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A B S T R A C T

To calculate the amount of wave energy captured by an oscillating water column (OWC) converter, we need
to measure some fluid dynamic quantities, like pressure and discharge fluctuations, along the fluid motion. In
general, direct measurements of the particle velocity is a complicated matter, especially on OWCs provided
by a U-duct, in which the presence of the velocity sensor disturbs the motion field. A method to evaluate the
energy captured by the plant, by measuring pressure and temperature of the air inside the plenum chamber is
here investigated. In this work, we have analyzed the performance of the measurement technique, investigating
the influence of the time response of the temperature sensor, through a numerical experiment, using the CFD.
We have observed that the measurement of the captured power is strongly affected by the time response of
the sensor. Therefore, we have designed a measurement optimization technique which actively corrects the
temperature measurements, compensating for the errors in the estimation of the energy flux, due to insufficient
response time.
. Introduction

In recent decades a huge effort has been dedicated to the develop-
ent and optimization of technologies for the production of electrical

nergy from renewable sources. Among the many solutions investi-
ated, one of the most interesting is the possibility to use sea waves
nergy to produce electricity in an economically sustainable way [1].
ave energy is an unlimited source and, for this reason, it covers an im-

ortant role for achieving renewable energy goals, by transformation of
he kinetic energy of the waves into electric energy [2]. To convert the
nergy of the motion of the waves into electricity, devices called Wave
nergy Converter (WEC) are used. There are many WEC devices, either
lready built and mounted at sea and also others, more innovative, still
nder development and research. They can be classified according to
he position, with respect to the coast in which they are installed, the
osition with respect to the motion of the waves, and according to their
perating principle [3].

The OWC systems, which use the motion of the wave to produce
nergy, consist of a reinforced concrete or steel structure. The structure
f an OWC consists of a partially submerged chamber, with an opening
nder the waterline from which the water enters and compresses the
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air that remains in the upper part of the chamber. The air, then leaves
the chamber, passing through a turbine, used to produce electricity [4].
When the water level drops, air enters the chamber from the atmo-
sphere and flows in the opposite direction through the turbine. As a
result, low-pressure Wells turbines are often used in these types of
systems, which rotate in the same direction regardless of the airflow
direction, eliminating the need for airflow rectification [5].

The OWC systems are the most widely studied systems to convert
sea wave energy. Among their advantages there are simplicity and
robustness [6]. Currently there are many implementations of OWC sys-
tems under development with demonstration applications in different
countries and, in some cases, even connected to the electricity grid.
Among the many systems, the most important devices, which are in the
prototype phase or installed are: ’’OSPREY’’ in U.K. [7], ’’Pico’’ [8] and
’’Duoro’’ in Portugal, ’’LIMPET’’ in Scotland [9], ’’Sakata’’ in Japan [10],
’’Mutriku’’ in Spain [11], ’’Mighty Whole’’ in Japan [12], and ’’U-OWC’’
in Italy [13–18]. The latter, also known as U-OWC, gets its name from
its shape, which enables the system to harness wave energy without
allowing direct entry of waves into the structure. This way, the waves
act as an external force with higher efficiency [13]. In this work we
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focus on the characterization of a submerged U-OWC system. It is a
completely submerged device, consisting of a caisson with a vertical
inlet duct and a pressurized air cushion in the upper part of a chamber.
The natural oscillation frequency of the water column varies depending
on the air pressure in the chamber. When this frequency approaches
that of the waves, the system absorbs energy, causing a reduction in
the wave motion. Electricity is then generated by a hydraulic turbine
located in the vertical duct [19].

For characterizing the producibility of these types of plants, we need
to evaluate the percentage of kinetic energy transported by the waves
absorbed by the system, and therefore available for conversion. The
hydrodynamic efficiency of an OWC system can be calculated as the
ratio between the pneumatic power and the average energy flux of
the incident waves. This is known as the Capture Ratio. In emerging
plants, the pneumatic power available to the Power Take Off (PTO)
is estimated. In submerged systems, since there is no exchange of air
mass with the atmosphere, the estimation of performance must be done
through a combined measurement of pressure and velocity in the duct
or chamber.

Several Authors proposed different experimental setups to calcu-
late the Capture Ratio, utilizing different techniques to determine the
energy flux into the chamber. Each setup involves the use of various
sensors to measure the required quantities. In emerged converters,
the most commonly used devices are wave height meters [20], based
on Doppler effect sensors [21], rotational systems [22], radar level
sensor [23], pressure sensors [24]. While in the submerged devices, the
most used sensors are the pressure transducers [13].

Specifically, in the case of U-OWC, the flow rates in different
sections are linked to each other by the mass conservation law. By
measuring the flow rate at the inlet duct, it is possible to calculate the
water discharge into the chamber, necessary for the calculation of the
system efficiency [25].

This implies the need to measure the speed, which can be done using
direct or indirect speed measurement methods. For direct detection,
rotational measurement systems are widely used and easy to operate.
By counting the revolutions and angular velocity, these systems enable
the determination of fluid velocity. In the case of U-OWC, this type
of sensor can be installed in the vertical duct, where the flow velocity
distribution is more homogeneous along a section than in the chamber,
where there is a free surface. Anyway, the placement of an obstacle in
the duct can introduce a disturbance in the flow, affecting both the
accuracy and the plant performance. In addition, mechanical systems
are more prone to wear and breakage and require periodic cleaning
of the rotating parts from the marine vegetation. Another emerging
measurement technique involves the use of Acoustic Doppler Current
Profiler (ADCP) systems to detect the absolute speed of water. Their
operating principle is based on Doppler effect, in particular the Doppler
shift [26]. The problems related to their use is that they are often bulky
and require batteries and an internal data logger. In addition, periodic
interventions are necessary to prevent battery depletion and the growth
of algae on the transducers [7].

The other possibility is to indirectly measure the speed of water,
by measuring the instantaneous displacement of the water surface
inside the chamber, and deriving it to obtain the velocity. Three types
of sensors are commonly used for water level measurements: float
meters, pressure sensors [27] and non-contact distance meters [27–
29]. For applications on U-OWC systems, the main methods involve
the use of pressure sensors or ultrasonic distance meters [17]. Water
level detection with non-contact sensors has the advantage that the
instrument is not directly exposed to water, making it more robust to
erosion effects [30]. Ultrasonic devices operate by generating a pulse
or series of pulses in the ultrasound range and measuring the time
it takes for the device’s receiver, often a piezoelectric transducer, to
detect the pulses [30,31]. This solution has some critical aspects, since
ultrasonic systems, to work properly, need to be installed at a precise

◦
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angle (90 ) respect to the surface to be detected, so as to receive the
echoes reflected by the water surface. In presence of a sloped surface,
such as inside the chamber of a U-OWC, there may be missing echoes
that could compromise the accuracy of the measurements. Additionally,
maintaining the sensors can be challenging as the housing site may not
be easily accessible. Ultrasonic sensors require frequent monitoring as
the formation of patinas or condensation could affect their proper func-
tioning. In addition, to improve measurement accuracy, the variation
in the speed of sound in air due to changes in temperature and density
should be considered [32]. As previously mentioned, pressure sensors
can be utilized in this type of application, as they offer a fast response
time, high precision, and durability. By measuring the pressure at well-
defined points using a pair of sensors, it is possible to calculate the
acceleration and integrate velocity of the water [33]. Unfortunately,
they are too bulky to be installed in the vertical duct of a small scale
U-OWC [26].

