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Abstract 
 

This work presents a 2D numerical study of an Oscillating Water Column (OWC) converter considering physical constraints in its 
outlet chimney to represent the turbine pressure drop. Two strategies were adopted. The first considers different dimensions for a 
physical constraint similar to an orifice plate, being the analysis performed in a laboratory scale. After that, other physical restriction 
with geometry similar to a rotor turbine was investigated in a real scale by means a dimensional variation. The numerical results 
indicate the importance of consider the pressure drop caused by turbine in the analysis of the OWC behavior.       
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Nomenclature 
 

CT Wave tank length  N Turbine rotation speed 
d Physical constraint length  T Wave period 
d1 Physical constraint diameter  t Time 
g
  Gravitational acceleration  


 Velocity vector 

H Wave height  x Horizontal direction 
HT Wave tank height  y Normal direction to the x-z plane 
H1 OWC chamber height  z Vertical direction 
H2 OWC chimney height   Volume fraction   
H3 Lip submergence  λ Wave length 
h Water depth   Viscosity 
L OWC chamber length  π Mathematical constant 
l Chimney outlet diameter    Density 

p Static pressure    Stress tensor 
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1 Introduction 
Nowadays the countries are investing in the exploration of new 
energy sources, especially in those called renewable energy 
sources. Among several ways to obtain energy from renewable 
sources, the conversion of the ocean waves energy into electrical 
one can be an attractive alternative for countries with large coastal 
regions such as Brazil. The wave power is proportional to its 
squared amplitude and its period, so waves with high amplitude 
(around 2 m) and high periods (between 7 and 10 s) normally 
exceed 50 kW per meter of wave front (Cruz and Sarmento, 
2004). The criterion used to classify the Wave Energy Converters 
(WEC), in most references, is associated with the installation 
depth of the device. In this context, the WEC are classified in: 
Onshore devices (with access by earth), Nearshore devices (in 
depths between 8 and 20 m), and Offshore devices (in depths 
higher than 20 m). Other possible classification is related with the 
main operational principle of the wave energy converters, i.e., the 
converters type. The principal converter types are: Oscillating 
Water Column (OWC) devices, Floating Bodies devices, and 
Overtopping devices (Cruz and Sarmento, 2004 

In the present work the main operational principle of OWC 
converters is numerically studied. The purpose here is to consider 
in the computational model a physical constraint in the chimney 
outlet mimicking the effect of the turbine over the fluid-dynamic 
behavior of the OWC chamber, allowing future investigations 
about the influence of the turbine over the design of the OWC 
chamber. An analogous approach was already employed by Liu 
et. al (2009). 

The computational domains, composed by the OWC inserted into 
a wave tank, were generated in GAMBIT software. The 
numerical simulations were performed in FLUENT software, 
which is a Computational Fluid Dynamic (CFD) package based 
on the Finite Volume Method (FVM). More details about the 
FVM can be found in Versteeg and Malalasekera (2007). The 
Volume of Fluid (VOF) multiphase model was adopted to treat 
adequately the water-air interaction. The VOF model was 
developed by Hirt and Nichols (1981) and it was already used in 
other numerical studies related with wave energy, e.g., Horko 
(2007), Liu et. al (2008a), Liu et. al (2008b), Gomes (2010), 
Ramalhais (2011), Liu et. al (2011) and Dos Santos et al. (2013). 
Besides, regular waves are generated in the wave tank, reaching 
the OWC converter and generating an alternate air flow through 
its chimney. 

