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Abstract—This paper presents a study on the numerical
simulation of the primary wave energy conversion in the

oscillating water column (OWC) wave energy converters (WECS).

The new proposed numerical approach consists of three major
components: potential flow analysis for the conventional
hydrodynamic parameters, such as added mass, damping
coefficients, restoring force coefficients and wave excitations; the
thermodynamic analysis of the air in the air chamber, which is
under the assumptions of the given power take-off characteristics
and an isentropic process of air flow. In the formulation, the air
compressibility and its effects have been included; and a time-
domain analysis by combining the linear potential flow and the
thermodynamics of the air flow in the chamber, in which the
hydrodynamics and thermodynamics/aerodynamics have been
coupled together by the force generated by the pressurised and
de-pressurised air in the air chamber, which in turn has effects
on the motions of the structure and the internal water surface. As
an example, the new developed approach has been applied to a
fixed OWC device. The comparisons of the measured data and
the simulation results show the new method is very capable of
predicting the performance of the OWC devices.

Keywords—Wave energy converter, oscillating water column, air
compressibility, power take-off

I. INTRODUCTION

OWC wave energy converters have been, often referred as
the first generation of wave energy converters, advanced a
great deal since the earliest OWC devices have been studied
and widely implemented for powering the navigation buoys
since 1940s (see Falcao [1]), and now some practical OWC
plants have been built and generated electricity to the grid. It
is reported that the LIMPET OWC plant has generated
electricity to the grid for more than 60,000 hours in a period

of more than 10 years (Heath [2]). A recent development is
the Mutriku OWC wave energy plant in Spain [3], a multi-
OWC wave energy converters, including 16 sets of “Wells
turbines + electrical generator” (18.5 kW each). It is estimated
electricity generation of 600 MWh so far [4].

To improve wave energy conversion by the OWC devices,
numerical analyses and physical model tests are often used.
Earlier theoretical work on the hydrodynamic performance of
OWCs has shown that OWC devices could have a high
primary wave energy conversion efficiency if the optimized
damping can be attained (Sarmento et al [5], Evans [6], Evans
and Porter [7]). However, the experimental studies on the
bottom-fixed or floating OWCs have shown that the wave
energy conversion efficiency of an OWC device very much
depends on the damping coefficients of the flow passing
through the power take-off system, as well as the size of the
water column (water column sectional area and length).
Toyota et al. [8] have shown that both the size of the air
chamber and the length of the horizontal duct length of a
BBDB device have significant effects on the primary power
conversion of the OWC wave energy converters. Imai et al.[9]
have also studied the influence of the horizontal duct length to
the wave energy capture capacity in a BBDB device, and
shown that a longer horizontal duct has increased the
maximum internal-water-surface (IWS) response to a longer
resonance period. As a result of this, a longer horizontal duct
may be desirable for tuning the BBDB to the wave states of
longer wave periods. Morris-Thomas et al. [10] have
experimentally studied the hydrodynamic efficiency on fixed
OWCs with different front shapes. From the comparison, it
can be seen that the front shapes have some but limited effects
on the wave energy conversion efficiencies. For the tested
four different front shapes, the wave energy capture
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efficiencies are overall similar, and the maximum wave
energy conversion efficiency is about 70%.

Another important aspect for the OWC wave energy
devices is the air compressibility in the air chamber due to the
large space and large pressure in the air chamber. Sarmento et
al [11] have proposed a linearized formula for the flowrate
through the power take-off system, based on an assumption of
an isentropic flow. Sheng et al. [12] have recently formulated
a full thermodynamic equation for the air flow in the chamber
and through the power take-off system for studying the air
compressibility. To validate the air compressibility predicted
by the numerical method, a piston connected to a linear test
rig, which models an OWC device, can be driven in a much
powerful manner so that an obvious air compressibility can be
created in the chamber. It is shown that the numerical method
has well predicted the compressibility when compared to the
experimental data.

