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1. INTRODUCTION 

The renewable energy technologies are a crucial part of a 

portfolio of options that are required to achieve a secure and 

sustainable energy mix in a country. Among the benefits that 

renewable energy can provide are less environmental impact, 

including emissions of greenhouse gases and local pollutants; 

energy security; strategic and economic development, 
including rural development, agriculture and high-tech 

production [1]. 

The most studied sources of renewable energy are solar, 

wind, geothermal, biomass, and ocean. Ocean energy is an 

inexhaustible source with an estimated theoretical potential 

greater than 100,000 TWh/year (as a reference, the 

consumption of electricity in the world is about 16,000 

TWh/year) [2]. 
Ocean energy types can be classified by its origin. Mainly 

there are ocean tidal energy generated by the interaction of 

gravitational fields of sun and moon, ocean thermal energy 

which is due to solar radiation, ocean currents energy caused 

by gradients of temperature, salinity and tidal action, and 

wave energy as a result of wind action [3]. 

The wave energy converters (WECs) can be classified with 

the principle of energy transformation. The three most 

common devices are: Oscillating Water Column (OWC), 
Wave Activated Bodies (WAB) and Overtopping Devices 

(OTD). 

The aim of the present study is to carry out a numerical 

study to optimize the geometry and submergence of the OWC 

device subjected to regular waves with real conditions. The 

optimization was done using Constructal Design (which is 

based in Constructal Theory) developed by Adrian Bejan [4-

7]. 
Constructal Theory has been used in previous works 

involving WECs. In [8] and [9] Constructal Design was used 

for the geometric optimization of an OWC, varying the 
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The wave energy conversion into electricity has been increasingly studied in the last years. There are several converters, 
among them the Oscillating Water Column (OWC) device. Constructal Design and a computational modeling were applied to 
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and length of chimney), and H3 (submergence, which are related to the chamber and the chimney of the device, and the 

location in water depth respectively. Besides there are two constraints (fixed parameters): total area of the OWC chamber (A1) 
and total area of OWC device (A2). The computational domain consists of an OWC inserted in a tank where regular waves in 
a real scale are generated. The mesh was developed in ANSYS ICEM®.  The computational fluid dynamics code ANSYS 
FLUENT® was used to find the numerical solution which is based on Finite Volume Method (FVM). The multiphasic 
Volume of Fluid (VOF) model was applied to tackle with the water-air interaction. The results led to a theoretical 
recommendation about the OWC geometry and its submergence which maximizes the device performance, since a 
redistribution of the OWC geometry and a variation in the value of its submergence could improve the hydropneumatic 
power from 10.7 W to 190.8 W for ratios H1/L, H2/l and H3 equal 0.135, 6.0 and 9.5 m respectively, and incident waves 
characterized by a period of 5 s and wave length of 37.6 m. 
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degree of freedom L/l (ratio between the chamber length and 

the chimney length) to maximize the mass flow rate of air in 

the chimney. Besides, [9] and [10] also applied Constructal 

Design with the purpose to optimize the geometry of an OTD 

considering the ratio between the height of the ramp and its 

length as the degree of freedom analyzed. Both studies certify 

the successful use of Constructal Theory to optimize the 

geometries of a WEC. 
Specifically, works related to OWC have been developed 

using Constructal Design. For example, in some works, a 

two-dimensional numerical study was presented to optimize 

the geometry of an OWC. To do so, three degrees of freedom 

were defined: H1/L (ratio between the height and the length of 

the OWC chamber), H2/l (ratio between the height and the 

length of the chimney) and H3 (submergence); and the 

constraints (fixed parameters) were the OWC chamber area 
and the OWC total area. For example, in [11] and in [12] 

were used regular waves in laboratory scale and real scale 

respectively. At the first work was varied H1/L and at the 

second work was varied H1/L and H3. Results show that it can 

be obtained an efficiency improvement of ten times between 

the worst and the best geometry distribution, showing again 

the applicability of Constructal Design to find optimal 

dimensions of an OWC device according to the 
characteristics of the incident waves. Moreover, in [13] was 

varied H2/l and in [14] were varied H1/L and H2/l to find the 

optimal dimensions of the OWC chamber and the OWC 

chimney respectively to maximize the hydropneumatic power, 

for a wavelength and period which describes a regular wave 

in real scale. 

Therefore, this study continues with the maximization of 

hydropneumatic power from geometry and submergence of 
OWC-WEC subjected to regular incident waves in real scale. 

