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Hydrodynamics of OWC wave energy converters

W. Sheng, R. Alcorn & A. Lewis

Beaufort Research-Hydraulics and Maritime Research Centre, University College Cork, Ireland

ABSTRACT: This work deals with the numerical studies on hydrodynamics of oscillating water column
(OWC) wave energy converters and its damping optimization on maximizing wave energy conversion by the
OWC device. As a fundamental step, the hydrodynamic problems have been systematically studied by consid-
ering the interactions of the wave-structure and of the wave-internal water surface. Our first attention is on
how the hydrodynamic performance can be reliably assessed, especially when it comes to the time-domain
analysis, and what the physics behind the considerations is. Further on, a damping optimization for the OWC
wave energy converter is also present based on the dynamics of the linear system, and a study on how we can
optimize the damping for the given sea states so that the power conversion from irregular waves from irregu-

lar waves can be maximized.

1 INTRODUCTION

OWC wave energy converters have been re-
garded as one of the most promising wave energy
converters, and probably the most practical wave en-
ergy converters so far. 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 [1]), whilst a more recent development
is the Mutriku OWC wave energy plant in Spain [2],
a multi-OWC wave energy plant with a rated power
of 296kW, consisting of 16 sets of “Wells turbines +
electrical generator” (18.5 kW each), is estimated a
electricity generation of 600 MWh so far™.

The advantages of the OWC wave energy con-
verters are their unique features in wave energy con-
version. In the OWC wave energy converters, the air
flow is normally accelerated from the very slow air-
flow in the chamber (driven by the internal water
surface motion) to a quite high speed airflow
through the power take-off system by 50-150 times
(suppose the power take-off (PTO) air passage area
ratio is taken 1:50-1:150 to the water column sec-
tional area). This much accelerated air can effective-
ly drive the air turbine to rotate in a high speed, typi-
cally from a few hundreds RPM for the impulse
turbines to a few thousands RPM for the Wells tur-

L EVE, Mutriku OWC Plant, http://www.fp7-marinet.eu/EVE-
mutriku-owc-plant.html (accessed on 10/05/2014).

bines (O’Sullivan et al.[3]). The high-rotational
speed of the air turbine PTO allows a direct connec-
tion to the generator and thus the bulky gearbox may
not be necessary. More importantly, for a given
power take-off, the high rotational speed mean also a
small force or torque acting on the PTO system,
which in turn ensures a high reliability in power
take-off systems.

To understand and improve wave energy con-
version by the OWC devices, numerical methods
have been developed, but not yet well validated. Ear-
lier theoretical work on the hydrodynamic perfor-
mance of OWCs has shown that OWC devices could
have a high primary wave energy conversion effi-
ciency if the optimized damping can be attained
(Sarmento et al [4], Evans [5] and Evans & Porter
[6]). For the more complicated and practical OWC
devices analytical solutions may be difficult or even
non-existent. However, the boundary element meth-
od (and the relevant commercial software, such as
WAMIT, ANSYS AQWA et al) can be readily
available for any complexity of the geometries, but
reliable numerical assessments have not been well
established for OWC wave energy converters so far.
In this research, the focus is on the hydrodynamic
performance of the OWC wave energy converters,
which is a prerequisite step in the overall perfor-
mance assessment for an oscillating water column
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wave energy converter for further applications in
coupling with the actual air turbine PTOs. As a fun-
damental research, the aim is on how the hydrody-
namics can be studied and how the optimization can
be done though this has been on a simplified case.

2 METHODOLOGY

2.1 Frequency domain analysis

Potential theory has been well developed in the
last century and widely used in marine and offshore
applications. More recently, the principle has been
applied in wave energy conversions, including the
oscillating water column devices. In this research, a
generalized OWC wave energy converter has been
our target, hence the well-developed boundary ele-
ment method (BEM) is used throughout in the re-
search.

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

Vip=0 1)

where ¢ is the frequency-domain velocity potential
of the flow around the floating structure.

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. In the coor-
dinate, the free surface conditions can be expressed
in the frequency domain (see Lee et al. [7]), as

5 0, (on S;)
i (2)

where o is the wave frequency, p the density of wa-
ter, g the acceleration of gravity, po the pressure am-
plitude acting on the internal free surface, S; the in-
ternal free surface in the water column, and S; the
free surface, excluding the internal free surface.

It must be noted that the pressure amplitude act-
ing on the internal free surface is an unknown, which
must be solved when a power take-off system is ap-
plied.

