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behaviour and the turbine design and control remain in
a development stage.
This article gives a detailed description of the test rig
and presents the most relevant results obtained in the
first phase of testing. These results are analysed for the
test rig validation and provide relevant information for
the study of OWC devices. They are then compared
with thermodynamic models to analyse the
measurement equipment and study the power take off
flow calculation methods.

Abstract
In the development of the Oscillating Water
Column (OWC) device, difficulties remain
regarding the monitoring system and the scaling
methods required for the characterisation of device
performance. It is especially difficult to measure the
water level in the air chamber and the flow passing
through the turbine (or orifice at smaller scale).
This leads to difficulties in analysing and
understanding the device behaviour.
An experimental test rig at 1/50th scale has been
built which is capable of recreating the
thermodynamic conditions in an OWC and
accurately measure the relevant physical quantities.
A servomotor controls the motion of a piston
through a cylinder, modelling the forcing water
surface in the plenum chamber. An adjustable
orifice fitted on the other side of the chamber
models the behaviour of an OWC turbine or
equivalent power take off mechanism.
In this paper, the engineering design and the
operational results of this test rig are presented in
detail and compared with a basic thermodynamic
analysis for validation and further understanding.
These results cast a new light on flow and
temperature measurement methods and on the use
of orifice for model testing.
In further investigations, this test rig, in parallel
with a numerical model, will be used to look at
scaling methods and orifice/damper design with
passive and active control.
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Figure 1: Test rig picture.
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1. Introduction
This article presents an experimental test rig built to
recreate the thermodynamic conditions in a 1/50th scale
Oscillating Water Column (OWC) device for wave
energy extraction. The OWC device is one of the most
developed devices for ocean wave energy extraction
having reached various sea trials of full scale
prototypes. However, the theories on chamber
Figure 2: Test rig picture.
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2.1. Mechanical design
The test rig,
rig, shown in
in Figure 1 and Figure 22, is used
to reproduce aan
n OWC chamber. The structure is
composed of a cylinder and an airtight
airtight piston. The top
of the chamber vents to atmosphere through an orifice,
this can be adapted to other power take off
mechanisms. The lower end of the cylinder is closed
with a piston and O--ring
ring seal.
seal. The walls of the cylinder
are coated with a lubricated
lubricated fluid to minimise the
friction and to enhance the air
air-tightness
tightness of the O-ring
O ring
seal An electrical servomotor with a rotation-to
seal.
rotation totranslation gearing system is used to control the piston
linear motions. The piston motion offset can be
modified within the length
length of the cylinder in order to
control the average volume of air within the chamber
and study its effect
effect on thermodynamic
thermodynamics.
For the purpose of this article, all tests were made
with either a closed chamber or with a power take off
simulated with a circular orifice. The detail of the
actuation system is depicted in Figure 3.

2.3. Motion ccontrol
ontrol system
The piston motion is controlled through a
servomotor and a servodrive (MOOG T200) which is
capable of generating any motion profile within its
design capabilities (speed, acceleration…) as
mentioned in Table 1.
1 The servomotor position target is
provided by aann analogue input (+/
(+/- 10V)
10V).. The signal is
produced by a waveform generator capable of creating
periodic signals (sinusoidal, steps and triangular) or
pre programmed arbitrary signals,
pre-programmed
signals, for example
reproducing measured water column elevation data
data.
2.4. Monitoring system
The monitoring system
system is composed of a series of
sensors detailed below and a National Instruments
Instrument
CompactRio acquisition system with LabView
interface on a remote computer.
computer
The data collected include:
• Motor torque
torque: data provided by the servo
drive.
• Motor position: measured
measured by a resolver
integrated in the servomotor
servomotor. The
servodrive is designed to analyse and
amplify the resolver signal.
signal
• The linear force between the linear actuator
and the piston measured with a Wheatstone
bridge S--beam
beam load cell.
• The pressure inside the chamber on the top
plate (not in proximity to the orifice)
orifice
measured with a different
differential
ial pressure
sensor
sensor.
• The temperature inside the chamber in the
central part of the chamber away from the
piston and the orifice using a 0.025mm
diameter type J thermocouple.
diameter
The data acquisition system is able to collect and
store data at frequencies up to 200 Hz.
2.5. Possible modifications for OWC
The test rig has been designed so that it can be
modified for different tests
tests. The chamber upper plate
and the orifice can be replaced to modify the
their
ir
geometry. Any type of power take off can be fitted in
place of the orifice.
The volume of air in the compression chamber can
be modified by varying the piston average height or
connecting additional volumes out
outside
side the chamber.
This volume modifies the performance of the OWC [1].
].