To do so, Constructal Design was applied again, but now 

H1/L, H2/l and H3 were varied. It was considered the same 

geometric constraints: the OWC chamber area and the OWC 

total area. 

The computational domain which consists in an OWC into 

a wave tank was generated in ICEM® software. The 

numerical simulations were developed in the Computational 
Fluid Dynamic (CFD) commercial software FLUENT® which 

is based in Finite Volume Method (FVM). The multiphase 

model Volume of Fluid (VOF); Ansys Fluent Theory guide 

was employed to solve the interaction between the two phases 

water and air [15-18]. 

 

2. COMPUTATIONAL MODELING OF OWC 

DEVICES 

The Oscillating Water Column devices are, basically, steel 

or concrete hollow structures partially submerged, with an 

opening to the sea below the water free surface, as can be 

seen in Fig. 1. In accordance with [3], the electricity 

generation process has two stages: when the wave reaches the 

structure, its internal air is forced to pass through a turbine, as 

a direct consequence of the augmentation of pressure inside 

the chamber; and when the wave returns to the ocean, the air 
again passes by the turbine, but now being sucked from the 

external atmosphere, due to the chamber internal pressure 

decreasing. So, to use these opposite air movements usually 

the Wells turbine is employed, which has the property of 

maintaining the rotation direction irrespective of the flow 

direction. The set turbine/generator is the responsible for the 

electrical energy production. 

 

Figure 1. Oscillating Water Column Device 

2.1 Computational Domain 

Figure 2 shows the computational domain used in the 
present work. The dimensions of the tank (length CT and 

height HT) are defined taking into account the period (T), 

height (H) and propagation depth (h) of the incident waves. 

To avoid reflection, it was considered the length of the tank 

as five times the wave length; and the wave tank height was 

the propagation depth plus three times the wave height. 

Therefore all the characteristic dimensions of the problem are 

presented in Tab. 1. 

2.2 Boundary conditions 

As can be observed in Fig. 2, the wave maker is placed in 

the left side of the wave tank. For the regular wave generation 

it was employed the called Function [19]. This methodology 

consists of applying the horizontal (u) and vertical (w) 

components of wave velocity as boundary conditions 

(velocity inlet) of the computational model, by means a User 

Defined Function (UDF) in the FLUENT® software. These 
velocity components vary as functions of space and time and 

are based on the Linear Wave Theory. So these wave velocity 

components are given by: 
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Figure 2. OWC device and Computational domain
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where: H is the wave height (m); g is the gravitational 

acceleration (m/s2); λ is the wave length (m);  k is the wave 

number, given by k = 2 π/λ (m-1); h is the depth (m); T is the 

wave period (s); ω is the frequency, given by ω = 2π/T (rad/s); 

x is the streamwise coordinate (m); t is the time (s); and z is 

the normal coordinate (m). 

Concerning the other boundary conditions, in the upper 

surfaces of wave tank and chimney and above the wave 
maker (dashed line in Fig. 2) it was considered the 

atmospheric pressure (pressure outlet). In the bottom and 

right side of computational domain a no slip and 

impermeability conditions (wall) were adopted. 

 

Table 1. Dimensions of the tank and characteristics of the 

incident wave
 

Dimensions Values  

Wave Period (T) 5 s 

Wave Lenght (ʎ) 37.6 m 

Wave Height (H) 1 m 

Wave Depht (h) 10 m 

Tank Lenght (CT) 188 m 

Tank Height (HT) 13 m 

 

3. CONSTRUCTAL DESIGN 

Constructal Design is based on the Constructal Law, stated 

by Adrian Bejan as follows: “For a finite-size system to 

persist in time (to live), it must evolve in such a way that it 

provides easier access to the imposed currents that flow 

through it”. Thus, the Constructal Design is a method used to 

find optimal geometric shapes that improve fluid flow and 

maximize system performance [5]. 
Basically, to apply the Constructal Design for the 

geometric optimization of a physical system it is required an 

objective function (a quantity that will be optimized), degrees 

of freedom (geometric parameters which may vary during the 

optimization process) and geometric constraints (parameters 

that are kept constant during the optimization process). 