Hydrodynamically, the water surface in an OWC
can be regarded as a moonpool, which have been
found applications in the operations of offshore plat-
forms and studied theoretically and numerically ([8-
11]). The difference between a moonpool and an os-
cillating water column may be that the application of
the power take-off system in the OWC wave energy
converters will apply a reciprocating pressure (the al-
ternative positive and negative chamber pressure,
and they may be nonlinear if the nonlinear PTO is

applied) on the internal water surface, which would
make the problem more complicated.

To solve the linear hydrodynamic problems in the
OWC wave energy devices, different approaches
have been developed and used. The popular ap-
proaches include the massless piston model [7, 12]
and the pressure distribution model (Evans et al.
[5]). In the former approach, the internal free surface
is assumed to behave as a massless rigid piston (a
zero-thickness structure), and the target solution is
the motion of the internal water surface. The internal
water surface motion is then coupled with the PTO
so that the chamber pressure can be solved. A slight-
ly different version to the massless piston model is a
two-body system for the OWCs, in which the first
rigid body is the device itself and the second rigid
body is an imaginary thin piston at the internal free
surface to replace part of the water body in the water
column. In the latter approach, the internal free-
surface condition is represented in terms of the dy-
namic air pressure in the chamber (see [13, 14]), and
in the numerical simulation, a reciprocity relation
must be employed as shown by Falnes [15] so that
the conventional BEM method can be still used.
However, it must be pointed out that this method
may be only applicable for the cases of linear PTOs.
However, tank test and field test data have shown
the nonlinear chamber pressure contains both wave
frequency and high frequency components in regular
waves if a nonlinear PTO is used. In contrast, the in-
ternal water surface motion remains reasonably line-
ar when a nonlinear PTO is applied for wave energy
conversion (see Sheng et al.[16]).

In addition, the physical meaning of the first ap-
proach is more obvious, and its implementation in
the numerical assessment is quite straightforward.
Hence in this research, this approach is applied and
studied.

To represent the dynamic system in a general
manner, a convention for a two-body system is used:
the motion modes of the first body are given by x;
(i=1,2,...,6), corresponding to the first rigid body
motions of surge, sway, heave, roll, pitch and yaw,
respectively, and the motion modes of the second
body are given as x; (i =7, 8,..., 12), which corre-
sponds to the 6 degrees of freedom motion of the se-
cond body, i.e., surge, sway, heave, roll, pitch and
yaw.

For a specific problem we are going to deal with
in this research, that is, a fixed OWC device, in the
hydrodynamic analysis of the two-body system, we
will specify the first body as a fixed body, and only
the heave motion of the second body, the imaginary
piston, is allowed. The extension from the fixed
OWC to a floating OWC can be quite straightfor-
ward.

For the fixed OWC, the heave motion of the pis-
ton in frequency domain can be written as
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where mgg is the masses of the second body; agg the
frequency-dependent added masses for the heave
motion for the second body; cg9 the restoring force
coefficients; bgg the hydrodynamic damping coeffi-
cients for heave motion; fy the excitations for the se-
cond body, and {y the complex heave motion ampli-
tude of the piston.

2.2 Time domain analysis

For OWC wave energy converters, the whole dy-
namics may very likely be nonlinear if a linear air
turbine PTO take-off system is included, for exam-
ple, a linear Wells turbine. When a full scale OWC
device is considered, the air chamber and the pres-
sure can be large enough, so that the air compressi-
bility in the air chamber can be evident (see Falcao
et al [17]), which is essentially nonlinear. If mooring
system is included, the nonlinearity can be more ob-
vious when the large motions of the device are con-
sidered. For a nonlinear dynamic system, time do-
main analysis must be employed.

In the time-domain analysis in this research work,
the Cummins-Ogilvie hybrid frequency-time domain
analysis is used, in which the basic hydrodynamic
parameters can be first analysed in frequency do-
main, then the Cummins time-domain equation is es-
tablished using the Ogilvie’s relation (Cummins [18]
and Ogilvie [19]).

To simplify the problem in the oscillating water
column wave energy conversion, we assume only the
heave motion of the second body is useful for power
conversion. The heave motion of the second body
can be written in time-domain as

(Mg + A (5) & (O)+ [ Koo (t =2 (1) +CogX, (1) = Fy (1) @
where mgg is the mass of the second bodies; Agg(0)
the added masses for the heave motion at the infinite
frequency; Cgg the restoring force coefficients and
their interactions; Kgg the impulse functions for
heave motions and their interactions; Fg the excita-
tions for the second body.

The impulse functions can be obtained if the fre-
guency-domain added mass or damping coefficients
have been assessed in frequency domain, and the
transform can be done as

% 5
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where bgg is the damping coefficients in frequency
domain.

