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Abstract—As part of the development process of a proposed
offshore floating wind/wave platform, a scale-model testing pro-
gramme has been carried out at a narrow tank facility on a
single oscillating water column (OWC) device. Previous proof-of-
concept testing was performed on a scale model of the proposed
platform comprising thirty-two OWCs with control components.
That testing programme, implemented at the Hydraulic and
Maritime Research Centre, demonstrated the feasibility of the
concept. However, the large number of interacting components
in this complex system results in difficulties when attempting
to study and model numerically the hydrodynamic and thermo-
dynamic processes at work within the OWCs during operation.
In order to better study these processes, the subsequent phase
of narrow tank testing was planned based on a single-chamber
OWC model as described herein. This model was constructed
with similar dimensions and cross-sectional profile to that of one
OWC chamber in the larger model. Various control components
can be added to and removed from the new model to investigate
in a systematic fashion the effect of each component. Theory to
numerically model the OWC in various configurations has been
developed. A comparison between the tank test results and those
obtained for a specific setup is presented.

Index Terms—tank testing, numerical modelling, oscillating
water column, control valves, plenum.

I. INTRODUCTION

Of the numerous wave energy conversion technologies

currently under investigation worldwide, perhaps the most

established is that of the oscillating water column (OWC).

A number of developers have considered the benefit of com-

bining wave energy conversion with offshore wind energy

conversion. One developer currently working on a combined

offshore wind/wave energy conversion plant is Wave Energy

Ireland Ltd. (WEI). The concept being developed envisages

a floating, V-shaped platform comprising multiple oscillating

water columns (MOWC) manifolded with airflow rectification

for use with a unidirectional turbine. One or more offshore

wind turbines would be installed on this platform. Proof-of-

concept testing on the wave energy conversion elements of

this platform was performed on a stainless steel, 1:50 scale

model in the ocean basin facility at the Hydraulic and Maritime

Research Centre (HMRC) located in Co. Cork, Ireland. During

this testing, air admittance valves were used to rectify the

air flow, and venturis were used to simulate power take-off

damping, as described in [1] and [2]. The primary focus of

the testing at the HMRC was on the energy captured by

the device in various configurations when subject to regular

waves. Some work on characterising the hydrodynamic and

thermodynamic behaviour of the device was performed, but the

large number of interacting components resulted in difficulty in

studying the behaviour of individual processes in the system.

To further investigate these processes, and also characterise

the individual components and provide data for the validation

of numerical models, a single-chamber, fixed OWC model of

similar dimensions to one chamber of the MOWC model was

constructed in marine plywood for test in a narrow tank facility

located at the Dundalk Institute of Technology (DkIT). As

noted by [3], there is a lack of available experimental data

for the validation of numerical models of OWCs. The work

outlined in [3], which has parallels with the work described

herein, details efforts towards a floating, MOWC using self-

rectifiying turbines. The main difference to the work in [3],

is the inclusion here of control components and additional

air volumes which can be introduced to the single-chamber

OWC model to investigate the effect of, and characterise,

each component in turn. This paper discusses the design and

construction of this model and the various configurations in

which the model was tested. Theory used for the generation

of a numerical model is presented, and some results from the

numerical model are compared to those obtained from the

narrow tank testing. Further, a methodology for the deriva-

tion and verification of the frequency dependent added mass

coefficients for an OWC based on results obtained from a

commercial hydrodynamic solver is presented.
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II. SCALE MODEL

The single-chamber OWC model was made primarily from

slices of marine plywood and spans the width of the DkIT

narrow tank. The model represents a single chamber of the

proposed MOWC device at a scale of 1:50. The geometry of

the wetted surface of this model is similar in form to that of

the wetted surface of the individual chambers described in [1].

Figure 1 is an exploded diagram illustrating the assembly of

the model. The chamber comprises a rounded front lip 1 , a

curved back wall 2 , two side walls 3 and 4 and top pieces

5 , 6 and 7 . To investigate the effect of control components

used during the tests described in [1], the model may be

reconfigured as described in Section IV below. Two 42-mm

holes are cut in 5 which snugly receive a standard Wavin

pipe of external diameter 42.75 mm. One of these holes is used

to instal an adjustable orifice in the form of an iris valve onto

the model, which may be used to introduce varying amounts

of quadratic damping to the water column (see Phase 2 of

the testing programme). These holes also allow air admittance

valves 8 , which allow air to flow in one direction only, to

be installed on the model during some phases of the testing.

Around these holes, rectangular tracks are routed in 5 . The

tracks allow for the installation of additional air volumes or

plenums 9 as required in certain test phases. Finally, two

plenums may be connected using standard Wavin fittings with

the iris valve 10 located between them.

