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Abstract—A novel technique to measure the frequencydependent hydrodynamic parameters of an oscillating water
column (OWC) using tank testing is proposed. This technique
arose from investigations into the effect on the power absorbed
by OWCs of air compressibility in the chamber above the
water column. Two models of an OWC were constructed for
that investigation. For the first model, the volume of the air
chamber above the water column was scaled geometrically by
the factor to which the water column was scaled. For the
second, the volume of the air chamber was scaled by the
square of the factor to which the water column was scaled. The
proposed technique to measure the hydrodynamic parameters,
which eliminates the need for a forced-oscillation rig, uses these
two OWC models, and relies on water column motion which
takes place due to air compression when the air chamber of the
second model is sealed from atmosphere. The technique described
for monochromatic waves. Results obtained from the testing of
an OWC are presented. Spectral methods are applied to the
technique, and then implemented to measure the parameters of
the model OWC. This allows multiple frequencies to be analysed
using a single set of tests.
Index Terms—Oscillating water column, air compressibility,
hydrodynamic parameters, tank tests, spectral analysis.

I. I NTRODUCTION
As part of ongoing efforts to develop a floating, multipleOWC combined wind/wave energy platform, a numerical
model of a single, fixed OWC was implemented as described
in [1]. The hydrodynamic parameters required for the numerical model were obtained from the boundary element method
solver WAMIT [2]. Comparisons between the predictions
made by the numerical model, with the results obtained from
narrow tank testing of a physical OWC, found good agreement
for some incident wave conditions, while for other wave
conditions the agreement was poor.
A separate investigation using the physical model described
in [1] into the effect of air compressibility on the behaviour of
small-scale physical models of OWC devices was undertaken.
This model is referred to as ‘Model 1’ herein. As discussed
in, for example, [3] and [4], the effect of the compressibility
of the air within an OWC device above the free surface can
be linearised and modelled as a spring. However, when tank
testing is performed at atmospheric pressure, the air spring
effect does not scale correctly if the air volume above the
free surface of the water column is scaled in accordance
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with Froude scaling i.e. the cube of the scaling factor. One
approach to including the effect of the air spring at small
scale is to scale the air volume by the square of the scaling
factor, while the wetted surface of the physical model remains
scaled in accordance with Froude scaling. This approach was
approximated in, for example, [5]. As part of the investigation
into the effect of air compressibility that led to the current
work, a second physical model of the OWC was constructed.
The volume of air above the water column for Model 1 used
in [1] was scaled geometrically, whereas the volume of air in
the chamber of the second model, referred to as ‘Model 2’
herein, was scaled by the square of the scaling factor.
The approach to measuring the hydrodynamic parameters
of an OWC proposed in the current work uses the wave
maker of a wave tank to excite the water column during
fixed-body oscillation tests, which are performed on Model
1. During fixed-body tests, the air chamber above the water
column is sealed from atmosphere. As the volume of air is
small and almost incompressible, the water column may be
considered fixed during fixed-body tests. Forced-oscillation
tests are performed on Model 2. As for the fixed-body tests, the
air chamber is sealed from atmosphere, and the wave maker
is used to excite the water column. Due to the compressibility
of the large volume of air contained within the enlarged air
chamber of Model 2, motion of the water column will occur.
The need for a separate forcing rig when physically measuring
the hydrodynamic parameters of the OWC is thus eliminated.
In this work, the novel approach to measuring the hydrodynamics for an OWC is first described for monochromatic
waves. The proposed method is then extended to make use
of spectral methods using polychromatic waves. Preliminary
results of the implementation of the method in both monochromatic and polychromatic waves are presented. Finally, a second variant of forced-oscillation testing, which eliminates the
need for the enlarged air box, is proposed.
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II. D ETERMINING H YDRODYNAMIC PARAMETERS USING
M ONOCHROMATIC WAVES
For a fixed, single OWC operating in the pumping mode,
the equation of motion in the frequency domain for the water
column, under the assumption of linear conditions, is given
by:


F e7 (ω) = C77 − ω 2 (M7 + A77 (ω)) + jω(B77 (ω)) U7
+∆P (ω) × Aowc

(1)