3 PISTON LENGTH

3.1 Natural period of the piston motion

As shown by Evans et al [6], the interior free sur-
face has a natural period, Ty, if the length of the cyl-
inder is much larger than its diameter as,

- ©
g

where D is the draft of the water depth or the length of
the water column and g the gravity acceleration. This
formula corresponds to the natural period of a cylinder of
a draft D in water without a correction from the added
mass.

If the imaginary piston is considered as an iso-
lated cylinder, its added mass for the heave motion
has been given according to McCormick ([20]) when
the draft D is far larger than its diameter as follows,

7
T =22 [D +0.848R (7)
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where R is the radius of the cylinder.

For a large water column, its natural period of
the water surface motion has been studied by Veer
et al.[11], and they gave a formula for the calculation
of the natural period of the internal water surface
motion of a moonpool as,

*xcl/2
, [D+041%S] -
g

where S, is the sectional area of the moonpool/water
column.

A more appropriate approach in obtaining the in-
ternal water surface motion and its relevant natural
period is to employ the conventional boundary ele-
ment method (BEM, in this case, WAMIT). In the
BEM code, the interaction between the water body
and the floating structure is fully accounted. Hence
the natural period of the internal water surface would
be more accurately calculated by the BEM method.

T, =

Table 1Natural periods of the internal water surface

Method Natural period of internal
water surface, Ty
Evans et al. 0.777s
McCormick 0.998s
Veer et al. 0.970s
WAMIT 0.935s

All the natural periods using different formulas,
including the one obtained from WAMIT simulation
are listed in

Table 1 for a generic cylinder OWC device, with
a water column radius of 0.115m, and draft of
0.15m. One can see that those semi-empirical and



numerical methods give quite similar estimations to
the natural period of the internal water surface mo-
tion if an appropriate added mass can be included.

3.2 Piston lengths

As it is well known that, in many cases in study-
ing an OWC wave energy converter, the water col-
umn of an OWC device has been represented by a
thin piston or a zero thickness structure ([21, 22]).
The thin or zero thickness structure is used to re-
place the internal free surface (see Figure 1). It has
been shown theoretically by Falcao et al [21] (also
Evan et al. [12]) that the added mass for the thin rig-
id-body is the entire entrained-water by the water
column plus some additional added-mass. This in-
teresting result can be interpreted that the mass of
the thin piston plus the entrained water (i.e., the ma-
jor part of the corresponding added-mass) may be
possibly equivalent to that of a full piston.

An extreme case of the thin piston is the zero
thickness structure (i.e., a massless piston), which
has been also studied by Lee et al. [7, 23] via a
method called ‘generalised modes’, and the general-
ised modes for the internal water surface motion can
be simply specified as the additional motion modes
in the boundary element codes, so that a significant
modification to the code is not necessary. As can be
seen in many practical cases, the thin/massless pis-
tons or the full pistons are both popular in studying
the performance of an OWC device. Therefore, there
may be a question, what will happen if a certain
length of the piston is considered, as shown in Fig-
ure 2.
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Figure 1 A very thin piston on the internal free surface (L is
small or zero)

Figure 2 An illustration of a thick piston for representing the
internal free surface

3.3 Piston length and responses

For the forementioned OWC device, a longest
piston length could be the full length of the water
column of 0.15m (i.e., L=0.15m, where L is the ac-
tual length of the piston), and the shortest piston
length is zero in the massless piston. In between, the
length of the piston could be set as any length be-
tween 0.0m and 0.15m. In Figure 3, a comparison of
the internal water surface responses for different pis-
ton lengths is given (the legends ‘L=0.001m’,
‘L=0.10m’ et al. indicating the lengths of the pis-
tons). It can be seen that the IWS responses are very
close for all four different piston lengths (Figure 3),
with the full length of piston giving a slight differ-
ence.

8.0
————— L=0.0m
70 ——-L=0.00Im
6.0 | - —--L=0.10m
—L=0.15m

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Figure 3
damping)

IWS response predictions of piston motion (no PTO

3.4 Piston length and added mass

As given in the time domain equation of the float-
ing structure, an important parameter would be the
added mass at infinite frequency, which is an essen-
tial part of the overall mass in the dynamic system,
and hence does very much decide the resonance pe-
riod/frequency of the dynamic system.

Table 2 shows the masses and the added-masses
at infinite frequency for the pistons and the device
from the simulations using WAMIT. For the mass-
less piston (its length D=0.0m), the ‘generalised
modes’ has been used, while for the cases of certain
lengths of pistons, two-body system is used in
WAMIT simulations.