Fig. 1: Exploded single-chamber OWC model diagram.

III. TEST FACILITY

The testing programme was conducted in a narrow tank

facility located at DkIT. The tank is 18 m long, 350 mm wide

and is filled to a depth of 1 m. The wavemaker comprises

a hinged, wedge-shaped flap driven by a servo-motor. The

setup incorporates a force feedback control system to reduce

the effect of reflected waves. An absorbing parabolic beach is

located at the opposite end of the tank from the wavemaker.

The tank was calibrated during the summer of 2014. During

this calibration process, all wave frequencies and amplitudes

used in the testing described herein were set with no model

installed using the same water depth as present during the test

described in Section IV. Reflections from the tank wall were

also measured and found to be within acceptable limits.

A range of sensors were fitted to the tank and the OWC model.

In order to record the free surface elevation within the tank,

resistive wave probes were used. Two such probes were located

at the transverse centre of the tank between the wavemaker

and the model to monitor the generated wave height and

frequency during the testing. A third wave probe measured

the free surface elevation behind the model. The motions of

the water column within the model were monitored by a fourth

wave probe located at the centre of the water column at still

water level conditions. Air pressure within the various air

chambers (described in Section II above) were measured using

176PC14HD2 differential pressure transducers. Data was ac-

quired and recorded using a USB-based CompactDAQ system

supplied by National Instruments Corp. Figure 2 illustrates a

schematic of the test facility and the model.

Fig. 2: Schematic of test facility with model.

IV. TESTING PROGRAMME

There were six distinct phases to the DkIT narrow tanking

programme.

Phase 1: This phase served to characterise the exciting force

acting on the water column. The air chamber above the water

column was first sealed, and the model was fixed in the tank

with the lip submerged to a depth of 77.5 mm. The model

was then subjected to regular waves of amplitudes ranging

from 5 mm to 30 mm, in increments of 5 mm, for frequencies

ranging from 0.4 Hz to 1.4 Hz, in increments of 0.1 Hz.

These wave conditions were chosen to represent the typical

range of waves found in the North Atlantic at a scale of 1:50,

and are equivalent to wave periods of 5 s to approximately

17.7 s and wave heights of 0.5 m to 3 m at full scale. During

this testing, the differential air pressure within the chamber

of air above the water column, and the motion of the water

column, were recorded. As air is effectively incompressible

at this scale, the motion of the water column is negligible,

as confirmed during this phase. Hence, the water column

is effectively held fixed during this phase. Assuming the

pressure of the air contained within the sealed chamber is

uniform throughout, the force acting on the water column
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can be found by multiplying the gauge pressure within the

chamber by the surface area of the water column itself at

any instant in time. This phase is modelled numerically using

Equations 1 and 2 with ṁi = 0, (see Section V).

Phase 2: The purpose of this phase was to characterise the

orifice (by determining the coefficient of discharge) and

investigate non-linear effects within the system. An adjustable

orifice was fitted to the base model using one of the 42-mm

holes in 5 to allow air flow between the air chamber above

the water column and atmosphere. The second 42-mm hole

was sealed. The damping applied to the water column through

the adjustable orifice was varied by changing the opening

diameter of the orifice from 5 mm to 30 mm in steps of 5

mm. The model was subjected to the same incident waves of

varying amplitudes and frequencies as in Phase 1 for each

orifice diameter. As in Phase 1, the motions of the water

column and the gauge pressure within the chamber were

recorded. For Phases 1 and 2, data was sampled at 32 Hz.

Phase 2 is modelled numerically using Equations 1, 2 and 3.

Fig. 3: Schematic of the OWC with an orifice (Phase 2).

Phase 3: This phase was designed to characterise the air

admittance valves. The variable orifice was removed and two

air admittance valves were installed on the model. If the

air pressure within the OWC was greater than atmospheric

pressure, air could flow through one valve from the OWC

chamber to atmosphere: this valve is termed the exhalation

valve. Should the air pressure within the OWC be less than

atmospheric pressure, air could flow from atmosphere through

the second valve into the OWC chamber: this valve is termed

the inhalation valve. It was found that for wave amplitudes

below 15 mm, the air pressure within the chamber did not

increase or decrease sufficiently to overcome the valve inertia

and stickage of either valve. As a result, data was only

recorded for wave amplitudes varying from 15 mm to 30

mm, in increments of 5 mm, for the same range of wave

frequencies as before. It was found that the minimum wave

amplitude required to generate sufficient pressure to overcome

valve inertia and stickage varied: the ambient temperature

and time since the valve last opened appear to be two of

the factors that influence this effect. As before, the water

column motion and the differential pressure within the air

chamber were recorded. It was found during this phase that

the pressure within the OWC chamber spiked as it overcame

the stickage in the valve. To fully capture this effect, the

sampling rate was increased to 1 kHz, and this rate was used

for the remaining phases of testing. Phase 3 is modelled

numerically using Equations 1, 2 and 4.