In Equation 1, F e7 (ω) refers to the frequency-dependent
exciting force acting on the water column due to the incident
wave, M7 refers to the mass of the water column, A77 (ω)
refers to the frequency-dependent added mass of the water column in the pumping mode, B77 (ω) is the frequency-dependent
radiation damping in the pumping mode, C77 refers to the
hydrostatic stiffness of the water column, and U7 represents
the vertical displacement of the water column from the ‘at
rest’ position, ∆P (ω) refers to the difference in pressure
between the air chamber and atmosphere, and Aowc is the
cross-sectional area of the water column.
A method for experimentally measuring the hydrodynamic
parameters of a rigid body is well established, see, for example, [6]. A fixed-body test is used to measure the exciting
force acting on a body due to an incident wave. During a
fixed-body test, a body is held fixed in a wave tank. The
body is then subjected to incident waves, and the force acting
on the body is measured using force transducers. A forcedoscillation test may be used to determine the added mass and
radiation damping coefficients of a body. The body is driven
about the still-water position in the absence of waves. The
motion of the body is known, and the force acting on the body
may be recorded. This information may be used to determine
the added mass and radiation damping coefficients for the
frequency of oscillation at which the test is performed. A
forced-oscillation test to measure the added mass and radiation
damping coefficients may be conducted for any frequency of
interest by driving the body at that frequency.
Fixed-body and forced-oscillation tests may be adapted to
measure the hydrodynamics of an OWC as described in, for
example, [7] and [8]. When performing a fixed-body test on
an OWC, the water column is held fixed by completely sealing
the air chamber above it. The OWC is then subject to incident
waves, and the exciting force may be determined by measuring
the pressure in the air above the water column using a pressure
transducer. In this case, Equation 1 reduces to:
F e7 (ω) = ∆P (ω) × Aowc

(2)

A time series of the exciting force acting on the water
column may be obtained by multiplying the time series of
the gauge pressure measured in the chamber by the area of
the water column. The exciting force may be transformed
into the frequency domain using a Fourier transform. While
some motion of the water column can occur due to the
compressibility of the air above it, this effect is negligible at
the model scales used here when the air chamber of the OWC

is scaled geometrically [9]. Care must be taken to ensure the
air chamber is fully sealed during fixed-body tests.
The method to measure the exciting force acting on the
water column of Model 1 used herein is identical to that
described in [7], and takes the form of a fixed-body test. As
mentioned above, for Model 1 the wetted surface, and the
volume of air above the water column in the OWC chamber,
are Froude-scaled. Model 1 was installed in a wave tank.
The air chamber above the water column was sealed, and
the model was subject to monochromatic, incident waves
of low amplitude to minimise non-linear effects. For each
frequency of interest, a separate test was performed. For each
test, the time series of the differential pressure in the air
chamber was recorded. The pressure time series was converted
to the exciting force time series using Equation 2, before
being transformed into the frequency domain using a Fourier
transform.
Typically, forced-oscillation tests are performed using a
forced-oscillation rig which, for model OWCs, takes the form
of an air hose connected to the air chamber which drives
the water column through the application of positive and
negative pressure. As for the fixed-body tests, the force acting
on the water column would be measured using a pressure
transducer, and the instantaneous free surface elevation of the
water column would be measured using a wave probe located
in the OWC chamber. From this information, the frequencydependent added mass and radiation damping would then be
determined. It is the forced-oscillation test proposed herein
that differs from that used typically.
The forced-oscillation tests described herein were performed using Model 2. As mentioned above, Model 2 includes
a large airbox above the water column constructed so that the
volume of air within the airbox is reduced by the square of
the scaling factor as proposed in [5]. This volume of air is
sufficiently large to allow the water column to move due to air
compression, even when the airbox is completely sealed from
atmosphere. Model 2 is then subject to the same incident wave
conditions to which Model 1 was subject during the fixed-body
test. For Model 2, with reference to 1, U7 6= 0 as the water
column may now move due to the compressibility of the large
volume of air. In this case, Equation 1 does not reduce further.
U7 is recorded by a wave probe located at the centroid of the
free surface of the water column. ∆P is also recorded, and
then multiplied by Aowc in order to determine the force acting
on the water column due to both the compression of air in the
airbox in response to the motion of the water column and the
exciting force due to the incident wave. In effect, the wave
maker is being used to force-oscillate the water column. Both
the force and displacement signals can be transformed into the
frequency domain using Fourier transforms. With knowledge
of the mass, M7 , and the coefficient of buoyancy, C77 , of the
water column, which may be determined from the geometry of
the water column, and using F e7 , measured using the fixedbody method, the only remaining unknown terms in Equation
1 are A77 and B77 , which may be found for each frequency
tested as follows:
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C77 − ℜ
A77 =

