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Abstract. This paper presents a two-dimensional numerical study about the transition region between the 

hydropneumatic chamber and the chimney of a device that converts wave energy into electrical one, whose operating 

principle is the Oscillating Water Column (OWC). The objective is to maximize the hydropneumatic power, 

considering the semicircular geometry of the OWC device's transition region, situated between the hydropneumatic 

chamber and the chimney. The results are compared through the obtained value of hydropneumatic power, which 

changes based on the different geometry ratios applied to the OWC device's transition region. Constructal Design was 

employed to define the geometry that maximizes the hydropneumatic power, and a parametric study is executed 

through numerical evaluation, based on the Exhaustive Search method. In this case, the degrees of freedom are: the 

radius (r) and the ratio between the height of the hydropneumatic chamber and the length of the OWC chamber (H1/L). 

The constraints are: the area of the hydropneumatic chamber, the total area of the OWC chamber and the ratio 

between the height and length of the device's chimney (H2/l). Finally, the objective function is the maximization of the 

hydropneumatic power. For the numerical solution, a commercial code of computational fluid dynamics, FLUENT ®, 

which is based on the Finite Volume Method (FVM), is employed. The multiphase model Volume of Fluid (VOF) is 

applied in the treatment of water-air interaction. The computational domain is represented by a wave tank with a fixed 

OWC device. The obtained results show that the hydropneumatic power is maximized when r = 7.5361 m and H1/L = 

0.1346. In this case, the hydrodynamic efficiency of the device was 75.625%. 

 

Keywords: Constructal Design, Oscillating Water Column (OWC), parametric study, transition region 

 

1. INTRODUCTION  

 

Considering the trend of increasing energy consumption in the world, along with newfound concerns about the 

environmental impact of traditional energy sources, particularly fossil fuels, the search for alternative forms of energy 

conversion has increased (Clement et al., 2002). As the population's access to electrical energy is one of the main 

variables in determining the development of a country (ANEEL, 2008), many of them are starting to invest in the 

renewable energy field. This classification generally includes solar power, wind power, biofuels and marine power, and 

each of these alternatives has different methods of energy conversion within them, such as photovoltaic and thermal 

solar collectors, or the different types of wind turbines based on airfoil and axis design (Burton et al., 2001). 

In the case of marine power, there are five main classifications, which are: marine thermal power (which uses the 

temperature gradient between shallow and deep waters, a direct result of incident solar radiation on the ocean's surface), 

tidal power (which is a result of the interaction between the sun and the moon's gravitational fields, along with the 

earth's rotation), marine current power (which harnesses the kinetic energy of marine currents, a function of 

temperature, wind, salinity, bathymetry, and the rotation of the earth), osmotic power (which harnesses the salinity 

gradient power present in the flow of fresh water into the ocean), and, finally, ocean wave power (which exists due to 

solar energy creating temperature differentials that result in wind). Concerning wave power, the interaction between the 

atmospheric winds and the surface of the ocean creates waves, which once formed can travel for kilometers with very 

little energy loss. The power of a wave is proportional to the square of its amplitude and to its period, and ocean waves 

with high amplitudes (around 2 meters) and period (around 7 to 10 seconds) often exceed 50 kilowatts of power for 

each meter of wavefront (Cruz and Sarmento, 2004). The estimated global potential of wave power is about 3.7 

terawatts (Mørk et al., 2010). 
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To convert wave power into electric one, many devices have been created, and they can be classified according to 

their distance to the shore or operating principle. Regarding the distance to the shore, there are three main groups: 

onshore devices (integrated into the coast and easily accessible), near-shore devices (located where ocean depth is 

between 8 and 20 meters) and offshore devices (generally located where ocean depth is over 25 meters). Based on the 

operating principle, the classifications are Oscillating Water Column (OWC) and Floating Bodies, the latter which can 

be divided into Point Absorbers and Surface Attenuators or Overtopping Devices (Cruz and Sarmento, 2004). The 

scope of this paper deals with offshore OWC wave energy converters. 

