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On the estimate of the captured power by a
submerged OWC through thermal
measurements

L. Gurnari, F. Ruffa, M. Lugara, G. Fulco, P. Filianoti

Abstract—Direct measurements of water velocity is chal-
lenging, particularly for Oscillating Water Column (OWC)
devices with U-ducts, as the presence of a velocity sensor
can disrupt the motion field. Boccotti (2003) and Arena
& Filianoti (2007) suggested an approach of assessing
absorbed energy by measuring simultaneously the temper-
ature and the pressure fluctuations of the air mass inside
the plenum chamber. However, they did not provide infor-
mation regarding the accuracy of the temperature sensors
or the resulting estimation errors in energy flux. In this
study, following that measurement technique, we examined
the impact of the temperature sensor’s time response on
assessing changes in air volume within the chamber and,
consequently, on the estimation of the energy captured by
the converter. Our findings indicate that temperature mea-
surements inside the plenum are significantly influenced
by the sensor’s time response, and that even recurring to
forced ventilation does not guarantee satisfactory results.

Index Terms—U-OWC, temperature fluctuation, captured
energy, thermocouple, CFD

I. INTRODUCTION

XTENSIVE Extensive efforts have been made in re-
cent decades to develop and optimize technologies
for renewable energy generation. The effort is focused
on the one hand on the development of new energy
flow management platforms that take into account the
characteristics of energy production from renewable
sources [1], on the other hand on the search for new
energy sources, widely available and reliable. One
particularly promising solution is the utilization of
sea wave energy for economically sustainable electric-
ity production [2]. Wave energy, an unlimited source,
plays a crucial role in meeting renewable energy targets
by converting the kinetic energy of waves into elec-
trical energy [3]. This conversion is achieved through
devices called Wave Energy Converters (WECs), which
come in various types based on their working princi-
ple installation location and wave motion orientation
[4].
The Oscillating Water Column (OWC) systems uti-
lize wave motion to generate energy and are con-
structed using reinforced concrete or steel structures.
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These systems feature a partially submerged chamber
with an underwater opening that allows water to enter
and compress the air in the upper part of the chamber.
A turbine is capable to produce energy through the
compressed air expelled [5]. When the water level re-
cedes, air from the atmosphere enters the chamber and
flows through the turbine in the opposite direction. To
accommodate bidirectional airflow, low-pressure Wells
turbines are commonly employed, because they don't
need airflow rectification [6].

OWC systems are extensively studied for converting
wave energy due to their simplicity and robustness
[7]. Various OWC systems are currently being devel-
oped, with some already connected to the electricity
grid, serving as demonstration applications in different
countries [8]-[13]. A notable installation present in Italy
concerns a system called U-OWC [14]-[19]. The U-
OWC has a distinct shape that enables efficient har-
nessing of wave energy while preventing direct wave
entry into the structure [14]. In this study, we focus on
characterizing a submerged U-OWC system, which is
completely submerged and consists of a caisson with
a vertical inlet duct and a pressurized air cushion in
the upper part of the chamber. The natural oscillation
frequency of the water column varies based on the
air pressure in the chamber, allowing the system to
absorb energy when the frequency matches that of the
waves. A turbine installed in the vertical duct is used
to generate electricity [20].

To assess the feasibility of wave energy plants, it is
crucial to evaluate the proportion of kinetic energy car-
ried by the waves that can be absorbed and converted.
Capture Ratio, which is the ratio of pneumatic power to
the average energy flux of the incident waves, defines
the hydrodynamic efficiency of an OWC system [5].
In submerged systems, where there is no exchange of
air mass with the atmosphere, performance estimation
requires combined measurements of pressure and ve-
locity in the duct or chamber [14].

Various authors have proposed different experimen-
tal setups to calculate the Capture Ratio, employing
different techniques to determine the energy flux into
the chamber. Each setup utilizes specific sensors to
measure the necessary quantities. In emerged con-
verters, commonly used devices include wave height
meters based on Doppler effect sensors, rotational sys-
tems, radar level sensors, and pressure sensors [21]-
[25]. In submerged devices, pressure transducers are
the most frequently employed sensors [14].