F e7 −∆P ×Aowc
U7

ω2
ℑ

B77 =

h

h

F e7 −∆P ×Aowc
U7

i

− M7

i

(3)
(4)

ω

Equations 3 and 4 may be used to find the added mass
and radiation damping for the water column once the phases
between F e7 (as determined from the fixed-body tests on
Model 1), U7 and ∆P × Aowc (as measured in the forcedoscillation tests on Model 2), are known.

x (t)
y (t)
h (τ )
X (f )
Y (f )
H (f )

represents the stationary input
represents the output
represents the impulse response of the system
represents the Fourier transform of x (t)
represents the Fourier transform of y (t)
is the frequency-dependent, Fourier transfer function between X (f ) and Y (f )

H (f ) is the Fourier transform of h (τ ).
The two-sided, autospectral density function, Sxx (f ) for
an input time signal x (t) is related to the autospectral density
function, Sxx (f ) for an output signal y (t) by:
2

III. D ETERMINING H YDRODYNAMIC PARAMETERS USING
P OLYCHROMATIC WAVES
System identification of linear systems may be performed
based on spectral analysis as described in [10] and [11]. Using
the method outlined in Section II, separate fixed-body and
forced-oscillation tests must be performed for each frequency
of interest in order to measure the hydrodynamic parameters
at the corresponding frequency. However, in principle, the
frequency-dependent parameters of a linear system can be
identified from a single set of tests during which the system is
excited by a random, stationary and ergodic input. The ratio
between the input to a frequency-dependent linear system,
and the output of the same system, is termed the frequencydependent transfer function of the system. Spectral analysis
allows for the determination of the transfer function for such
a system when the system is excited by an input as described
above, once both the input to, and output of, the system are
known, for frequencies that are contained within the spectrum
of the input signal. Ocean waves can be considered stationary
and ergodic over the time scale of a few hours (see, for
example, [12]), and the pseudo-random sea-states generated
by the narrow tank are stationary and ergodic, once the system
is run for a sufficiently long period of time. An OWC in which
the water column moves in response to an incident wave can
be considered a single-input/single-output (SISO) system, with
the exciting force, F e7 , as the input and the water column
displacement, U7 , as the output. The frequency-dependent
hydrodynamic parameters of the system may be found from
the transfer function between F e7 and U7 . An SISO system
can be represented graphically in the time domain and the
frequency domain as shown in Figure 1.
x (t)

X (f )

h (t)

H (f )

y (t)

Y (f )

Fig. 1. A single-input/single-output system in the time domain and the
frequency domain.

In Figure 1:

Syy (f ) = |H (f )| Sxx (f )

(5)

Similarly, the two-sided, cross-spectral density function,
Sxy (f ) of the two time signals, x (t) and y (t) are related
by:
Sxy (f ) = H (f ) Sxx (f )

(6)

In Equations 5 and 6, the frequency may be either positive or
negative, and both Syy (f ) and Syy (f ) are two-sided. In terms
of one-sided spectral density functions, which are defined for
positive frequencies only, 5 and 6 become:
Gxy (f ) = H (f ) Gxx (f )
2

Gyy (f ) = |H (f )| Gxx (f )

(7)
(8)

where:
Gxy (f )
Gxx (f )
Gyy (f )

is the one-sided cross power spectral density of
x (t) and y (t)
is the one-sided power spectral density of x (t)
is the one-sided power spectral density of y (t)

The frequency-dependent transfer function of an SISO system may thus be written:
H (f ) =

Gxy (f )
Gxx (f )

(9)

A full treatment of the theory underpinning spectral analysis
may be found in, for example, [10]. Spectral analysis may
be used to determine the frequency-dependent hydrodynamic
parameters of an OWC based on Equation 1. Equation 1 may
be recast into the form of an SISO system as follows:
[F e7 (f ) − ∆P (f ) × Aowc ] =


C77 − ω 2 (M77 + A77 (f )) + jωB77 (f ) U7 (f )

(10)

The SISO in Equation 10 may be represented graphically
as shown in Figure 2.
[F e7 (f ) − ∆P (f ) × Aowc ]

