 

steel plates in two layers; hence, its real volume is much smaller than its apparent volume. This structural 

composition does not generate a large wake volume owing to a lack of water blocking mechanism. None-

theless, its averaged efficiency index is 2.54, which means the wake volume is 2.54 times its volume, the 

smallest among the six ARs. 

In a sense, the efficiency index of an AR is an indicator representing an efficiency of a wake region or the 

efficiency of a wake volume specifically with respect to the AR volume. The efficiency index diagram of 

an AR represents the variation in efficiency index according to the prevailing water flow directions. As 

described above, some ARs (e.g., AR10) have large efficiency indices and their averages according to their 

large wake volumes. In contrast, some ARs (e.g., AR17) have large efficiency indices and their averages 

owing to their small geometrical volumes. Considering these two statements, it is required to obtain not 

only the efficiency index diagram but the wake volume information. Thus, as proposed by Kim et al. 

(2016b), the wake volume diagram can be useful to characterize the wake region characteristics along with 

the efficiency index diagram proposed in this study. 

4. Conclusions 

This study proposes the so-called efficiency index diagram of an AR wake region, which characterizes the 

dependency of the efficiency index on the prevailing water flow directions. By normalizing the wake vol-

umes by the real AR volume, the diagram illustrates how efficiency index varies with respect to the inlet 

flow directions. According to the diagram characteristics such as an averaged efficiency index, fundamen-

tal symmetric angle, secure angles, and principal directions, we can easily figure out how we should install 

a target AR in the seabed to maximize the wake region around the AR. For the demonstrations, six ARs are 

considered and their efficiency index diagrams are obtained. From the diagrams, it has shown the powerful 

illustration ability of the efficiency index proposed. It is observed that some ARs (e.g., AR10) have large 

efficiency indices and their averages according to their large wake volumes. In contrast, some ARs (e.g., 

AR17) have large efficiency indices and their averages owing to their small geometrical volumes. Consid-

ering these two statements, it is required to obtain not only the efficiency index diagram but the wake vol-
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ume information. Thus, the wake volume diagram proposed in the previous study can be useful to charac-

terize the wake region characteristics along with the efficiency index diagram used in this study. 
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