Therefore, to study the influence of the pressure drop imposed by 
the turbine in the OWC fluid-dynamic behavior two different 
strategies were adopted. Firstly, adopting regular waves in 
laboratory scale, a restriction similar to a orifice plate was 
considered in the outlet of the OWC chimney causing a physical 
constraint in the air flow that cross the chimney. Six dimensions 
for the opening were tested, allowing the achievement of a curve 
generated by the relation between two non dimensional 
parameters: pressure drop and flow coefficients. Other authors 
also studied these coefficients, as Weber and Thomas (2001), 
Ramalhais (2011) and Carija et al. (2012). Afterwards, the second 
strategy also uses a physical constraint, however in this case the 

constraint is positioned in a way that causes a peripheral air flow 
in the chimney outlet. Several dimensions for the physical 
restriction were investigated for regular waves in real scale. From 
this analysis, it was possible to identify the best constraint 
dimension, i.e., the dimension that provides the highest power 
take-off (PTO) available in the OWC chimney. So, taking into 
account this best restriction dimension, the OWC was submitted 
to a real wave spectrum. 

In the sequence of the paper a brief explanation about the OWC 
main operational principle is performed, followed by the 
computational modeling description, information about the 
physical constrains, results and discussion, and conclusions. 

 
 
 
 
2 Oscillating water column (OWC) 
An Oscillating Water Column (OWC) device is a steel or 
concrete structure with a chamber presenting at least two 
openings, one in communication with the sea and one 
with the atmosphere (Fig. 1). Under the action of waves 
the free surface inside the chamber oscillates and 
displaces the air above the free surface. The air is thus 
forced to flow through a turbine that generates electrical 
power (Nielsen et al., 2006). Usually a Wells turbine is 
employed; such turbines, once started, turn in the same 
direction to extract power from air flowing in either axial 
direction, i.e., the turbine motion is independent of the 
fluid flow direction (Twidell and Weir, 2006).   

The greatest disadvantage of the OWC converter is the 
large dimensions of structure. As a result, the cost of a 
single device is rather high (Khaligh and Onar, 2010). 
An advantage of using the OWC device for power 
extraction is that the air speed is increased by reduction 
in the cross-sectional area of the channel approaching 
the turbine. This couples the slow motion of the waves 
to the fast rotation of the turbine without mechanical 
gearing (Twidell and Weir, 2006).  
 

 
 

Fig. 1  Oscillating water column (OWC) converter. 
 
Another important advantage is that the moving mechanical 
parts, that is, the turbine and the generator, are not in direct 
contact with water (Khaligh and Onar, 2010).
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Fig. 2 Schematic representation of the 2D computational domain.  
 
 
 
3 Computational modeling 
 

Starting from the definition of the main wave parameters - period 
(T), height (H), and water depth (h) - it is possible to 
determine the length (CT) and height (HT) of the wave tank, as 
can be seen in Fig. 2. In addition, the OWC dimensions in 
agreement with the characteristics of the incident waves must 
be defined, completing the computational domain geometry 
(Fig. 2).  

Thus, to apply the first proposed strategy (similar to an orifice 
plate) to investigate the pressure drop imposed to the OWC 
converter by the turbine, wave parameters and the wave tank 
dimensions in a laboratory scale are presented in Tab. 1. 

Table 1.  Wave characteristics and dimensions of the tank in 
laboratory scale. 

 

Characteristic Value 

Wave period (T) 0.80 s 

Wave height (H) 0.14 m 

Wavelength  (λ) 1.00 m 

Water depth (h) 0.50 m 

Length of wave tank (CT) 5.00 m 

Height of wave tank (HT) 0.80 m 

Submergence of OWC (H3) 0.465 m 
 
The other dimensions need to complete the computational 
domain geometry in this first analysis are indicated in Fig. 2 
and their values were defined according with the optimal 
geometry found in Gomes et al. (2012), being: L = 0.4082 m, 
l = 0.1414 m, H1 = 0.3429 m, H2 = 0.4242 m, H3 = 0.465 m,  
H2/l = 3.0, and H1/L = 0.84. 

As already mentioned, a physical restriction similar to an 
orifice plate is inserted on the outlet OWC chimney, aiming to  

 
 
 
 
 
 
 
represent the pressure drop caused by a turbine. The orifice 
plate was inserted for all cases in the middle of the chimney 
(H2/2). Thus, it is possible to evaluate the effects caused by the 
presence of a turbine in the fluid-dynamic behavior of the 
OWC converter. Six different values for the physical 
constraint were tested, as showed in Fig. 3. 