H (f )

U7 (f )

Fig. 2. The SISO system representation of the relationship between
[F e7 (f ) − ∆P (f ) × Aowc ] and U7 (f ) for a single-chamber OWC.
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In Figure 2, H (f ) is the Fourier transfer function between
[F e7 (ω) − ∆P (ω) × Aowc ] and U7 (ω). Equations 3 and 4
may then be recast in terms of H (f ) and used to determine
the added mass and radiation damping for each frequency
component in [F e7 (ω) − ∆P (ω) × Aowc ] as follows:
ℜ {H (f )} = C77 − ω 2 (M77 + A77 (f ))

(11)

ℑ {H (f )} = ωB77 (f )

(12)

and hence:
B77 (f ) =

ℑ {H (f )}
ω

(13)

C77 − ℜ {H (f )}
− M77
(14)
ω2
Note that herein, F e7 (f ) was obtained from a fixed-body test
using Model 1, while ∆P (f ) and U7 (f ) were obtained from
a forced-oscillation test using Model 2.
Equations 13 and 14 can be used to determine the hydrodynamic parameters of an OWC once F e7 (t), ∆P (t) and
U7 (t) can be measured. It is also possible to experimentally
determine the frequency-dependent transfer function between
U7 and η, where η is the wave elevation at the centroid of
the water column. η may be determined by measuring the
free surface elevation in the tank in the absence of the OWC
model, at the point where the centroid of the water column
would be.
Note that, in order to demonstrate the validity of applying
spectral methods to the determination of hydrodynamic parameters, the authors carried out a preliminary investigation
into this approach. In that study, spectral methods were used
to recover the hydrodynamic parameters of a cylinder from the
simulated motions of the cylinder in response to a polychromatic input. The hydrodynamic parameters used to create the
simulation were obtained from WAMIT, and were successfully
recovered from the simulated results for the cylinder using the
methods described above.
A77 (f ) =

IV. E XPERIMENTAL M ETHOD
In this section, the method
in Sections II and III was
hydrodynamic parameters of
described for both mono- and

by which the theory described
implemented to measure the
the OWC described in [1] is
polychromatic waves.

A. Monochromatic Technique
1) Fixed-body Test: Model 1 was first installed in the
narrow tank, and the air chamber above the water column was
carefully sealed using silicone. The airtight seal was verified
by subjecting the model to large regular waves. Leak spray
was used to locate any air escaping from the air chamber,
and any leaks were then sealed, again using silicone. This
process was repeated as necessary to ensure the air chamber
was completely sealed from the surrounding atmosphere.

Fixed-body tests were then performed for wave frequencies
of 0.4 Hz to 1.2 Hz, in increments of 0.05 Hz. These tests
were run for wave amplitudes of 5 mm, 10 mm and 15 mm,
so that the effect of non-linearities, such as viscous damping,
could be observed. Thus, a total of 51 frequency/amplitude
pairings were examined.
During the fixed-body tests, the variation in pressure within
the air chamber, the motions of the water column and the free
surface elevation at a point up-wave of the OWC chamber
were recorded, using a sampling rate of 128 Hz. This relatively
high sampling rate was used to allow the results of multiple
tests be aligned, as described below. Data was recorded once
steady-state conditions had been reached for all tests. Figure
3 illustrates a schematic of the fixed-body test set-up.
During the tests, the signal from the wave probe located in
the chamber can be monitored visually to ensure no movement
of the water column takes place, and to confirm not only that
the chamber remains airtight, but also to confirm the small
volume of air within the chamber is effectively incompressible.
2) Forced-oscillation Test: Once the fixed-body tests were
completed, Model 1 was removed from the tank, and Model 2
was installed in the tank. Care was taken to ensure that Model
2 was positioned so that the location of the water column
relative to the wave maker was identical to that for Model 1
during the fixed-body tests. A custom-made locator jig was
constructed for this purpose. Care was also taken to ensure
that the up-wave wave probe remained in the same location
relative to both the wave maker and the water column. Model
2 was now subject to the identical tests to which Model 1 was
subject during the fixed-body tests, while the same signals
were recorded at the same sampling rate. Figure 4 illustrates
a schematic of Model 2 installed in the narrow tank.
The results obtained from the fixed-body tests, using Model
1, and the forced-oscillation tests, using Model 2, were then
combined to determine the hydrodynamic parameters of the
water column. The purpose of the measurements obtained
using the wave probe located up-wave of the OWC model is
to allow the results from a fixed-body and a forced-oscillation
test of the same amplitude/frequency pairing to be aligned.
The location of this wave probe may be seen in Figures 3
and 4. Once the up-wave probe remains in the same location
relative to the wave maker and the water column for a pair of
fixed-body and forced-oscillation tests, the time series of the
wave elevation at the location of the wave probe may be used
to align the phases of the results from the two separate tests.
A number of methods to align data sets were explored, including the cross-correlation of the signals, or using the Hilbert
transform of the signals. A third method, a fast Fourier transform (FFT) technique, described below, was selected, as FFTs
are also required elsewhere by the technique to determine the
hydrodynamics of the OWC. An FFT is performed on the free
surface elevation time series data from the up-wave probe for
the fixed-body test. By selecting the frequency bin with the
greatest amplitude in the resultant transform, the magnitude
and phase of the dominant frequency within the time series
is found. These correspond to the magnitude and frequency
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Fig. 3. Schematic of Model 1 installed in the narrow tank at DkIT.