In this paper, the objective is to maximize the hydropneumatic power of a simulated offshore OWC device by 

changing the geometry of the semicircular transition region between the device's hydropneumatic chamber and its 

chimney. This is done through computational modeling and Constructal Design, by means of the Exhaustive Search 

method, and shows how the airflow, and therefore power, varies according to the different geometries applied in the 

transition region.  

The objective function is the maximization of hydropneumatic power, and, in the bidimensional computational 

domain, the constraints are the area of the hydropneumatic chamber and the area of the OWC chamber plus the area of 

the chimney. As for the degrees of freedom, they as follows: the radius (r) and the ratio between the height of the 

hydropneumatic chamber and the length of the OWC chamber (H1/L). The ratio between the height and length of the 

device's chimney (H2/l), as well as the depth of immersion (H3), are kept constant. 

Constructal Design is a broad concept, and its precedent, the Constructal Theory, covers many physical processes, as 

can be seen in (Bejan and Zane, 2012). It has been applied in the study of many engineering problems, among them the 

conversion of ocean wave power into electric power (Gomes et al., 2009; Lara, 2015; Dos Santos et al., 2013). 

The computational domain, represented by a wave tank with a fixed OWC device, was discretized in the software 

GAMBIT®, and the numerical simulations were run in FLUENT®, a commercial code of computational fluid 

dynamics, which is based on the Finite Volume Method (FVM). The multiphase model Volume of Fluid (VOF) is 

applied in the treatment of water-air interaction (Ramalhais, 2011). 

 

2. OSCILLATING WATER COLUMN DEVICE 

 

2.1 Operating Principle 

 

The Oscillating Water Column devices (OWC) are structures that generate electric power through the vertical 

motion of water within a hydropneumatic chamber, which is caused by the ocean waves and currents. The devices 

consist of  hollow, partially submersed concrete chambers that have an open bottom, which serves as an entrance for the 

ocean water. The oscillatory motion of the water inside the chamber moves the air contained within it, pushing it 

vertically according to the elevation of the free surface of water within the chamber and through a chimney that has an 

opening to the atmosphere (Cruz and Sarmento, 2004). 

The energy conversion occurs in two phases, and both utilize the kinetic energy of the displaced air that moves 

through the chimney. In the first phase, a wave enters the partially submersed chamber and increases pressure, which 

forces the air to pass through the chimney to the atmosphere. In the second phase, the wave leaves the device, and the 

lower pressure inside the chamber makes the air move from the atmosphere to the chamber through the chimney (Cruz 

and Sarmento, 2004). In both cases, a Wells turbine and its associated generator convert the energy into electric power. 

Figure 1 shows a schematic of the device: 

 

 
Figure 1. Schematic of the operating principle of an OWC device. Adapted from Lima et al (2015).  
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2.2 Computational Domain 

 

As the computational domain is represented by a wave tank with a fixed OWC device, it is necessary to define 

parameters for the waves and the tank. While there isn't a general rule that defines the dimensions of the tank, it is 

necessary to consider the wavelength (λ) of the simulated waves, as a relatively long tank will maximize the simulation 

time in which waves propagate without reflection. Due to this factor, it is recommended that the tank's length be, at 

least, five times the wavelength (Lima et al., 2015). In this study, the regular wave is defined by the following 

parameters:  H = 1,0 m, λ = 37,6m, h = 10,0 m, T = 5 s, where H is the height of the waves, h is the water depth, T is the 

wave period, and λ is the wavelength, as mentioned above. The dimensions of the tank were defined as follows: LT = 

188 m and HT = 13 m, where LT is the length of the tank and HT is the height of the tank.  

The full computational domain, including the oscillating water column device, present variables and boundary 

conditions, is represented in the scheme shown in Fig. 2: 

 

Figure 2. Scheme of the computational domain. Adapted from Lima et al (2015). 