Phase 4: Phase 4 was intended to investigate the effect of

a single plenum installed so that air flowing from the OWC

chamber through the exhalation valve would discharge into

this plenum before discharging to atmosphere. The aim was

replicate the effect of one of the plenums which were used in

[1] to manifold airflow from multiple chambers as part of the

airflow rectification process and to smooth power delivery to

the power take-off. The variable orifice used in Phase 1 was

installed in the opening of the plenum. As before, various

wave frequencies, amplitudes and orifice opening-diameters

were tested. In addition to recording the motion of the water

column and the differential pressure within the chamber, the

differential air pressure in the plenum was also recorded

during this phase. The motion of the water column during

Phase 4 is modelled numerically using Equations 1 and 6 as

described in Section V. The pressure within the chamber is

modelled using Equation 2. The pressure within the plenum

is modelled using Equation 5 and the mass flow equations

are described in Table I.

Fig. 4: Schematic of an OWC with air admittance valves and

a single plenum (Phase 4).

Phase 5: Phase 5 was intended to investigate the effect of

installing a second plenum so that air flowing through the

inhalation valve into the OWC chamber would be drawn

from this second plenum. The variable orifice was removed

from the setup so that both plenums were in communication

with atmosphere through a single, identical 42-mm hole in

the lid of each plenum. In addition to the values recorded

in Phase 4, the differential pressure in the second plenum

was also recorded during this phase. The motion of the

water column during Phase 5 is modelled numerically

using Equations 6 and 8 as appropriate. The pressure

within the chamber is modelled using Equation 2. The

pressures within the plenums are modelled using Equations

5 and 7, and the mass flow equations are described in Table II.
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Fig. 5: Schematic of one OWC chamber with plenums

installed on the inhalation and exhalation valves (Phase 5).

Phase 6: The purpose of the final phase of testing was to

examine the effect of air compression within the system. In this

phase, both plenums were connected via Wavin fittings with

the variable orifice installed between them. This setup most

closely resembled that of the stainless steel MOWC model

tested in the HMRC. However, the air flow between plenums

in the testing on the MOWC model depends on the phase

difference between the motions of the water columns in that

system. In contrast, in the single OWC narrow tank testing, any

air flow between plenums which occurs can only arise due to

air compressibility, and will thus be minimal. The differential

pressure within the OWC chamber would thus be expected

not to differ significantly from that in Phase 1. The same

parameters were recorded during this phase as in Phase 5.

The motion of the water column during Phase 5 is modelled

numerically using Equations 6 and 8 as appropriate. The

pressure within the chamber is modelled using Equation 2. The

pressures within the plenums are modelled using Equations 5

and 7, and the mass flow equations are described in Table III.

Fig. 6: Schematic of one OWC chamber, the high- and

low-pressure plenum and conduit including orifice (Phase 6).

V. THEORY

The governing systems of coupled ordinary differential

equations (ODEs) used to represent numerically the model

are derived in [4]. The equations for each phase of testing are

outlined below. They are derived by considering the mass flow

rates and pressure changes throughout the system, as well as

the motion of the water column. The process by which the

mass flows are treated is similar to that described in [5].

In Phase 1, where no mass flow takes place, the motion of the

water column is described by the modified Cummins Equation

[6] presented in Equation 1. For this phase, and all subsequent

phases, it is assumed that the water column acts in a pumping

mode only, which is denoted by the subscript 7. Air pressures

are denoted by P , and the subscript i denotes a property

relating to the air chamber above the water column.

Fe = (m7 + a∞) Ü7 +

∫

∞

0

k7(t− τ)U̇7(τ)dt

+ c77U7 + (Pi − Patmos)×Aowc

(1)

In Equation 1 above, Fe is the exciting force due to the

incident wave, m7 is the mass of the water column, a∞ is

the infinite frequency added mass of the water column and

U7 is the vertical displacement of the water column from

the ‘at rest’ position. Patmos is atmospheric air pressure, c77
is the hydrostatic stiffness of the water column, while the

convolution term
∫

∞

0
k7(t−τ)U̇7(τ)dt represents the radiation

forces, or the so-called ‘memory effect’ of the water column

motions. The kernel of the convolution is represented by k7,

that is the impulse response function of the water column in

the pumping mode. Aowc is the cross-sectional area of the

water column. As the hydrodynamic parameters of the water

column are modelled using linear, potential codes, non-linear

forces, which are mainly due to viscous damping and vortex

formation, are neglected in the following analysis. Further-

more, for the wave conditions used, non-linear hydrodynamic

effects are minimal. The gauge pressure in the chamber, under

the assumption of adiabatic conditions, is given by:

∆̇P =
c2s
Vi

ṁi − γ
Pi

Vi

V̇i (2)

where cs is the speed of sound in air, Vi is the volume of

air above the water column within the OWC and γ is the heat

capacity ratio of air. In the above equation, ∆P = Pi−Patmos.

