
Title Tupperwave-preliminary numerical modelling of a floating OWC
equipped with a unidirectional turbine

Authors Vicente, Miguel;Benreguig, Pierre;Crowley, Sarah;Murphy, Jimmy

Publication date 2017

Original Citation Vicente, M.,Benreguig, P., Crowley, S. and Murphy, J. (2017)
'Tupperwave-preliminary numerical modelling of a floating OWC
equipped with a unidirectional turbine', Proceedings of 12th
European Wave and Tidal Energy Conference (EWTEC), Cork, 27
August-1 September.

Type of publication Conference item

Link to publisher's
version

https://ewtec.org/proceedings/, https://ewtec.org/ewtec-2017/

Rights © 2017, European Wave and Tidal Energy Conference (EWTEC).
All rights reserved.

Download date 2024-04-19 15:12:20

Item downloaded
from

https://hdl.handle.net/10468/9579

https://hdl.handle.net/10468/9579


Tupperwave - preliminary numerical modelling of a
floating OWC equipped with a unidirectional turbine

Miguel Vicente∗, Pierre Benreguig†, Sarah Crowley∗, Jimmy Murphy†
∗WavEC - Offshore Renewables
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Abstract—The TUPPERWAVE project is supported by the
European Commission’s OceanEraNet program. It aims to
design and validate an innovative Oscillating Water Column
(OWC) Power Take-Off (PTO) concept at laboratory scale.
A conventional OWC typically generates a highly fluctuating
bidirectional air flow through a self-rectifying turbine. To reduce
the pneumatic power fluctuations through the turbine and the
acoustic impact and ultimately increase the device efficiency,
the TUPPERWAVE concept generates unidirectional air flow
in a closed circuit, which can be converted into electricity
via a conventional, high efficiency, unidirectional turbine. The
principle is based on the use of a pair of non-return valves, two
additional chambers above the water column and a unidirectional
turbine harnessing energy from the resulting air flow between
the two chambers. The concept was adapted to a floating
axisymmetric structure. Numerical time-domain models have
been developed by UCC and WavEC to determine the device’s
primary conversion from hydrodynamic to pneumatic power.
Comparison of the output from the two models showed good
agreement and allowed an initial optimization of the PTO main
design parameters. A set of design parameters were chosen which
maximize the pneumatic average power output flowing through
the turbine whilst minimizing the power fluctuations, in regular
and irregular sea states. When compared to a conventional OWC
with the same structure geometry, the optimised Tupperwave
device was shown to produce similar pneumatic average power
with much lower fluctuations.

Index Terms—Wave Energy Converter, Oscillating Water Col-
umn, unidirectional turbine, numerical modelling, optimization

I. INTRODUCTION

Climate change and its relation with global energy con-
sumption is a topic of the utmost importance, and the need
to tackle this problem is increasingly urgent. Given some
estimates of the potential of ocean wave energy [1], the
harvesting of this form of renewable energy may contribute
to the decrease of consumption of fossil fuels.

Amongst a variety of wave energy converter (WEC) con-
cepts, the oscillating water column (OWC) is one of the
most studied and more promising. The technology has been
thoroughly reviewed in several works such as in [2]. The
OWC concept presents some interesting characteristics: the

absence of submerged moving parts and, more importantly,
the adaptability to different scenarios. The structure may be
fixed or floating, and it may be designed in such a way so it
better suits the water depth and the typical wavelength of a
specific location, be it onshore or offshore.

The conventional OWC concept comprises a partially sub-
merged hollow structure, with an aperture below through
which sea water enters in the chamber. The alternating rise and
fall of the water inside the chamber induces the compression
and expansion of the air trapped above the water. The chamber
is connected to the atmosphere through a system of ducts and a
turbine, through which the air is then successively forced to go
outwards and inwards. In turn, an electric generator converts
the rotation of the turbine into electricity.

In order to deal with the fluctuating airflow, the majority
of OWC prototypes are equipped with self-rectifying bidirec-
tional turbines, such as the Wells or impulse turbines (see
[3] and [4]). However, this type of turbine has a lower effi-
ciency than conventional unidirectional turbines. Also, since
the airflow changes direction every couple of a seconds, the
pneumatic power fluctuations through the turbine are signif-
icant and induce difficulties in terms of control and power
quality. Moreover, as the turbine is opened to the atmosphere,
significant acoustic noise can be created.