In the paper, a new numerical analysis method in the
primary wave energy conversion of the OWC devices has
been developed and described. The numerical analysis
principally consists of following three components:

Frequency domain analysis:
Conventional potential analysis to the hydrodynamics of
the OWC device, including the performance of the water
column (piston) in frequency domain, and from which the
relevant parameters for time-domain are derived; in the
frequency domain analysis, a two-body system has been
adopted.

Thermodynamic analysis of the air flow in chamber:

The air flow in the chamber is studied under the given
characteristics of the PTO system, i.e., the relation
between the pressure drop across the PTO and the flow
rate through the PTO. The PTO device can be linear, such
as the Wells turbine, or nonlinear (e.g., impulse turbine) or
a more generic relation using a second-order polynomial
function.

Time domain analysis:

Time-domain (TD) equation is established for the
dynamics of the water column (piston) for an OWC device
by combining the structure of the device (Rigid Body 1)
and the water column (the piston, Rigid Body 2). As an
example, the OWC device considered here is a fixed OWC
which has only one motion mode: heave. In the time
domain analysis, the force due to the chamber pressure is
included for the piston motion (internal water surface
motion).

Il. RESEARCH ON OWC WECs

A. Numerical approaches

Potential theory has been widely used to study the OWC
devices. For some specific OWC devices, such as two-

dimensional OWC devices, or some three-dimensional OWCs
with very simple structures, analytical solutions are possible
(Evans and Porter [7], Martins-rivas et al [13], Mavrakos et al.
[14]), but more popular approaches are the numerical analysis
using the well-developed boundary element method, such as
WAMIT [15], ANSYS AQWA [16]et al. These commercial
codes are readily available for any geometry of interest.

Based on the assumption of the potential flow, the velocity
potential of the flow around the floating structure satisfies the
Laplace equation:

Vip=0
@

where ¢ is the frequency-domain velocity potential of the flow
around the floating structure (the corresponding time-

dependent velocity potential should read @ = pe'®*).

An earth-fixed coordinate system is defined for the
potential flow problem. The coordinate is fixed in such a way
that the x-y plane is on the calm water surface and z-axis
positive up vertically. Its origin coincides with the centre of
gravity of the device in calm water. In the coordinate, the free
surface conditions can be expressed in frequency domain (see
Leeetal. [17]), as

(on S¢)

)

where o is the wave frequency, p the density of water, g the
acceleration of gravity, po the pressure amplitude acting on the
interior water surface, S; the interior water surface in the water
column, and Sy the free surface but excludes the interior free
surface.

To solve the hydrodynamic problem, two different
approaches can be used: massless piston model [17, 18]and
pressure distribution model (Evans et al. [19]). In the former
approach, the internal free surface is assumed to behave as a
massless rigid piston. In the latter approach, the internal free-
surface condition and the spatial variation of the internal free
surface is represented in terms of the dynamic air pressure in
the chamber.

In this research, the first approach is applied. To include
the interior water surface as a boundary in the conventional
BEM code WAMIT [15], Lee et al.[20] introduced the so-
called generalized modes for the interior water surface
motions, such as the piston-type and the first sloshing modes
of the interior water motions so that the response of the
interior water surface can be obtained in WAMIT without
significant modifications to the code. Following this principle,
the numerical simulations in this research are all conducted
using WAMIT.

B. Experimental investigations

For OWC devices, the air passing through the PTO system
is a reciprocating process during a wave period. To convert



the pneumatic power into mechanical power, different design
strategies for the power take-off have been proposed, but the
most popular types of the pneumatic power conversion are the
air turbines, such as the Wells turbine [21-23], impulse turbine
[24-26], and the self-pitch controlled air turbine [27] et al. A
review on the air turbines for wave energy conversion has
been recently given by Takao et al. [28].

The Wells turbine is well known to have a linear damping
relation between the pressure drop across the PTO and the
flowrate, and their relation can be expressed as

p= lep
®3)

where p is the chamber pressure, Qp the airflow through the
power take-off system, and ki the damping coefficient.

For impulse turbines, the nonlinear relation between the
chamber pressure and the flowrate can be approximated by the
following expression as,

P =k,|Qp|Q,
(4)

where ks is the nonlinear damping coefficient.