So, it was defined as the objective function, the 

maximization of the hydropneumatic power; as degrees of 
freedom: H3, H2/l and H1/L and as geometric constraints: the 

area of the OWC chamber 1 and the total area of OWC 

device 2, which are given by:  
 

1 1A H L                                                                             (3) 

                                                                                                                                                                                      

2 1 2A H L lH
                                                                  (4) 

                                
 

So, from Eq. (3) and Eq. (4) the area of the OWC chamber 

A1 is equal 37.6 m2 and the total area of OWC device Cis 

53.71 m2, respectively. It is worth to mention that areas A1 

and A2 are kept constant during application of the Constructal 

Design method. 

Besides Eq. (3) and Eq. (4) are the basis to obtain the 

values of H1/L and H2/l to analyze the influence of the 
geometry in the hydropneumatic power. Table 2 presents the 

values of H1/L and the dimensions of the OWC chamber, and 

Tab. 3 presents the values of H2/l and the dimensions of the 

OWC chimney. 

Also, to find an optimal submergence for the OWC device, 

H3 were varied for the values: 10.25 m, 10.00 m, 9.75 m, 9.5 

m, 9.25 m, 9.00 m. Both DoFs (H1/L and H2/l) were evaluated 

for each fixed value of H3.  

 
 

Figure 3 (a). Computational domain discretization; (b) 

Specific area of the OWC converter 

 

Table 2. Dimensions of H1 and L 

 
Case H1/L L [m] H1 [m] 

1 0.0226 37.5969 1.0000 

2 0.0399 30.6978 1.2248 

3 0.0598 25.0646 1.5001 

4 0.0897 20.4652 1.8372 

5 0.1346 16.7100 2.2500 

6 0.2019 13.6434 2.7558 

7 0.3029 11.1398 3.3752 

8 0.4544 9.0956 4.1338 

9 0.6817 7.4265 5.0629 

10 1.0225 6.0637 6.2007 

 

Table 3. Dimensions of H2 and l. 

Case H2/ l l [m] H2 [m] 

1 2.3 2.6469 6.0879 

2 2.5 2.5388 6.3471 

3 3.0 2.3176 6.9529 

4 4.0 2.0071 8.0285 

5 6.0 1.6388 9.8328 

 

4. MATHEMATICAL AND NUMERICAL MODELS 

The VOF method is a multiphase numerical model that can 

be used to treat the interaction between water and air inside 

the wave tank. In this method, the free surface can be 

identified by the volume fraction (f) variable. In each mesh 

cell (volume), if f = 1 the cell is full of water, when f = 0 the 
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cell contain only air and if 0 < f < 1 the cell has water and air 

simultaneously. Moreover, when the VOF method is used a 

single set of momentum and continuity equations is applied to 

all fluids, and the volume fraction of each fluid in every 

computational cell (control volume) is tracked throughout the 

domain by the addition of a transport equation for the volume 

fraction. Thus, the model is composed by the continuity, 

momentum and volume fraction equations, which are 
respectively given by [18, 19]: 
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being: ρ the fluid density (kg/m3), t the time (s),  the flow 

velocity vector (m/s), P the static pressure (Pa),  the stress 

tensor (Pa) and  the gravitational acceleration (m/s2). 

The solver is pressure-based and all simulations were 

carried out by upwind and PRESTO for spatial discretizations 

of momentum and pressure, respectively. The velocity-

pressure coupling is performed by the PISO method, while 
the GEO-RECONSTRUCTION method is employed to 

tackle with the volumetric fraction. Moreover, under-

relaxation factors of 0.3 and 0.7 are imposed for the 

conservation equations of continuity and momentum, 

respectively. All numerical simulations were carried out in a 

computer AMD Athlon 2 Core with 3.0Gb of RAM. To 

reduce the simulation time the parallel processing technique 

was adopted [16]. 
 

5. RESULTS AND DISCUSSIONS 

Computational modeling using the VOF method has been 

largely employed to numerically simulate the WECs. 

Validations and verifications of these methodologies can be 

found in [20-26]. 

In this work the computational model verification was 

performed comparing the transient water free surface 
elevation in a specific position numerically obtained with the 

respective analytical solution, which is defined by: 

 

( )n Acos kx wt                                                               (8)
 

 
where: A is the wave amplitude (m), given by H/2. 

In Fig. 4 can be observed the numerical and the analytical 

solutions. The comparison of them was carried out at a stable 

time interval between 15 and 30 s (where the numerical wave 

is already adequately formed and there is still no reflection 

effects associated). The relative difference was measured 

instantaneously, and the average of these differences was 

1.47%, where the minimum value obtained was 0.00104% 
and the maximum 3.76%. These results show the accuracy of 

the computational model. 