Moreover, all the instrumentation mentioned above has to be wa-
terproof and it is non-miniaturizable, so that it cannot be used in scale
experiments, that are very common in this research area [34–39].

To overcome all the above cited difficulties, in [40] it is proposed
an innovative indirect measurement system, based on the measurement
of thermodynamic quantities of the air mass inside the plenum, such as
pressure and temperature, using commonly used sensors, like pressure
sensors and thermocouples. Compared to the methods described above,
the proposed approach offers several advantages. Firstly, it does not
interfere with the hydrodynamics of the system, thus minimizing any
impact on the plant’s performance. Secondly, it employs widely avail-
able, robust, and cost-effective sensors. Additionally, the sensors are
positioned within the air chamber, allowing for improved durability
since they are not in direct contact with seawater.

The method was applied to verify whether a strong natural reso-
nance can be obtained by tuning the mass of air pocket inside the
plant and checking the computational algorithm. No details were given
concerning validation procedure of the proposed methodology. The
present work aims at validating and upgrading the method above cited.
To this aim, we reproduced numerically an experiment on a U-OWC
rel.1 plant, having the same size of the physical one tested by [13,40],
and subjected to the same waves having the same energy content as
the sea waves.

Section 2 presents the method to estimate the plant performance
and prescribes the 2D numerical simulations. Section 3 presents thew
results of the numerical simulations and check the 1D mathematical
model. Section 4 characterizes the thermal measurement system and
carries out the correction necessary to overcome the insufficient time
of response of the gauge. Section 5 summarizes the result of the work.

2. The wave-U-OWC interaction

2.1. Estimation of the captured energy

U-OWCs are wave energy converters characterized by the presence
of a vertical conduit before the plenum chamber, which gives the device
a typical U-duct shape. They are embodied in a concrete caisson, close
to each other to form an upright (or submerged) breakwater. Each
caisson contains several cells, separated from each other by dividing
walls (see Figure 3 of [13]). The first mathematical description of the
hydrodynamics inside a U-OWC device, both submerged and upright
breakwater, was proposed in [13]. Afterwards, the flow motion in-
side the U-OWC was studied by [14–16,41]. Recently, a comparison
between 2D CFD model and 1D model of the fluid dynamics inside a
U-shaped OWC device was conducted by [42]. This phenomenon has
been analyzed under the hypothesis of stream currents, in that the flow
motion has a predominant direction.

A method to evaluate the energy flux captured by an U-OWC plant,
was investigated through a field experiment on a 1:10 model [13,40].
This method is based on the measurements of the temperature and pres-

sure fluctuation inside the plenum chamber. Following the procedure
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Fig. 1. Reference scheme for the positioning of the pressure transducers and the temperature gauge. The dimension of the plant are in meters and are the same described in [40].
described by [13,40], three measurement instruments are employed:
transducer 1⃝ measures the water pressure at the upper opening of the
vertical duct; transducer 2⃝, the pressure in the plenum, transducer 3⃝,
the air temperature in the plenum (see Fig. 1).

Knowing the pressure inside the plenum, and considering that the
air mass in the plenum is constant, the instantaneous volume of the air
mass can be evaluated by means of the perfect gas law:

𝑝𝑎𝑉𝑎 = 𝑀𝑎𝑅𝑇𝑎, (1)

and consequently, the free surface displacement 𝜉, of the water inter-
face in the plenum can be evaluated by means of

𝜉 = 1
𝐴𝑐

𝜕𝑉𝑎
𝜕𝑡

, (2)

being 𝐴𝑐 , the area of the horizontal section of the plenum chamber.
Finally, we obtain the velocity 𝑢𝑧, in the vertical duct which is

related to the time derivative of the free surface displacement inside
the chamber by means of the continuity equation:

𝑢𝑧 =
𝑠′′

𝑠′
d𝜉
d𝑡 , (3)

where 𝑠′ is the width of the vertical duct, and 𝑠′′, the width of the
oscillating water column in the chamber.

The energy flux per unit length, captured by the plant can be
calculated as:

𝛷𝑎𝑏𝑠 =
1
𝑇 ∫

𝑇

0
𝛥𝑝(𝑡)𝑢𝑧(𝑡)𝑠′d𝑡, (4)

being 𝛥𝑝 the pressure fluctuations measured by transducer 1⃝ at the
outer opening of the vertical duct.

2.2. The 2D numerical experiment

In order to evaluate the captured energy by the submerged U-
OWC of Fig. 1, under the action of the waves, a CFD simulation
has been carried out. Being each cell independent of the other (see
Section I-I in Fig. 1), the simulation is carried out only on one cell
forming the caisson breakwater. Moreover, we can effectively recur
to a two-dimensional domain, due to the fact that the cell width is
much smaller than its length. The computational domain is constituted
by a wave-flume, with a piston-type wavemaker, placed at the left
extremity, and a submerged breakwater embedding an U-OWC plant, in
the middle. The position of the device was chosen to achieve stationary
conditions in the nearby of the plant, for a time interval of several wave
periods, avoiding the wave radiated from the submerged breakwater
are reflected at the flume extremities. The 2D wave flume is 165 m
long and 4.1 m high, as shown in Fig. 2. The U-OWC breakwater has
the same size of the plant described in [40].

Some preliminary simulations were conducted in order to evaluate
the eigenperiod of the plant, setting the mass of the air in order to
achieve the resonance condition with the same waves having the same
energy content as the sea waves occurred during the field experiment
3

Table 1
Height at rest of the air mass, 𝜉0
inside the chamber and the related
eigenperiod.
𝜉0 [m] 𝑇𝑒 [s]

0.65 2.2

of [40]. In detail, we have evaluated the height of the air pocket,
𝜉0 (measured from the ceiling of the caisson) and the time period to
achieve the still water conditions. To evaluate the natural frequencies
of the plant, some preliminary numerical tests have been carried out.
These simulations consist in producing unforced oscillations in the
U-duct (i.e. in calm water), assigning the initial position 𝜉0, of the
air–water interface in the chamber and the initial air pressure in the
chamber, unbalanced with the external hydrostatic pressure. These
initial conditions produce free oscillations around the equilibrium po-
sition. The eigen period of the plant is calculated averaging the periods
of these oscillations. Table 1, shows the configuration simulated.