 

2.3 Boundary Conditions 

 

As shown in Fig. 1, the numeric wave generator is placed in the left side of the tank. To generate the regular waves, 

the Function Methodology (Gomes et al., 2009) is employed. This method consists in creating a function defined by the 

user, called UDF (User Defined Function), which is loaded into FLUENT® after the model has been defined, and 

applied in the entrance region, at the left side of the tank. The user defined function separates the wave's velocity profile 

into horizontal and vertical components, based on the Second Order Stokes Wave Theory (Lima et al., 2015). The 

velocity component equations are given by (McCormick, 1976; Dean and Dalrymple, 1991; Chakrabarti, 2005):  
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In regards to the other boundary conditions, an atmospheric pressure boundary condition is applied in the upper 

section of the left side surface, as well as in the upper surface of the tank and in the exit of the OWC device's chimney, 

as shown by the hatched lines in Fig. 1. In all the other surfaces, a non-slip, impermeability, and null velocity boundary 

condition is applied. The initial condition has the fluid at rest, with a depth of h = 10.0 m. 

 

3. CONSTRUCTAL DESIGN 

 

The Constructal Design method is based on the Constructal Law developed by Adrian Bejan (Bejan and Zane, 

2012). The Constructal Law explains, deterministically, the way flow develops and evolves in nature (such as in lungs, 

atmospheric circulation, river basins, the shape of animals, etc) based on the principle that finite-size systems must 
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evolve in such a way that it provides easier access to the imposed currents that flow through them (Bejan and Lorente, 

2008). When applying Constructal Design to optimize the geometry of a physical problem, it is necessary to define the 

objective function (the variable to be optimized), the degrees of freedom (geometric parameters that may vary during 

the optimization process) and the restrictions (parameters that are kept constant during the optimization process) (Bejan 

and Lorente, 2008).   

In this paper, the objective function is the hydropneumatic power, and the geometry that was optimized for it is the 

semicircular transition region. The constraints are the area of the OWC chamber (AE) and the area of the OWC chamber 

plus the area of the chimney (A4), where AE = 37.6 m2 and A4 = 53.77 m2. They are given, respectively, by:  

 

𝐴𝐸 = 𝐻1𝐿               (3) 

 

𝐴4 = 𝐻1𝐿 + 𝐻2𝑙              (4) 

 

The degrees of freedom are the radius (r) and the ratio between the height of the hydropneumatic chamber and the 

length of the OWC chamber (H1/L). The ration between the height and the length of the chimney (H2/l), as well as the 

immersion depth (H3) are kept fixed, at a value of H2/l = 6 and H3 = 9.5 m, respectively, as shown in Lima et al (2015).  

Through the variation of H1/L, it is possible to calculate H1 and L through the following equations:  

 

𝐻1 = 𝐿 (
𝐻1

𝐿
)               (5) 

 

𝑳 = √
𝑨𝑬

(𝑯𝟏 𝑳⁄ )
                (6) 

 

Therefore, the radius (r) of the transition region is also varied, and is defined by: 

 

𝒓 =
𝑳−𝒍

𝟐
               (7) 

 

Where l is a function of H2, and both are defined by the following equations: 

 

𝒍 = √
𝑨𝟒−𝑨𝑬

(𝑯𝟐 𝒍⁄ )
               (8) 

 

𝑯𝟐 = 𝒍 (
𝑯𝟐

𝒍
)                (9) 

 

4. NUMERICAL MODEL 

 

The model employed in the simulations was the Volume of Fluid (VOF) model, which is based on the Finite 

Volume Method (FVM) (Fluent, 2009) and used in the simulation of flows that involve two or more immiscible fluids. 

The model utilizes the Volume Fraction (α) concept to find how the phases are distributed along the control volume, as 

more than one phase cannot occupy the same volume simultaneously, and, therefore, the volume fraction in each cell 

must be the sum of αAIR and αWATER and always equal to one (Lima et al., 2015).  

In the VOF model, the continuity and momentum equations are applied to all fluids that make up the flow, and the 

volume fraction of each fluid in each cell is considered in the whole computational domain through the volume fraction 

equation. The continuity, volume fraction and momentum equations are respectively defined as: 

 
𝜕𝑝

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑣⃗) = 0            (10) 

 
𝜕(𝛼)

𝜕𝑡
+ 𝛻 ⋅ (𝛼𝑣⃗) = 0            (11) 

 
𝜕

𝜕𝑡
(𝜌𝑣⃗) + 𝛻 ⋅ (𝜌𝑣⃗𝑣⃗) = −𝛻𝑝 + 𝛻 ⋅ (𝜇τ) + 𝜌𝑔⃗         (12) 

 

Where t is the time (s), ρ is the density (kg/m³), v is the flow velocity (m/s), p is the static pressure (N/m²), μ is the 

viscosity (kg/m·s), τ is the stress tensor (N/m²), and g is the gravitational acceleration (m/s²). 