Fig. 4. Schematic of Model 2 installed in the narrow tank at DkIT.

of the incident wave during the fixed-body test. Likewise, an
FFT is performed on the up-wave free surface elevation for
the forced-oscillation test, and the magnitude and frequency
of the incident wave during the forced-oscillation test found.
The angle between the up-wave free surface elevation during
the fixed-body test, and the corresponding signal during the
forced-oscillation test, may now be found, once the frequency
of the incident wave is known. Terming this angle β, the
time offset between the phases of the incident wave during
the fixed-body test and the incident wave during the forcedoscillation test may now be found using Equation 15:
Time Offset =

β × Wave Frequency
2π

(15)

Data from the forced-oscillation test is then offset by the
appropriate number of time steps so that the phase of the
incident wave for both the fixed-body and forced-oscillation
tests are equal. The data obtained from both tests can now be
considered temporally aligned, and Equations 3 and 4 may be
used to determine the hydrodynamic parameters of the OWC.

B. Polychromatic Technique
The method by which the hydrodynamic parameters were
measured using spectral techniques also requires a fixed-body
test, performed using Model 1, and a forced-oscillation test,
performed using Model 2. First, however, it was necessary to
ensure that the narrow tank at DkIT is capable of repeatably
generating the same polychromatic waves as input to the
separate tests.
1) Tank Repeatability: In order to investigate if the tank
is capable of reproducing a pseudo-random wave elevation
time series, a Bretschneider spectrum with T e = 0.85 s
and Hs = 0.03 m was created. The wave maker was used
to generate the Bretschneider spectrum for three hours with
no model installed, and the free surface elevation recorded
at a point midway between the wave maker and the beach.
The spectrum was run three times to create three time series
of the free surface elevation at the same point in the tank.
Figure 5 illustrates a Bretschneider spectrum with the wave
spectrum with T e = 0.85 s and Hs = 0.03 m, and the power
density spectrum of the time series of the free surface elevation
recorded during one of the three-hour test runs when no model
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series of free surface elevation is termed X23 .

1.6 · 10−4

Surface variance density (m2 /s)

1.4 · 10

Theoretical
Measured

−4

TABLE I
C ROSS - CORRELATION FACTOR B ETWEEN T HREE T IME S ERIES IN THE
NARROW TANK .

1.2 · 10−4
1 · 10−4

Cross-correlation Factor
X12
X13
X23
0.9976
0.9955
0.9964

8 · 10−5
6 · 10−5
4 · 10−5
2 · 10−5
0

0

0.2

0.4

0.6

0.8

1
1.2 1.4
Frequency (Hz)

1.6

1.8

2

2.2

2.4

Fig. 5. Bretschneider spectrum used to verify repeatability of pseudo-random
wave generation of the narrow tank at DkIT.
20
Run 1
Run 2
Run 3

15

Wave elevation (mm)

10
5
0

As can be seen, there is a very high level of correlation
between the three signals, in excess of 99%, and this could
possibly be improved further with a higher sampling rate
allowing for more precise alignment of the signals. However,
the cross-correlation factor alone is insufficient to ensure the
wave spectrum generated by the narrow tank is repeatable.
Consider a time series, y1 = x (t), and a second time
series which comprises of the first scaled by a linear factor,
y2 = Ax (t), where A is the linear factor. The cross-correlation
between y1 and y2 , Xy1 Y2 = 1. The high cross-correlations
in Table I demonstrate that the shapes of the times series of
the free surface elevation for the three tests are very similar,
but are not necessarily the same magnitude. To check that the
magnitude of the free surface elevation is also repeatable, the
RMS value of the free surface elevation recorded in the three
tests was calculated, and the results are presented in Table II.