The spatial discretization of the computational domain was made
by a hybrid mesh. All Triangle Method was used to discretize the
overall length of the flume whilst, near the U-OWC device, rectangular
elements were adopted (see Fig. 3). Air is compressible and, in the
nearby of the structure, the 𝑘 − 𝜔 turbulence model was set (for more
information see [25,42,43]).

The wave generation process has been simulated assigning a sinu-
soidal motion to the left wall of the wave flume (see the wavemaker
in Fig. 2), by means of a User Defined Function (UDF). The maximum
displacement of the piston type wavemaker was evaluated as reported
by [44], for the first order piston wavemaker solution.

The numerical 2D unsteady simulation is based on the Eulerian
approach, using the commercial code Ansys Fluent v17.0, Academic
Version. The water–air interaction is taken into account by means of
the volume of fluid (VOF) model. In the VOF model, two or more fluids
(or phases) are not interpenetrating, and the fraction of the volume
of the 𝑞th phase in a cell is called the volume fraction, 𝛼𝑞 ∈ (0, 1).
Each volume fraction is governed by its own continuity equation. The
geometric reconstruction is the scheme used to evaluate the volume
fraction in a cell hosting an interface between air and water, and the
interface between this two fluids is calculated by a piecewise linear
interpolation. Both fluids are assumed to be unsteady and are com-
puted solving the governing equations (i.e. the mass conservation, or
continuity, equation, the momentum balance equation and the energy
conservation equation). In this work, the governing equations were
discretized according to a finite volume approach, adopting an implicit
formulation for the pressure-based algorithm.

The Semi-Implicit Method for Pressure-Linked Equations Consistent
scheme (SIMPLE-Consistent) was used for the pressure–velocity cou-
pling. This is a segregated algorithm that uses a relationship between
velocity and pressure corrections to enforce mass conservation and to
obtain the pressure field. In order to obtain the spatial discretization of



Measurement 227 (2024) 114246L. Gurnari et al.
Fig. 2. Sketch of the computational domain and of the U-OWC breakwater.
Fig. 3. Spatial discretization of the computational domain. See the refinement in the nearby of the U-OWC breakwater and of the free water surface.
Table 2
CFD simulation set up details.

Model for two-phase (water/air) interaction Eulerian VOF

Solver SIMPLEC algorithm
Spatial discretization of Gradient Green Gauss cell Based
Spatial discretization of pressure PRESTO!
Spatial discretization of momentum 2nd order upwind
Spatial discretization of density 2nd order upwind
Spatial discretization of Energy 1st order upwind
Spatial discretization of Volume Fraction Geo-Reconstruct scheme
Transient formulation 1st order implicit
Energy AMG Method F-Cycle
Time step 1/1000 [s]
Turbulence model 𝑘 − 𝜔 - Standard
Reference Pressure 𝑝0 = 101,300 [Pa]
Reference Temperature 𝑇0 = 299 [K]
Reference Density 𝜌0 = 1.225 [kg/m3]

the convection terms in the governing equations, we used the Green-
Gauss cell-based method for the gradient evaluation and the PREssure
STaggering Options scheme (PRESTO!) for the pressure equation. The
other convection–diffusion equations (e.g., momentum or energy equa-
tion) were discretized by means of the second-order upwind scheme. In
order to keep the Courant–Friedrichs–Lewy number value much lower
than 1 and improve the solution convergence, a time step 𝛥𝑡 = 𝑇 ∕1000
s was used. A summary of the CFD simulation set up details are shown
in Table 2. For more details, concerning the CDF model, see [25,42,43].

3. Results of the experiment

3.1. Performance estimation

The mean energy flux 𝛷𝑎𝑏𝑠, absorbed by the plant is evaluated
by Eq. (4), integrating the product 𝛥𝑝 by 𝑢, along the 𝑥-direction, at the
4

upper opening of the vertical duct. Fig. 4 shows 𝛥𝑝 and the pulsating
discharge 𝑄 versus time. As said before, the best performance of the
U-OWCs is achieved when the period of the incoming waves is equal
to the eigenperiod of the plant [16]. In other words, the less the shift
in phase between the pressure fluctuation and the pulsating discharge
is, the more the plant absorbs. If the pulsating discharge (as in this
case of Fig. 4), anticipates the pressure fluctuation, the wave period is
greater than the eigenperiod and some air need to be pumped into the
plant to increase 𝑇𝑒 [16,25]. On the contrary if the pulsating discharge
follows the pressure fluctuation, the wave period is smaller than the
eigenperiod of the plant and some air need to be exhausted from the
plant to reduce 𝑇𝑒.

The elemental flux along a horizontal section of the vertical duct
was calculated numerically, by considering 3 points along the 𝑥-axis at
an interval 𝛥𝑥 = 0.03 m. The energy flux, was evaluated at 𝑧 = 0.9 m,
below the still water level, that is 0.4 m below the upper opening of
the U-duct, in order to evaluate the captured energy flux, net of the
minor losses occurring at the upper opening. Fig. 5 shows the energy
flux absorbed by the plant.

The pulsating discharge through the U-duct produces an oscillation
of the air–water interface inside the chamber. Under the action of a
wave crest, the water enters the duct and moves up the free surface
inside the chamber, compressing the air mass in the plenum. In this
condition, the air temperature increases from the still temperature.
Whilst, when a wave trough passes over the upper opening of the
plant, the water exits the plant and the free water interface inside the
chamber moves down, decompressing the air mass in the chamber.
Consequently, the temperature of the air mass decreases below the still
temperature.

Fig. 6 shows the position of the air–water interface, at four given
time instants during a wave period.

The wave pressure fluctuations on the outer opening of the plant
cause the oscillation of the air water interface inside the chamber. Fig. 6
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Fig. 4. Pressure fluctuation and pulsating discharge versus time.
Fig. 5. Energy flux absorbed by the U-OWC plant (𝐻 = 0.1 m, 𝑇 = 2.2 s).
Fig. 6. Free surface elevation inside the chamber of the U-OWC.
shows the instantaneous position of the air water interface, at some
given time instants. It is worth to note that the water level inside the
plenum is not horizontal, whichever the time instant is. Furthermore,
the amplitudes of oscillations around rest position, increase moving
from the abscissa S1 to the abscissa S3. Fig. 7 shows the time history of
the free surface displacement in the three abscissa of Fig. 6. As we can
observe, the maximum vertical displacement occurs along the vertical
wall in the lee side (the nearest to section S3), and it consists in over
4 cm.

Fig. 8 reports the time averaged value of the surface displacement in
the sections S1, S2 and S3 compared to that at the section S2. As we can
see they are quite similar, marking abscissa S2 the most representative
of the average volume, where putting a level gauge.

To evaluate the variation of the air temperature inside the plenum,
produced by the oscillation of the water surface, six points equally
spaced in the air volume were considered (see Fig. 9).