As the mass and momentum conservation equations are solved for a mixture of air and water, mean values are 

determined for density and viscosity, shown in the equations below: 

 

𝜌 = 𝛼𝑊𝐴𝑇𝐸𝑅𝜌𝑊𝐴𝑇𝐸𝑅 + 𝛼𝐴𝐼𝑅𝜌𝐴𝐼𝑅          (13) 
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𝜇 = 𝛼𝑊𝐴𝑇𝐸𝑅𝜇𝑊𝐴𝑇𝐸𝑅 + 𝛼𝐴𝐼𝑅𝜇𝐴𝐼𝑅          (14) 

 

In all simulations, the Upwind scheme was used in the treatment of the advective terms. Pressure discretization was 

done through the PRESTO method, and the GEO-RECONSTRUCTION method was employed for the volumetric 

fraction. Pressure-velocity coupling was done through the PISO algorithm, and the under-relaxation factors for the 

continuity and momentum equations were 0.3 and 0.7, respectively. The Gauss-Seidel method with an algebraic 

multigrid was employed to solve the system of equations generated after the discretization. Further details about the 

numerical methodology can be found at (Patankar, 1980); Versteeg and Malalasekera, 2007).  

All simulations were run in an Intel Core i7 computer with 16 GB of RAM, using serial processing. The time 

required for each simulation was approximately 3 h. The employed turbulence model was the k-ε model. 

 

5. RESULTS AND DISCUSSION 

 

The validation of the computational model is achieved through a comparison between a computational simulation 

where the Free Surface Elevation (η) is measured though time and the corresponding values obtained in the analytic 

equation defined by (Dean & Darlymple, 1991): 

 

𝜼 = 𝑨𝒄𝒐𝒔(𝒌𝒙 − 𝝎𝒕) +
𝑨𝟐𝒌𝒄𝒐𝒔𝒉(𝒌𝒉)

𝟒𝒔𝒊𝒏𝒉𝟑(𝒌𝒉)
[𝟐 + 𝒄𝒐𝒔𝒉(𝟐𝒌𝒉)]𝒄𝒐𝒔𝟐(𝒌𝒙 − 𝝎𝒕)      (15) 

 

Where A is the wave amplitude (m); t is the time (s); x is the position (m); h is the depth (m); ω is the frequency, 

given by 2π/T, where T is the wave period (s); and k is the wave number, given by 2π/λ, where λ is the wavelength (m). 

Figure 3 shows, for the position x = 22.5 m, the comparison between the numerical results and the analytic results 

obtained through Eq. (15). To minimize the effects of reflection and interference, the validation was done in the interval 

between 20 s and 30 s, when the wave is stable. The average error, which is the mean relative difference between the 

analytic and numerical solutions in each instant, was 1.24%. Additionally, for this interval, the maximum error was 

2.33%, and the minimum error was 0.0054%. These results show that the numerical model is sufficiently accurate. 

 

 
Figure 3. Comparison between numerical and analytic free surface elevation. 

 

The mesh was generated in the software GAMBIT®, using the stretched mesh technique, in which the mesh is more 

detailed in areas that are of greater interest to the simulation (Mavripilis, 1997). As shown in Figure 4, the tank is 

divided into three regions, named A, B and C, in the vertical direction. In region B, which represents the free surface of 

water, a mesh refinement of 40 volumes in the vertical direction (the size of this interval is equivalent to H/20) and 250 

volumes in the horizontal direction (this interval is equivalent to λ/50) is used. For the spatial discretization of regions A 

and C, respectively, 10 and 60 volumes are used in the vertical direction, according to (Gomes et al., 2012). To 

complete the computational domain, quadrilaterals with a length of 0,1 m were used in the discretization of the OWC 

device (regions E and F).   
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In the paper, the variables of interest were the mass flow rate (in the device's chimney), the pressure (inside the 

OWC chamber), the efficiency of the device and the hydropneumatic power. The average values were calculated using 

the arithmetic mean for transient problems Root Mean Square (RMS) (Marjani et al., 2006). 