−5

RMS

−10
−15
−20

12

14

16

18

20

22
24
26
Time (secs)

28

30

32

34

36

Fig. 6. Three time series of free surface elevation in the narrow tank.

was installed in the tank.
The cross-correlation function was used to find the best fit
between the time series measured by the wave probe midway
between the wave maker and the beach for the length of
the three series, and two of the time series were offset as
appropriate so as to temporally align the signals. A sample of
the aligned signals is illustrated in Figure 6.
Once aligned, two measures were used to assess the repeatability of the signal: the cross-correlation factor and the root
mean square (RMS) of the signal. The cross-correlation factor
between each pair of three-hour signals is calculated. A value
of 1 indicates a total positive correlation, a value of -1 indicates
a total negative correlation and 0 indicates no correlation [13].
Table I lists the cross-correlation factor between all possible
pairings of the three signals. The correlation factor between
the first and the second time series of free surface elevation
is termed X12 , the correlation factor between the first and the
third time series of free surface elevation is termed X13 , and
the correlation factor between the second and the third time

OF THE

TABLE II
WAVE E LEVATION R ECORDED D URING T HREE T IME S ERIES
IN THE NARROW TANK .
RMS of wave elevation
Run 1
Run 2
Run 3
5.3090 mm 5.3104 mm 5.2082 mm

As can be seen, the RMS value of the wave elevation
remains consistent throughout the three tests. Note that while
the position of the wave probe used to create the results shown
in Table II was not altered, the probe was re-calibrated between
the second and third sets of measurements, which may explain
the slight difference in the RMS value for the third run when
compared to the first two. Based on the cross-correlation factor
and the RMS value, it can be seen that the tank is capable
of repeatedly generating pseudo-random wave elevations at
different times.
A fixed-body test was conducted in which Model 1 was
subject to an incident wave spectrum shown in Figure 5.
Model 2 was then installed in the tank so that the location
of the water column matched that as for Model 1 during the
fixed-body test, and a forced-oscillation test was performed
using the identical spectrum. The results from the two tests
were temporally aligned using the initial time series of the
up-wave probe, before reflected or radiation waves from the
model begin to manifest at the up-wave probe location, from
the two tests. The two time series were cross-correlated to find
the temporal offset between the wave maker starting and the
beginning of data recording. This offset was then used to align
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the data sets so that the measurements between tests might be
considered as ‘simultaneous’.

35
5 mm
10 mm
15 mm

30

V. R ESULTS

A. Monochromatic Results

25
Added mass (kg)

In this section, the results obtain for the hydrodynamic
parameters of the model OWC measured, as described above,
are presented.

The magnitude of the frequency-dependent exciting force
acting on the water column, determined using Equation 2,
is shown in Figure 7. The exciting force values have been
normalised by the wave amplitude so that the results for 5 mm,
10 mm and 15 mm waves can be directly compared.
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Fig. 8. Variation in added mass vs. frequency.
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0
−20

Fig. 7. Variation in normalised exciting force vs. frequency.

−40
0.4

Figure 8 illustrates the frequency-dependent added mass for
the OWC found by implementing Equation 3, while Figure 9
illustrates the frequency-dependent radiation damping found
by implementing Equation 4 for the three amplitudes used
during the monochromatic tests.

50

B. Polychromatic Results

45

The results obtained for the added mass and radiation
damping for the model OWC from the polychromatic tests
using Equations 13 and 14 are shown in Figures 10 and 11.

40

0.5

0.6

0.7

0.8
0.9
Frequency (Hz)

1

1.1

1.2

1.3

Fig. 9. Variation in radiation damping vs. frequency.