In the case of U-OWC system, is possible to evaluate
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flux in the inlet duct to calculate water discharge into
the chamber [26]. To accomplish this, speed measure-
ments are required, using direct or indirect methods.

Direct measurement typically involves rotational
systems that count revolutions and angular velocity
to determine fluid velocity. In a U-OWC system, such
sensors can be installed in the vertical duct, where flow
velocity distribution is relatively uniform compared to
the chamber with its free surface. However, introduc-
ing an obstacle in the duct can disrupt the flow, af-
fecting measurement accuracy and plant performance.
Mechanical systems are also prone to wear, breakage,
and the need for periodic cleaning to remove marine
vegetation from rotating parts.

An alternative emerging measurement technique in-
volves the use of Acoustic Doppler Current Profiler
(ADCP) systems to measure the absolute water speed.
These systems utilize the Doppler effect, specifically
the Doppler shift, to determine speed [27]. However,
ADCP systems often have a bulky design, require
batteries and an internal data logger, and need peri-
odic maintenance to prevent battery depletion and the
growth of algae on the transducers [8].

An approach for indirectly measuring water speed
is by monitoring the instantaneous displacement of
the water surface inside the chamber and deriving the
velocity from it. Three commonly used sensor types
for water level measurements are float meters, pressure
sensors [28], and non-contact distance meters [28]-[30].
In the context of U-OWC systems, the main meth-
ods involve the use of pressure sensors or ultrasonic
distance meters [18]. Non-contact sensors for water
level detection offer the advantage of not being directly
exposed to water, making them more resistant to ero-
sion effects [31]. Ultrasonic devices operate by emitting
ultrasonic pulses and measuring the time it takes for
the receiver, often a piezoelectric transducer, to de-
tect the reflected pulses [31], [32]. However, ultrasonic
sensors need to be installed at a precise angle (90°)
relative to the water surface to receive accurate echoes.
In the presence of a sloped surface, such as inside
the chamber of a U-OWC, missing echoes may occur,
potentially affecting measurement accuracy. Addition-
ally, ultrasonic sensors require frequent monitoring to
ensure proper functioning and to address issues such
as the formation of patinas or condensation. It is also
important to account for variations in the speed of
sound in air due to temperature and density changes
to enhance measurement accuracy [33].

As mentioned earlier, pressure sensors are suitable
for this type of application due to their fast response
time, high precision, and durability. By measuring the
pressure at specific points using a pair of sensors, it is
possible to calculate water acceleration and integrate
it to obtain velocity [34]. Unfortunately, they are too
bulky to be installed in the vertical duct of a small
scale U-OWC [27].

Furthermore, all the aforementioned instrumentation
needs to be waterproof and is not easily miniaturizable,
making it impractical for scale experiments, which are
common in this research field [35]-[40].

To address these challenges, an innovative indirect
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Fig. 1. Reference scheme for the positioning of the pressure trans-
ducers [(D, @] and the temperature gauge 3. The dimension of the
plant is the same described in [41].

measurement system is proposed in [41]. This method
involves measuring thermodynamic quantities of the
air mass inside the plenum, such as pressure and
temperature, using commonly available sensors like
pressure sensors and thermocouples. Compared to the
previously mentioned methods, this approach offers
several advantages. Firstly, it does not interfere with
the hydrodynamics of the system, minimizing any
impact on the plant’s performance. Secondly, it utilizes
widely accessible, robust, and cost-effective sensors.
Additionally, positioning the sensors within the air
chamber improves their durability as they are not in
direct contact with seawater.

The method was initially applied to investigate the
possibility of achieving strong natural resonance by
tuning the mass of the air pocket inside the plant and
verifying the computational algorithm. However, no
details were provided regarding the validation pro-
cedure for the proposed methodology. The present
work aims to validate and enhance the aforementioned
method. For this purpose, a numerical reproduction of
an experiment on a submerged U-OWC plant with the
same size as the physical one tested by [14] and [41]
is conducted, subjecting it to waves with equivalent
energy content.

II. THE WAVE-U-OWC INTERACTION
A. Estimation of the captured energy

The evaluation of energy flux captured by a U-OWC

plant has been examined through field experiments
[14], [41], [42]. This method relies on measuring tem-
perature and pressure fluctuations within the plenum
chamber.
Following the procedure described in [14] and [41],
three measurement instruments are employed: trans-
ducer (D measures water pressure at the upper opening
of the vertical duct; transducer ) records pressure in
the plenum; and transducer ) measures air tempera-
ture within the plenum (see Fig. 1).