 

 
 

Figure 4. Computational model verification at x = 48 m 

 

To analyze numerically the influence of the geometry of 

the OWC device, the hydropneumatic power was calculated 
as follows [27]: 
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where 
airP  is the static pressure in the OWC chimney (Pa), 

air is the air density (kg/m3), is the air mass flow rate 

crossing the chimney (kg/s), 
airv  is the air velocity in the 

chimney (m/s) given by: 
.

air

air

v
m

A


                                                                      (10) 

where A the cross sectional area of the chimney (m2).  

For each case, besides the hydropneumatic power, it was 

evaluated the mass flow rate at the chimney outlet (measured 

in the computational domain using a monitor in Ansys 

Fluent®) and the pressure inside the chamber. This pressure 

was calculated as follows: 

 

_ _ _air t air e air dP P P                                                          (11) 
 

where _air tP  is the total pressure inside the chamber, _air eP  is 

the static pressure measured in Ansys Fluent®, and _air dP  is 

the dynamic pressure given by: 
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                                                            (12) 

 

The head loss caused by the turbine was not taken into 

account in this work. 

It was calculated the average values of the hydropneumatic 

power, the mass flow rate and the pressure using the RMS 

statistical technique [28]: 
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The first degrees of freedom evaluated were H1/L and H2/l. 

Figure 5 shows the results for the hydropneumatic power 

against H1/L for a fixed value of H3 (9.5 m). Each curve 

represents a different value of H2/l. It is noticeable there is a 

value of H1/L that maximizes the hydropneumatic power and 
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it is not altered by H2/l. This value is equal 0.135 which 

means 16.71 m for the length of OWC chamber L and 2.25 m 

for its height H1 (the same value was obtained previously in 

Gomes et al., 2013). So, as declared the dimensions are 

related to the wave length, Lo (optimal L) represents 0.44 

times λ. 

 

 
 

Figure 5. RMS hydropneumatic power variation related to 

H1/L 

 

On the other hand, it is worth to mention that there is an 

important and expected tendency that can be seen in fig. 5, 

for higher values of H2/l, it can be obtained higher values of 

hydropneumatic power. It occurs because the increase of H2/l 

which is caused by a reduction of the length of the chimney l, 
causes the increase of the pressure of the air and in 

consequence the increase of power through the chimney but 

this fact is going to continue until the dimension of l allows 

the airflow. As it was shown in [13], the reduction of l 

increased the pressure and the hydropneumatic power until l 

was so short that the airflow was obstructed. This 

phenomenon occurred for a value of H2/l near to 300, that is, 

when the height H2 and the length l of the chimney were 69.5 
m and 0.2 m respectively, but these dimensions are not viable 

for the geometry of the chimney of an OWC device, so it was 

suggested that the optimal value of H2/l is 6.0. 

The optimization of ratio H1/L also increases the air mass 

flow through the chamber.  Figure 6 shows the transient 

behavior of air mass flow rate through time for the best and 

worst cases simulated for fixed values of the other DoFs. 

(H2/l = 6.0 and H3 = 9.5 m). The RMS values for both cases 
in the stable period between 15 s and 30 s were 15.2 kg/s and 

6.4 kg/s respectively. It represents an increase of 42% of air 

mass flow rate. 

Figure 7 shows the transient behavior of air pressure 

through time for the best and the worst values of H2/l 

evaluated for fixed values of the other DoFs. (H1/L = 0.135 

and H3 = 9.5 m). The RMS values for both cases in the stable 

period between 15 s and 30 s were 58.3 Pa and 22.4 Pa 
respectively. It represents an improvement of 39% of air 

pressure. 

Now in Fig. 8 is shown the maximum power obtained 

(Phyd,o) for each H2/l variation and H3 = 9.5 m. Also in Fig. 8 

there is a curve that represents the optimal value of H1/L 

which maximizes the hydropneumatic power for each 

variation of H2/l. Particularly it is the same value for all cases 

(H1/L = 0.135) because the optimization of ratio H2/l does not 

change the air mass flow instead it increases the pressure of 

the air. 

 

 
 

Figure 6. Air mass flow rate behavior for the best and worst 

values of H1/L 
 

 
 

Figure 7. Pressure vs time for the best and the worst value of 

H2/l 
 

 

 
Figure 8. Maximum power and optimal H1/L related to H2/l 
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Figure 9. Velocity vectors for the sixth period. Right column H2/l = 2.3; Left column H2/l = 6.0 

 

 
Figure 10. (a) Maximum power related to H3; (b) optimal H1/L and H2/l related to H3. 