 
Fig. 3  Dimensions for the physical constraint represented by an orifice plate. 
 
The second strategy adopted in this work to reproduce the 
pressure drop imposed by a turbine in the OWC device also 
uses a physical restriction, however unlike the orifice plate 
this constraint promote a peripheral air flow similar to the 
effect of the flow over a rotor hub (see the geometry in Fig. 
4). It is worth to mention that this air flow behavior, flowing 
peripherally and surrounding the physical restriction, presents 
a similarity with a real air flow over a turbine. Besides, the 
use of this geometry in studies concerned with the influence 
of the turbine in the OWC behavior is an original proposal of 
the present work. In Fig. 4 it is depicted a sketch indicating 
the form and location of this physical restriction. The 
dimensions d and d1 represents the length and the diameter of 
the constraint, respectively. 

Moreover, as a real scale is adopted in this second strategy, 
the dimensions of the OWC were defined as: L = 16.7097 m, 
l = 2.3176 m, H1 = 2.2501 m, H2 = 6.9529 m, H3 = 9.50 m, 
H1/L = 0.1346, H2/l = 3.00. These values correspond to the 
best shape obtained in Gomes et al. (2013), where a 
geometric optimization investigation was carried out.  
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Fig. 4  OWC converter and physical constraint with geometry similar to a turbine in 

real scale. 

A real wave spectrum consisting of nine waves was 
considered here, being the wave and wave tank characteristics 
indicated in Tab. 2. 

For all waves of the spectrum (Tab. 2) the following 
parameters are kept constant: wave height (H) of 1.0 m, water 
depth (h) of 10.0 m, and tank height (HT) of 12.0 m. So, taking 
into account the first wave of the spectrum, i.e., the wave with 
T = 5.0 s of Tab. 2, the dimensions of the physical constraint 
were varied as showed in Tab. 3. Highlighting that in these 
numerical simulations 0 < d1 < l; and that the d dimension is 
also variable, being its value obtained by: d = (1 + d1/2) m. 

Table 2 Wave spectrum. 
 

Period (T) Wave length (λ) Tank length (CT) 
5.0 s 37.6 m 188.0 m 
6.0 s 48.5 m 242.5 m 
7.0 s 60.0 m 300.0 m 
7.5 s 65.4 m 327.0 m 
8.0 s 71.0 m 355.0 m 
9.0 s 81.8 m 409.0 m 

10.0 s 92.0 m 460.0 m 
11.0 s 103.0 m 515.0 m 
12.0 s 113.3 m 566.5 m 

  
Table 3 Dimensions of the physical constraint. 
 

Case Constraint diameter (d1) Constraint length (d) 
1 0.3176 m 1.1588 m 
2 0.7176 m 1.3588 m 
3 1.1176 m 1.5588 m 
4 1.5176 m 1.7588 m 
5 1.9176 m 1.9588 m 
6 2.1176 m 2.0588 m 

Therefore, based on the numerical results generated taking 
into account the values of Tab. 3, the constraint dimensions 
that promoted a better harnessing of the incident waves was 
defined as the optimal geometry of the physical constraint. 
Thus, this optimal shape was submitted to all waves of the 
spectrum (Tab. 2). 
 
 

3.1  Boundary conditions 
 

One can note in Fig. 2 that the generation of waves is 
performed by the imposition of the wave velocities 
components as boundary conditions (by means of an User 
Defined Function (UDF) in FLUENT software) in the left side 
of the computational domain. This numerical methodology to 
generate regular waves was already verified and validated in 
Horko (2007), Gomes et al. (2009) and Seibt et al. (2014) and 
Dos Santos et al. (2013). It is worth to mention that in 
accordance with Chakrabarti (2005) the wave adopted in the 
first strategy is classified as a high order wave, while the 
waves employed for the second strategy are linear waves. 
 
The other boundary conditions are the atmospheric pressure in 
the dashed lines of Fig. 2 and the no slip condition (wall) in 
the continuous lines of Fig. 2.  
 