Knowing the pressure inside the plenum, and con-
sidering 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 = ]V[aRTa> (1)
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and consequently, the free surface displacement ¢, of
the water interface in the plenum can be evaluated by
means of
o 10V,
ot Aot @
By applying the continuity equation, the water ve-
locity u, in the vertical duct can be obtained, which
is directly associated to the time derivative of the free
surface displacement inside the chamber:

S// dg

Uz = < dt’ (©)

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:

_ 1 (7T
Bupe = 1 /O Ap(t)u. (t)s'dt, (4)

where Ap indicates the pressure fluctuations measured
by transducer (D) at the outer opening of the vertical
duct.

B. The 2D numerical experiment

To assess the energy captured by the submerged
U-OWC (as depicted in Fig. 1) under wave conditions,
a Computational Fluid Dynamics (CFD) simulation
was performed. The simulation was conducted
within a wave flume, which consists of a piston-
type wavemaker positioned at the left end, and a
submerged breakwater containing the U-OWC plant
at the center. The location of the device was selected
to achieve steady-state conditions in the vicinity of the
plant for an extended period, while ensuring that the
waves radiated from the submerged breakwater do
not reflect at the ends of the flume. The wave flume
itself is a two-dimensional structure measuring 165 m
in length and 4.1 m in height, as illustrated in Fig. 2.
The dimensions of the U-OWC breakwater correspond
to those described in [41].
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Fig. 2. Sketch of the computational domain and of the U-OWC
breakwater.

A hybrid mesh, utilizing the All Triangle Method
for the overall length of the flume and rectangular
elements near the U-OWC device, was employed to
discretize the computational domain. The compressible
nature of air and the presence of the U-OWC structure
led to the implementation of the k—w turbulence model
in the proximity of the structure.

The wave generation process was simulated by as-
signing a sinusoidal motion to the left wall of the
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wave flume using a User Defined Function (UDF). The
numerical simulation utilized a 2D unsteady Eulerian
approach implemented in the commercial software
Ansys Fluent v17.0, Academic Version. The water-air
interaction was considered using the Volume of Fluid
(VOF) model. Both fluids were treated as unsteady,
and their governing equations, including mass con-
servation, momentum balance, and energy conserva-
tion, were solved. The finite volume method with an
implicit formulation in the pressure-based algorithm
was employed for the discretization of the governing
equations.

To ensure solution convergence and maintain a
Courant-Friedrichs-Lewy (CFL) number significantly
below 1, a time step At = T7/1000 s was employed,
where T represents the wave period. For more infor-
mation about settings of the CFD simulation see [26],
[43], [44].

III. RESULTS OF THE EXPERIMENT
A. Performance estimation

The mean energy flux @, absorbed by the plant
is determined using Equation (4), which involves inte-
grating the product of Ap and v along the z-direction,
at the upper opening of the vertical duct. Fig. 3 illus-
trates the variations of Ap and the pulsating discharge
@ over time. As previously mentioned, U-OWCs ex-
hibit optimal performance when the period of incom-
ing waves matches the eigenperiod of the plant [17].

----- pressure fluctuation ——Pulsating discharge

0 [ms]

Fig. 3. Pressure fluctuation and pulsating discharge in the vertical
duct versus time.

The absorbed energy flux by the U-OWC plant was
determined by numerically calculating the elemental
flux along a horizontal section of the vertical duct at
three points spaced by Az = 0.03 m. The evaluation
was performed at a distance z = 0.9 m, below the still
water level and 0.4 m below the upper opening of the
U-duct. The results are shown in Fig. 4.

Captured energy flux

Fig. 4. Energy flux absorbed by the U-OWC plant (H = 0.1 m,
T=225).

