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Abstract: The wave energy conversion into electricity has
been increasingly studied in the last years. There are sev-
eral proposed converters. Among them, the oscillatingwa-
ter column (OWC) device has been widespread evaluated
in literature. In this context, the main goal of this work
was to perform a comparison between two kinds of physi-
cal constraints in the chimney of the OWC device, aiming
to represent numerically the pressure drop imposed by the
turbine on the air flow inside the OWC. To do so, the con-
servation equationsofmass,momentumandoneequation
for the transport of volumetric fraction were solved with
the finite volumemethod (FVM). To tackle thewater-air in-
teraction, themultiphasemodel volume of fluid (VOF)was
used. Initially, an asymmetric constraint inserted in chim-
ney duct was reproduced and investigated. Subsequently,
a second strategywas proposed, where a symmetric physi-
cal constraint with an elliptical shapewas analyzed. It was
thus possible to establish a strategy to reproduce the pres-
sure drop in OWC devices caused by the presence of the
turbine, as well as to generate its characteristic curve.
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1 Introduction
Nowadays, the investments in exploration of new energy
sources are growing, especially in those called renewable
energy sources. Renewables aremainly focused on the uti-
lization of solar, wind, biomass and geothermal sources.
The diversification of sources should be a target to reach
in order to expand and vary the choice [1]. This kind of
energy can help to comply with the energetic demand of
the world, which had a global energy consumption in 2011
of nearly 1.6 × 107 MW, 60% higher than that consumed
in 1980 [2]. So far, the main source of energy to reach this
demand has been based on the consumption of fossil fu-
els. Among several ways to obtain energy from renewable
sources, the conversion of the oceanwave energy into elec-
trical power can be an attractive alternative for countries
with large coastal regions, such as Brazil.
Ocean energy sources can have different classifications.
Undoubtedly, the most relevant are the ocean tidal energy
(caused by interaction between the gravitational fields of
Sun and Moon), the ocean thermal energy (direct conse-
quence of solar radiation incidence), the ocean currents
energy (originated from the gradients of temperature and
salinity and tidal action) and, finally, the ocean wave en-
ergy (which results from thewind effect over the ocean sur-
face) [3].
The criterion used to classify Wave Energy Converters
(WEC), in most references, is associated with the installa-
tion depth of the device. In this context, theWECs are clas-
sified as: Onshore devices (with access by foot), Nearshore
devices (with water depths between 8 and 20 m), and Off-
shore devices (with water depths higher than 20m). Other
possible classification is related to the main operational
principle of the wave energy converters. The main oper-
ational physical principles mainly described in literature
are: Oscillating Water Column (OWC) devices, Floating
Bodies (or surging) devices and Overtopping devices [4].
In the present work, the main operational physical princi-
ple of OWC converter is numerically studied. The purpose
here is to consider, in the computationalmodel, a physical
constraint in the chimney outlet mimicking the effect of
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the turbine over the fluid flow inside the OWC device, and
its interactions with wave flow. This work will allow future
investigations about the turbine influence on the design
of an OWC chamber. An analogous approach was already
employed by Liu et al. [5]. Moreover, this study has the aim
to investigate the employment of two different physical re-
strictions in the outlet chimney of the OWC chamber. More
precisely, the influence of blunt body and elliptical shape
restrictions on the available power take off (PTO) is eval-
uated, in addition to determination of the mass flow rate
and pressure drop in the OWC device.
Different dimensions for each kind of physical constraint
are tested with the purpose to evaluate the effect of restric-
tion geometry on the ratio between the air mass flow rate
crossing the chimney and the internal pressure of the OWC
hydropneumatic chamber. For this analysis, the geometri-
cal characteristics of the OWC converter were kept fixed,
while the diameter of the physical constraint (d1) was var-
ied. Hence, it was possible to choose an optimal d1 value
for each kind of constraint. Subsequently, these optimal
values were used to study the incidence of a wave spec-
trum in real scale in the OWC converter, allowing the nu-
merical reproduction of a turbine characteristic curve. In
this sense, a strategy to reproduce the pressure drop in
OWCdevices caused by the presence of the turbine and the
generation of the turbine characteristic curve was estab-
lished.
The computational domains, composed by an OWC in-
serted into a wave tank, are generated in GAMBIT soft-
ware. The numerical simulations are performed in FLU-
ENT 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 [6]. The Volume of Fluid (VOF) multi-
phase model was adopted to treat adequately the water-
air interaction. The VOFmodel was developed by Hirt and
Nichols [7] and it is alreadyused inother numerical studies
related with wave energy (e.g. [8–12]). Furthermore, reg-
ular waves are generated in the wave tank, reaching to
the OWC converter and generating an alternate air flow
through its chimney.