 

3.2  Mathematical model  
 

As previously mentioned, the computational domain is 
composed by a wave tank in which the converter is coupled 
(Fig. 2). Besides, to obtain a more realistic interaction among 
water, air and converter the multiphase Volume of Fluid 
(VOF) model (Hirt and Nichols, 1981) is adopted. 
 
The VOF is a multiphase model used to solve fluid flow 
problems with two or more immiscible fluids. In this 
formulation, all phases are well defined and the volume 
occupied by one phase cannot be occupied by the other. Thus, 
to represent these phases inside of each control volume is 
necessary to consider the volume fraction () concept. Hence 
it is necessary that the sum of all phases for each cell be 
always equal to one. In this work there are only two phases: 
water and air. Therefore if   = 1 the cell is full of water; if  
= 0 the cell is without water, i.e., it is filled of air; and if the 
value of  is between 0 and 1 the cell contain the interface 
between water and air (Srinivasan et al., 2011). 

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 equation (FLUENT, 
2007; Grimmler et al., 2012): 

 v 0
t





 



                                                             (1) 
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the volume fraction equation  

   v 0
t





 



                                                           (2) 

 

and momentum equations: 
 

     v vv p g
t
   


    


  

                   (3) 

being:   the fluid density, t the time, 


 the flow velocity 
vector, p is the static pressure,  the molecular viscosity,   
the stress tensor and g


 the gravitational acceleration. 

 
The momentum and continuity equations are solved for the 
mixture of both phases (air and water). Then, it is necessary to 
evaluate average values for density and viscosity, respectively 
(Srinivasan et al., 2011): 

 1water air                                                        (4) 

 1water air                                                        (5) 

 
3.3  Numerical procedures 

As earlier mentioned, the conservation equations of mass and 
momentum and the equation for transport of volume fraction 
are solved with the finite volume method (FVM). The solver is 
pressure-based, employing upwind and PRESTO for spatial 
discretizations of momentum and pressure, respectively. The 
velocity-pressure coupling is performed by the PISO 
algorithm, 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 (Gomes et al., 2012). 

 
 
 
 
4 Results and discussion  

 

4.1 Strategy 1 (orifice plate) 

In this first approach the six dimensions for the physical 
constraint in the OWC chimney outlet (Fig. 3) were 
numerically simulated. In all simulations a regular mesh 
generated by square cells with side of 0.01 m and a time step 
of 0.001 s were adopted to reproduce the incidence of eight 
waves (4.8 s) over the OWC device. During this time of 4.8 s 
there is no effects caused by the wave reflection since the 
length of the wave tank is CT = 5.0 m. Besides, the wave 
propagation is considered stabilized when t ≥ 2.4 s, i.e., after 
the formation of the third wave. 
 
The presence of these restrictions promotes a pressure drop in 
the region where it should be located the turbine as well as a 
significant increase in the pressure inside the hydro-pneumatic 
chamber of the OWC, as one can observe in Fig. 5. 

 
Fig. 5  Pressure inside the OWC chamber as a function of time. 

Figure 5 indicates that if the physical constraint dimension 
increases a higher pressure variation is observed. The 
pressure drop is estimated by the difference between the 
pressure inside the OWC chamber (which is monitored in 
several points) and the pressure in the outlet region of the 
chimney (which is monitored by a sensor placed in this 
region).   

Accordingly, non dimensional coefficients related with the 
pressure and the flow rate in the OWC converter can be 
evaluated as follow (Carija et al. (2012): 
 

2 2
a

p
N D





  (6) 

 

3

.

DN
m

a
  (7) 

where: Δp is the pressure drop, 
.

m  is the mass flow rate, a
is the air density, N is the speed of the turbine rotation, and D 
is the turbine diameter. Considering average values for the 
pressure and mass flow rate, which were obtained by 
application of the Root Mean Square (RMS) technique 
(Gomes et al., 2012) in the transient numerical results, the 
pressure drop coefficient is depicted as a function of flow 
coefficient in Fig. 6. 