To assess the impact of the water surface oscillation
on the air temperature inside the plenum, six equally
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spaced points within the air volume were taken into
account, as illustrated in Fig. 5. The analysis of Fig.
5 reveals that the fluctuation of air temperature in
the plenum remains independent of spatial position.
This is evident from the small percentage difference
of approximately 0.1% between the dashed line (T5)
and the continuous grey line (T3). Consequently, the
choice of measurement location for temperature can be
arbitrary. Moving forward, we will refer to the average
value of air temperature as 7,. Fig. 6 displays the
average temperature and pressure fluctuation inside
the air chamber.
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Fig. 5. Fluctuations of the air temperature inside the plenum
chamber vs. time.

20000
18000
16000

14000 )
T 1200 b
510000
A’ 8000 Y

6000
4000
2000

—Air pressure fluctuation ~ ----- Average Temperature 304

A - 303

\ 302
L3301
- 300 %

299 =
298
207

0 - : 296

T

Fig. 6. Fluctuations of the air pressure and of the average air
temperature inside the plenum chamber.

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

TABLE I
SUMMARY OF THE RESULTS OF CFD SIMULATIONS
Hm] T[s] & [m] ATa[K] Paps [W/m]
0.1 22 0.65 6.9 11.21

The performance assessment of a physical plant
can be conducted using a 1D mathematical model,
where input parameters such as pressure fluctua-
tions at the upper opening of the plant and air
pressure/temperature fluctuations within the plenum
chamber are considered. The methodology described
in Section II-A outlines this approach.

To validate the accuracy of the 1D mathematical
model, we employed the results of CFD simulations
as input, and compared the outputs of the 1D and
2D models between themselves. Specifically, the pres-
sure fluctuations at the upper opening and the air
temperature fluctuations inside the chamber obtained
from the 2D simulations were used as input for the
1D model. The variation of air volume in the plenum,
and consequently the displacement £, were determined
using the state law Eq. (1) and Eq. (2).

The comparison between the two curves revealed a
very good agreement, indicating the accuracy of the
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1D model. This allowed for a precise estimation of the
water discharge in the plenum and the U-duct. The
evaluation of the absorbed energy flux by integrating
the product of water discharge and pressure fluctuation
Eq. (4) further confirmed the close agreement between
the 1D and 2D models.

Overall, the results demonstrate the reliability and
accuracy of the 1D mathematical model in assessing
the performance and energy absorption of the plant.

IV. CHARACTERIZATION OF THE THERMAL
MEASUREMENT SYSTEM

A. Characterization of the dynamic performances of a ther-
mal gauge

The temperature oscillations in the plenum chamber
result from air compression and decompression caused
by changes in water level. These oscillations share the
same period as the waves interacting with the plant
since they are driven by the waves. To design the
measurement system, a sensor with a cutoff frequency
significantly higher than the maximum frequency in
the wind-generated wave bandwidth is needed. It is
recommended to choose a sensor with a cutoff fre-
quency at least one decade above. Thermocouples often
meet this requirement in their technical specifications,
but the declared value corresponds to the intrinsic
response time measured in a high thermal capacity
medium, according to IEC 60584-2013. However, in
actual operating conditions, the time constant of the
measurement system will be much higher due to
slower heat exchange between the ambient and the
thermocouple junction in air compared to contact with
liquids or solids.

Expressing the cutoff frequency as

w =2, ©)
T
it becomes evident that a faster measurement system
will have a cutoff frequency further away from the
operating frequency.

Increasing the system’s speed can be achieved by
enhancing heat exchange between the air and the
sensor, such as by reducing the junction thickness and
improving heat transfer through increased convection.
However, these modifications may come with higher
costs and reduced system robustness. It's important
to note that there is a lower limit for the junction
thickness, typically around 0.25 mm, which cannot be
exceeded with the current technologies.

Therefore, in order to be able to use the proposed
system for the purpose of indirect measurement of
the power absorbed by an OWC system, it becomes
essential to characterize the measurement system in
the operating conditions and specifically, to determine
what is the time constant with which the temperature
measurement system responds under actual operating
conditions.

This involves subjecting the sensor to its intended
environment and typical working conditions. In the
case of our proposed system, the objective is to char-
acterize a thermal gauge installed in air, considering
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various conditions of forced convection in order to
improve the sensor performance, by diminishing the
response time parameter 7. The most common and
straightforward approach to determine 7, is by employ-
ing a standard and easily implementable input signal
known as a ”step signal”. By analyzing the output
signal of the sensor in response to this input signal,
we can obtain the response time 7, using one of the
three methods described below.