In small scale OWC model tests, the PTO systems (air
turbines) have been supposed to be scaled for testing
according to the relevant similitude laws, the size and the
damping characteristics and so on. However, it is practically
difficult to manufacture a small scaled air turbine which
maintains the correct characteristics of the air turbines, due to
the large frictions in the scaled power take-off system (Payne
[29]). Alternatively, it is more practical to model the relation
between the chamber pressure and flowrate, for example, the
linear relation of the PTO system can be modeled by porous
membrane (see Lewis et al.[30] and Forestier et al.[31]), while
the nonlinear relation has been widely modelled by orifice
plates [8-10, 32, 33]. It is shown if the orifice ratio (defined as
the orifice area divided by water column area) is between
0.5%-2.0%, the corresponding damping levels will give the
OWTC devices an optimal wave power conversion efficiency.

I11. PERFORMANCE OF OWC DEVICES

As an example, a generic cylinder OWC is studied. Figure
1 shows a generic bottom-fixed OWC which is fixed on a
fixed frame on the tank floor. This fixed OWC model is well
isolated from the influence of the ambient structures. The
generic OWC has a water column of a diameter of 0.104m, a
draught of 0.3m, and a wall of thickness of 0.106m. The
details of the model can be found in Sheng et al. [34].

To measure the wave power extracted by the OWC device,
a pressure transducer is mounted on the top of the water
column. In addition, the motion of the interior water surface is
also measured by a float which supports a marker. In principle,
the power can be calculated by the pressure drop across the
orifice and the flowrate passing the orifice. Due to the well-
established relation between the flowrate and the chamber

pressure, the extracted power can be calculated either by the
chamber pressure only or by the motion of the interior water
surface (from which the flowrate can be easily calculated).

Figure 1 Fixed cylindrical OWC tested in HMRC ocean wave
tank

In the numerical study, the internal water surface (IWS)
response is predicted as large as 26 (see Figure 2) if no
viscous damping coefficient has been included. The added
viscous damping brings down the IWS response greatly to 7.
It must be noted that the added viscous damping is purely
induced by the motions of the structure and the water column,
where the damping from the PTO system is not included. For
example, in the experiment, an orifice of 12mm diameter has
been installed on the top of the OWC device, the measured
IWS response is given in Figure 3. Principally, the measured
IWS response has included all dampings, such as
hydrodynamic damping, viscous damping and the damping
from the PTO. The comparison in Figure 3 shows the
difference between the IWS responses with and without PTO
damping, where the numerical prediction is without PTO
damping. The numerical prediction with PTO will be dealt
with later in the report.

IV. EFFECTS OF AIR COMPRESSIBILITY

As pointed out by Sarmento et al. [5], the spring-like effect
of the air compressibility in the air chamber can not be
negligible for the full scale OWC devices in which the air
chamber may be large enough. In addition, for the full scale
OWC devices, the chamber (gauge) pressure and its gradient
with regard to time can be large enough to create
compressibility in the air chamber. Sarmento et al. [35] give a
linearized formula for calculating the air flow through the
power take-off device as,

_ Vo dp

Q= 7P, dt

®)



with Qpand Qu being the flowrate through PTO and driven by
water free surface, Vo the undisturbed volume of the air, po
and p the atmospheric pressure and the chamber pressure, y
the special heat ratio of air (y=1.4 for air).
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Figure 2 Numerical predictions of the IWS motion responses
of a fixed OWC (without and with added viscous damping)
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Figure 3 TWS responses of a fixed OWC: numerical response
against the experimental data with an orifice p=12mm

Based on the flowrate formula, the power available to the
PTO, Py, and the input power provided by the water free
surface, Py, are calculated as,

{Pp = prp
PW =p ><Qw
(6)
Due to compressibility of the air, the instantaneous
flowrates driven by the interior water surface and through the
PTO may be different. Hence, the instantaneous input power

Pw and the power through the PTO, Py, may be different. A
numerical study conducted by Thakker et al. [36] has

indicated that the air compressibility may reduce the
efficiency of the air chamber by about 8%. This following
analysis will address the compressibility problem, and check
the possible reduction of the efficiency of the air chamber due
to compressibility, via both experimental data and numerical
prediction.