This equation applies to all phases and has been derived from

consideration of the first law of thermodynamics. The same

result was obtained in [7] for a reciprocating compressor. For

Phase 1, the first term on the right-hand side of Equation 2 is

zero as the mass of air in the OWC chamber, mi, is constant:

the flow of mass into or out of the chamber, ṁi, is zero.

In Phase 1, the motion of the water column is due to the

compression of air within the OWC chamber.

In Phase 2 of the testing, the OWC is in communication with

atmosphere through an orifice. In this figure, ho denotes the

original height of the air chamber. The motion of the water

column may be described by Equation 1 as before. Mass

flow of air into the chamber is considered positive, and mass
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flow out of the chamber is considered negative. Under the

assumption of incompressible flow, orifice theory [8] gives

the mass flow rate into or out of the chamber as:

ṁi = CdoAo

√

2ρair|∆P | × sign∆P (3)

where Cdo is the coefficient of discharge of the orifice and

Ao is the cross-sectional area of the orifice. The variation in

chamber pressure is given by Equation 2. The volume of air in

the chamber is proportional to the displacement of the water

column, and the rate of change of that volume is proportional

to the velocity of the water column. The above equations

are implemented to simulate numerically the OWC model to

generate the results presented in Section VII.

In Phase 3 the adjustable orifice was removed and two air

admittance valves were installed. A difference in pressure

across a valve causes a rubber diaphragm to lift and allows

airflow through the valve in one direction only. Equations 1

and 2 still apply. However, the mass flow rate through a valve

is given as [9]:

ṁi = CdvLghmax

√

2ρair|∆P | × sign∆P (4)

where Cdv is the coefficient of discharge of the orifice, Lg

is the distance between the rubber ring and the inside wall

of the valve and hmax is the height the rubber ring lifts. It

is assumed that the valves open and close instantaneously in

response to a pressure difference. The forms of Equations 3

and 4 are identical, i.e., a constant is multiplied by the same

function of a pressure difference. In Equation 3, this constant

is given by CdoAo, and in Equation 4, this constant is given

by CdvLghmax, assuming the two air admittance valves are

identical.

During Phase 4 an air plenum was installed on the model so

that the exhalation valve is in communication with the plenum,

and the plenum is in communication with atmosphere through

an orifice. In addition to the three equations required to model

Phase 2 numerically, a further two equations are needed to

model the system setup used in Phase 4 in order to describe

the rate of change of pressure, and the rate of change of mass,

within the plenum. As derived in [2], the rate of change of

pressure within the plenum, Ṗd, with respect to the speed of

sound, cs, the mass flow rate into or out of the plenum, ṁd,

and the volume of the plenum, Vd, is given by:

Ṗd =
c2s
Vd

ṁd (5)

The equations describing the mass flow rates and the motion

of the water column at any instant depend on the state of the

system. The term (Pi − Patmos)×Aowc in Equation 1 reflects

the force acting on the water column due to the relative change

of air pressure in the chamber with respect to atmosphere. In

Phase 4 this force depends on the state of the air admittance

valves. If the inhalation valve is open and the exhalation valve

is closed, Equation 1 applies. If the exhalation valve is open

and the inhalation valve is closed, Equation 1 is modified to:

Fe = (m7 + a∞) Ü7 +

∫

∞

0

k7(t− τ)U̇7(τ)dt

+ c77U7 + (Pd − Patmos)×Aowc

(6)

Further, the rates of change of the masses of air in the

chamber and in the plenum are governed by different equations

depending on the current state of the valves. These mass flow

equations are presented in Table I. The subscript o refers to a

property of the orifice between the air plenum and atmosphere,

and the subscript v refers to a property of an air admittance

valve. The sign of the pressure difference is omitted but

implied as shown in Equation 3.