More conventional unidirectional turbines have a better
efficiency, but their implementation in an OWC requires a
complicated system of valves and ducts [5]. Such systems have
been successfully used in small devices such as navigation
buoys but have so far been considered unpractical for larger
scale devices where flow rates may be of the order of 100m3/s.
The use of unidirectional turbines have been tested in different
configurations, for example with twin turbines in [6], the
SeaBreath [7], or the ShoreSWEC [8].

The goal of the Tupperwave project is to design and
validate at laboratory level an innovative OWC concept that
mitigates the aforementioned negative features of conventional
OWCs equipped with self-rectifying turbines. The Tupperwave
concept generates unidirectional air flow in a closed circuit,
by adding two reservoirs to the conventional OWC chamber,



Fig. 1. Schematic diagram of the Tupperwave device concept

a high pressure chamber and a low pressure chamber. Each of
these chambers is connected with the OWC chamber through
a system of non-return valves, and connected to one another
by a unidirectional turbine. Fig. 1 describes schematically the
working principle of the device under study.

The motion of the water column alternately pushes air into
the high pressure chamber through valve h when rising, and
sucks air out from the low pressure chamber through valve l
when falling. The air flows rather steadily from the high to
low pressure chamber across an unidirectional turbine.

This paper presents a preliminary study which consists of
the development of a numerical model to simulate the device’s
dynamics, and its application for optimization purposes. As
a reference case, it was assumed the Tupperwave concept
could be integrated in a floating axisymmetric structure, with
submerged dimensions based on the spar OWC developed by
HMRC (now MaREI), UCC, under the Marinet project (see
fig. 2). It had shown good pitching stability and therefore
would provide a good support for the Tupperwave PTO
system. It is assumed that the extra volume required for the
additional chambers will be housed in the floater component
of the buoy, see figure 2.

A time-domain model was implemented in order to un-
derstand how various design factors would affect the overall
device behaviour and resulting power output. The conversion
from hydrodynamic power to pneumatic power was modelled
based on the linear wave theory and linearised isentropic
thermodynamic equations. Only heave motion was considered,
and the unidirectional valves and the turbine were modelled
as a quadratic pressure drop, as if it were a simple orifice.
Furthermore, it was assumed the valves completely open and
close instantaneously.
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Fig. 2. Diagram of the Marinet buoy, labeled with the full-scale dimensions,
and a sketch of the intended configuration of chambers within the Tupperwave
concept.

A wide range of numerical simulations were carried out to
test a set of design parameters, including the volumes of the
three chambers, and the valve and turbine flow coefficients.
Two methods to determine the radiation force were imple-
mented by MaREI (UCC) and WavEC - the corresponding re-
sults are presented and compared. A mathematical description
of the time-domain model is presented in more detail in section
II. Section III presents the results of the numerical time-
domain model, where simulations were run for both regular
and irregular waves. Results are shown for relevant quantities,
namely, the relative body and water column displacements, the
air pressure within the chambers, the mass flow rate across
the turbine, and the pneumatic power. The most important
criteria for selecting the best configuration were considered
to be a high average power, a low power fluctuation, and a
reasonable maximum relative displacement value. Conclusions
are summarized in section IV.

II. MODEL DESCRIPTION

In order to mathematically describe the dynamics of the
Tupperwave device, several simplifications have been made.
The hydrodynamic component is based on linear water wave
theory, under the assumption that the body and internal free-
surface motions, and the wave steepness are sufficiently small.
Furthermore, in this preliminary study the thermodynamics
are modelled simply as an isentropic process. The expression
relating the pressure to the density is linearised, under the
assumption that changes in air pressure within each of the
chambers are small relative to its equilibrium value [9].
Future work will focus on improving the accuracy of the
thermodynamic modelling, although it is not expected that this
will have a large impact on the resulting power production
predictions, see [10].

As a further simplification, only the vertical motion of the
floater, also known as the heaving mode, is considered; only
this mode contributes to the power conversion. Regarding the



motion of the internal water column, the approach of the
generalized modes presented in [11] is adopted. The dynamic
boundary condition for the chamber internal free surface is
represented by a superposition of modal distributions of the
vertical velocity as shown in [12]. Assuming the chamber
length is small compared with the typical wavelength, it is
sufficiently accurate to consider only the vertical piston-type
mode. Therefore, two motion degrees of freedom have to be
taken into account: the heaving mode of the floater and the
vertical piston mode of the OWC.