A. Thermodynamics of air flow

For studying the air compressibility of the air, Sheng et al.
[12] have proposed a method to predict the air compressibility
in the air chamber based on the known PTO characteristics
and an isentropic process of the air in the chamber. For
completeness, the method is outlined here.

The mass of air enclosed in the air chamber can be
expressed as

m=p\V
@)

where m is the time dependent air mass in the air chamber, V
the air volume of the air chamber, p. the air density in the
chamber.

Differentiating eq. (7) yields,
dm  aVv dp,

—=p,—+
at P dt dt

(®)

It is noted that a positive value of the mass rate with regard
to time means some air is inhaled in through the PTO system
(mass increase), and a negative value of the mass rate means
some air is driven out of the air chamber (mass reduction).

Due to the air compressibility, the air density changes in
the air chamber in exhalation and inhalation. For pressurized
chamber, the air is pressured to have a higher density (than
that of atmosphere) and is driven out of the air chamber
through the power take-off system. In inhalation, the chamber
is de-pressurized, and atmosphere is inhaled into the chamber
through the power take-off system. Obviously, the air flow
through the PTO system with different density must be
considered for exhalation and inhalation separately.

Exhalation:
1 dm
Qp=-—""
pe dt
)
Inhalation:
1 dm
Qp __EE
(10)

where po is the atmospheric density, and a positive flowrate Q,
through the PTO means the flow exhaled from the air chamber.

Following many other researchers for this topic, the
analysis is simplified: the air in the chamber is assumed as
isentropic process, and under such an assumption, a state
equation for the open system is,



Pe = constant
pe
(11)
which can lead to a linearized form for the density due to the

fact of the chamber (gauge) pressure p is normally much
smaller than the atmospheric pressure po, as

p
Pec = po| 1+—
‘ 0[ Vpoj

(12)
S0
9pc _ po dp
dt  yp, dt
(13)
Thus for exhalation,
V dp
Q = Qw - .
P yPo + P dt
(14)
Similarly, for inhalation,
p V dp
P 7Ro " Py dt
(15)

B. Orifice power take-off system

In this report, an orifice is the nonlinear PTO for this study.

The general relation of the chamber pressure and the flowrate
through the PTO is given by Eqg. (4). Specifically, for
exhalation process, it is

p:@Qs
(16)
where k; is the damping coefficient of the PTO.
It corresponds to
- |2
Qp K
a7
And for inhalation
p:_bQﬁ
(18)
which corresponds to
__|=P
Qp K

(19)

The flowrate driven by the interior water surface can be
expressed as

dv
QW - _E

(20)

Substituting (17) and (20) into (14) yields a dynamic equation
for exhalation

d_v+—v d_p+ £:O
dt  ypo+pdt \k,

(21)

Substituting (19) and (20) into (15) yields a dynamic equation
for inhalation

[l+in_V+L%_ __p:0
Yo ) dt  yp, dt k,

(22)

V. EXPERIMENTAL VALIDATION

By solving equations (21) and (22), we can obtain the air
pressure in the chamber based on the known air flow driven
by the interior water surface, or we can obtain the chamber air
volume based on the known chamber pressure.

To validate the method, an experiment is conducted to
simulate an oscillating water column and the power take-off
system. In the experiment setup, a well-controlled piston is
used to simulate the air chamber and the interior water surface,
and on top of the piston, an orifice is installed for simulating a
non-linear power take-off (for instance, an impulse turbine),
see Figure 4. In this study, the diameter of the piston is 0.3m,
and the orifice 0.019m (the ratio of orifice is about 0.004, or
0.4%).

Figure 4 Piston on a test rig (left) and orifice on the top of the
piston (right)



In the test, the piston motion, the chamber pressure and the
temperature of the air in the chamber are measured. Figure 5
shows the measured data (triangles) for a case of piston
amplitude of 0.045m and frequency of 1.0 Hz, and the orifice
has a diameter of 0.019m. Under such condition, the power
generated in the chamber is up to 80W, which is much more
powerful than that we can get in the wave tank test for a same
size device. As a result of this, a hysteresis loop between the
chamber pressure and the flowrate can be obviously seen
(Figure 5), which is a basic feature of the compressible air. To
indicate the difference between the incompressible and
compressible air, the relation of incompressible air is also
plotted (thick solid line in Figure 5).