Added mass

The results obtained using the method proposed for measuring the hydrodynamics of an OWC suggest that the method
has potential, but also raise some issues which could be investigated further in future work. Consider first the added mass
results obtained using the methods described in Sections II
and III. As can be seen in Figure 8, for monochromatic waves,
a strong level of consistency has been obtained between the
added mass results determined for the three different incident
wave amplitudes used across the range of wave frequencies.
Furthermore, close agreement has also been obtained for
the added mass determined using both monochromatic and

Added mass (kg)

VI. D ISCUSSION
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Fig. 10. Added mass vs. frequency for single-chamber OWC using spectral
analysis.
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Fig. 12. Comparison between the added mass for a single OWC determined
using mono- and polychromatic waves, as described in Sections II and III.

polychromatic waves, as can been seen in Figure 12, where the
results for the added mass as measured using monochromatic
waves with an amplitude of 15 mm are overlaid on the added
mass as measured using polychromatic waves.
This consistency in the added mass results would suggest
that the proposed measuring technique has merit. The added
mass and radiation damping results for the OWC obtained
using the numerical software tool WAMIT [2], which are
described in [1], are shown in Figures 13 and 14. Comparing
the added mass values obtained numerically and the values
obtained experimentally herein shows that while the form of
the added mass versus frequency curves obtained numerically
and experimentally do not agree, the magnitudes of the experimental results are of the expected order.
The results illustrated in Figure 9 for the radiation damping
found using monochromatic waves show good agreement
between the different amplitudes of incident wave used to
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Fig. 14. Frequency-dependent radiation damping calculated by WAMIT.

perform the tests, suggesting that the motions involved were
not sufficient for viscous damping to have a significant effect. Also, an outlier is clearly seen for each amplitude at
0.9 Hz. Furthermore, the radiation damping curves in Figure
9 dip below zero, which is not realistic. Figure 15 compares
the results obtained for the radiation damping using monoand polychromatic waves. Note that the outlier at 0.9 Hz,
which is not present in the polychromatic waves, has been
removed from the monochromatic example in this figure.
As is the case for the added mass, the order of magnitude
for the radiation damping values obtained numerically and
experimentally are the same. However, the agreement between
the results obtained using monochromatic waves and those
using polychromatic waves is not strong. Nonetheless, once
the outlier has been removed, the radiation damping results
obtained using monochromatic waves do have the expected
form of a radiation damping curve, with a peak damping
between 0.5 Hz and 0.6 Hz. A number of possible explanations
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Fig. 15. Comparison between the radiation damping determined using monoand polychromatic waves.

for the anomaly at 0.9 Hz, and for the difference in the
radiation damping results for the mono- and polychromatic
waves, are suggested below.
A. Issues with the Process for Measuring the Hydrodynamics
of an OWC
There are a number of possible explanations for the outliers
that occur, and for the discrepancy between some of the results
presented in this paper. First is the assumption that the OWC
moves only in a piston-like fashion, analogous to a heaving
body. This neglects sloshing modes. However, such modes are
present. During the testing that was performed using Model
2, a camera trained on the water surface was installed in the
air box, which clearly showed the presence of sloshing modes
in the motion of the water column, which were particularly
pronounced at the higher frequencies used during the testing.
Such sloshing will obviously manifest on the readings from
the wave probe located within the OWC chamber and call
into question the assumption that the wave probe located at
the centroid of the water column surface is measuring only
the heave mode of the water column at high frequencies.
Furthermore, given the curved geometry of the OWC used
herein (which can be seen in Figures 3 and 4), run-up of the
incident wave on the curved surface of the back wall of the
chamber is likely exacerbating the sloshing modes.
Potential sources for error may also have arisen when Model
1 was replaced in the tank with Model 2. Every caution was
taken to ensure the water columns were positioned identically
in the tank, and that the location of the internal wave probes
within the chambers was the same. However, slight positioning
differences can effect the outcome of the analysis, particularly
given how small the phase difference between signals, such as
the pressure signal for the fixed-body tests and the equivalent
signal during the forced-oscillation tests, can be. Related to
this is the need to temporally align data from different tests.
The potential for error here is clear, and the best fit can only
be achieved to a precision of one sample time step.