36



   Besides, the reduction of l improves the airflow through 

the chimney as can be seen in Fig. 9 where it is presented 

the velocity vectors for the sixth period of wave propagation, 

for the geometries with the worst (H2/l = 2.3) and the best 

(H2/l = 6.0) results of the hydropneumatic power. The 

optimization of H2/l increases the velocity of the air, reduces 

its recirculation and the airflow becomes more regular. 

Now the third degree of freedom is not related with the 
device’s geometry instead its submergence. The variation of 

the third degree of freedom H3 (submergence), is treated in 

Figs. 10 (a) and (b). The maximum hydropneumatic power 

(Phyd,o)  obtained for each H3 value evaluated is shown in Fig. 

10 (a), and the associated values of H1/L and H2/l are in Fig. 

10 (b). It can be seen that the maximum hydropneumatic 

power increases when the device is more submerged (for H3 

values less than10 m). Specifically the best performance of 
the device was between 9.0 m < H3 < 9.75 m which means 

(h- H) < H3< (h- H/4) in terms of wave depth h and wave 

height H. This fact is so important because water free 

surface is not constant and this range means that the device 

will operate with high efficiency for multiple conditions.  

At the same time in Fig. 10 (b) is shown the 

corresponding values for H2/l and H1/L which allowed to 

obtain the maximum power for each value of H3 analyzed. It 
is noticeable that the optimal value of H2/l is the same for all 

H3 values evaluated (H2/l = 6.0); it means the dimensions of 

the chimney are not dependent of the submergence. On the 

other hand, there is more than one optimal H1/L value; 

however the optimal H1/L for the cases with the highest 

maximum power obtained was 0.135. In consequence, as a 

result of the optimization of three degrees of freedom with 

Constructal Design, the present study can provide the best 
performance for an OWC device for a wave climate 

characterized by 37.6 m of wave length and period equal 5 s. 

The highest hydropneumatic power was 190.8 W for ratios 

H1/L = 0.135, H2/l = 6.0 and H3 = 9.5 m. 

It was demonstrated that it is possible to improve the 

system performance by modifying the dimensions of the 

OWC device based on Constructal Design. Furthermore, the 

results show that the optimal dimensions for the device may 
be related to the wave climate of a place to maximize the 

values of air mass flow rate, air pressure and 

hydropneumatic power. Therefore Constructal Design 

proves once more to be a very useful tool in the theoretical 

guidance for the construction of OWC converters. 

 

6. CONCLUSIONS  

Computational Fluid Dynamics and Constructal Design 
were used to analyze the dimensions and location in water 

depth of the OWC-WEC device that allow an optimal 

performance by maximizing the hydropneumatic power. The 

conservation equations of mass and momentum for the 

mixture of water and air, as well as, one transport equation 

for the volume fraction of water were solved with the Finite 

Volume Method (FVM). To tackle with the mixture of two 

phases (water and air) the method Volume of Fluid was 
employed. Concerning the geometry evaluation, three DoFs 

were varied (H1/L, H2/l and H3) for fixed areas of the 

chamber and the device. 

The optimal ratio H1/L that maximizes the 

hydropneumatic power was 0.135 which means L  7.7H1 

and L = 0.5λ. On the other hand, the ratio H2/l with best 

results for the hydropneumatic power was 6.0. It represents 

H2 = 0.26λ. Finally the best performance of the device with 

the H3 variation was obtained in the range 9.0 m < H3 < 9.75 

m which means (h- H) < H3 < (h- H/4). 

The results also showed that there is a maximum 

hydropneumatic power around 190 W when optimal ratios 

H1/L, H2/l and H3 were equal to 0.135, 6.0 and 9.5 m 

respectively. On the opposite, the worst shape led to an 
hydropneumatic power of nearly 11 W, showing that the 

geometry rationalization is also an important subject for the 

use of renewable energy sources. 

It should be noted that a redistribution of the geometry 

based on Constructal Design can provide a better 

performance of the device. Besides, the dimensions of the 

device were related to the wave climate with the purpose of 

this computational model and Constructal method can be 
used to supply theoretical information for the construction 

of the OWC-WEC prototype to take advantage of the wave 

energy potential at any local with appropriated wave climate. 
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