Table 2 Piston mass and its added mass (in kg)

Piston
length  0.0m 0.00lm 0.0lm 0.05m 0.1m 0.15m

Mgg 0.0 0.04 0.42 2.08 415 6.23

Ago 701 435 630 643 466 293
MostAse -70.1 439 672 851 881 0.6

From the table, the added masses for the device
heave motion at the infinite frequency are similar
except the one in the case of the massless piston,



which is obviously ‘wrong’ (a very large negative
added mass!). For the cases of certain lengths of the
pistons, the overall mass for the piston can be differ-
ent, and their correctness will be examined later in
this research. However, one can see that when the
piston length is larger than 0.05m, the overall mass
(given by the mass and added mass together) is very
similar, though the piston mass itself can be very dif-
ferent (2.08kg for the piston length 0.05m and
6.23kg for the piston length of 0.15m), see Figure 4.

=0
=
E 4
b=
2 - - — — M99
- — — — 4%
0 - ~ Total
0 0.04 0.08 0.12 0.16
L(m)

Figure 4Masses and the added masses of the pistons for differ-
ent lengths of pistons

4 DAMPING OPTIMISATION

4.1 Dynamic equation for fixed OWCs with a PTO

Following the convention used by Falnes ([15]),
the frequency domain equation for internal water
surface motions of the OWC device with a linear
PTO under wave excitation can be expressed as

. C
{'w(mgg + m99)+ b99 +-ﬂ}vg = 1:9 - Ao p (9)
law

where vy is the complex velocity amplitude of the in-
ternal water surface; Ao the sectional area of the wa-
ter column and p is the complex amplitude of the
gauge pressure in the air chamber.

4.2 Linear air turbine PTO

For the purpose of analysis, we consider a linear
air turbine PTO, for instance, the Wells turbine, due
to its roughly linear relation between the flow rate
and the pressure across the turbine. For a linear tur-
bine,

p= qu pto

where k; is the damping coefficient of the turbine,
and Qpto the complex amplitude of the volume flow
rate through the air turbine PTO.

We further simplify the analysis by ignoring the
air compressibility. The more complicated cases, for
example, for floating OWC and the case with air

(10)

compressibility are possible, but beyond the scope of
the research. Hence the flow rate driven by the inter-
nal water surface is fully through the air turbine PTO
as

qpto = AOVQ (11)
Combining (10) and (11) yields
P =k AV, (12)

4.3 Solution of the piston motion

Substituting (11) and (12) into (9), we have the
dynamic equation of the piston motion in frequency
domain as

. c (13)
{la)(m99 + 8y )+ (b99 + klA§)+ %}vg = f,
and the solution is
fq (14)

Vg =
. C
'a’(mgg + a99)+ (b99 + k1A02)+ e

low

The averaged power converted by the OWC can
be written as

= 1 ~ 1 «
P :E P X :§k1A§V9 XV
where the star indicates the conjugate of the complex
variable, so

(15)

I, (16)
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w
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P=Ek1A32

4.4 Damping optimisation

The optimised damping of the linear air turbine
for maximising the averaged power can be achieve if
the following condition is satisfied as
P _
dk,

. )

which leads to an optimsed damping coefficient for
maximizing wave energy conversion by the OWC
device, as

2
Cc
\/b929 + a)2|:(m99 + a99)_aj§:|
k,= 5
A
It can be observed easily that the optimized

damping coefficient ki is very much frequency-
dependent (see Figure 5).

(18)




The maximized captured power is given eq.
(19), a same formula for the point absorber (see
Falnes [15]) and the corresponding captured power
in wave of unit amplitude is seen in Figure 6.
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Figure 5 Optimised damping coefficient for the linear air tur-
bine
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Figure 6 Maximized captured power in wave in unit amplitude

5 RESULTS AND ANALYSIS

5.1 Time domain analysis

For the time domain analysis, irregular waves of a
significant wave height Hs=0.1m, and a mean period
of To1=1.0s are chosen due to its closeness to the
resonance periods of the piston motion (T¢=0.935s).