As we can see, despite the asymmetrical variation of the volume of
air inside the chamber, the fluctuation of the air temperature inside
the plenum is space independent. The percentage difference between
the dashed line (named T5) and the continuous gray line (named T3)
is about 0.1%. This permits us to deduce that the position where to
5

Table 3
Summary of the results of CFD simulations.
𝐻 [m] 𝑇 [s] 𝜉0 [m] 𝛥𝑇𝑎 [K] 𝛷𝑎𝑏𝑠 [W/m]

0.1 2.2 0.65 6.9 11.21

measure the temperature can be chosen arbitrarily. In the following,
we will refer to the average value 𝑇𝑎 of the air temperature. In Fig. 10,
the average temperature and the pressure fluctuation inside the air
chamber, are shown.

Table 3 shows a summary of the results of the CFD simulations for
the wave train simulated.

3.2. Check of the 1D mathematical model

The performance in the field of a physical plant can be evaluated
through a 1D mathematical model, using as input the measurements
of the pressure fluctuation at the upper opening of the plant, the air
pressure and the temperature fluctuations inside the plenum chamber,
following the procedure described in Section 2.1. In order to check
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Fig. 7. Free surface displacement around the rest position inside the chamber at sections S1, S2, ans S3, as indicated in Fig. 6.
Fig. 8. Comparison between the free surface elevation inside the chamber of the U-OWC at abscissa S2 and the average free surface displacement.
Fig. 9. Fluctuations of the air temperature inside the plenum chamber vs. time.
Fig. 10. Fluctuations of the air pressure and of the average air temperature inside the plenum chamber.
the 1D mathematical model, we used the results of CFD simulations as
input and compared the output of the 1D and 2D models. Specifically,
we utilized the pressure fluctuations at the upper opening and the
6

air temperature fluctuations inside the chamber obtained from the 2D
simulations as input for the 1D model. The variation of the air volume
in the plenum, and consequently 𝜉, were evaluated by means of the
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Fig. 11. Time history of the free surface elevation inside the chamber of the U-OWC: continuous line was obtained by means of the 1D model; dotted line, by CFD model.
Fig. 12. Energy flux absorbed by the plant U-OWC breakwater: dotted black line was obtained starting from the temperature inside the chamber by means of the 1D model;
continuous gray line was obtained by 2D simulation (the same of Fig. 5).
state law Eq. (1) and Eq. (2). Fig. 11 shows the oscillation of the
free surface displacement inside the chamber versus time. In detail,
continuous line represents the free surface elevation, evaluated starting
from the temperature inside the chamber by means of the 1D model.
Whilst, the dotted line represents the mean free surface displacement,
obtained by the CFD simulations shown in Fig. 8.

As we can see, there is a very good agreement between the two
curves. As a consequence, we have an accurate estimation of the water
discharge in the plenum and then in the U-duct. By integrating the
product of water discharge by the pressure fluctuation (see Eq. (4)),
the energy flux absorbed by the plant has been evaluated, as shown in
Fig. 12. It is possible to notice that, the two curves, the dotted black
line, obtained starting from the temperature inside the chamber by
means of the 1D model, and the continuous gray line, obtained by 2D
model, are quite coincident.

3.3. Thermodynamic analysis

Assuming that the air mass transformation inside the plenum can
be represented with a polytropic law, we have:

𝑃𝑉 𝛾 = const, (5)

being 𝛾, the exponent of the polytropic transformation. Making explicit
the volume 𝑉 in Eq. (5), and substituting it in the perfect gas law
(Eq. (1)), we have:

𝑃𝑎

(

𝑀𝑎𝑅𝑇𝑎
𝑝𝑎

)𝛾
= const, (6)

that can be rewritten as:

𝑇𝑎0𝑃

(

1−𝛾
𝛾

)

𝑎0 = 𝑇𝑎𝑃

(

1−𝛾
𝛾

)

𝑎 , (7)

being 𝑇𝑎0 and 𝑃𝑎0, the initial value of the temperature and the pres-
sure of the air inside the plenum chamber, respectively. Varying the
value of 𝛾, from the isothermal (𝛾 = 1) to the adiabatic (𝛾 = 1.4)
transformation, the fluctuation of the air temperature can be evaluated.
7

Fig. 13 shows the comparison between the temperature fluctuation
for different values of 𝛾 and the actual temperature, evaluated as
reported in Section 3.1. To be more precise, the figure displays five
curves labeled as T1, T1.1, T1.2, T1.3, and T1.4, where each number
corresponds to the exponent value of the polytropic law. The actual
temperature, previously shown in Fig. 9, is also indicated.

As we can see, the actual temperature fluctuation, in dashed red
line, perfectly matches the adiabatic curve (𝛾 = 1.4), represented in
continuous black line. This result agrees with the setting of the CFD
simulation, in which no heat wall exchange has been considered.

The captured energy fluxes for the values of 𝛾, previously indicated,
are shown in Fig. 14. The maximum energy captured by the plant
occurs in the case of isothermal transformation (see continuous gray
line, name T1). Indeed, during an isothermal transformation, the cyclic
work done during compression–expansion is larger than in the other
transformations for the same pressure fluctuation.

Table 4 shows a summary of the results of the sensitivity analysis on
the exponent of the polytropic transformation. In detail, it shows how
the captured energy changes, on varying the amplitude of oscillation
of the air temperature. To specify, considering 𝛾 = 1 (i.e. isothermal
transformation), the temperature inside the plenum is constant, and
equal to the initial air temperature (about 300 K), and the percentage
variation of the air volume reaches its maximum; as a consequence the
energy captured by the plant, depending linearly by the discharge (see
Eq. (4)), reaches its maximum. On the contrary, considering 𝛾 = 1.4 (i.e.
adiabatic transformation), the amplitude of the temperature fluctuation
is seven Kelvin, the percentage variation of the air volume reaches
its minimum, and consequently the energy captured by the plant is
minimum too, and it has same value as obtained by means of the CFD
simulation.

To summarize, the energy captured by the plant decreases as 𝛾
increases, because of the reduction of the amplitude of the fluctuation
of the air volume inside the plenum.
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Fig. 13. Temperature fluctuation inside the plenum evaluated by means of Eq. (7), varying the value of 𝛾.
Fig. 14. Captured energy flux evaluated by considering the temperature fluctuations shown in Fig. 13.
Table 4
Summary of the results of the sensitivity analysis.
𝛾 [-] 𝛥𝑇𝑎 [K] 𝛥𝑉𝑎∕𝑉0[%] 𝛷𝑎𝑏𝑠 [W/m]