TABLE I: Mass flow equations - Phase 4

Case Mass flows

Pi > Pd ṁi = −CdvLghmax

√

2ρair (Pi − Pd)

& Pi > Patmos ṁd = CdvLghmax

√

2ρair (Pi − Pd)

−CdoAo

√

2ρair (Pd − Patmos)

Pi < Pd ṁi = 0

& Pi > Patmos ṁd = −CdoAo

√

2ρair (Pd − Patmos)

Pi < Pd ṁi = CdvLghmax

√

2ρair (Patmos − Pi)

& Pi < Patmos ṁd = −CdoAo

√

2ρair (Pd − Patmos)

The setup in Phase 5 of the testing requires the introduction of

a further variable, Ps, which is the pressure within the plenum

from which the inhalation valve draws air. The mass flow rate

into or out of this plenum is termed ṁs. Table II presents the

mass flow rate equations depending on the valve conditions.

The variation in pressure within the plenum on the inhalation

TABLE II: Mass flow equations - Phase 5

Case Mass flows

Pi > Pd ṁi = −CdvLghmax

√

2ρair (Pi − Pd)

& Pi > Patmos ṁd = CdvLghmax

√

2ρair (Pi − Pd)

−CdoAo

√

2ρair (Pd − Patmos)

ṁs = CdoAo

√

2ρair (Patmos − Ps)

Pi < Pd ṁi = 0

& Pi > Patmos ṁd = −CdoAo

√

2ρair (Pd − Patmos)

ṁs = CdoAo

√

2ρair (Patmos − Ps)

Pi < Pd ṁi = CdvLghmax

√

2ρair (Ps − Pi)

& Pi < Patmos ṁd = −CdoAo

√

2ρair (Pd − Patmos)

ṁs = CdoAo

√

2ρair (Patmos − Ps)

−CdvLghmax

√

2ρair (Ps − Pi)

side is given by an equation with is analagous to Equation 5,

where Vs is the volume of the plenum on the inhalation side:

Ṗs =
c2s
Vs

ṁs (7)

As in Phase 4, the force acting on the surface of the water

column due to the pressure acting on it depends on the state of
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the valves. If the exhalation valve is open and the inhalation

valve is closed, Equation 6 applies. If the inhalation valve

is open and the exhalation valve is closed, this equation is

modified to:

Fe = (m7 + a∞) Ü7 +

∫

∞

0

k7(t− τ)U̇7(τ)dt

+ c77U7 + (Patmos − Ps)×Aowc

(8)

No further variables are required in Phase 6. The mass flow

rate equations for this phase are summarised in Table III.

Again, the force acting on the water column due to the pressure

TABLE III: Mass flow equations - Phase 6

Case Mass flows

Pi > Pd ṁi = −CdvLghmax

√

2ρair (Pi − Pd)

& Pi > Patmos ṁd = CdvLghmax

√

2ρair (Pi − Pd)

−CdoAo

√

2ρair (Pd − Ps)

ṁs = CdoAo

√

2ρair (Pd − Ps)

Pi < Pd ṁi = 0

& Pi > Patmos ṁd = −CdoAo

√

2ρair (Pd − Ps)

ṁs = CdoAo

√

2ρair (Pd − Ps)

Pi < Pd ṁi = CdvLghmax

√

2ρair (Ps − Pi)

& Pi > Patmos ṁd = −CdoAo

√

2ρair (Pd − Ps)

ṁs = CdoAo

√

2ρair (Pd − Ps)

−CdvLghmax

√

2ρair (Ps − Pi)

on the free surface depends on the state of the valves. If the

exhalation valve is open and the inhalation valve is closed,

Equation 6 applies. If the inhalation valve is open and the

exhalation valve is closed, Equation 8 applies.

The density of air within a chamber is one parameter upon

which a mass flow rate depends. This density varies due to

the compression of air. As shown in [10], for an adiabatic

process, the linearised relationship between air density and

pressure is given by:

ρair = ρatmos

(

1 +
P

γρatmos

)

(9)

VI. NUMERICAL MODELLING

Typically, the development of any protoype wave energy

converter comprises two complimentary strands: physical test-

ing and numerical modelling. Each strand informs the other,

with the goal of developing a reliable model which can limit

the need for further potentially expensive and time-consuming

physical testing. A number of tools were employed to solve the

coupled systems of ODEs used to represent the model OWC

mathematically. The equations were rewritten in matrix form

as a system of coupled first order ODEs. Each phase of testing

is modelled by a different system of coupled equations. By

way of example, Equation 10 illustrates the coupled first order

system for the OWC when configured with a single orifice

in communication with atmosphere (Phase 2). This system is

represented by:

Ẋ(t) = AX(t) +Bu(t) (10)

where X (1) = U7, X (2) = U̇7 and X (3) = ∆P =
(Pi − Patmos).
Using Equations 1 and 2 and making Ẋ(1), Ẋ(2) and Ẋ(3)
the subjects yields:

Ẋ(1) = U̇7 = X(2),

Ẋ(2) = Ü7 =
Fe

[m+ a∞]
−

∫

∞

0
k7(t− τ)X(2)(τ)dt

[m+ a∞]

−
c77

[m+ a∞]
X(1)−

Aowc

[m+ a∞]
X(3),

and

Ẋ(3) = ∆̇P =
cs2

Aowc[ho −X(1)]
ṁi+

γ (x(3) + Patmos)

[ho −X(1)]
X(2)

The matrices A, B and u of Equation 10 are now written as:

A =







0 1 0
− c77

[m7+a∞] 0 − Aowc

[m7+a∞]

0 γ(x(3)+Patmos)
[ho−x(1)] 0







B =







0 0

(Fe−
∫

∞

0
k7(t− τ)U̇7(τ)dt) 0

0 cs2

Aowc[ho−x(1)]







and

u =

[ 1
[m7+a∞]

ṁi

]

This system of ODEs can be expanded to model the re-

maining test phases. Once populated, the system is solved

using Runge-Kutta methods implemented in the programming

environment MATLAB. In order to populate the values of

these equations, AutoCAD is used to determine the volume

– and hence the mass – of the water column, as well as the

free surface area of the water column (to which the coefficient

of buoyancy is directly related). As the water column mass

and the coefficient of buoyancy vary with the height of the

water column, AutoCAD was used to determine these values

for water column heights varying in increments of 1 mm

around the still water level. By fitting quadratic curves, the

relationship between the displacement and the mass of the

water column, the displacement and the volume of air and the

displacement and the area of the water column can be included

in the numerical model. These values are recalculated at each

time step based on the instantaneous water column displace-

ment. The hydrodynamic parameters, such as the frequency

dependent exciting force, added mass and radiated damping,

are determined using the boundary problem solver WAMIT V7

[11]. WAMIT is a 3-dimensional solver, whereas the testing

described herein took place in a 2-dimensional tank. Thus, the

results must be considered caution. Future work will compare
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the 3-dimensional numerical results with some techniques to

generate 2-dimensional results from WAMIT and also with the

results of tank testing. However, the issues described in this

section remain valid.

Only the pumping mode, assigned the subscript 7, is consid-

ered. The geometry of the mean wetted surface of the model

OWC tested here, which is required as an input to WAMIT,

is generated using the CAD package, MultiSurf [12]. Figure 7

illustrates this geometry. Note that, for clarity, the free surface

of the water column is shown in blue in this figure.

Fig. 7: MultiSurf model of the mean wetted surface of

the OWC.

Initially, when solving the coupled system of ODEs described

in Equation 10, the impulse response function was constructed

from the frequency domain data obtained from WAMIT, and

Equation 10 was solved while performing the convolution

integral between the kernel, k7, and the velocity, U̇7, at each

time step. However, this is computationally expensive – see,

for example, [13] – and the convolution integral was replaced

with a state-space representation as described in [14]. This

process approximates the convolution integral with a state-

space system with zero initial conditions as follows:

ẊP (t) = ApXp(t) +Bpup(t)

yp(t) = CpXp(t) ≈

∫

∞

0

k7(t− τ)U̇7(τ)dt (11)

The order of the coupled ODEs in Equation 10 increases by

the order of the system in Equation 11, and the matrices A

and B are re-written as:

A =

















0 0

Ap

... Bp

...

0 0
0 . . . 0 0 1 0

−
Cp

(m7(t)+a∞) − c77(t)
(m7(t)+a∞) 0 − Aowc

(m7(t)+a∞)

0 . . . 0 γ(x(7)+Patmos)
(ho−x(5)) 0

















B =












0 0
...

...

0 0
Fe 0

0 cs2

Aowc[ho−x(1)]













The vector u remains unchanged. In order to populate and

determine the order of the matrices Ap, Bp and Cp above, the

Marine Systems Simulator (MSS) frequency domain identifi-

cation tool [15] developed at the Norwegian University of Sci-

ence and Technology (NTNU), was used. This toolbox requires

vectors comprising the frequency dependent radiated damping,

added mass and corresponding frequencies, and, optionally

the infinite frequency added mass, for the mode of motion

in question. The output is a state-space representation of the

radiation forces for that mode. However, it was found that

when the parameters determined by WAMIT for the pumping

mode of the OWC were passed to this tool, the resultant state-

space system (irrespective of what order system was generated

by the MSS toolbox) was unstable. Thus, the impulse response

of the state-space system did not approximate the impulse

response function constructed from the frequency dependent

radiated damping as found by truncating the integral given by:

K(t) =
2

π

∫

∞

0

B(ω) cos(ωt)dω (12)