The numerical prediction of the pressure based on the
above theory is also plotted (dashed line in Figure 5). From
the comparison, it can be seen that the chamber pressure has
been well predicted.

It must be noted that in the figure, some points are apart
from the hysteresis loop for both measured data and the
predicted data. The reason for this is actually caused by the
measurement errors in the measurement of the position of the
piston (in the numerical simulation, same piston position is
used for both experiment and prediction. If we apply a lower-
pass filter to the piston motion (0-12.5Hz frequency band),
then the measured and predicted data can be seen in Figure 6,
where all the measured and predicted data are very close to
the loop. And it is also found that there are some small
differences between the measured and predicted data when the
pressure returns from its peak.

Figure 7 shows the comparison of measured chamber
pressure and the predicted chamber pressure for the case of
A=0.045m, f=1.0Hz (¢=0.019m). It can be seen that the
predicted pressure is in a very good agreement with the
measured chamber pressure. Figure 8 shows a comparison of
the measured chamber pressure and the predicted pressure in a
slower piston motion in which the frequency of the piston
motion is 0.5Hz. It can be seen that the case with a smaller
frequency has a much smaller air compressibility. Again, the
predicted pressure is very close to the measured pressure.
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After the solution of the pressure in the air chamber, the
input power and the power through the orifice can be
calculated by Eq. (6), with the flowrate Q being driven by the
piston, and the flowrate through the orifice Q, being predicted
via the numerical method outlined above. Figure 9 shows the
comparison of the calculate powers (available to PTO) and the
input power by the internal water surface. Then the power loss
can be calculated as

P, - P,

R:

E-U‘

(23)

where the overbar means the time average value.
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Figure 7 Measured and predicted chamber pressures
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Figure 8 Comparison of the theoretical result and the
measured data (A=0.045m, f=0.5Hz, ¢=0.019m).

It is found that a small power loss is still seen from the
calculation. Figure 9 shows a comparison of the time series of
the input power given by the piston and the PTO power
extracted by an orifice PTO. From the time series, it can be
seen that there are some differences between the input power
(provided by the piston) and the PTO power (which is
available to the PTO system), especially at the negative peak
of the pressure. The maximum difference of the powers can be
about 10% in this case. However, detailed analysis has shown
that the difference between the average input power and PTO
power is much smaller than the appearance, which is only
0.52%. The reason for this is that when the air in the chamber
is pressurized or de-pressurised, part of the input power is
stored in the compressible air. When the chamber pressure
returns from its positive or negative peaks, the stored power
may be released. This is actually consistent with the
assumption of isentropic process in the chamber. Generally
the input power and the PTO power are similar, and a small
difference between the input and the PTO powers can be seen,
which can be regarded the power loss through the open
boundary (the PTO system). It can be explained as when the
air is pressurized and driven out of the chamber, its
temperature is higher (thus internal energy is higher) than the
atmosphere which is sucked into the chamber in the inhalation
process. The difference between the internal energy of the
exhaled and inhaled air is the power loss due to air
compressibility in the air chamber. Obviously, the power loss
will very much depend on the maximum chamber pressure
and the flowrate.
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Figure 9 Power prediction for an orifice (A=0.045m, f=1.0Hz,

¢=0.019m)

VI. TIME-DOMAIN ANALYSIS

For an OWC wave energy converter, the application of the
power take-off (PTO) system will damp the flow through the
PTO and thus create pressurized and de-pressurised air in the
chamber. For full scale OWC wave energy converter, the air
compressibility may not be ignored due to the large air
volume and chamber pressure (pressure gradient with regard
to time). For such a system, regardless of the linear or
nonlinear power take-off applied, the whole dynamic system
is generally nonlinear, and thus a linear analysis is not enough.