The ordinary differential equations which drive the two
degrees of freedom may be written in the following matrix
form:

Mz̈ = Fexc (t) + Frad (t) + Fhs (t) + Fpto (t) (1)

where M is the system’s mass matrix, z is the vertical coordi-
nate vector of the system, Fexc represents the excitation force
inflicted by the incoming waves, Frad is the hydrodynamic
radiation force imposed by the motion of both the body and
the water column, and Fhs is the hydrostatic restoring force.
Fpto is the force induced by the power take-off equipment. No
forces due to mooring lines are considered in this work.

A. Hydrodynamics

Under the linear theory, the hydrostatic restoring force is
simply proportional to the amplitude of the heaving motion.
The proportional factor is ρg times the respective horizontal
cross section of the wetted surface. In regular waves the
wave elevation profile has a sinusoidal form. The excitation
force is therefore sinusoidal and frequency dependant. The
hydrodynamic coefficients (added mass and hydrodynamic
damping) are also frequency dependant. Excitation force and
hydrodynamic coefficients were computed using the boundary
element code WAMIT [13] taking into account a description
of the free-surface elevation profile.

For the case of irregular waves, the excitation force is
expressed as the sum of a significant set of regular waves,
each with a random phase, and whose amplitude is specified
by a wave spectral model.

Regarding the radiation term, it is expressed as:

Frad (t) = A∞z̈ (t) −
∫ t

0

K (t− τ) ż (τ) dτ, (2)

where A∞ is the system’s added mass at infinite frequency
and K is the system impulse response function. Substituting
equation (2) into the equation of motion (1), the Cummins
equation is obtained [14]. The impulse response function can
be calculated from the frequency dependant hydrodynamic
coefficients following [15].

Two approaches were considered in this work for computing
the convolution integral in eq. 2: one was to directly compute
the integral at each simulation time step (MaREI, UCC).
The other was to use a state-space model to approximate
the convolution integral (WavEC). The convolution integral is
represented by a set of first order linear differential equations
using Prony’s method, as explained in [16].

B. Power Take-Off component

The physical model representing Tupperwave’s closed cir-
cuit, which converts the wave power to pneumatic power, is
described mathematically here.

As shown in figure 1, there are three chambers: a conven-
tional OWC chamber, a high pressure chamber (HP) and a low
pressure chamber (LP), with their corresponding air pressures,
powc, ph and pl, respectively. There are two non-return valves,
valve h and valve l.

When powc > ph, valve h opens and air flows from the
OWC to the HP chamber through the non-return valve. Then
the air is transferred through a turbine, from the HP chamber
to the LP chamber. Then when powc < pl, valve l opens and
the air flows from the LP chamber back to the OWC chamber.

Referring to eq. 1, the term Fpto results from the difference
in air pressure inside the OWC chamber acting upon both the
internal structure of the WEC and the OWC surface:

Fpto (t) = ±Sowc (powc (t) − powc,0) , (3)

where Sowc is the OWC chamber cross section, powc is the
instantaneous air pressure in the chamber, and powc,0 is its
pressure in equilibrium conditions. Note that the action of the
air pressure on the structure and on the OWC piston mode is
the same, but with opposite signs; in the equation, the plus
sign corresponds to the structure, and the minus sign to the
piston mode.

In order to express the air pressure in the OWC chamber, as
well as the pressure in the other two chambers (high and low
pressure chambers), and ultimately the pneumatic power, the
mass balance for each of the chambers is taken into account:

ṁ(t) =
∂ (ρ(t)V (t))

∂t
= ρ(t)

∂V (t)

∂t
+ V (t)

∂ρ(t)

∂t
, (4)

where ṁ is the mass flow rate for a given container, ρ is
the fluid density (air, in this case), and V is the volume of
the container. Assuming that the expansion/decompression of
air within a given container is adiabatic and reversible, the
isentropic relation can be applied

p

ργ
=
pref
ργref

. (5)

where pref and ρref are air pressure and density in reference
conditions.
Considering that the pressure and the volume of air in a given
container fluctuates about an equilibrium value,

p(t) = p0 + p′(t),

V (t) = V0 + V ′(t). (6)

Using the isentropic relation in equation (5), and taking the
atmospheric pressure p0, to be the reference pressure pref , the
density within the container can be written as