 
Fig. 6  Pressure drop coefficient as a function of the flow coeficcient - Strategy 1 
(laboratory scale). 
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Figure 6 allows to verify that there is a linear relation adjusted 
from the obtained points between the pressure drop coefficient 
and flow coefficient: Φ = KΨ, being K = 0.42. This type of 
relation is similar to that found in experimental and numerical 
works of Wells turbine, see Ramalhais (2011). 
 
After that, it was analyzed the velocity behavior in the region 
where the physical restriction was placed. As one can note in Fig. 
7, the increase of the constraint causes an augmentation in the air 
flow velocity as well as a higher pressure drop, in a linear 
behavior. For this relation between velocity and pressure average 
values were considered, being these values linearly fitted with a 
maximum error of 4%. 
 
In Fig. 8 the velocity behavior inside the OWC device is presented 
for all studied cases in the instant t = 4.0 s showing that the 
velocity increases as the constraint increases, especially in the 
constraint region. It is also noticed a significant modification of 
the fluid flow inside the chamber. 
 
In all simulations the OWC dimensions were kept constant, 
excepting the constraint dimension which vary for each case. 
These results obtained with the strategy of reproducing the turbine 
effect over the OWC air flow by means a physical restriction 
presented allows its utilization in a satisfactory way, i.e., imposing 
the pressure drop that would be caused by the turbine. 

 

 
Fig 7 Velocity versus pressure drop. 
 

4.2 Strategy 2 (rotor hub geometry) 

This second strategy aims to test a physical restriction 
considering a more realistic geometry (Fig. 2), similar to 
the rotor hub geometry, in the OWC chimney. Hence, the 
behavior of the air flow when passing through the turbine 
and hence the pressure drop will also be more realistic. 
To do so, it were tested several dimensions for this 
constraint, as presented in Tab. 3, allowing to assess the 
relation between flow and pressure drop coefficients 
which occurs in the turbine of OWC device. As earlier 
mentioned, it was taken into account an OWC converter 
with constant dimensions, being only varied the physical 
constraint diameter, in accordance with Tab. 3 and 
submitted to the first regular wave of Tab. 2. Posteriorly, 

only the best shape among the above cases was submitted 
to the wave spectrum indicated in Tab. 2. In these 
numerical simulations the mesh characteristics and the 
solution parameters are the same employed in Gomes et. 
al (2013). 
 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Fig 8.  Velocity behavior on the instant t = 4.0 s for:  (a) case 0, (b) case 1,  
(c) case 2, (d) case 3, (e) case 4, (f) case 5. 

 
As expected, the decrease of the region through which the air 
flows by the constraint increase makes the internal pressure of 
the OWC converter also increases and hence occurring a 
power augmentation, as can be noted in Tab. 4. It is important 
to mention that the values of Tab. 4 are obtained by the RMS 
technique, evaluated in the interval time 15 s ≤ t ≤ 30 s, in 
which the wave generation is stabilized and there is no 
influence of wave reflection.   
 
In Tab. 4 the mass flow rate average values until case 4 are 
almost constant, but from case 4 a more significant difference 
can be observed. As the OWC converter in all six cases is 
submitted to the incidence of the same regular waves, the mass 
flow rate should be constant. 
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Table 4 Results considering the physical restriction 
diameter (real scale). 

 

Physical 
Restriction 

Mass flow  
(kg/s) 

Pressure 
drop (Pa) 

Power 
(W) 

1 16.44 64.86 201.26 
2 16.43 68.43 220.94 
3 16.41 76.04 267.86 
4 16.36 98.44 415.46 
5 16.07 224.36 1,254.37 
6 11.23 2,162.11 8,633.11 

 
However, the variation of this quantity noted in the results of 
Tab. 4 must be caused by the increasing of the physical 
restriction, which causes an air flow damping. As a consequence, 
the pressure and the power also increase as can be seen in Fig. 9. 
Therefore, the results showed that, among the studied cases, the 
case 4 as the most appropriate physical restriction. 
         