The first method involves identifying the time in-
stant when the output signal reaches 63.2% of the
final steady-state value of the applied step. While this
method is simple and practical, it does not guarantee
high accuracy. Accurately calculating the value of 7
relies on precise knowledge of the moment when the
step signal is applied, which may not always be feasi-
ble. Uncertainties surrounding this value can introduce
errors in determining the time constant.

The second method involves a graphical approach. It
entails drawing a tangent line at the beginning of the
perturbation on the temperature curve monitored by
the sensor, and extending it to the horizontal asymptote
representing the final steady-state value. The inter-
section point of the tangent line and the asymptote
corresponds to the time constant. This method offers
improved accuracy compared to the first approach,
since it considers more data points. However, the re-
liability of the results obtained using this method is
not yet fully guaranteed. The determination of both
the zero point and the slope of the curve in the initial
phase can be subject to errors [45].

The third method relies on evaluating a linear re-
gression line in logarithmic scale [46]-[49].

Considering that the sensor exhibits first-order dy-
namics, we can represent the relationship between
measured temperature and actual temperature over
time:

T =To+ (Ty —To(1— e 7), (6)

where T, represents the measured temperature at time
t, T, represents the actual temperature at the beginning
of the measurement interval, and 7} represents the
actual temperature at the end of the measurement
interval.

Equation 6 can be rearranged as:

To—Tr
— = 7, 7
o 7)
by introducing a variable Z(t), we can further write
Tp—Tp T
Zt)=In —— = —— 8
O ®)

where he variable Z has the form of a straight line
passing through the origin of the axes and with an
angular coefficient equal to —1.

The procedure, at this point, is similar to static
calibration, involving a linear regression on a set of
points to derive an average straight line. The slope of
this line represents the response time of the instrument.
Two thermal gauges were evaluated: a low-cost 1.5
mm Type ] thermocouple with a declared response

time (7) of 0.25 s, and a fast-response 0.25 mm Type
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K thermocouple, used by Boccotti [14] and Arena and
Filianoti [41] in their experiments.

To generate the temperature step, a calibration bath
was utilized, and the procedure involved the following
steps: inserting the sensor into the calibrator, waiting
for the calibrator to reach and stabilize at the target
temperature, removing the sensor from the calibrator,
and evaluating the step response as it returned to
ambient temperature. The ambient temperature was
also measured using a PT100 sensor to ensure the at-
tainment of a steady-state condition. To account for the
impact of air convection on the thermocouple’s time
response, four experimental conditions were examined:
the sensor placed in still air, the sensor subjected to
airflow at velocities of 0.85 m/s, 1.5 m/s, and 2.45
m/s. The airflow was generated using a fan inside
a pipe, with its intensity measured by a professional
air flow meter. This approach allowed us to evaluate
the step response of the sensor and determine the
time constant (7), under different operating conditions
and temperature steps, employing Eq. 8. The obtained
results are summarized in Table II for the 1.5 mm Type
J thermocouple and in Table III for the 0.25 mm Type
K thermocouple.

TABLE II
DYNAMIC CHARACTERIZATION IN AIR OF A 1.5 MM TYPE |
THERMOCOUPLE AND A 0.25 MM TYPE K THERMOCOUPLE.

Calibrator Ambient 7 [s] - 7 [s] - 7 [s] - 7 [s] -
temper-  temper- ~ Wind Wind Wind Wind
ature ature speed 0 speed speed speed
[°C] [°C] m/s 0.85 1.5 m/s 2.45
m/s m/s
37 17.7 19.7 5.8 5.0 5.3
50 17.7 19.5 55 43 4.2
60 17.7 20.3 6.0 49 4.8
70 17.7 21.0 5.6 5.0 4.7
80 17.7 21.3 5.7 4.8 4.5
TABLE III

DYNAMIC CHARACTERIZATION IN AIR OF A 1.5 MM TYPE |
THERMOCOUPLE AND A 0.25 MM TYPE K THERMOCOUPLE.