ρ =

(
1 +

p′

p0

) 1
γ

ρ0, (7)



where the “(t)” notation has been suppressed. The derivative
of the density ρ with respect to time is then given by

dρ

dt
=
ρ0
γ

(
p

p0

) 1
γ−1 d

dt

(
p

p0

)
. (8)

The mass balance within a container can then be given as:

ṁ = ρ
∂V ′

∂t
+ (V0 + V ′)

∂ρ

∂t
, (9)

substituting in the expression for the rate of change of the
density from equation (8), it becomes

ṁ = ρ
∂V ′

∂t
+ (V0 + V ′)

ρ0
γ

(
p

p0

) 1
γ−1 d

dt

(
p

p0

)
. (10)

This expression can be linearised, for simplification, neglecting
the second order terms;

ṁ = ρ
∂V ′

∂t
+ (V0 + V ′)

ρ0
γ

(
1 +

(
1

γ
− 1

)
p′

p0

)
d

dt

(
p′

p0

)
= ρ

∂V ′

∂t
+ V0

ρ0
γ

d

dt

(
p′

p0

)
. (11)

Applying equation (11) to each of the three aforementioned
chambers, the following linearized expressions (12), (13), (14)
may be written for the OWC chamber, the HP chamber and
the LP chamber, respectively:

−Qh +Ql = −ρowcSowc
∂z

∂t
+ Vowc0

ρowc0
γ

∂

∂t

(
powc
powc0

)
,

(12)
where Qh is the mass flow rate from the OWC chamber to the
high pressure chamber, Ql is the mass flow rate from the low
pressure chamber to the OWC chamber (both flows through the
respective non-return valve), Sowc is the cross section area of
the OWC chamber, and zr is the relative vertical displacement
between the floater and the water column inside the chamber.

Qh −Qt = Vh
ρh0
γ

∂

∂t

(
ph
ph0

)
, (13)

where Qt is the mass flow rate across the unidirectional
turbine.

Qt −Ql = Vl
ρl0
γ

∂

∂t

(
pl
pl0

)
. (14)

Subindices owc, h and l represent the OWC, the high pressure
and the low pressure chambers, respectively, and the subindex
0 represents the corresponding equilibrium value (atmospheric
conditions).

The non-return valves connecting the OWC chamber to each
of the other chambers are not always open. They are opened
only for pressure difference values above a given positive
threshold. Otherwise there is no flux of air passing through.
In this article, the valve are assumed to be perfect and the
pressure threshold at which the valves open is 0. The valves
are also assumed to be either fully opened or fully closed.

Following [17], and [18], the mass flow rate through the
valves is assumed to be proportional to the square root of the
pressure drop. This could be compared to an impulse or radial

turbine, see for example [19]. In [17] the valve mass flow rate
and is modelled via,{
Qv = CvLghmax

√
2ρair (pup − pdown), for pup > pdown

Qv = 0 , for pup < pdown
(15)

where Cv is the discharge coefficient for the valve, Lg is the
total edge length of the valve plate and hmax the maximum
valve opening. The pressures pup and pdown are, respectively,
the upstream and down stream pressures across the valve.
[17] performs experimental tests on a model valve for which
Lg = 471.2mm and hmax = 3.14mm. The expression
used by [17] is slightly more complicated, and requires the
instantaneous height of the valve opening, but here the same
simplified approach of [18] is considered, which assumes
that the valve is either completely open or completely closed
and the mass flow rate proportional to the valve area. For a
fully open valve, [17] empirically determines the discharge
coefficient to be 0.69, whereas [20] uses a value of 0.5.

Hence, the mass flow rate through the valves is written:{
Qh = Cv,hAv

√
2ρair (powc − ph), for powc > ph

Qh = 0 , for powc < ph
(16)

and{
Ql = Cv,lAv

√
2ρair (pl − powc), for pl > powc

Ql = 0 , for pl < powc
(17)

where Av is the valve surface area.
As a simplification in this preliminary analysis, similarly to

the valves, the flow through the turbine is also modelled as if
it were an orifice - assuming that the relationship between the
mass flow rate and pressure drop is quadratic:

Qt =

√
ph − pl
kt

. (18)

Here kt is the turbine flow coefficient, which is given by

kt =
(
2ρairA

2C2
t

)−1
, (19)

where A is the area of the orifice and Ct the discharge
coefficient.

The value taken for Ct, varies but is typically between 0.5-1:
[18] uses 0.6, whereas according to [20], the measured value
for the discharge coefficient for a smooth venturi ranges from
0.95 to 0.97, but then went on to use a value of 0.9 in their own
model. The static pressure in all of the chambers is assumed
to be atmospheric.