 

𝑿 = √
𝟏

𝑻
∫ 𝒙𝟐
𝑻

𝟎
𝒅𝒕             (16) 

 

Where x is the parameter whose RMS needs to be found. 

 

 
Figure 4. Discretization of the computational domain. 

 

The hydropneumatic power is given by (Dizadji and Sajadian, 2011): 

 

𝑷𝒉𝒊𝒅 = (𝒑𝒂𝒊𝒓 +
𝝆𝒂𝒊𝒓𝒗𝒂𝒊𝒓

𝟐

𝟐
)

𝒎̇

𝝆𝒂𝒊𝒓
           (17) 

 

Where pair is the static pressure in the chimney (Pa), ṁ is mass flow rate through the chimney (kg/s), ρair is the air 

density (kg/m3), and vair is the air velocity through the chimney (m/s), which is calculated according to: 

 

𝒗𝒂𝒊𝒓 =
𝒎̇

𝑨𝝆𝒂𝒊𝒓
             (18) 

 

Where A is the transversal section area of the chimney (m2). As the model is bidimensional, this value corresponds 

to the Length of the chimney, which, as defined in section 3, is a constant l = 2.3176 m. 

The static pressure is calculated through a weighted average over a certain area, which in this case is the center of 

the OWC device’s chimney. The equation is given by: 

 
𝟏

𝑨
∫∅𝒅𝑨 =

𝟏

𝑨
∑ ∅𝒊|𝑨𝒊|
𝒏
𝒊=𝟏            (19) 

 

Where Ø is a field, which in this case is the static pressure pe (Pa), n is the number of volumes and A is the area of 

the surface that is being measured (m²). 

The mass flow rate is calculated through the following expression: 

 

∫ 𝜌𝑣⃗ ∙ 𝑑𝐴 = ∑ 𝜌𝑖𝑣⃗𝑖
𝑛
𝑖=1 ∙ 𝐴𝑖           (20) 

 

Where ρ is the air density (kg/m3), v is the velocity in the y direction (m/s), and A is the area of the surface that is 

crossed by the airflow. 

As shown in (Zhang et al., 2012) it is possible to define the hydrodynamic efficiency of a OWC device as: 

 

𝜺 =
𝑬𝑶𝑾𝑪

𝑷𝒊𝒏𝒄𝑻𝒘
             (21) 

 

Where EOWC is the Energy absorbed by the OWC device (J), Pinc is the Power of the incident wave (W), and Tw is the 

wave Period considered for the analysis (s).  EOWC can be calculated by: 
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𝑬𝑶𝑾𝑪 = ∫ 𝒑
𝑻

𝟎
(𝒕)𝒒(𝒕)𝒅𝒕           (22) 

 

Where T is the wave Period (s), p(t) is the instantaneous pressure of the air inside the OWC chamber (Pa), and q(t) is 

the volumetric flow rate (m3/s), defined by: 

 

𝑞(𝑡) = 𝑣(𝑡)𝐿𝐿1            (23) 

 

Where v(t) is the vertical velocity of the free surface (m/s), L is the length of the OWC chamber (m), and L1 is the 

width of the OWC device (m), which, as the model is bidimensional, is set to 1. 

Finally, the Power of the incident wave is determined by Eq. (24): 

 

𝑷𝒊𝒏𝒄 =
𝝆𝒈𝑨𝟐𝝎

𝟒𝒌
(𝟏 +

𝟐𝒌𝒉

𝒔𝒊𝒏𝒉(𝟐𝒌𝒉)
)           (24) 

 

Where ρ is the water Density (kg/m3), g is the Gravitational Acceleration (m/s2), A is the wave Amplitude (m), ω is 

the wave Frequency (s-1), h is the water Depth (m), and k is the Wave Number. The Power of the incident wave, 

calculated through Eq. (24), is equal to 5692.65 W 

In total, eight different geometries were tested, with varying values for the degrees of freedom, which were 

calculated utilizing Eqs. (5-9). The dimensions of each geometry are shown in Tab. 1: 