Calibrator Ambient 7 [s] - 7 [s] - 7 [s] - 7 [s] -

temper- temper- ~ Wind Wind Wind Wind

ature ature speed 0 speed speed speed

[°C] [°C] m/s 0.85 15m/s 245
m/s m/s

37 21.7 12.0 5.0 43 4.2

50 21.6 18.0 53 43 4.0

60 21.6 18.0 5.1 43 4.0

70 21.7 17.0 5.0 4.1 39

80 21.7 18.2 5.0 42 44

The differences between the time constants of the
two thermocouples are very large in calm air. In this
test condition, the thicker thermocouple is almost in-
sensible to the amplitude of the temperature step. On
the contrary, the thinner K thermocouple increases its 7
by about the 50% in passing the amplitude step from
20 °C to about 60 °C. This increment is due to the
high sensitivity of the fast-response thermocouple to
even little air flows. The 7 of the two thermocouples
get smaller in the presence of air convection. From this
characterization we can point out that the introduction
of a forced convection accelerates the heat exchange
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between the sensor and the air, and improves the time
response of the measurement system. As we can see,
introducing forced convection, the differences between
the two systems are strongly reduced, and the time
response of the measurement system becomes similar.
Considering that the 0.25 mm type K thermocouple
used by [14] and [41] in their experiments has consid-
erably higher costs, as well as greater fragility, without
bringing substantial benefits compared the cheaper and
more robust thermocouple, its use is not advisable,
and it can be replaced with a low-cost solution. What
remains to be verified at this point is whether the
response times of the measurement system are capable
of faithfully reproducing the temperature dynamics
that typically occur inside the air chamber of a U-OWC.
This aspect is discussed in the following.

B. Determination of Time Response Requirements

To achieve indirect flow measurement in OWC sys-
tems, where air temperature in the air chamber is
used as the measurement parameter, it is crucial to
employ a sufficiently fast temperature sensor capable
of accurately tracking the rapid temperature changes
resulting from the compression and decompression of
the air in the plenum.

When considering the actual fluctuations Ty, of the
air temperature in the plenum (i.e., the temperature
measured by an ideal gauge) as the input to a practical
gauge, as depicted in Fig. 6, the measured temperature
Tineas Will be influenced by the dynamic characteristics
of the gauge, including both its amplitude and phase
angle. Assuming that the sensor can be mathematically
modeled as a first-order instrument, we can express
this relationship as follows:

dT’ULC(lS
GIT + aOTmeas (t) = bOTact (t)y (9)
that can be rewritten as:
aj dTmeas bO
- Tneas(t) = —Taet(t ’ 10
TR Ta) = T, (10
and by defining:
T=—, (11)
ag
k=2 (12)
ago
we arrive to
dT as
T S“: + Trmeas(t) = KTt (t). (13)

The parameter K represents the system’s static sensi-
tivity, indicating the output per unit input for static
conditions. Meanwhile, the time constant 7 is deter-
mined experimentally as the time for the output to
reach 63,3% of its final value, after a step change in
the input [50]-[52]. Introducing the operational transfer
function of the system:

Tmeas (t) D) _ K
Tact (t) T.D + 1’

by utilizing the differential operator D, we can solve
the differential equation to obtain the response for

(14)
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any given input. It is crucial to assess how the time
response of the temperature gauge influences the eval-
uation of the plant performance. For this purpose,
simulations were conducted using Eq. (14), with K
fixed at 1 and applying the input signal Ty, (t) shown
in Fig. 5. The results, summarized in Table IV, provide
the relative error between the standard deviations of
the input and output signals for different 7 values,

|07 e

B O-Tmeas‘ . (15)
oT,

act

e % =

The graphical results for 7 = 0.05 s, 0.5 s and 4.5 s are
showed in Fig. 7.

TABLE IV
RELATIVE ERROR BETWEEN STANDARD DEVIATIONS OF THE ACTUAL
TEMPERATURE FLUCTUATIONS AND MEASURED ONES, THROUGH A
FIRST ORDER INSTRUMENT, HAVING DIFFERENT VALUES OF T.

T[s]  er [%]
0.01 0
0.05 0.3
0.1 0.9
0.2 32
0.3 6.7
0.4 11
0.5 15.7
1 37.5
2 59.8
45 70.9

For values of 7 less than or equal to 0.1s, the sensor
demonstrates highly accurate reproduction of temper-
ature variations over time, with an accuracy exceeding
99%. However, as 7 increases, the performance of the
sensor deteriorates, ultimately losing its ability to track
temperature fluctuations entirely when 7 approaches
the period of oscillation of the air temperature (refer
to Fig. 7c). In the subsequent section, we assess the
impact of temperature measurement errors on the mea-
surement of captured power by the OWC system.