1 0 8.9 13.9
1.1 2.2 8.1 12.7
1.2 4.1 7.5 11.7
1.3 5.6 6.9 10.8
1.4 7.0 6.4 10.3

4. Characterization of the thermal measurement system

4.1. Determination of time response requirements

In order to obtain indirect flow measurement in OWC systems,
through the measurements of the air temperature in the air chamber,
we need a fast enough temperature sensor to follow the rapid temper-
ature variations, due to compression and decompression of the air in
the plenum. Considering as input to a real gauge the actual fluctuations
𝑇𝑎𝑐𝑡, of the temperature of the air in the plenum (i.e. the temperature
measured by an ideal gauge) shown in Fig. 10, the measured tempera-
ture 𝑇𝑚𝑒𝑎𝑠, will be affected by the dynamic behavior of the gauge, both
in terms of amplitude and phase angle. A thermocouple (TC) behaves as
a typical first-order dynamic system due to its heat transfer properties.
This approximation is quite common, in the hypothesis of working
in the linear range of the thermocouple and assuming that there are
no changes in the operating conditions during the measurements [45–
48]. Due to the close connection between the dynamic properties
of a thermocouple and its operating conditions, it is essential that
8

the calibration environment closely matches or resembles the actual
application environment. In these hypotheses, assuming that the sensor
can be mathematically represented by a first order instrument, we have:

𝑎1
d𝑇𝑚𝑒𝑎𝑠

d𝑡 + 𝑎0𝑇𝑚𝑒𝑎𝑠(𝑡) = 𝑏0𝑇𝑎𝑐𝑡(𝑡), (8)

that can be rewritten as:
𝑎1
𝑎0

d𝑇𝑚𝑒𝑎𝑠
d𝑡 + 𝑇𝑚𝑒𝑎𝑠(𝑡) =

𝑏0
𝑎0

𝑇𝑎𝑐𝑡(𝑡), (9)

and by defining:

𝜏 ≡
𝑎1
𝑎0

, (10)

𝐾 ≡
𝑏0
𝑎0

, (11)

we arrive to

𝜏
d𝑇𝑚𝑒𝑎𝑠

d𝑡 + 𝑇𝑚𝑒𝑎𝑠(𝑡) = 𝐾𝑇𝑎𝑐𝑡(𝑡). (12)

Term 𝐾 is the static sensitivity of the system, and represents the
amount of output per unit input when the input is static; it has the
dimension of the output divided by the input; 𝜏 is the time constant
of the system and is experimentally determined as the time needed by
the output to achieve 63.3% of its final value, after a step change in
the input [49–51]. To find ’𝜏’ and assess the instrument’s dynamic per-
formance, it would be necessary to apply sinusoidal-type temperature
inputs, but it is difficult to generate this type of signal, so standard types
are used, such as the step signal. There are three principal methods to
determine ’𝜏’ [52–57]:



Measurement 227 (2024) 114246L. Gurnari et al.

1
t

i
(

d

i
c
e

e
d
e
o

a

w

Table 5
Relative error between standard de-
viations of the actual temperature
fluctuations and measured ones,
through a first order instrument,
having different values of 𝜏.
𝜏[𝑠] 𝑒𝜏 [%]

0.01 0
0.05 0.3
0.1 0.9
0.2 3.2
0.3 6.7
0.4 11
0.5 15.7
1 37.5
2 59.8
4.5 70.9

• Look for the moment when the output signal reaches 63.3% of the
final value after the step. This method is simple but less accurate
due to the uncertainty in the step application time.

• Draw a tangent at the start of the temperature change caused
by the step, intersecting it with the final value. The 𝑥-axis in-
tersection point gives ’𝜏’. This method is more accurate but still
sensitive to initial curve errors.

• Use a logarithmic scale to perform linear regression on data points
derived from the sensor’s response. The slope of the resulting line
provides ’𝜏’. This method offers good accuracy and is suitable for
first-order instruments.

Introducing the operational transfer function of the system:
𝑇𝑚𝑒𝑎𝑠(𝑡)
𝑇𝑎𝑐𝑡(𝑡)

(𝐷) = 𝐾
𝜏𝐷 + 1

, (13)

where 𝐷 is the differential operator, we can obtain the response to any
given input, by solving the differential equation. We need to evaluate
how the time response of the temperature gauge affects the evaluation
of the plant performance. To this aim, we simulated the response of a
real gauge represented by Eq. (13), for different values of 𝜏, fixing 𝐾 =

and applying as input 𝑇𝑎𝑐𝑡(𝑡), the temperature fluctuations obtained
hrough the CFD simulation (i.e. the curve represented in Fig. 9).

The results obtained solving Eq. (13) are summarized in Table 5,
n terms of relative error between the standard deviations of the input
𝑇𝑎𝑐𝑡) and the output signal (𝑇𝑚𝑒𝑎𝑠), for different values of 𝜏:

𝑒𝜏 =
|𝜎𝑇𝑎𝑐𝑡 − 𝜎𝑇𝑚𝑒𝑎𝑠 |

𝜎𝑇𝑎𝑐𝑡
. (14)

The graphical results for 𝜏 = 0.05𝑠, 0.5𝑠 and 4.5𝑠 are showed in
Fig. 15.

As it can be seen, if 𝜏 ≤ 0.1𝑠, the sensor can faithfully reproduce
the temperature variations in time, with more than 99% of accuracy.
Increasing 𝜏, the sensor performances worsen, losing completely the
capacity to follow the temperature fluctuations, as 𝜏 approaches the
period of oscillation of the air temperature (see Fig. 15(c)). In the
following Section, we evaluate how an error in the temperature mea-
surement affects the measurement of captured power by the OWC
system.

4.2. Influence of the sensor response in evaluation of the power captured
by the plant

Fig. 16 shows the comparison between the actual temperature 𝑇𝑎𝑐𝑡,
evaluated by means of the CFD simulation, and the temperature 𝑇𝑚𝑒𝑎𝑠,
measured by a sensor with a first order response, as described in the
previous Section, considering several values of 𝜏 up to 0.5s.

As the reader can see, as the time constant 𝜏 increases, the ampli-
tude of the temperature fluctuations become smaller and the time shift,
larger. For 𝜏 = 0.5𝑠, the amplitude of 𝑇 is halved compared to the
9

𝑚𝑒𝑎𝑠
Table 6
Summary of the simulation for different values of 𝜏.
𝜏 𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛 𝜖 𝛷𝑎𝑏𝑠 𝑒𝛷 𝑒𝜏
[𝑠] [K] [K] [rad] [kW/m] [%] [%]

0.01 303.4 296.4 0 8.2 21 0
0.05 303.4 296.5 0.31 7.1 32 0.3
0.1 302.9 296.9 1.26 5.6 46 0.9
0.3 302.5 297.2 1.57 6.1 41 6.7
0.5 301.9 297.9 1.9 7.9 23 15.7
1.0 301.0 298.7 2.8 10.9 6 37.5

actual one, 𝑇𝑎𝑐𝑡. The phase shift passes from zero, for 𝜏 = 0.01𝑠 to 109
egree, for 𝜏 = 0.5𝑠.

Following the procedure described in Section 2.1, considering as
nput the temperatures shown in Fig. 16, we calculated the energy flux
aptured by the plant, which is shown in Fig. 17. For comparison, the
nergy flux obtained by means of the CFD simulation is also shown.