 

Table 1. Variations of the semicircular transition region’s geometry  

 

Cases r[m] (H1/L) l[m] L[m] H1[m] H2[m] H3[m] AE[m2] 

1 11.7168 0.0598 1.6415 25.0751 1.4995 9.8493 9.5 37.6 

2 9.4161 0.0897 1.6415 20.4738 1.8365 9.8493 9.5 37.6 

3 7.5361 0.1346 1.6415 16.7137 2.2497 9.8493 9.5 37.6 

4 6.0025 0.2019 1.6415 13.6466 2.7553 9.8493 9.5 37.6 

5 4.7500 0.3029 1.6415 11.1415 3.3748 9.8493 9.5 37.6 

6 3.7275 0.4544 1.6415 9.0965 4.1335 9.8493 9.5 37.6 

7 2.8926 0.6817 1.6415 7.4267 5.0628 9.8493 9.5 37.6 

8 2.2112 1.0225 1.6415 6.0640 6.2005 9.8493 9.5 37.6 

 

Finally, for each geometry applied to the transition region, shown as cases 1-8 in Tab. 1, mass flow rate, static 

pressure, hydropneumatic power and hydrodynamic efficiency were calculated. Figure 5 shows the hydropneumatic 

power as a function of H1/L and r. 

 

Table 2. Mass flow rate, static pressure, hydropneumatic power and hydrodynamic efficiency in each geometry. 

 

Cases ṁ[kg/s] p[Pa] Phid[W] ε[%] 

1 12.9625 45.7940 122.4850 37.8644 

2 15.4832 55.8463 187.5651 63.8545 

3 16.1388 61.4958 215.7637 75.6250 

4 15.5794 62.5424 208.7102 73.3967 

5 14.3032 58.0328 182.7608 66.3674 

6 12.6515 50.4143 144.6106 52.7714 

7 10.9521 43.8452 108.0211 39.8251 

8 9.3248 37.3546 78.8488 28.5454 
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(a) (b) 

 

Figure 5. Hydropneumatic power as a function of H1/L (a) and r (b). 

 

6. CONCLUSIONS 

 

In this study, numerical methods were employed to analyze the semicircular transition region between the chimney 

and the hydropneumatic chamber of an offshore, OWC type wave energy conversion device. The Constructal Design 

method was used to define all the variations of the transition region's geometry, allowing for the correlation between the 

geometry of the transition region and the hydrodynamic efficiency of the device, which was calculated numerically. 

Therefore, the main objective of this study was to find a theoretical recommendation for the degrees of freedom, which 

are r (which represents the radius of the semicircular transition region) and H1/L (which represents the ratio between the 

height of the hydropneumatic chamber and the length of the OWC chamber), based on the values that yield the highest 

hydropneumatic power for an OWC device that is subjected to regular waves with a period of 5 s and a wavelength of 

37.6 m. 

The increase of both r and H1/L increased the hydropneumatic power, but only up to an optimal value, as further 

increases led to a downward trend. For H1/L, the optimal value was 0.1346; for r it was 7.5361 m. These values 

correspond to the ideal geometry, where ε = 75.6250%. When r = 2.2112 m and H1/L = 1.0225, the worst value of 

hydrodynamic efficiency was found, in which ε = 28.5454%. This shows an increase of nearly 165% in performance 

from the worst to the optimal geometries. 

The applicability of the Constructal Design method to the parametric study of wave energy converters was verified, 

as the results show a substantial increase in the device's performance. It is also possible to evaluate the evolution of the 

device's geometric configuration, which leads to the best performance. 

In this study, the area of the hydropneumatic chamber was a problem constraint. However, it was a function of the 

radius, the height of the hydropneumatic chamber, and the length of the OWC chamber, which could change within that 

restriction. Hence, the results obtained can be compared to those of previous studies that considered a semicircular 

transition region without the same restriction. These definitions show the relevancy of the Constructal Design technique 

for this type of analysis, and, in future studies, it would be relevant to evaluate transition regions that have a different 

type of geometry. 
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