Tact —T meas (tau=0.05s)
304

ﬁ._ 300
N

298

296

0 2 4 6 8 10 12
o o7 @
T act —T meas (tau=0.5s)

304

302
%
o300
~

298

296

0 2 4 6 /T 8 10 12
(b)
T act —T meas (tau=4.5s)

304

302
é, 300 L L L~ L T S T T TN T T LT
&

298
296

0 2 4 6yT 8 10 12

Fig. 7. Simulation of a first order response — temperature trend a)
7=0.05sb)T=05s0¢)7=4.5s.

As the reader can see, as the time constant 7 in-
creases, the amplitude of the temperature fluctuations
become smaller and the time shift, larger. For 7 = 0.5
s, the amplitude of T),.qs is halved compared to the
actual one, T,.;. The phase shift passes from zero, for
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7 = 0.0l s to 109 degree, for 7 = 0.5 s. Following
the procedure described in Sect. II-A, considering as
input the temperature signals obtained from the ther-
mocouple simulations, we calculated the energy flux
captured by the plant, which is shown in Fig. 8. For
comparison, the energy flux obtained by means of the
CFD simulation is also shown.

Tau=50ms Tau=100ms ----Tau=300ms

— Actual temperature Tau=500ms

-60

Fig. 8. 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
obtained as output of the first order system, using different values
of 7.

Table V provides a summary of the simulation
results, focusing on the estimation error e, for the
captured energy flux ®,4s by the plant. This error is
influenced by two factors: the reduction in tempera-
ture amplitude and the phase angle shift. Interestingly,
these factors have opposite effects on the energy flux
estimation.

A decrease in temperature amplitude increases the
captured energy flux. Conversely, an increase in the
phase angle shift leads to a reduction in the energy
flux. These observations are consistent with the results
in Table V, where increasing 7 results in smaller flux
estimations and higher errors, reaching a maximum of
46% at 7 = 0.1 s.

As 7 further increases, the flux estimation grows,
while the relative error decreases. This is primarily due
to the dominant role of reduced temperature fluctua-
tion amplitude.

TABLE V
SUMMARY OF THE SIMULATION FOR DIFFERENT VALUES OF T.
T [S] Tnm,;c Tmin € [rad] (I)abs eT'({)abs)
K] K] [kW/m]  [%]

0.01 303.4 296.4 0 8.2 21

0.05 303.4 296.5 0.31 7.1 32

0.1 302.9 296.9 1.26 5.6 46

0.3 302.5 297.2 1.57 6.1 41

0.5 301.9 297.9 1.9 79 23

1.0 301.0 298.7 2.8 10.9 6

V. CONCLUSIONS

The measurement of captured power is critical for
assessing the performance of an energy conversion
system. In the case of a U-OWC wave energy converter,
traditionally, water velocity measurement in the U-
duct is used. However, an alternative method proposed
by Boccotti [14] and Arena and Filianoti [41] suggests
measuring air temperature fluctuations in the plenum
instead. In this study, we analyze the influence of the
time response of a thermocouple on the measurement
of captured energy flux.
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To this aim, we replicate a numerical experiment
of a submerged U-OWC system described by Arena
and Filianoti [41], aiming to accurately reproduce the
system’s dynamic behavior.

We described a methodology to estimate the time re-
sponse of a thermal gauge subjected to air ventilation,
as done during the experiments by [41].

Assuming a first-order behavior for the temperature
sensor, we evaluate the captured energy fluxes by
varying the time response. The estimation error of the
energy flux is analyzed in terms of amplitude damping
and phase angle shift. Specifically, reducing the am-
plitude of the measured temperature fluctuation leads
to an overestimate of the energy flux, while a forward
shift in the phase angle underestimates the energy flux.
The results indicate that, recurring to forced ventilation
is not enough to achieve a precise estimation of the
wave power captured by the plant. Some adaptive
correction of thermal measurements could reach the
scope.
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