This problem would appear to relate to the values calculated by

WAMIT for the added mass at higher frequencies and for the

infinite frequency added mass. A plot of the dimensionalised

added mass versus frequency as calculated by WAMIT can be

seen in Figure 8 labelled ‘Unreconstructed’. The dimension-

alised infinite frequency added mass returned by WAMIT V7

is given as 356 kg. The added mass curve should be asymptotic

to the infinite frequency added mass. However, not only is the

curve not asymptotic to the value calculated by WAMIT, this

value is also an order of magnitude greater than all other values

of added mass determined by WAMIT. Further, the form of the

added mass curve is unusual when compared to the equivalent

curve for one of the six rigid body modes of regular shapes

(see, for example [14]) in so far as, at high frequencies, the

values of the added mass for the water column tend towards

zero rather than towards the calculated (but anomalous) value

for the infinite frequency added mass. While the cause of this

issue is unknown at this time, it may relate to how WAMIT

solves for the radiation potential, and the tendency for Green’s

integral equations to become singular as the thickness of the

body (or part of the body) decreases [11]. Similar results

were yielded when the process was repeated for the predefined

unmodified cylindrical OWC in WAMIT, suggesting the issue

does not lie with the geometry of the model. Finally, it is

worth noting that the model geometry had previously been

analysed using WAMIT V6, and while the added mass versus

frequency curve was of similar form, the earlier version of

WAMIT calculated an infinite frequency added mass of 46.8

kg, which, while of the same order as the added mass values

calculated at non-infinite frequencies, is still greater than all
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the non-infinite frequency added mass values determined by

WAMIT V6.

However, the frequency dependent added mass and the time
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Fig. 8: Dimensionalised frequency dependent added mass

from WAMIT V7 and reconstructed from radiated damping

for the OWC shown in Figure 7.

dependent impulse response are related through the Kramer-

Kronig relation as follows:

A(ω) = A∞ −
1

ω

∫

∞

0

K(t) sin(ωt)dt (13)

Thus, it is possible to use the impulse response as constructed

from the radiated damping using Equation 12 to calculate the

added mass using Equation 13 once the correct value of A∞ is

known. While the radiated damping calculated by WAMIT for

the OWC (shown in Figure 9) would appear to be of the correct

form, in order to establish confidence in these values, a thin-

walled narrow pipe of draft 0.18 m and radius 0.0225 m was

modelled in WAMIT as a single dipole patch with a second

patch representing the water column surface. The radiated

damping of the water column in this pipe was determined in

WAMIT, and the results compared to those calculated using

the analytical solution given in [16] as:

B(ω) = Mω
π

2

(

b

a

)2

Kae−2Ka (14)

where M is the mass of the water column, a is the draft

of the pipe, b is the radius of the pipe and K = ω2

g
. The

comparison between these results is shown in Figure 10 where

the closed form results were obtained from the solution of

Equation 14. It can be seen there is good agreement between

these two data sets. However, before the frequency dependent

added mass values may be reconstructed using Equation 13

with the impulse response function constructed from radiated

damping values using Equation 12, it is necessary to determine

the appropriate value of A∞. It can be seen from Equation 13

that the shape of a curve plotting the frequency dependent

added mass determined from this equation against frequency

is not dependent on A∞. However, the y-intercept of this

curve is dependent on A∞. The curve labelled ‘Reconstructed’
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Fig. 9: Radiated damping calculated by WAMIT V7 for the

OWC shown in Figure 7.
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Fig. 10: Comparison of radiated damping calculated from

WAMIT V7 and closed form solution for a thin-walled pipe.

in Figure 8 illustrates the frequency dependent added mass

determined using Equation 13 with the radiated damping

values from WAMIT V7 and A∞ set equal to 23.55 kg. The

effect of varying A∞ would be to cause the y-intercept of

this curve to increase or decrease, and the ‘Reconstructed’

curve would follow, while retaining the shape shown in Figure

8. The value of A∞ used was chosen so that the values of

the reconstructed added mass would be coincident with the

unreconstructed values calculated by WAMIT V7 from 0 to 8

rad/s. Note further that the ‘Reconstructed’ added mass curve

is of similar form to those in the literature for rigid body

modes, for example [14]. The reconstructed added mass values

found using Equation 13, the infinite frequency added mass

value of 23.55 kg and the radiated damping values calculated

by WAMIT V7 were used as inputs to the MSS toolbox. The

resulting state-space system is stable, and Figure 11 illustrates

the comparison between the impulse response for this state-

space system and the impulse response determined using
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Equation 12. It can be seen that good agreement exists between

the two suggesting that the approach used to determine a value

for the frequency dependent added mass values and for A∞

is valid in this case.
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Fig. 11: Comparison of the impulse response of the pumping

mode of the OWC as constructed from Equation 12 and the

impulse response of the state-space approximation.