Another possible source of error is that it is not known
how effective the narrow tank paddle is at absorbing wave
reflections, in particular those at higher frequencies. Previous
work has shown that the beach in the narrow tank at DkIT
is effective in absorbing waves, and that, when no other
obstruction is present in the tank, the wave maker is calibrated
to accurately generate the waves requested. However, for high
frequency waves, where the energy in the wave is located
towards the top of the water column, much of this energy
can be reflected back towards the wave maker by a model in
the tank. If the wave maker is not effectively removing this
reflected energy, the energy may be partially reflected back
again towards the model by the wave maker. This reflected
energy may thus potentially interfere with the incident wave
as experienced by the model.
These issues suggest ways in which the process for measuring the hydrodynamics of an OWC might be improved in
the absence of a dedicated forced-oscillation rig, and further
follow up work that could be carried out on the topic. Firstly,
to address the issue of sloshing within the OWC chamber,
the process could be perfected using a simple, box-like OWC
designed so as to minimise run-up over the range of frequencies of interest. For such an OWC, the assumption that the
water column acts in a piston-like mode only would be more
valid. Once the process was perfected for a single-mode water
column, it could potentially be developed further to include
sloshing modes. The use of multiple wave probes to record
the motion of the water column at several points within the
chamber in the direction of wave travel would allow the motion
of the free surface to be better captured, and the different
sloshing modes of the water column could be decomposed
from the time series measured by the multiple wave probes.
To explore whether waves are being reflected from the wave
maker during a test, experiments could be performed in a large,
3-dimensional tank. Such a setting would minimise the effect
of any wave energy reflected, rather than absorbed, by the
wave maker, although different results would be expected for
the hydrodynamics in the 3-dimensional case when compared
to the 2-dimensional case [14].
The ability of the wave maker to create virtually identical
free surface elevation time series has been demonstrated. Thus,
the need to align data sets could be eliminated if the same
action used to start the wave maker was also used to start the
data acquisition system, which is not currently implemented
at the DkIT narrow tank, where the wave maker and data
acquisition system are currently entirely isolated from each
other. A system to begin recording at the same moment the
wave maker is initiated would seem a sensible improvement
to the current setup.
It has been noted that the phase difference between some
signals, notably the pressure signals obtained during the fixedand forced-oscillation tests, is small, and thus any error in
measurement would have a large effect on the results obtained
for the hydrodynamics. However, if confidence can be had
in one or other of the added mass or radiation damping, the
other could be found using the Ogilvie Relations [15] derived
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from the Kramers-Kronig Transform or the Hilbert Transform
[16], in a process similar to that used to reconstruct the added
mass from the radiation damping for the numerical model, as
described in [1].
B. Future Work
The relationship between the pressure drop across an orifice,
and the volumetric and mass flow rate of air through the orifice
is not linear [17]. When an OWC with an orifice is acted on by
a monochromatic incident wave, the variation of air pressure
within the OWC chamber does not vary linearly with respect
to time. For Equation 1 to be valid, it must be possible to
transform all parameters into the frequency domain, that is to
say, all parameters must vary linearly with time. It is for this
reason that the forced-oscillations test were performed using
Model 2, since by introducing a large volume of air which is
sealed from the atmosphere above the water column, motion
of the water column in response to an incident wave can occur,
while the air pressure in the large air volume above the water
column will vary linearly.
However, it is possible to configure an OWC so that the
pressure varies linearly while still allowing airflow into and
out of the chamber, if the OWC may be linearly damped. The
non-linear variation in air pressure within an OWC chamber
fitted with an orifice can be understood as a consequence of
the non-linear mass flow of air through the orifice. However,
it is possible to allow airflow between the chamber and atmosphere, and hence allow water column motion for for Model
1 in response to an incident wave, while also producing close
to linear pressure variations within the chamber. Linear air
pressure variation with water column motion can be achieved
by covering an orifice with a permeable membrane. Such an
approach has been used in previous work to model the damping characteristics of a Wells Turbine on an OWC, and carpet
tiles are one form of permeable membrane that have been
used [18]. Future work may investigate the implementation of
a forced-oscillation test as described in Sections II and III on
an OWC fitted with a permeable membrane. Should it prove
possible to induce linear pressure variations in air trapped
within the OWC chamber, the results thus obtained may
then be transformed into the frequency domain. The results
obtained could then be used to determine the hydrodynamic
parameters of an OWC without the need for an additional large
airbox as used herein.
Another possible avenue of investigation is to use the admittance approach to modelling an OWC based on susceptance
and conductance as described in [19]. The fixed-body test
would be replaced by a fully-open, undamped OWC, although
sloshing could be a significant issue with this approach, which
has not been explored at this time.
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