Finally, the pneumatic power available to the turbine is

Pprs =
1

ρair
Qt (ph − pl) . (20)

III. NUMERICAL MODEL RESULTS

In this section the most relevant results from the numerical
model presented in the previous section are displayed. Since
two approaches were used to compute the radiation term,
their results first need to be compared. The results in regular
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Fig. 3. Floater decay test for both methods of computing the radiation force

waves are then presented and commented. A description of the
method to optimise the main design parameters follows, and
finally the performance of the optimized Tupperwave device
is compared against a conventional OWC device.

A. Comparison of the two approaches for the radiation force

Since WavEC and MaREI used two different methods to
compute the convolution integrals of the radiation force (eq.
2), it is necessary to compare the results from both approaches.

A standard hydrodynamic model verification procedure is
to carry out a decay test. In order to take into account only
the system’s hydrodynamics, the main OWC chamber is fully
open to the atmosphere, and thus there is no effect from the
PTO (no damping nor stiffness). The decay test is carried out
in flat water - no excitation force.

Results are shown for two decay tests, one of the floater, z3,
and one of the piston mode, z9. In the former the OWC floating
structure is initially positioned 1m above its equilibrium point
and is released at t=0s. The hydrostatic restoring force and
gravity lead to an oscillatory motion around the equilibrium,
whose amplitude is increasingly attenuated by the hydrody-
namic damping, until the motion is not significant any more.
The water surface also gets slightly excited by the motion of
the structure.

For each body, the time interval between consecutive crests
should correspond to their expected resonance period. Figure
3 and 4 shows the results of the floater and piston decay tests
obtained with both models.

The displacements given by the two methods are very
similar but do not overlap exactly. In figure 3 the structure’s
motion is more damped in MaREI’s model and the water
column is slightly more excited. Some difference is seen in
the decay of the water column in the initial transient regime,
which may become relevant in irregular waves. Despite the
difference in phase that is seen in both decay tests, this leads
to only a 1% difference in the expected resonance period which
we consider to be within a suitable tolerance.
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When considering the PTO, the time series in regular waves
did not overlap exactly but showed good similarities. Figure
5 compares the two models results of the mean pneumatic
power output in 2m high regular waves for a device equipped
with a turbine damping coefficient of kt = 300kg−1.m−1 and
chambers volume of Vlp = Vhp = 750m3 and Vowc = 150m3.

The mean power output results in regular waves show
good agreement. Although there are some differences in the
resulting mean power predictions close to the resonant periods,
both simulations show the same trends. Two main peaks
are observed, corresponding to the two bodies resonance
frequencies. The first peak corresponds to the spar resonance
period while the second peak corresponds to the water column
resonance period.

Ultimately in the remainder of this study we will be con-
cerned with the mean power and power fluctuation averaged
across wave periods. Generally for the pairs of parameters
(kt;Vh) tested a difference of less than 5% was seen in these
calculations. Assuming the similarity between the results of
both models to be acceptable, only MaREI’s results will be
used hereinafter.
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B. Regular Waves Results

Figure 6 gives time series of the pressures, mass flow rates
and OWC chamber volume of the Tupperwave device in a
regular waves case: 2m wave height and 8.5s period.

At t < 0s, the device is floating on flat water and the
chamber pressures are all at atmospheric pressure. At t = 0s
the waves start interacting with the device, and the OWC spar
structure and the water column begin moving relative to each
other. The volume Vowc(t) of the main OWC chamber starts
oscillating. The pressure in the HP chamber rises while the
pressure in the LP chamber decreases. The mass flow rate
through the turbine slowly increases. After roughly 70 seconds,
Vowc(t) follows a sinusoidal motion. The system has reached
a stable regime and all variables will continue to oscillate
periodically. The pressure drop between HP and LP chambers
is relatively constant over time and so is the mass flow rate
flowing through the turbine.