2 Oscillating Water Column (OWC)
The Oscillating Water Column devices are, basically, hol-
low structures partially submerged,with an opening to the
sea below the water free surface, as can be seen in Fig-
ure 1. In accordance with Falcão [4], the electricity gen-
eration process has two stages: when the wave reaches

Figure 1: Oscillating Water Column (OWC) converter.

the structure, the column‘s internal air is forced to pass
through a turbine, as a direct consequence of the augmen-
tation of pressure inside the chamber. When the wave re-
turns to the ocean, the air again passes by the turbine,
but now being aspirated from the external atmosphere to-
wards the device chamber, due to the chamber internal
pressure decreasing. As a consequence, to enable use of
these opposite air movements, theWells turbine is usually
employed, which has the property of maintaining the ro-
tation direction irrespective of the flow direction. The tur-
bine/generator set is responsible for the electrical energy
production.

3 Computational domain
As aforementioned, the computational domain consists of
the OWC converter inserted into a wave tank. In addition,
to represent the pressure drop imposed to the airflow at
the OWC, two physical constraints were considered at the
chimney device.
Based on the period (T), height (H) and propagation depth
(h) of the wave, it is possible to define the length (LT) and
height (HT) of the wave tank (Figure 2). There is no general
rule to establish these dimensions, however some aspects
must be taken into account. Thewavepropagationdepth is
adopted as the wave tank mean water level, i.e., the wave
tank water depth (h). For the wave tank length it is nec-
essary to consider the wave length, as it is recommended
that the wave tank length is at least five times the wave
length. In this way, a numerical simulation without effects
of wave reflection can be performed, during a satisfactory
time interval and without an unnecessarily large increase
of the computational domain length (which would cause
an increase in the computational effort and in the process-

Brought to you by | CAPES
Authenticated

Download Date | 6/14/15 6:07 AM



Numerical Analysis including Pressure Drop | 231

ing time). Regarding the wave tank height, the propaga-
tion depth and the height of the wave must be considered.
It is suggested to define the wave tank height as equal to
the propagation depth plus three times the wave height.
In the first strategy to represent the pressure drop, called
constraint A, a blunt body is placed at the OWC chimney,
as shown in Figure 3(a). For this case it is expected that
a greater influence of the restriction occurs during the air
compression, given its geometry is not symmetrical. The
geometry employed here is similar to restriction imposed
in the previous work of Conde and Gato [13].
The other physical restriction, called constraint B, pro-
posed in this work, has an elliptical geometry, as can be
seen in Figure 3(b). Due to its symmetry, the same airflow
resistance is caused during compression and decompres-
sion stages; this behavior is more realistic when compared
with the influence of the Wells turbine.
Some dimensions for the physical constraints were tested,
aiming to evaluate the ratio between the air mass flow rate
and the pressure inside the OWC hydropneumatic cham-
ber. In this analysis, the geometric characteristics of the
OWCdevicewere kept constant, being variable only the di-
ameter (d1) of the physical constraint. To do so, the opti-
mal geometry obtained by Gomes et al. [14] was adopted,
having the follow dimensions: H3 = 9.50 m; H1/L =
0.1346; L = 16.7097 m; H1 = 2.2501 m, l = 2.3176 m
e H2 = 6.9529 m; in addition, a real scale wave (period
T = 5.0 s, height H = 1.00 m, lenght λ = 37.50 m, and
deepth h = 10.00m) was generated.
For the constraint A the dimension d1 represents its di-
ameter, while the dimension d represents its length (see
Figure 3(a)). Analogously, for the constraint B, the dimen-
sion d1 is the ellipse axis lenght in thehorizontal direction,
while the dimension d defines the ellipse axis lenght in the
vertical direction (see Figure 3(b)).