In Table 6, a summary of the simulation results are reported. The
rror 𝑒𝛷, in estimation of the energy flux 𝛷𝑎𝑏𝑠, captured by the plant is
ue to the error on temperature measurements 𝑒𝜏 . As we can see, the
rror 𝑒𝛷, gets larger at the increasing of 𝜏, reaching the maximum value
f 46% for 𝜏 = 0.1 s, while the energy flux 𝛷𝑎𝑏𝑠 becomes progressively

smaller. As 𝜏 increases from 0.1 to 1.0, the error becomes progressively
smaller, and the energy flux grows, the more the larger 𝜏 is. The
mplitudes of temperature fluctuations (i.e. 𝛥𝑇 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) shrink

the more 𝜏 becomes larger, the opposite happen to the phase shifts 𝜖,
ho become larger. The shrinking of 𝛥𝑇 and the increasing of 𝜖 produce

an opposite trend on the estimation of the energy flux. Specifically, a
reduction in the amplitude of the temperature fluctuation leads to an
increase in the energy flux captured by the plant, as explained in detail
in Section 3.3. On the contrary, the increasing of the shift of the phase
angle brings to a reduction of the energy flux. For 𝜏 larger than 0.1,
the shrinking of the amplitude of the temperature fluctuations play the
predominant role.

4.3. Measurement optimization: an amplitude and phase correction tech-
nique

The temperature oscillations inside the plenum chamber are a result
of the compression and decompression of the air caused by changes in
the water level. This process is driven by the waves, and therefore, it
shares the same period as the waves interacting with the plant. Know-
ing the frequencies associated to wind generated waves, the key issue
in the design of the measurement system consists in choosing a sensor
that has a cutoff frequency much greater than the maximum frequency
in the bandwidth of wind generated waves (to stay safe we suggest a
decade above). Several thermocouples can guarantee this requirement
in their technical specifications, but the declared value consists in the
intrinsic response time measured, according to IEC 60584–2013, into a
medium with a high thermal capacity. The performance requirements
in terms of time response apply to the entire measurement system in
the specific operating conditions. Since the heat exchange between the
ambient and the junction of the thermocouple is slower in air than
in contact with liquid or solid materials, the actual time constant of
the measurement system will be much higher than that declared in the
sensor datasheet. Expressing the cutoff frequency as:

𝜔𝑡 =
2𝜋
𝜏
, (15)

it is obvious that the faster is the measurement system, the more the
cutoff frequency will be far from the operating frequency.

To increase the speed of the system, the only feasible approach is to
enhance the heat exchange between the air and the sensor. This can be
achieved by reducing the thickness of the junction and improving heat
transfer through increased convection. However, it is important to note

that these modifications would lead to substantial cost increases and
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Fig. 15. Simulation of a first order response — temperature trend a) 𝜏 = 0.05𝑠, (b) 𝜏 = 0.5𝑠, (c) 𝜏 = 4.5𝑠.

Fig. 16. Time history of the temperature inside the chamber. Continuous line represents the actual temperature, the other lines represent the temperature evaluated by means
of Eq. (8).

Fig. 17. Energy flux captured by the U-OWC plant: comparison between 2D model (actual temperature) and the results of the 1D model, obtained using as input the different
temperature histories shown in Fig. 16.
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Fig. 18. Circuit diagram of an active high-pass filter.
a reduction in overall system robustness. Additionally, it is important
to consider that there is a lower limit for the junction thickness that
cannot be exceeded with the technologies currently involved, typically
around 0.25 mm.

An alternative approach that can be considered is implementing a
control system to correct for measurement errors. This control system
would aim to compensate for any inaccuracies or deviations in the
measurements, providing a means to improve the overall accuracy
and reliability of the system. Since the measurement system has been
modeled with a first order dynamics, as seen in Section 4.1, assuming
that we can accurately know the cutoff frequency, we can project a
control, which compensates for amplitude loss and phase shift and
moves the ’’overall’’ cutoff frequency higher.

A dynamic system of any order can be represented through its
Laplace transform:

𝐹 (𝑠) = {𝑓 (𝑡)} = ∫

∞

0
𝑓 (𝑡) exp−𝑠𝑡 d𝑡. (16)

This lets to represent dynamic systems through algebraic equations
in s-domain:

𝑠 = 𝜎 + 𝑗𝜔 (17)

where 𝑠 is a frequency parameter expressed as a complex number. So,
it is possible to determine the output of a dynamic system to a given
input, by solving the problem in the Laplace domain:

𝑌 (𝑠) = 𝐺(𝑠)𝑋(𝑠), (18)

where 𝑋(𝑠) is a generic input and 𝐺(𝑠) is the transfer function of the
dynamic system:

𝐺(𝑠) =
∏𝑚

𝑖=1
(

𝑠 − 𝑧𝑖
)

∏𝑛
𝑖=1

(

𝑠 − 𝑝𝑖
) = 𝐾

∏𝑚
𝑖=1

(

1 + 𝑠𝑇𝑖
)

∏𝑛
𝑖=1

(

1 + 𝑠𝜏𝑖
) , (19)

where the numerator of Eq. (19) is the product of the 𝑚 zeros of the
system, and the denominator is the product of the 𝑛 poles of the system.

To go back to the time domain we perform an inverse Laplace
transform:

𝑓 (𝑡) = −1{𝐹 (𝑠)} = 1
2𝜋𝑗

lim
𝑇→∞∫

𝜁+𝑗𝑇

𝜁−𝑗𝑇
exp𝑠𝑡 𝐹 (𝑠)d𝑠. (20)

where 𝜁 is a real number.
The frequency response of the dynamic system described by the

transfer function in Eq. (19) can be effectively visualized using Bode
plots, which provide graphical representations of the magnitude and
phase characteristics as a function of frequency. If we calculate the
cutoff frequencies 𝜔𝑧 and 𝜔𝑝 as in Eq. (15), for zeros and poles, we
have that each pole causes an attenuation in magnitude after the cutoff
frequency with a slope of −20𝑑𝐵∕𝑑𝑒𝑐 and a phase displacement which
11
starts a decade before 𝜔𝑝 and finishes a decade after, reaching a phase
displacement of −90◦. Zeros on the other hand cause an increase in
magnitude, after the cutoff frequency, with a slope of +20𝑑𝐵∕𝑑𝑒𝑐 and
a phase shift of 90◦, starting a decade before and finishing a decade
after the cutoff frequency.