In order to fully understand what is going on in the device,
a breakdown of the device working cycle is given in figure 7,
which displays the pressures in the chambers and the volume
of the OWC main chamber. At t = t1, the main OWC chamber
volume Vowc reduces and the pressure powc rises. Both valves
are closed as pl < powc < ph. As ph > pl, chamber HP
slowly discharges into chamber LP through the turbine. ph
slowly reduces while pl slowly increases. At t = t2, powc is
larger than ph. Valve h opens and air flows from the OWC
chamber to the HP chamber. Since the damping induced by
the opened valve is very small, the pressure drop through the
opened valve is close to zero, and powc(t) ≈ ph(t) during this

Fig. 7. Tupperwave cycle breakdown - [Vowc, Vh] = [150, 750]m3, Kt =
300kg.m, T = 8.5s

phase. As Vowc continues to reduce, ph increases. At t = t3,
Vowc starts to increase. Immediately the pressure in the main
OWC chamber reduces and valve h closes. Air continues to
be transferred from HP chamber to the LP chamber through
the turbine. Pressure powc reduces quickly until t = t4 where
powc reaches pl. Valve l opens and air flows from the LP
chamber into the OWC chamber. Symmetrically to the phase
t2 < t < t3, the air flows easily from chamber LP into the
OWC chamber as Vowc continues to increase and pl reduces.
At t = t5, Vowc reverts again its evolution and starts reducing.
powc rises and valve l closes. The cycle repeats then from t5
to t9, and so on.

Ultimately, the pressure difference between the two cham-
bers is kept relatively constant by the PTO. The high pressure



chamber almost constantly discharges into the low pressure
chamber. The airflow rate through the turbine is unidirectional
and can be harnessed with a conventional unidirectional tur-
bine. As opposed to in a conventional OWC where the mass
flow stops at each period to change direction, the mass flow
rate through the turbine in the Tupperwave device is relatively
constant, allowing the peak to average power ratio of the PTO
to be reduced.

From a more energetic point of view. The high and low
pressure chambers act as accumulators. They store, under the
form of pressure, the important pneumatic energy generated in
half a period by the rising or falling water column and release
it at a much slower pace though the turbine. Thus, the lull of
pneumatic power, observed in conventional OWC, when the
water column is changing direction, is almost erased.

The pneumatic power to be harnessed is therefore much
smoother compared to a conventional OWC (see section
III-D). A smooth power output is a great asset as it simplifies
the turbine control strategy as well as the power electronic
work that needs to be done before sending the power onto the
grid.

C. PTO Optimization
Ideally, the pneumatic power should be as high and as

smooth as possible. An optimisation process has been un-
dertaken to maximise the power output and minimise the
power fluctuation of the Tupperwave device. The parameters
to be optimized are the chambers volumes, and turbine flow
coefficient.

The relative computational ease with which the simulations
are run on Matlab allows to use a brute force optimisation
method. The valve flow coefficients were desirably small. Both
chambers HP and LP were assumed to have the same volume
Vh. The tested chambers volumes are constrained by the total
volume of the floater. Different values for the PTO damping
kt and for the chambers volumes Vowc and Vh were tested.

As explained in section II, the turbine is modelled as a
quadratic pressure drop, which would compare to an orifice
plate. In order to provide the reader a better idea of the tested
damping coefficients, table I gives the damping coefficient
kt for different orifice diameters with a discharge coefficient
C=0.74 [21].

TABLE I
DIAMETER AND THEORETICAL DAMPING OF CHAMFERED ORIFICES WITH

C=0.74.

orifice diameter [cm] Surface orifice [m2] kt [kg−1.m−1]

59.0 0.273 10
46.9 0.173 25
39.4 0.122 50
33.1 0.0863 100
30.0 0.0705 150
25.2 0.0498 300
20.0 0.0315 750
15.0 0.0177 2386

The optimisation criteria was to maximize the power output
and power smoothing. In order to characterise the power

TABLE II
AVERAGE POWER OUTPUT IN 2M HIGH REGULAR WAVES FOR PERIOD

FROM 5 TO 11S

Power [kW]
kt [kg−1.m−1]

Vh [m3] 10 25 50 100 150 300 750 2386
300 49.9 64.6 72.3 78.5 82.1 87.3 89.6 79.0
400 50.7 61.7 70.7 78.2 82.1 87.7 90.3 79.5
500 51.4 61.0 69.4 77.6 81.8 87.8 90.5 79.6
750 49.7 59.2 67.4 76.1 80.9 87.4 90.5 79.4
950 49.0 58.0 66.2 80.2 83.8 90.0 90.2 78.8

1000 48.8 57.7 66.0 75.1 80.0 87.0 90.1 78.7

TABLE III
AVERAGE POWER FLUCTUATION TABLE IN 2M HIGH REGULAR WAVES FOR

PERIOD FROM 5 TO 11S

Fluctuation [%]
kt [kg−1.m−1]