 

Fig. 9 Power variation as a function of the physical constraint diameter (rotor hub 
geometry). 

Other consideration that can be made to corroborate the choice 
of case 4 as the best shape is related with the turbine design. If 
the difference between the chimney outlet length (l) and the 
physical restriction diameter (d1) of case 4 is evaluated, a gap 
of 0.8 m is encountered representing a clearance around 35% 
of the l dimension. 

So, using the computational domain of case 4 and the wave 
spectrum presented in Tab. 2, it was possible to investigate the 
fluid-dynamic behavior of the OWC converter taking into 
account the pressure drop imposed by the turbine. Here, the 
average values were also obtained by RMS technique during an 
interval time of 15 s ≤ t ≤ 30 s. In Tab. 5 these values are 
showed, while in Tab. 6 the pressure and flow rate non 
dimensional coefficients, defined by Eqs. (6) and (7), 
respectively, are also presented. It is important to mention that in 
Eqs. (6) and (7) the speed of the turbine rotation was 157.1 rad/s 
(1500 RPM), in agreement with Weber and Thomas (2001). 

Table 5 indicates that the increase of the wave period 
promotes a reduction in all quantities analyzed, being this 
trend also observed in Liu (2009).  

Finally, in Fig. 10, a graph relating the pressure and flow 
coefficients are obtained from the numerical simulations.  One 
can note a linear trend between these coefficients, which is a 
typical characteristic of a Wells turbine. So, if a linear fit is 
applied, as performed in Weber and Thomas (2001), the 
following relation is obtained: Φ = 0.1017 Ψ, having this value 
the same order of magnitude of that presented in Weber e 
Thomas (2001). 

Table 5 Numerical results form wave spectrum analysis. 
 

Wave 
Volumetric 

flow rate 
[m3/s] 

Pressure 
[Pa] 

Mass flow 
rate [Kg/s] 

Power 
[W] 

1 13.35 83.55 16.36 415.46 

2 13.72 82.02 16.81 458.11 

3 12.29 66.21 15.05 364.07 

4 10.77 53.85 13.20 270.81 

6 8.26 35.02 10.12 144.91 

7 7.36 28.49 9.10 110.08 

8 6.66 24.62 8.16 86.84 
 
Table 6 Dimensionless pressure and flow coefficients. 
 

Wave Flow rate coefficient 
Φ 

Pressure coefficient  
Ψ 

1 0.00682 0.00051 

2 0.00701 0.00050 

3 0.00628 0.00040 

4 0.00550 0.00033 

6 0.00422 0.00021 

7 0.00379 0.00017 

8 0.00340 0.00015 
 

 
Fig. 10 Pressure coefficient versus flow rate coeficcient - Strategy 2. 

Therefore, considering all discussed aspects it is possible to 
state that the use of a physical restriction to represent the 
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pressure drop imposed by the turbine over the air flow in an 
OWC converter computational model can be employed in a 
satisfactory way, especially for consideration of the turbine 
effect over the fluid flow inside the chamber and for geometry 
design of the device.  

 

 

 

4 Conclusions 
 

This work presented two strategies which can be used in the 
computational modeling of the operating principle of an OWC 
converter, aiming to impose over the air flow, by means of a 
physical constraint, the pressure drop that in practice would be 
generated by the presence of the turbine. In the first strategy a 
restriction similar to an orifice plate was considered. In the 
second approach a restriction with a geometry similar to a 
turbine rotor hub was taking into account. 
 
The obtained results, although in an initial stage, are very 
promising, because it was possible to analyze the fluid-
dynamic OWC behavior in a more realistic way. The pressure 
drop caused by the restriction causes velocity and pressure 
variations in the air flow similar to those noticed in a real 
OWC converter. 
 
The results also showed that the numerical method proposed 
here led to a behavior of the effect of the flow coefficient over 
the pressure drop and over the PTO similar to those obtained 
into archival literature, allowing its future application for 
achievement of theoretical recommendations concerned with 
the design of the device. 
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