3.1 Boundary Conditions and Mesh

As can be observed in Figure 2, the wave maker is placed
in the left side of the wave tank. For the regular wave gen-
eration the so-called Function Methodology [15] was em-
ployed. This methodology consists of applying the hori-
zontal (u) and vertical (w) components of wave velocity as
boundary conditions (velocity inlet) of the computational
model, by means of an User Defined Function (UDF) in
the FLUENTr software. These velocity components vary
as functions of space and time and are based on the Lin-
ear Theory of waves. So these wave velocity components

are given by:

u = H2 gk
cosh(kz + kh)
ω cosh(kh) cos(kx − ωt) (1)

w = H2 gk
sinh(kx + kh)
ω cosh(kh) sin(kx − ωt) (2)

where: H is the wave height (m); g is the gravitational ac-
celeration (m/s2); λ is the wave length (m); k is the wave
number, given by k = 2π/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 Figure 2) the atmospheric pressure
was considered (pressure outlet). In the bottom and right
side of computational domain the no slip and imperme-
ability conditions (wall) were adopted.

4 Mathematical model
The analysis consists in finding the solution of a water-air
mixture flow. For this, the conservation equations ofmass,
momentum and one equation for the transport of volumet-
ric fraction are solved via the finite volumemethod (FVM).
The conservation equation ofmass for an isothermal, lam-
inar and incompressible flowwith two phases (air andwa-
ter) is the following:

∂ρ
∂t +∇ · (ρv⃗) = 0 (3)

where ρ is themixture density [kg/m3] and v⃗ is the velocity
vector of the flow [m/s].
The conservation equation of momentum is:

∂
∂t (ρv⃗) +∇(ρv⃗v⃗) = −∇p +∇(τ) + ρg⃗ + F⃗ (4)

where: p is the pressure (N/m2), ρg⃗ and F⃗ are buoyancy
and external body forces (N/m3), respectively, and τ is the
deformation rate tensor (N/m2), which, for a Newtonian
fluid, is given by:

τ = µ
[︂(︁

∇v⃗ +∇v⃗T
)︁
− 2
3∇ · v⃗I

]︂
(5)

where µ is the dynamic viscosity (kg/(ms)), and I is a uni-
tary tensor; the second right-hand-side term is concerned
with the deviatoric tension (N/m2).
In order to deal with the air and water mixture flow and
to evaluate its interaction with the device, the Volume of
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Figure 2: Schematic representation of the computational domain.

Figure 3: Physical constraints at the OWC chimney: (a) blunt body (constraint A); (b) elliptical body (constraint B).
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Fluid (VOF) method is employed. The VOF is a multiphase
model used for fluid flowswith two ormore phases. In this
model, the phases are immiscible, i.e., the volume of one
phase cannot be occupied by another phase [16, 17].
In the simulations of this study, two different phases are
considered: air and water. Therefore, the volume fraction
concept (αq) is used to represent both phases inside one
control volume. In this model, the volume fractions are as-
sumed to be continuous in space and time and the sum of
volume fractions, inside a control volume, is always uni-
tary (0 ≤ αq ≤ 1). Consequently, if αwater = 0, the cell is
empty of water and full of air (αair = 1), and if the fluid has
amixture of air andwater, one phase is the complement of
the other, i.e., αair = 1 − αwater. Thus, an additional trans-
port equation for one of the volume fractions is required:

∂(ραq)
∂t +∇ ·

(︀
ραq v⃗

)︀
= 0 (6)

It is worth mentioning that the conservation equations of
mass and momentum are solved for the mixture. There-
fore, it is necessary to obtain values of density and viscos-
ity for the mixture, which can be written by:

ρ = αwaterρwater + αairρair (7)

µ = αwaterµwater + αairµair (8)

5 Numerical model
For the numerical simulation of the conservation equa-
tions of mass and momentum, a commercial code based
on the FVM is employed [18]. The solver is pressure-
based and all simulations were performed using ‘up-
wind’ and PRESTO for spatial discretizations of momen-
tum and pressure, respectively. The velocity-pressure cou-
pling is performed by the PISO method, while the GEO-
RECONSTRUCTIONmethod 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 andmomentum, respectively. More details con-
cerning the numericalmethodology can be obtained in the
works of Versteeg and Malalasekera [6] and Patankar [19].
The numerical simulations were performed using a com-
puter with two dual-core Intel processors with 2.67 GHz
clock and8GB rammemory. It usedMessagePassing Inter-
face (MPI) for parallelization. The processing time of each
simulation was approximately two hours.
It is important to emphasize that this numerical method-
ology was already validated in previous studies of this re-

Figure 4: The effect of diameter (d1) over the RMS available hydrop-
neumatic power for the two different studied constraints.

search group [14, 15]. Therefore, for the sake of brevity, this
validation will not be repeated in this study.

6 Results and Discussions
Five values for the dimension d1 were tested (Table 1), for
both constraints (A and B). For the constraint A, the value
of d was also changed, being considered d = 1m plus the
constraint radius (d1/2) for each case. For the constraint
B the value of d is constant, as noted in Table 1.
Figure 4 shows the effect of physical constraint diame-
ter (d1) over the root mean square (RMS) hydropneumatic
power (Phyd) for constraints A and B. For constraint A it
can be noticed that the increase of d1 leads to an increase
of Phyd−RMS in the device, especially for d1 ≥ 1.1176where
the magnitude of Phyd had a step increase. For constraint
B, results showed an increase of Phyd with the increase
of the diameter of the restriction (d1). However, the in-
crease of Phyd for constraint B is smoothed in comparison
with those reached for constraint A, especially in the range
1.1176 ≤ d1 ≤ 1.9176, where the highest magnitudes
of Phyd are achieved for both constraints. In other words,
results showed that the employment of different geome-
tries for each constraint also led to differences in available
power in the OWC device.
With the purpose to improve the comprehension about the
effect of d1 over the available power of the device, the tran-
sient mass flow rate for constraints A and B (Figure 5(a)
and Figure 5(b)), as well as transient pressure inside the
chamber for the same constraints (Figure 6(a) and Fig-
ure 6(b)) are shown.
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Table 1: Physical constraint dimensions.

Case
Constraint A Constraint B

d1[m] d [m] Area [m2] d1[m] d [m] Area [m2]