Figure 3:
3 Test rig configuration drawing

2.2. Design
Design parameters
The test rig has been designed in order to represent
an OWC at the model scale typically utilised in wave
basins device testing.
testing The scaling factor is taken here as
1:5
1:50
0, although the exact value depends on the full scale
device design
design.. The test rig dimensions and capabilities
are listed in Table 1.
Cylinder diameter
Cylinder length
Top plate opening
Piston stroke
Linear force
Motor torque
Piston speed
Piston acceleration
Minimum period for
sinusoidal motion

3. System verification

300 mm
450 mm
100 mm
280mm
0mm
640 N
2 Nm Continuous (3 Nm Max
Max)
0.6 m/s (250rad/s)
2.5 m/s2 (1250 rad/s2)
1.5 sec. with 250 mm stroke
0.5 sec. with 50 mm stroke

3.1. Air leaks
The cylinder has been specially built to create a
precision cylinder shape and a smooth surface. An OO
ring seal along with a silicone-based
silicone based lubricant is used
to seal the piston with the cylinder. As a result, air
leak can be considered as negligible. This has been
leaks
verified by fully closing
clos
the chamber and measuring the
pressure loss using a motionless piston over a long
period with various pressure values
values.

Table 1: Test rig design parameters
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3.2. Piston friction
Measurements show a high and non linear friction in
the system due to the presence of the air tight seal
between the piston and the cylinder. For that reason,
the load cell is not used as a secondary measurement of
the pressure inside the chamber.
3.3. Electrical and mechanical harmonics
The monitored signals contain irregularities due to
electrical interference and vibration of the piston.
However, the noise to signal ratio is not exceeding a
few percent and has a frequency higher than 50Hz
which can be isolated from the oscillation frequencies
of about 1 Hz at this scale. This allows an accurate
filtering of the data.
Figure 4: Pressure comparison (measured and estimated from
adiabatic transformation)

4. Closed chamber tests
For the closed chamber tests, the chamber is fully
closed with a solid plate sealing the orifice location.
The piston motion is sinusoidal monochromatic.
Within an enclosed volume, the thermodynamic
behaviour of the air can easily be modelled. This test
can be used with a simplified numerical model for the
verification of the system.

The results obtained on the pressure comparison
show a small difference between the measure pressure
and the estimated pressure. This validates both the
pressure measurement and the accuracy of the piston
positioning system.
4.3. Thermocouple verification
It is always difficult to measure the temperature in a
rapidly changing environment [2]. A very thin
thermocouple (junction diameter 0.025mm) is used in
order to reduce the response time which is proportional
to the thermal inertia of the thermocouple.
The temperature sensor is evaluated comparing the
measured temperature and the estimated temperature
from the ideal gas law in Equation 1. In this equation,
the volume and pressure are derived from
measurements on the test rig as the accuracy of the
volume and the pressure measurement has been
demonstrated previously.

4.1. Thermodynamic assumptions
The physical quantities (Pressure, temperature) of
the air inside the chamber vary around their average
values during successive compression and expansion
phases. The relative amplitude of the variation is small
and it is therefore possible to make several
thermodynamic assumptions without introducing
significant errors:
• the air is considered as an ideal gas (see
Equation 1)
• the transformation is considered adiabatic
(see Equation 2)
• the air temperature and pressure are
considered homogeneous within the
chamber
These assumptions are used in this section to
estimate the theoretical air temperature and pressure
and to evaluate the quality of the data collected by
comparing the measured values to the theoretical
values.
In Equation 1 and Equation 2, P and T are the
Pressure and temperature of the air inside the chamber.
V is the volume of air in the chamber and γ is the
adiabatic coefficient (equal to 1.4 for air at 20 deg.C)
Equation 1: ࡼࢂൗࢀ ൌ ࢙࢚ࢇ࢚ (ideal gas law)
Equation 2: ࡼࢂࢽ ൌ ࢙࢚ࢇ࢚ (Adiabatic)

Figure 5: Temperature comparison (measured and estimated
from the ideal gas equation)

4.2. Pressure sensor verification
The accuracy of the pressure sensor is high as it is
calibrated and has a negligible time delay. The
measured pressure is also compared with the theoretical
pressure estimated from the Equation 2. In this
equation, the volume is given by the piston position.
The comparison is shown on Figure 4.

