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Abstract. Maritime Natural Caves (MNCs) are real and natural representations of shoreline Oscillating
Water Column (OWC) devices. Recently, one particular MNC located in Cidade Velha on Santiago Island,
Cabo Verde, has been the focus of several studies aimed at analyzing its behavior and energy performance
under different wave climate conditions. This study investigates the operation of this MNC, focusing on the
impact of airflow damping caused by its power take-off mechanism, represented here by orifices (ORs) with
different cross-section areas and Wells turbines with various rotor blade stagger angles () on its energy
extraction and production capacity. Our study showed that the power available from the MNC is linked to
the flow damping characterized by the area contraction coefficient and the linear damping coefficient for
turbines. The optimum flow contraction coefficient was found to be C, = 0.269, which maximizes both the
average and peak power available from the cave, reaching 439.5 W and 4237.9 W, respectively. When
using turbines, the average power available ranged from 38.3 W to 80.5 W, which was considerably lower
than the range observed with orifices (132.2 W — 454.1 W). This suggests that the damping capacity of the
turbines could be improved. The turbine with the highest damping coefficient (B=15°) produced the highest
values of both available and converted power. However, it showed limitations in effectively converting the
energy made available by the MNC. The turbines with moderate damping, between 2.52 cmH,0/(m3/s)
(turbine with B=0°) and 2.84 cmH,0/(m3/s) (B=10°), demonstrated better energy conversion
performance with average efficiency of 23.6% and 20.7%, respectively. The remaining turbines exhibited
lower average efficiency: 16.6% (B=15°) and 13.3% (B=5°). However, all turbines showed losses of
efficiency when the MNC operated with high airflow rates. The turbine with f=0° had a contraction
coefficient of 0.545, significantly higher than the optimal found for the orifices. The ideal contraction
coefficient could be achieved by increasing both the turbine blades and hub by 60%.
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1. Introduction

The performance of an Oscillating Water Column (OWC) device, such as Marine Natural
Caves (MNCs), is strongly influenced by several factors, including its geometric characteristics,
the properties and compressibility of air, and the damping associated with the turbine coupled to
the system.

Humidity and air compressibility are two key properties that significantly impact the
performance of an OWC device. For instance, Medina-Lopez et al. (2019) demonstrated that
humidity can reduce the device’s efficiency by approximately 50% to 70% compared to
simulations using dry air. Similarly, Moifiino et al. (2020) found that increasing the water vapour
fraction in the air-vapour mixture from 45% to 70% can result in a reduction of approximately
30% in the power available for conversion by the turbine in OWC systems.

Air compressibility is another critical factor in the OWC performance assessment. In addition
to contributing to the hysteresis phenomenon, neglecting compressibility can result in an
overestimation of system efficiency (Thakker er al. 2003). Research by Gongalves et al. (2020)
indicates that ignoring air compressibility can result in an overestimation of hydrodynamic
performance by approximately 16% to 20%, regardless of whether the system is equipped with a
Wells turbine or an impulse turbine.

One of the most important aspects of an OWC system is its integration with the power take-off
(PTO) system. Pereiras et al. (2015) developed a methodology aimed at identifying the most
suitable turbine for a specific OWC configuration. Their approach involved first determining the
system's optimal damping and then selecting the turbine that best matched this condition. Bouali et
al. (2017) explored this issue as well and concluded that, for each OWC device size, there is a
unique combination between device dimensions and PTO damping that maximizes energy
conversion for a given wave climate.

According to Lopez et al. (2014), the hydrodynamic performance of the pneumatic chamber in
an OWC device primarily depends on the turbine damping, rather than the wave climate
conditions. Therefore, selecting the appropriate turbine for this type of device is crucial, as it
impacts both its performance and the chamber's performance, highlighting the importance of the
turbine-chamber interaction in such systems. This conclusion is further supported by Bouhrim and
Abdellatif (2023), who investigated the flow damping by the air turbine and its relationship to the
pneumatic chamber's performance in these devices.

Kamath et al. (2015) numerically modelled the damping of the mechanical power generation
system in oscillating water column devices. Their research identified a significant correlation
between the damping values of the flow created by the mechanical power generation system and
the corresponding hydrodynamic efficiency. They found that, as the mechanical system damping
increases, the hydrodynamic efficiency initially rises to a peak, before decreasing with further
increases in flow damping. Inadequate damping of the device results in the formation of large
stagnation zones inside and outside the OWC chamber, which reduces hydrodynamic efficiency.
This behavior of OWC devices indicates the existence of an optimal damping value that
maximizes the efficiency of their pneumatic chambers.

Nguyen et al. (2021) examined how blade pitch angles influence hydrodynamics in a
five-bladed vertical-axis hydraulic turbine. By varying the blade pitch angles between -5° and +5°,
they found that a +2° pitch angle improved the power coefficient by 2.3%, compared to the value
observed at a pitch angle of zero degrees.

Mohamed and Saahaban (2013) studied the effect of blade pitch angles on turbine efficiency,
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Fig. 1 (a) Wells turbines with different values of  (one of the turbines was fixed to the turbine operating
station)), (b) Turbine workstation and (c¢) U-manometers

aiming to improve turbine performance through optimized control of these angles. They used two
different aerodynamic profiles: the conventional NACA 0021 and an optimized “AOP” profile.
Their findings showed an improvement of up to 2.3% for the NACA 0021 profile at a pitch angle
of 0.3°, and a substantial improvement of 6.3% for the “AOP” profile.