Vh [m3] 10 25 50 100 150 300 750 2386
300 84.9 71.0 57.5 44.8 38.0 27.9 18.3 10.9
400 80.3 63.3 49.4 36.8 30.3 21.6 13.9 8.3
500 75.1 57.5 43.3 30.9 25.1 17.5 11.2 6.8
750 66.6 46.5 32.4 21.7 17.3 11.9 7.6 5.3
950 60.6 40.0 26.7 13.8 11.4 7.3 6.1 4.8

1000 59.4 38.6 25.6 16.7 13.1 9.0 5.8 4.8

smoothing an additional variable called power fluctuation fp
was used:

fp =
std(P )

P̄
=

1

P̄
.

√(
1

tfinal

∫ tfinal

0

(
P (t) − P̄

)2
dt

)
(21)

Optimising the smoothing is equivalent to minimizing the
power fluctuation around the mean power value.

Due to the large number of test cases, results here presented
are limited to the most relevant. Although not explicitly
displayed, one outcome of the simulations was that Vowc
should be small compared with Vh. The following results
correspond to Vowc = 150m3.

Focussing on the HP and LP volume and on the turbine flow
coefficient, each pair (kt;Vh) was simulated in two meter high
regular waves for periods ranging from 5 to 12 seconds. The
simulation time was 250 seconds, but the relevant quantities
are computed only for the stable regime, which is assumed to
be reached after 100 seconds. Double entry tables displaying
the average power and the power fluctuation are then generated
to visually identify the optimum (kt;Vh) couple.

In order to choose a pair of parameters (kt;Vh) which gave a
high but also broadbanded response, the power output and the
power fluctuation were averaged over the wave periods 5-11s
for each configuration. Results obtained in 2m high waves are
displayed in tables II and III. The colour formatting allows
the higher power and lower power fluctuation results to be
clearly seen. The green areas in tables II and table III show
the higher power and the lower power fluctuation, respectively.
Highlighted in bold are the values of kt and Vh which combine
to give high power output and low fluctuation.

Table III clearly shows that Vh = 950m3 provides the
best power smoothness for the range of kt highlighted. Table
II shows that the average power extraction of the device



TABLE IV
AVERAGE MEAN PNEUMATIC POWER PER WAVE HEIGHT SQUARED AND
AVERAGE POWER FLUCTUATION ACROSS WAVE PERIODS T =5-11S FOR
[kt = 300kg−1.m−1 ;Vh = 950m3] FOR WAVE HEIGHTS H=1,2, AND

4M.

Wave height [m] H=1 [m] H=2 [m] H=4 [m]

Average mean power [kW/m2] 20.13 21.77 21.99
Average power fluctuation [-] 13.69 9.43 6.71

in regular waves depends on the damping coefficient more
than the chamber volume. In general, the power fluctuations
decrease as the damping coefficient and chamber volume
increase.

Numerical simulations in 1m and 4m high waves showed
that the optimized turbine damping value kt decreases as the
wave height increases, whereas the ideal chamber volume was
invariant to wave height. Table IV gives the average mean
pneumatic power per wave height squared and average power
fluctuation across wave periods T=5-11s for the configuration
[kt = 300kg−1.m−1;Vh = 950m3] for wave heights H=1,2,
and 4m. The average mean pneumatic power is shown to
increase in proportion to the wave height squared, whereas
the power fluctuation decreases as the wave height increases.

The optimal PTO damping depends on the sea state and
needs to be tuned accordingly [22]. In the case of an actual
unidirectional PTO turbine, the damping can be tuned by
controlling the turbine rotational speed or the pitching of
the blades. Similarly to conventional OWC devices, it was
observed that, for a given wave height higher PTO damping
gives better power output in longer period waves while lower
PTO damping gives more power in shorter period waves. For
2m high waves, the value kt = 300kg−1.m−1 provides similar
amounts of mean power for wave periods from 6 to 9 seconds
as will be observed in the next section (figure 8).

The PTO configurations [kt = 300 − 750kg−1.m−1;Vh =
750 − 950m3] provide on average the highest power output
and lowest power fluctuation relative to all values tested in the
regular wave simulations in 1 to 4m high waves across wave
periods from 5 to 11s. A visualisation of the [Vh = 750m3]
configuration with full scale measurements is shown in Figure
12.