The temperature measured follows the theoretical
curves with lower amplitude and a time delay of about
35 ms. The ratio between estimated and measured
temperatures amplitudes is approximately 35% at wave
frequencies of about 1 second. A better correlation is
only achieved in a closed chamber with long periods
above 10 seconds.
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4.4. Temperature measurement influence
The ideal gas law may be used to estimate the
pressure inside the chamber based on a volume and
temperature measurement. Figure 6
shows the
measured pressure (Pm) together with two estimated
pressures based on the ideal gas law. The first estimate
(Pe_inst) is based on the instantaneous temperature
measured from the thermocouple. The second estimate
(Pe_avg) is based on the average measured
temperature.

Figure 7: Measured quantities from chamber with 19mm
orifice

5.2. Air pressure and chamber volume
The relation between the pressure inside the chamber
and the rate of change of the chamber volume (piston
flow) is shown in Figure 8. Despite the good
repeatability of the measurement, there is a significant
hysteresis effect.

Figure 6: Temperature influence on Pressure estimation

Figure 6 shows a difference of about 15% between
Pm and Pe_inst, and a 25% difference between Pm and
Pe_avg. Therefore, the effect of the temperature on the
estimated pressure is significant and use of the
instantaneous measured temperature leads to a
significant improvement in pressure estimation despite
the limited accuracy of this temperature measurement.

5. Orifice tests
In this section, the chamber is opened on the top
with a 19mm diameter circular orifice. In OWC model
scale tests, power take off is often emulated with an
orifice where the scale is too small for the use of a
turbine. The orifice models the effect of the turbine
pressure damping and allows the estimation of
aerodynamic power from the air pressure and air flow
through the orifice.

Figure 8: Pressure and volume flow correlation with
monochromatic sinusoidal piston oscillations

In order to investigate this hysteresis effect, various
flow calculation methods are presented in Section 7.
5.3. Temperature measurement
Regarding the temperature measurement, an
important difference has been observed between the
case of a closed chamber and that of a chamber with an
orifice. Assuming a homogeneous temperature within
the chamber, it is possible to use the same equation
with the orifice as in the closed chamber case (Equation
1 and Equation 2) so the relation between pressure and
temperature amplitudes should be similar. However,
with air flowing through an orifice, the temperature
amplitude measured is higher than in a closed chamber
(see Figure 9). This new temperature measurement is
closer to the theoretical value, which may be due to an
improved heat exchange by convection around the
thermocouple. The ratio between measured and
estimated temperature oscillation amplitude is around
35% in a closed chamber and around 60% in a chamber
with an orifice.

5.1. Observation on thermodynamic variables
This section describes the effect of the orifice on the
thermodynamic variables in the air chamber under
monochromatic sinusoidal motion of the piston.
With an orifice, the pressure and the temperature do
not follow a sinusoidal curve similar to the chamber
volume change. This phenomenon is illustrated in
Figure 7 where the piston oscillation follows a perfect
sinusoidal curve. The pressure and temperature curve is
closer to the square of a sinusoid with a multiplying
factor corresponding to the sign of the air flow
direction (compression or expansion).
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Temp. amplitude(deg.K)

The orifice pressure damping follows a curve where
the pressure drop is proportional to the square of the
flow through the orifice.

Closed Chamber
Expected with adiabatic transformation
Chamber with orifice
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7. Orifice flow calculation

6

The orifice flow is not directly measured on the test
rig. The initial method which consists of using the rate
of change of the chamber volume was seen to introduce
hysteresis. Therefore two other estimation methods
were used and are presented in this section.
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7.1. Piston flow
The initial method consists of using the piston
motion (multiplication of the piston speed by the area)
giving the rate of change of the chamber volume. The
result is called the piston flow (Qp).

Pressure amplitude (Pa)

Figure 9: Temperature versus pressure variation amplitudes
in sinusoidal piston motion

The temperature difference between measurement
and theory may be due to:
• non homogeneity of the air temperature
within the chamber
• limited heat transfer between the air and the
thermocouple
• non validity of the assumptions made
(adiabatic transformation and ideal gas)

7.2. Ideal gas law and chamber volume
In order to improve the accuracy of the piston flow,
a numerical analysis using the ideal gas law and the
chamber volume change is utilised to take air
compressibility into account. In Equation 4, the
pressure, volume and temperature measured in the
chamber are used to estimate the instantaneous air mass
present in the chamber. This mass is then differentiated
in Equation 5 to estimate the flow through the orifice.
in these two equations, Qpg is the volume flow
estimated through the orifice, P, T and m are the
pressure, the temperature and mass of the air inside the
chamber, V is the volume of the chamber, r is the
specific gas constant and ρ is the air density.