Consider now the exciting force. For the two-dimensional case,

the Haskind relation between the magnitude exciting force and

the radiated damping is given by [17]:

|Fe(ω)| = A

√

ρg2

ω
B(ω) (15)

where A is the wave amplitude. The relationship between the

magnitude of the exciting force and radiated damping for the

heave mode of a body in the three-dimensional case is given

by:

|Fe(ω)| = A

√

4ρgVg

K
B(ω) (16)

where

Vg =
g

2ω
,K =

ω2

g

Figure 12 illustrates the magnitude of the exciting force for

mode 7 of the OWC as calculated by WAMIT V7, and the two-

(Equation 15) and three-dimensional (Equation 16) Haskind

forces based on the radiated damping calculated in WAMIT

V7 for the OWC shown in Figure 7. If it is assumed that the

radiated damping is correct, it can be seen that the magnitude

of the exciting force calculated by WAMIT appears to be a

combination of the two- and three-dimensional Haskind forces.

Future work will compare the results shown in this figure

with some techniques to generate 2-dimensional results from

WAMIT and also results from tank testing.

VII. SAMPLE RESULTS

Work on calibrating and validating the numerical model

based on the results of the narrow tank testing is ongoing. By

way of example of the efforts towards producing a validated

model, some results from a single test run during Phase 2 of
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Fig. 12: Exciting force acting on the pumping mode on the

water column shown in Figure 7 calculated by WAMIT V7,

and showing the 2-D and 3-D Haskind forces calculated

from the radiated damping.

the testing are compared to the prediction from the current

numerical model. This numerical model uses a value of 23.55

kg for the infinite frequency added mass and a state-space

approximation for the convolution integral as determined from

the reconstructed added mass values derived as above in Equa-

tion 1. A value of 0.6 for the coefficient of discharge is used

in Equation 3 as recommended in [8]. Figure 13 illustrates the

predicted gauge pressure in the OWC chamber plotted against

that obtained during the test for a wave amplitude of 20 mm,

with a frequency of 0.4 Hz and an orifice opening diameter

of 20 mm, equivalent to a full-scale wave of amplitude 1 m

and period 17.7 s. At this frequency, the motion of the water

column is dominated by the pumping mode. Figure 14 shows
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Fig. 13: Gauge pressure in OWC chamber as predicted by

numerical model and measured during tank test.

the predicted pumping motion of the water column compared

to that observed during the test. It can be seen that good

agreement has been obtained for the water column motions
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in this instance.
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Fig. 14: Water column displacement as predicted by

numerical model and measured during tank test.

Good agreement has also been obtained for the inhalation

pressures for the specific test conditions listed. However,

the exhalation pressures are over-predicted by the numerical

model. The gauge pressures in the OWC chamber obtained

during the narrow tank testing exhibit asymmetry about zero.

This pattern is apparent for all tests during Phase 2, and the

asymmetry increases as the amplitude of the water column

motion increases. It was considered that this effect may be due

to the nature of the iris valve employed, which comprises a

number of moving, overlapping segments. However, the effect

is also present in the results obtained during Phase 3 of the

testing when the iris valve was not employed. As noted in

various texts including [10], the processes at work within the

chamber are not identical for the inhalation and exhalation

stages. As observed in [10], the air mixing process takes place

outside the OWC chamber during exhalation, but inside the

chamber during inhalation. The results here suggest that the

assumption of isentropic conditions may be valid during the

inhalation phase, but may not be valid during the exhalation

phase. Some success has been had in modelling the exhalation

phase as an isothermal process, work which it is hoped will

be the subject of future publications.

VIII. CONCLUSIONS

A programme of narrow tank testing on a single, fixed OWC

has been completed. Data has been gathered which may be

used to characterise various control components and explore

non-linear effects within the system. This work continues and

will serve to inform future numerical models of a floating,

MOWC device. A process to overcome an issue with the

values calculated by WAMIT for the frequency dependent

added mass and infinite frequency added mass for use with the

frequency domain identification toolbox produced by NTNU

has been presented. Theory to model the behaviour of an

OWC with an orifice in which the convolution term in the

Cummins Equation is replaced by a state-space system has

been introduced. For a presented instance, the numerical

model successfully predicted the motions of the water column.

However, while the numerical model predicted the gauge

pressure within the chamber during the inhalation phase of

the motion of the water column with a degree of accuracy,

it was less accurate during the exhalation phase for this case.

This is possibly due to the assumption of isentropic conditions,

and the numerical model will be refined in further work to

investigate this phenomenon.
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