D. Performance comparison with conventional OWC

In parallel to the modelling of the Tupperwave device, a
conventional OWC was modelled using the same OWC spar
structure. The bidirectional PTO turbine was also modelled
by a quadratic pressure drop. The damping was optimised to
maximize the power output using the same brute force method
described in the previous section. The optimized damping
coefficient for the conventional OWC in 2m high regular
waves was kt = 25kg−1.m−1, and results are compared
with the [kt = 300kg−1.m−1;Vh = 950m3] Tupperwave
configuration. Note that the PTO damping required in the
Tupperwave device is higher than for the conventional OWC.

Fig. 8. Pneumatic Power in 2 meter high regular waves for conventional
OWC and optimized Tupperwave device

Fig. 9. Power fluctuation in 2 meter high regular waves for conventional
OWC and optimized Tupperwave device

Fig. 10. Pneumatic power generation by Tupperwave device {[V owc, V h] =
[150, 750]m3, kt = 300kg−1.m−1} and conventional OWC device {kt =
25kg−1.m−1} in 2m high regular waves of period T = 8.5s

Figure 8 and 9 compare the power and power fluctuation
curves of the conventional OWC and the Tupperwave device.
While the power outputs of the two devices are of similar
order, the power fluctuation is 8 times smaller for the Tupper-
wave device. The Tupperwave device delivers a better power



Fig. 11. Pneumatic power generation by Tupperwave device {[V owc, V h] = [150, 950]m3, kt = 750kg−1.m−1} and conventional OWC device {kt =
25kg−1.m−1} in 2m significant height irregular waves of period T = 8s

quality than the conventional OWC modelled here. It should
be noted however that, in practice typical OWC turbines have
a flywheel mechanism (not modelled here), which helps with
the smoothing of the power. The results are indicative however,
that the Tupperwave PTO allows for smoothing similar to that
which a flywheel would usually provide.

To illustrate the difference in power quality, figure 10
displays the power time series of the conventional OWC and
the Tupperwave device in 2 meter high regular waves of 8.5s
period. While the conventional OWC power oscillates between
0 and its highest peaks every half-period, the Tupperwave
instantaneous power shows smaller oscillations. For this wave
period, the Tupperwave device also shows a higher average
power than the conventional OWC once the stable regime is
reached as shown in figure 8.

Figure 11 displays the power time series of the conventional
OWC and the Tupperwave device in irregular sea state of
Hs=2m and Tp=8s. The pneumatic power across the Tupper-
wave PTO is not only smoothed in-between wave periods but
also in-between the wave groups.

In regular waves the Tupperwave device has a capture width
ratio greater than 0.3 across wave periods from 6-9s, with a
maximum of 0.45. Although ideally a mean capture width ratio
would be calculated using a power matrix and a scatter plot for
a particular site, here we make a simple rough approximation.
Taking a non-weighted average of the capture width ratio
across wave periods from 5-11s results in a mean capture width
ratio close to 25% which falls within the range reported in [23]
typically expected of OWC concepts.

Fig. 12. Solidworks design of the optimised Tupperwave device



IV. CONCLUSIONS

This paper presented the innovative Tupperwave OWC
concept adapted to a floating spar type OWC structure and a
numerical model to assess its performance. An optimisation of
the Tupperwave PTO main parameters has been performed to
maximise the average pneumatic power output and minimize
the power fluctuations in regular waves. Once optimised, the
Tupperwave device performed well, both in regular and in
irregular waves, particularly regarding the power fluctuation
criterion. The Tupperwave device has a much lower power
fluctuation when compared with the highly fluctuating bidi-
rectional air flow of the conventional OWC, corresponding to
a higher pneumatic power quality. The efficiency of unidirec-
tional turbines being higher than self rectifying turbines, more
pneumatic power is expected to be converted into electrical
power. Also, due to the low power fluctuations, the Tupper-
wave concept might require a less complex turbine control
system and could utilise more efficient power electronics
equipment.

Despite some assumptions that simplify the numerical
model, the results look physically acceptable. Nevertheless,
future work within the Tupperwave project will be focussed
on improving the thermodynamics modelling, and characteriz-
ing the unidirectional turbine. CFD simulations are currently
being carried out under the Tupperwave project by CADFEM
Ireland. Their results will be compared to the numerical results
presented in this article. The device will also be tested at
small scale in the LIR National Ocean Test Facility in Cork
in summer 2017, which will be an opportunity to validate the
numerical model.
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