The temperature sensor, whose mathematical model can be ex-
pressed by Eq. (12), with a given time constant 𝜏, and 𝐾 = 1, can be
represented in the Laplace domain as:

𝑇𝑎𝑐𝑡(𝑠) − 𝜏𝑡𝑔𝑠𝑇𝑚𝑒𝑎𝑠(𝑠) − 𝑇𝑚𝑒𝑎𝑠(𝑠) = 0, (21)

where 𝜏𝑡𝑔 is the time constant of the temperature gauge, with a transfer
function 𝐺(𝑠) defined as:

𝑇𝑚𝑒𝑎𝑠(𝑠) = 𝐺(𝑠)𝑇𝑎𝑐𝑡(𝑠) =
1

1 + 𝑠𝜏𝑡𝑔
𝑇𝑎𝑐𝑡(𝑠) → 𝐺(𝑠) = 1

1 + 𝑠𝜏𝑡𝑔
. (22)

The Bode plots for magnitude and phase for a temperature gauge
operating in air with an actual 𝜏𝑡𝑔 = 4.7𝑠, are shown in Fig. 19(a).
As said, to extend the frequency response of the system, we need
to design a control 𝐶(𝑠) capable to shift the cutoff frequency of the
system towards higher frequencies. The simplest and most effective
solution is to implement a zero-pole cancellation technique. Anyhow,
this implies to design a control 𝐶(𝑠), with a single zero falling in a
certain band, around the pole of the system. This means that 𝐶(𝑠) would
be intrinsically unstable, and for this reason this solution has been
discarded. A 𝐶(𝑠) incorporating a zero-pole pair is imperative to ensure
both an expanded frequency response and system stability. While the
most apparent solution would involve zero-pole cancellation, wherein
a zero coincides with the system’s pole and a pole is located at the new
cutoff frequency, an alternative approach was chosen. This alternative
centers on a control with a defined gain, a zero at the origin, and a pole
placed at the new cutoff frequency. Such a control effectively takes the
form of an active high-pass filter, which can be seamlessly realized both
digitally and as an analog circuit downstream of the thermocouple. The
circuit configuration is illustrated in Fig. 18.

The transfer function 𝐶(𝑠) of the filter in Fig. 18 can be written as:

𝐶(𝑠) = 𝐾𝑐
𝑠𝜏𝑐

1 + 𝑠𝜏𝑐
, (23)

where 𝐾𝑐= 1 + 𝑅2
𝑅1 is the gain of the control and 𝜏𝑐= 𝑅𝐶 its time con-

stant. The system operates in an open-loop configuration. Considering
that we know with a high level of confidence the value of 𝜏𝑡𝑔 of the
thermocouple, we can project a control using Eq. (23) and plot the
Bode diagrams to compensate for losses caused by the thermocouple. To
accomplish this, a careful selection of 𝐾𝑐 and 𝜏𝑐 is essential. Considering
the fact that a zero at the origin leads to a magnitude increase with a
slope of +20 dB/dec, it becomes imperative to choose 𝐾𝑐 and 𝜏𝑐 in such
a way that the filter exhibits unity gain precisely at the thermocouple’s
cutoff frequency. This approach ensures that beyond this frequency,
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the filter effectively compensates for the thermocouple’s characteristics
up to the new cutoff frequency. The strategy employed in this study
involves designing a control featuring a gain of 40 dB, a zero at the
origin, and a pole positioned two decades beyond the thermocouple’s
cutoff frequency:

𝐶(𝑠) = 100
𝑠 ∗ 0.01𝜏𝑡𝑔

1 + 𝑠 ∗ 0.01𝜏𝑡𝑔
. (24)

Considering the situation of Fig. 19(a), the Bode diagrams of the
proposed control, for magnitude and phase, are shown in Fig. 19(b),
while those of the entire input–output chain, once applied the correc-
tion are shown in Fig. 19(c).

As it can be seen in Fig. 19(c), there is a band between 0.2 Hz
and 2 Hz where the control is capable of compensating the information
loss and to faithfully reproduce the input signal in output. Instead, for
frequencies lower than 0.2 Hz, the control implemented worsens the
response performances of the system. This means that the control filters
out the continuous component of the input, so we will see in output
just the oscillatory component. To overcome this issue, the final value
of the temperature is obtained by summing the output of the filter and
the value of the temperature measured by the thermocouple.

To test the correct functioning of the proposed control, we per-
formed some simulations of the open loop system described by

𝑇𝑐 (𝑠) = 𝐶(𝑠)𝑇𝑚𝑒𝑎𝑠(𝑠) (25)

where 𝑇𝑐 (𝑠) is the output of the open loop implemented and 𝐺(𝑠) and
𝐶(𝑠) are described by Eqs. (22) and (24) respectively, with 𝜏𝑡𝑔 = 4.7𝑠.
The final temperature is obtained as

𝑇𝑜𝑢𝑡(𝑡) = 𝑇𝑚𝑒𝑎𝑠(𝑡) + 𝑇𝑐 (𝑡), (26)

where:

𝑇𝑚𝑒𝑎𝑠(𝑡) = −1{𝑇𝑚𝑒𝑎𝑠(𝑠)}, (27)

𝑇𝑐 (𝑡) = −1{𝑇𝑐 (𝑠)}. (28)

Some preliminary tests on the correction method have been carried
out, using sinusoidal inputs having frequencies distributed in the band-
width of the correction filter. The results are summarized in Table 7
in terms of relative error, both applying the correction and not. The
filter reduces the error below 4% for input frequencies up to 1 Hz.
The relative error rises up to 14% when the input frequency reaches
2 Hz. Without any correction, the relative error is much higher, being
more than 80%. The considered range of frequencies is very high
in comparison to the frequencies of sea waves which represent the
target of any conversion system. In general, the peak frequency of the
spectrum of wind waves is larger than 0.2 Hz, for a full scale plant,
and it is larger than 0.5 Hz, for the small scale plant investigated
by [13,40]. Although the filter introduces a phase shift, which, as
seen in Section 4.2, has a non-negligible impact on the error in the
measurement of the energy flux, it is apparent from the Bode diagrams
in Fig. 19 that within the relevant frequency range this phase shift’s
magnitude remains smaller compared to what it would be if the filter
were not employed. This leads to a twofold advantage.

The effectiveness of the correction method is tested also using
as benchmark the results of the numerical experiment illustrated in
Section 3. To this aim, Fig. 20 shows the comparison between the actual
temperature 𝑇𝑎𝑐𝑡 (i.e. the temperature measured by an ideal gauge),
and the temperature 𝑇𝑚𝑒𝑎𝑠, measured by a first order gauge having
𝜏 = 4.5 s, both without correction (the continuous black curve) and
with it (dashed red curve). The damping in the temperature amplitude
is more than 90%, and the shift in phase angle is about 90◦. The
power captured by the plant is very close to the value obtained if the
transformation of the air mass would be isothermal, and therefore the
error on the estimation is about 35%. 𝑇𝑜𝑢𝑡 shows the temperature after
the correction (red dashed curve). It fits perfectly the actual one.
12
Fig. 19. Bode Diagrams of: the first order system representing a thermocouple with
𝜏𝑡𝑔 = 4.7𝑠, the projected control, and the entire input–output chain: (a) Magnitude
and Phase Plot for the thermocouple, (b) Magnitude and Phase Plot for the projected
control, (c) Magnitude and Phase Plot for the output applying the control.