In this study, a hybrid frequency-time domain approach
has been adopted by combining the conventional potential
flow analysis and the thermodynamics of the air flow outlined
above. In the hydrodynamic analysis, the structure of the
device is fixed as shown in Figure 1, and is identified as a
rigid body (Body 1), whilst the water column (the so called
piston) is the second rigid body (Body 2). In the WAMIT
analysis, two-body system is applied, and the first body is
fixed and the second body has only heave motion (Mode 9 in
WAMIT analysis). The frequency domain analysis results are
converted into the corresponding time-domain parameters,
which in here are used for establishing a time-domain
equation for the dynamic system.

In the formulation, due to the pressurised and de-
pressurised air, in the time-domain equation for the piston
motion, an additional force due to the chamber pressure is
applied (see Eq. (24)), whilst the chamber pressure can be
solved via the egs. (21) and (22), with the chamber air volume
formulation given by Eq. (25).

[Mgg + Agg (20) [Kg + CogXg +bggXg + ,L; Kgg (t — )Xo (T)dt

=Fy—Ap
(24)



where X9 is the heave motion of the piston/water column
(representing the internal water surface motion); Mgy the mass
of the piston/water column; Agg(e) the corresponding added
mass at the infinite frequency; bi the added viscous damping;
Cog the restoring coefficient; Kgo the retard function; Fy the
excitation force on the piston; p the chamber pressure; Ao the
sectional area of water column.
The chamber air volume can be calculated as

V =V, —AgXg
(25)

with V and Vj being the air volumes of time-dependent and in
calm water.

VII. RESULTS AND ANALYSIS

Solving the time-domain equation outlined above, we can
obtain the chamber pressure responses (defined as the
difference of the peak and the trough pressures divided by
wave height Hy) and the IWS responses (defined as the
difference of the IWS peak and trough motions divided by Hy)
in regular waves under different orifices (therefore different
damping from the PTO). Figure 10 and Figure 11 are the
comparisons of the measured and predicted chamber pressure
responses and the IWS responses for an orifice of 12mm in a
wave height of about 40mm. Figure 12 and Figure 13 are the
comparisons of the measured and predicted chamber pressure
responses and the IWS responses for an orifice of 14mm in a
wave height of about 40mm. From these comparisons, it can
be seen that the numerical predictions proposed in the
research have well predicted the chamber pressure and the
internal water surface.

It must be emphasized that the dynamic system of the
OWC device with nonlinear orifice PTOs is nonlinear, hence
the responses presented for the nonlinear system are wave
height dependent. In the numerical simulation, the wave
heights are those measured from the tank tests. Though in the
tank test, the wave heights are supposed to be a constant in a
series regular wave tests, but the measured wave heights are
normally different from those. For example, in the tank tests,
the wave heights are supposed to be 40mm, but in reality the
measured wave height are actually ranged from 38.4mm to
51.7mm, depending on the wave frequencies. This may be the
reason why the numerical predictions are not very smooth.
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Figure 10 Responses of chamber pressure in regular waves (¢
=12mm, Hy=40mm)
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VIII. CONCLUSIONS

In numerical simulations of OWC wave energy converters,
the nonlinear effects, especially the nonlinear effects due to
the nonlinear PTO and the relevant air compressibility, must
be included, hence a hybrid time-domain analysis is often a
convenient approach to solve the nonlinear dynamic problem
and to assess the performance of the OWC devices in waves
appropriately. By combining the potential flow analysis and
the thermodynamics of the air flow in the air chamber, the
time-domain equation for OWC wave energy converter has
been formulated in this research. From the research and the
examples given in this report, following conclusions can be
drawn:

1) The comparisons between the experimental data and
numerical simulation have shown the new method is
very capable of assessing the OWC performance,
including the chamber pressure responses and the
internal water surface motion.

2)  Though the example given in this research is for a fixed
OWC wave energy converter, its principle can be used
for floating OWC wave energy converter.

3) The internal water surface motion in the OWC device is
represented by a piston, whose length is same as that of
the water column.

4)  The potential theory has well predicted the flow around
the OWC device.
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