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

1 0.3176 1.1588 0.3968 0.3176 2.0000 0.4988

2 0.7176 1.3588 1.1220 0.7176 2.0000 1.1272

3 1.1176 1.5588 2.0985 1.1176 2.0000 1.7555

4 1.5176 1.7588 3.3264 1.5176 2.0000 2.3838

5 1.9176 1.9588 4.8056 1.9176 2.0000 3.0121

For constraint A, a decrease of mass flow rate for every in-
stants of time with the augmentation of geometrical con-
straint can be seen (Figure 5(a)). This effect ismore evident
for constraint case 5, where a reduction of nearly 30% is
noticed for themass flow rate. Concerning the pressure in-
side the chamber, Figure 6(a) shows a strong increase of
pressure inside the chamber with the augmentation of the
restriction. For instance, for t = 27.0 s, the pressure in-
creases four times from restriction case 4 to restriction case
5. In this sense, the increase of pressure gradient from the
chamber to the chimney outlet for the casewith the largest
restriction compensates the decrease of mass flow rate. It
is worthy tomention that a minimal momentum for the air
flow is required to drive the turbine. As a consequence, the
imposition of a turbine with large turbine hub diameter
(d1) can be inviable in practical applications.
For constraint B, results of mass flow rate (Figure 5(b))
show that the elliptical restriction leads to similar mag-
nitudes for all values of d1 investigated, with slight dif-
ferences in peaks and values of mass flow rate. Concern-
ing the pressure inside the chamber, for constraint B (Fig-
ure 6(b)) themagnitude of pressures are similar in the inlet
and outlet of the air flow in the device,which is not noticed
for constraint A. This difference can be assigned to differ-
ences in the geometrical shape of constraints A and B. In
constraint A the geometry is asymmetric and inserted in
the chimney outlet, while constraint B is symmetric and
inserted in the center of chimney leading to a more sym-
metrical behavior of pressure inside the chamber.
In general, the results of power as a function of diameter
d1 show the importance of geometrical evaluation of tur-
bine inserted in the OWC chimney. For constraint A, the
highest diameter d1 evaluated leads to an available power
six times higher than that achieved with the lowest diam-
eter d1 studied. For both cases (constraints A and B) the
highest value of d1 leads to the highest available power in
the device. However, for constraint A and d1 > 1.5176 m
themass flow rate suffers a strong decrease. Moreover, the

(a)

(b)

Figure 5: Transient behavior of mass flow rate for all studied diam-
eters (cases 0 to 5, see Table 1) for: (a) constraint A; (b) constraint
B.
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(a) (b)

Figure 6: Transient behavior of pressure inside the chamber for all studied diameters (cases 0 to 5, see Table 1) for: (a) Constraint A; (b)
Constraint B.

pressure inside the chamber increases dramatically, being
necessary to decrease the pressure inside the chamber by
means of a by-pass valve in the OWC chamber.
Weber and Thomas [20] presented three dimensionless co-
efficients for the mass flow rate (flow coefficient), for the
pressure drop (pressure coefficient) and for the available
power (power coefficient). The effect of pressure coeffi-
cient (ψ) over the flowcoefficient (ϕ) andpower coefficient
(Π) has been described in literature,mainly into the exper-
imental framework [20].
Figure 7(a) shows the effect of pressure coefficient over the
flow coefficient, and Figure 7(b) depicts the effect of pres-
sure coefficient over the power coefficient. As aforemen-
tioned, these curves are constructed by means of simula-
tion of a wave spectrum for a pre-determined restriction
(d1 = 1.5176 m, which represents a condition where the
fluid flow inside the chamber does not suffer a strong re-
duction of mass flow rate nor a strong increase of pres-
sure inside the chamber). The results showed an almost
linear relation between the pressure coefficient and flow
coefficient, which represents adequately the characteris-
tic curve of a Wells turbine. For power coefficient, the be-
havior is also almost linear, except in regions of highest
pressure where the power begins to decrease. In general,
the behavior predicted numerically is similar to those ob-
tained experimentally in existing literature [20]. In this
sense, the employment of a restriction mimicking the ef-
fect of a turbine over the fluid flow seems an adequate
methodology to construct the characteristic turbine curve
for an OWC device.