6. Orifice calibration
An orifice can be characterised by a discharge
coefficient as there is an accurate correlation between
flow and pressure drop in steady state conditions. This
relationship is outlined in Equation 3 where Cd is the
discharge coefficient, which is dependent on the orifice
geometry, Pr is the pressure drop between both sides of
the orifice, A is the orifice area and Q is the volume
flow through the orifice. In this section, a 19mm
diameter circular orifice is used.
Equation 3:

Equation 4: PV=m*r*T
Equation 5: Q pg

Q = A *Cd 2 * Pr

7.3. Orifice flow with orifice equation
A different approach consists of using the orifice
flow equation to give a relationship between the
pressure and the flow across the orifice. This
relationship is given in Equation 3.
However, the flow in an OWC is highly unsteady
and this equation accuracy needs to be verified in OWC
conditions.
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7.4. Flow comparison
The flow discrepancy between these three methods
is of the order of a few percent. However, in the graph
giving the pressure versus flow (Figure 11) the
comparison of the flow calculations results can explain
the piston flow hysteresis. Most of the hysteresis
observed when using the piston flow is removed by

0.01

-1000
-1500

1 d (m(t ) ) V( t ) d (m( t ) )
=
ρ (t ) dt
m( t ) dt

The main uncertainty in this calculation is due to the
temperature measurement which has a limited
accuracy. However, the theoretical temperature change
for the highest pressures measured is 4 degrees (or 1%
of the absolute temperature). That would lead to an
error of only 1% in the flow estimation. Given
theoretical-to-measured temperature ratio of 60% (in
section 5.3), the error in flow estimation would be
around 0.4%.

The advantage of the piston test rig over wave basin
or ocean tests is that it has the capacity to establish a
constant piston speed providing a period of flow in
aerodynamic steady state. During this period, the
orifice flow is approximately equal to the piston flow
(no compression effect in the chamber). By setting
various speeds in both direction (compression and
expansion), an accurate representation of the orifice
pressure damping curve can be obtained as shown in
Figure 10.

1000

(t )

=

Volume flow (m^3/s)

Figure 10: Calibration of a 19mm circular orifice with orifice
equation (Equation 3)
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introducing air compressibility. The remaining
hysteresis needs further investigation with an improved
estimation of the temperature measurement and
verification of the assumptions made. The orifice
equation gives a similar orifice flow with no hysteresis.

The linear motion actuation system can also be
adapted for other applications. The possibility of
creating any wave oscillation motions in a dry
environment increases the quality of the results and
simplifies the testing procedures.
Researchers working on other wave energy devices
showed a special interest in using the linear motion for
the test of special equipments such as:
• Linear power take off
• Devices with linear motion input
• Calibration of motion sensors and cameras
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Figure 11: Flow estimation comparison
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The test rig presented in this paper can have a wide
range of applications in wave energy research and
development. For the OWC device, it provides accurate
monitoring facilities for the observation and validation
of the theoretical thermodynamic behaviours in the air
chamber.
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different orifice flow calculation methods in a
controlled environment. This highlighted the problem
with using the piston position (or water surface
elevation in a real OWC) to calculate the orifice flow,
namely this method introduces a hysteresis effect in the
flow and pressure comparison as it does not take into
account the air compressibility. It is therefore
recommended to calibrate the OWC power take off
with an accurate estimation of the pressure damping
coefficient. This damping coefficient can then be used
with the pressure drop to estimate the instantaneous air
flow.
The temperature measurement is the most difficult
due to the rapidly varying environment and the small
heat transfer coefficient between the air and the
thermocouple material. The use of a very fine
thermocouple allows the measurement of about 60% of
the temperature oscillation amplitude in a chamber with
orifice. This provides a significant improvement for the
study of the temperature variations and the
thermodynamic behaviours within an OWC air
chamber. However, regarding flow estimation, it is
observed, from thermodynamic analysis, that impact of
temperature variations is limited.
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