5. Conclusions

The measurement of the power captured by an energy conversion
system is crucial to assess the performance of the converter. For a
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Fig. 20. Temperature fluctuations of the air mass inside the plenum of the U-OWC plant. The actual temperature 𝑇𝑎𝑐𝑡, is obtained through CFD simulation (see Fig. 9). 𝑇𝑚𝑒𝑎𝑠 is
the temperature measured by a thermocouple, and 𝑇𝑜𝑢𝑡 is the corrected temperature.
Table 7
Comparison of standard deviation of the input signal and output signal with and
without correction, applying a 6 K peak to peak sine wave at different frequencies.

Signal frequency [Hz] 𝑒𝜏 [%] without correction 𝑒𝜏 [%] with correction

0.2 83.4 0.8
0.5 93.2 0.5
1 96.6 3.8
2 98.4 14

wave energy converter belonging to the U-OWC family, it requires to
measure the water discharge through the plant. A non-conventional
method was proposed by [13,40], substituting the measurement of
the water velocity in the U-duct with the measurement of the air
temperature fluctuations in the plenum. In this work, we have analyzed
the influence of the installing point and of the time response of a
thermocouple in the measurement of the energy flux captured by the
plant. To this aim, we have reproduced a numerical experiment on the
submerged U-OWC described in [40], in order to fully reproduce the
dynamic behaviors of the conversion system.

Concerning the positioning of the temperature sensor, the CFD sim-
ulations have shown no spatial variation of the temperature inside the
plenum, making irrelevant the position of the sensor inside the air mass.
On the contrary, the water velocity varies significantly along the cross
sections of both branches of the U-duct, making necessary multiple
simultaneous measurements of the velocity in order to estimate the
water discharge.

The time response of the temperature sensor greatly affects the
measurement of the power captured by the plant, as demonstrated by
a sensitivity analysis carried out simulating different types of air mass
transformation (e.g. from isothermal to adiabatic). Results show that
the energy flux is as higher as the amplitude of the air temperature
fluctuation is small. Indeed, considering an isothermal transformation,
with the temperature constant and equal to the initial temperature
of the air in the chamber, the energy captured by the plant has
its maximum. Supposing that the temperature sensor behave like a
first order instrument, we have evaluated the captured energy fluxes,
on varying the time response. The error in estimating of the energy
flux was analyzed both in terms of damping in the amplitude and
shift of the phase angle. In detail, the reduction of the amplitude of
the measured temperature fluctuation produce an overestimate of the
energy flux whereas, the forward shift of the phase angle brings to an
underestimate of the energy flux.

Finally, we have proposed a methodology to correct the measure-
ments of the temperature, by designing a proper high pass active
filter. It operates introducing an appropriate gain in the frequency
bandwidth, where the temperature signal is attenuated, because of the
large response time. The filter was tested for particularly demanding
conditions: response time up to 4.5 s and sinusoidal input up to 2 Hz.
The filter worked well in all tests, exhibiting excellent agreement with
the actual temperature obtained by means of the CFD simulation, and
eliminating an error of about 38%, in the measurement of the captured
power, which would be the same as the transformation be isothermal.
13
6. Symbols

Roman letters
𝐴𝑐 [m2] Area of the horizontal section of the

plenum chamber
𝑎0 [N/S] Constant
𝑎1 [N/S] Constant
𝑏0 [N/S] Constant
𝐶𝐹𝐷 [-] Computational Fluid Dynamics
𝐶(𝑠) [-] Generic control in the Laplace domain
𝐷 [-] Differential operator
𝑒𝜏 [%] Relative error on air temperature, 𝑇𝑎
𝑒𝛷 [%] Relative error on the energy flux, 𝛷𝑎𝑏𝑠
𝑗 [-] Imaginary unit
𝐺(𝑠) [-] Generic transfer function in the Laplace

domain
 [-] Laplace transform operator
𝐾 [N/S] Static sensitivity of a dynamic system
𝐾𝑐 [-] Gain of the control
𝑀𝑎 [-] air mass in the plenum chamber
𝑃 [Pa] pressure of the ideal gas
𝑝𝑎 [Pa] pressure of the air in the chamber
𝑃𝑎0 [Pa] initial value of the air pressure in the

chamber
𝑝𝑖 [-] I-th pole of the transfer function
𝑅 [JK−1mol−1] Universal constant of gas
𝑠 [-] Unknown in the Laplace domain
𝑠′ [m] width of the vertical duct
𝑠′′ [m] width of the U-OWC chamber
𝑇 [s] Wave period
𝑇𝑎 [s] air temperature in the plenum chamber
𝑇𝑎0 [s] initial value of the air temperature

in the plenum chamber
𝑇𝑎𝑐𝑡 [K] Actual temperature
𝑇𝑐 [K] Output temperature from the control
𝑇𝑒 [s] Eigenperiod of the plant
𝑇𝑖 [s] Time constant of the 𝑖th zero
𝑇𝑚𝑒𝑎𝑠 [K] Measured temperature
𝑇𝑚𝑎𝑥 [K] Maximum temperature
𝑇𝑚𝑖𝑛 [K] Minimum temperature
𝑇𝑜𝑢𝑡 [K] Final output temperature
𝑈 [m/s] water velocity in vertical duct
𝑢𝑥 [m/s] horizontal component of 𝑈
𝑢𝑧 [m/s] vertical component of 𝑈
𝑉 [m3] volume of the ideal gas
𝑉𝑎 [m3] air volume in the plenum chamber
𝑉0 [m3] initial air volume in the plenum chamber
𝑋(𝑠) [-] Generic input of a dynamic system in the

Laplace domain
𝑌 (𝑠) [-] Generic output of a dynamic system in

the Laplace domain
𝑧𝑖 [-] I-th zero of the transfer function
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–
I
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Greek letters
𝛥𝑃 [Pa] Pressure fluctuation
𝛥𝑇 [s] Time step of the CFD simulation
𝛥𝑇𝑎 [K] variation of the temperature inside the

plenum chamber
𝛥𝑉𝑎 [m3] variation of the air volume inside the

plenum chamber
𝛷𝑎𝑏𝑠 [W/m] Energy flux captured by the plant
𝜖 [rad] phase shift
𝜂 [m] Free surface elevation
𝛾 [-] Exponent of the polytropic law
𝜁 [-] Real constant
𝜎 [-] Real part of the Laplace unknown s
𝜎𝑇𝑎𝑐𝑡 [K] Standard deviation of the actual

temperature
𝜎𝑇𝑚𝑒𝑎𝑠 [K] Standard deviation of the measured

temperature
𝜏 [s] Time constant of a dynamic system
𝜏𝑐 [s] Time constant of the control
𝜏𝑖 [s] Time constant of the 𝑖th pole
𝜏𝑡𝑐 [s] Time constant of the thermocouple
𝜉 [m] Free surface elevation inside the chamber
𝜉0 [m] initial value of 𝜉
𝜔 [-] Imaginary part of the Laplace unknown s
𝜔𝑝 [rad/s] Frequency of the pole
𝜔𝑡 [rad/s] Cutoff frequency of the system
𝜔𝑧 [rad/s] Frequency of the zero
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