From the comparisons of the time domain analy-
sis, it can be seen that in this particular irregular
wave, the effects of the infinite frequency added
mass to the motions can be significant. Figure 7a to
Figure 7e give the piston motion analysis in time
domain for different lengths of the piston. For com-
parison, the targeted time series are those obtained
by combining the frequency-domain responses and
the wave elevations (same waves used in the time
domain analysis), which can be regarded as the cor-

rect motion of the piston. For Figure 7a, the piston
length is very small, and its added mass at infinite
frequency is also small. Hence an overall mass for
the dynamic system is well underpredicted. As a re-
sult of this, the corresponding resonance period
would be longer than it should be. That's why the
piston heave motion prediction is very small when
compared to the target time series. Similar situation
can be seen for the piston length L=0.01m, which is
still small than necessary. but the motion is much
better than that of shorter length of piston (see Fig-
ure 7b). Further increase the length of the piston,
better results are obtained and expected (see Figure
7c to Figure 7e).
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Figure 7 Heave motions of the pistons in time domain analyses



5.2 Damping optimization for irregular waves

The forementioned optimized damping for max-
imizing wave power conversion is very frequency
dependent, which can not be directly used in irregu-
lar waves since in irregular waves, the wave peri-
od/frequency and amplitude are changing from wave
to wave. Hence a fully optimised damping does not
exist. For a practical purpose, a simple but a more
practical case for optimising wave energy power
conversion is the optimization of the damping for the
actual sea state, so that the wave energy conversion
may be maximized from the irregular waves. Since
the damping level is only set and kept constant for
the sea state, the linear theory is still suitable.

Unlike in regular waves where the period and
amplitude are well defined, the irregular waves are
characterised by the significant wave height and a
characteristic wave period if the spectrum is given,
and both are statistical values. For instance, the
characteristic period can be specified by any of the
following periods: spectrum mean period, up-zero
crossing mean period, modal period or energy peri-
od. If we are trying to optimize the damping for the
sea state, which period is the reference period? This
is the problem we are discussing here.

As it is well known that in regular waves, the
maximizing power capture can be optimized if the
device is in resonance, and the maximized capture
power can be very close to the theoretical limit.
However, this optimised damping coefficient may
not be the optimized damping coefficient for produc-
ing a maximal power in a sea state. Hence it is often
necessary to tune the damping coefficient for the
given sea state so that the maximal power can be
converted.

Table 3 and Table 4 give the optimised damping
coefficients for a linear air turbine based on different
characteristic wave periods (note: this is for same
waves), namely, spectrum mean period, To;, modal
period, T, and energy period, Te, respectively, and
the corresponding power conversions from two dif-
ferent sea states. It can be seen that the damping co-
efficients optimised based on the energy period give
maximal power conversions.

Table 3 Optimsed damping based on different periods for same
sea state (Tp=1.269s, Hs=0.1m)

Period k1l opt Pave(W)  Eff (%)
(kN*s/m°)

T1=1.00s 4.975 0.224 13.30

Tp=1.296s 22.79 0.247 14.67

T.=1.110s 11.98 0.260 15.41

Table 4 Optimsed damping based on different periods for same
sea state (Tp=1.944s, Hs=0.1m)

Period k1l opt Pave(W)  Eff (%)
(kN*s/m°)

T1=1.50s 33.61 0.263 10.38

Tp=1.944s 55.07 0.256 10.13

T.=1.665s 41.85 0.265 10.58

Further evidence can be seen in Figure 8. For the
case of Ty, the power conversions is increased with
the increase of the damping coefficient added to the
‘optimised’ damping. Obviously, for this case, the
system is underdamped; and for the case of Ty, the
power conversion is decreased with the increased
damping coefficient, meaning for this case, the sys-
tem is overdamped. For the case of T, the power
conversion decreases when the damping coefficient
is increased and decreased, meaning that this is the
correctly optimised damping coefficient for the sea
state.
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0.1 —-—-T01 (Bopt=4.98) ||
------- TP (Bopt=22.79) ||
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5 <100 -5 0 5 10 15

Damping increment (kINs/m®)

Figure 8 power conversion due to damping changes (around the
optimised damping for the corresponding periods, see Table 3)

6 CONCLUSIONS

In hydrodynamic study of OWC wave energy
converters, some issues on how to conduct the anal-
ysis of the OWC performance have been examined
and discussed. From the study, the following conclu-
sions can be drawn:

- The length of the imaginary piston for the water
body in the water column has little influence on
the responses of the motions for the frequency
range of interest.

- The length of the piston can have significant ef-
fect on the time domain analysis, because a selec-
tion of the length of the piston may cause very
different added mass at infinite frequency.

- The damping optimised method has been formu-
lated for a simple case: a fixed OWC device, and
in the analysis, the air compressibility has been
ignored. as a result of the simplification, the op-
timised damping for the OWC device is quite
similar to a point absorber.

- For a given sea state, the optimised damping coef-
ficient based on the energy period gives best re-
sult.
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