7 Concluding remarks
In thepresentwork, anumerical studywasperformedwith
the purpose of comparing the imposition of two different
physical restrictions at the chimney outlet, mimicking the
effect of a turbine over the fluid flow inside an OWC cham-
ber device. The first strategy considered a bluff body in the
chimney outlet (constraint A) and the second approach
imposed an elliptical obstacle (constraint B) in the half
of chimney duct. The effect of geometry on the available
power take off in the device is evaluated. Subsequently,
the best geometries were submitted to wave flows under
different conditions in order to generate a turbine char-
acteristic curve. The conservation equations of mass, mo-
mentum and the volumetric fraction were solved with the
employment of a CFD package based on the Finite Volume
Method. To treat the interactionbetween thewater-airmix-
ture, the Volume of Fluid (VOF) method was used.
Results showed that the type of restriction affected the
available power as well as the transient behavior of the
air flow inside the chamber. On the one hand, constraint
B (elliptic form) led to similar magnitudes of mass flow
rate and pressure drop in the exhaustion and suction of
the air into the chamber. On the other hand, for constraint
A (bluff body), the pressure inside the chamber behaved in
an asymmetricway,with higher pressure dropmagnitudes
in the exhaustion than in the suction of the air through the
chimney. It was also noticed that twomain factorsmust be
taken into account to represent adequately the turbine by
means of an imposed restriction: the pressure inside the
chamber and themass flow rate. The combination of these
two parameters generated the available power in the de-
vice.
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(a) (b)

Figure 7:Wells characteristic curves represented by constraints A and B: (a) flow coeflcient (ϕ) as a function of pressure coeflcient (ψ); b)
power coeflcient (Π) as a function of pressure coeflcient.

The effect of restriction geometry, more precisely the pa-
rameter d1, on the available power in the OWC device was
also evaluated. The parameter d1 had a strong influence
on the available power in the OWC chimney. For constraint
A, for example, the largest diameter d1 evaluated led to an
available power six times greater than that achieved with
the lowest diameter d1 studied. Results allowed the deter-
mination of a theoretical recommendation for the param-
eter d1, which must be increased until a superior limit is
reached, where the momentum is enough to drive the tur-
bine, and where the pressure inside the chamber is not
large enough to supress the water movement inside the
chamber.
Lastly, the optimal value of d1 that maximizes the avail-
able power and at the same time does not cause a strong
reduction in the mass flow rate and excessive pressure in-
side the chamber was used to study the incidence of a
wave spectrum in real scale in the OWC converter, allow-
ing the construction of a turbine characteristic curve. In
this sense, it was possible to establish a strategy to repro-
duce the pressure drop in OWC devices caused by the pres-
ence of the turbine and to generate its characteristic curve,
as well as estimate the available power in the device. The
behavior found numerically here was similar to those ob-
tained experimentaly in literature [20]. Future studies will
use this methodology for geometric optimization of device
chamber.
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Nomenclature
d Length of constraint [m]
d1 Diameter of the constraint [m]
F⃗ External body forces [N/m3]
g Gravitational acceleration [m/s2]
h Propagation depth [m]
H Wave height [m]
H1 Height of the chamber [m]
H2 Height of the chimney [m]
H3 Lip submergence [m]
HT Height of the wave tank [m]
I Unitary tensor tension [N/m2]
k Wave number [m−1]
l Length of the chimney [m]
L Length of the chamber [m]
LT Length of the wave tank [m]
p Pressure [Pa]
PhydHydropneumatic power [W]
t Time [s]
T Wave period [s]
u Horizontal component of the velocity of the wave [m/s]
v Vertical component of the velocity of the wave [m/s]
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v⃗ Velocity vector [m/s]
x Streamwise coordinate [m]
z Normal coordinate [m]

Greek Letters
α Volume fraction [dimensionless]
λ Wave length [m]
µ Dynamic viscosity [Kg/ms]
ρ Mixture density [Kg/m3]
τ Deformation rate tensor [N/m2]
Π Power coefficient [dimensionless]
ω Frequency [rad/s]
ϕ Flow coefficient [dimensionless]
ψ Pressure coefficient [dimensionless]

Acronyms
CFD Computational Fluid Dynamics
FVM Finite Volume Method
MPI Message Passing Interface
OWC Oscillating Water Column
PISO Pressure-Implicit with Splitting of Operators
PTO Power Take Off
RMS Root Mean Square
VOF Volume Of Fluid
WEC Wave Energy Converters
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