Gato and Webster (2001) conducted experimental studies on an air turbine with an NACA 0015
profile, achieving efficiency improvements with a 30° back sweep and blade pitch angles ranging
from 0° to 20°.

Mohamed and Samehs (2014) achieved improvements of 3.4% in turbine efficiency and 1% in
its power at an ideal pitch angle of 0.6°. Thus, the pitch angle not only influences the turbine's
performance but also its self-starting capability (Dumitrache et al. 2016).

2. Experimental setup and procedure

To measure the performance parameters of the cave equipped with each turbine (Fig. 1(a)), its
shaft was connected to the shaft of an electric motor (Fig. 1(b)). Two U-Manometers (Fig. 1(c))
were used to measure the total flow pressure and the static pressure drop across the turbines. The
electric motor, which is securely connected to the turbine's operating station, is equipped with a
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tachometer that measures the rotation of its shaft. The belt, shown in Fig. 1(b), transmitted the
rotation from the turbine shaft to the motor shaft.

The pressure gauge that measured the total flow pressure had a Pitot tube at one end (Fig. 2)
directed into the flow, and the other end was exposed to atmospheric pressure. The pressure gauge
that measured the pressure drop across the turbines had one end attached to the side of the vertical
duct, perpendicular to the flow, located immediately before the turbines (Fig. 2). The other end
was exposed to atmospheric pressure.

The positions of the manometric fluids (pink for total pressure and blue for static pressure)
were recorded by a video camera at 25 frames per second and stored on an SD card. The
tachometer's voltage signals were captured every 100 ms and converted into the rotation frequency
of the motor shaft using a C++ program installed on an Arduino Uno board, which then
transmitted these signals to an SD card mounted on an Ethernet shield (Fig. 3). It's important to



The influence of flow damping on the maritime natural cave performance 157

Fig. 4 The orifices (ORs) used in this study

note that the AC signals produced by the tachometer were rectified and leveled to a range of 0 to 5
VDC, compatible with the Arduino Uno. All the gathered data were later downloaded to a
computer for subsequent analysis.

Fig. 3 displays the experimental setup used to assess the impact of the turbine-damping
coefficient on the cave's available and production powers.

To examine the impact of the orifice-damping coefficient on the available power of the MNC,
only the pressure gauges were employed to measure both the total flow pressure and the static
pressure drop across the orifices (Fig. 4). The instantaneous values of these parameters were
captured by the previously mentioned video camera and saved onto an SD card.

3. Methodology

From the instantaneous values of the manometric fluid heights (Ah), the maximum
instantaneous velocities (at the tube's axis) were calculated (Eq. (1)). This was done by applying
the Bernoulli equation along the central streamline of the tube, assuming incompressible and
steady flow for small time intervals (data sampling time).

2PH209Ah
Vamax = ,’T M

These values of Ah were measured using U-tube manometers and recorded by a video camera
operating at 25 frames per second.

With the values of velocity at the tube's axis and assuming the 1/7 (n = 7) turbulent velocity
profile law for a circular tube, we calculated the average air velocity in the turbine duct (Eq. (2))
and, therefore, the airflow rate (Q) across the orifices and turbines duct (Eq. (3)).
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In the above equation, R}, is the hydraulic radius of the vertical duct connected to the cave
orifice and in which the turbine station was fixed, a = 30cm and b = 15 cm are the
dimensions of the cross-section area of this vertical duct.
The average velocity in Eq. (2) was calculated by integrating the previously power law
velocity, along the radial direction of the vertical tube (Monteiro et al. 2020).
The power available from the cave was determined as the product of the static pressure drop
across the orifices and turbines (dp) and the volumetric airflow rate passing through them, using

Eq. (4)
Pgir = dpQ “4)

The power extracted by the turbine (P) refers to the power at its shaft. This power was
calculated by multiplying the turbine torque (M) by its angular velocity (w), using Eq. (5).

P=Mw Q)

In turn, the turbine torque was quantified by multiplying the moment of inertia of the
motor-turbine assembly (I) by the turbine angular acceleration (a), through Eq. (6)

M=la (6)

The turbine moment of inertia (I = 145gm?) was experimentally estimated in the Lab as
explained in the following.

The turbine acceleration was calculated by dividing the change in angular velocity by the data
sampling time, which was, in this study, At = 0.1s (Eq. (7)).

a =Aw/At @)

The angular velocity of the turbine shaft was derived from the rotational speed of a tachometer
shaft connected to it. Voltage signals from the tachometer were converted into turbine angular
velocity using a calibration curve established in the lab. This calibration curve was subsequently
implemented in Arduino via C++ code, enabling the conversion of electrical signals from the
tachometer into the turbine's angular velocity.

To determine the moment of inertia of the turbo-motor assembly, an experimental apparatus
was used consisting of two calibrated weights, a ruler, a stopwatch and a wire. The procedure
involved inducing rotation in the turbo-motor assembly through the action of a tangential force
generated by the vertical fall of a calibrated weight. This weight was connected to the turbine by
an inextensible wire, attached tangentially to one of its blades. As the weight fell, it caused the
turbo-motor to rotate. The angular velocity of the system was inferred from the tangential velocity
at the blade’s edge, which corresponds to the slow descent velocity of the falling weight. This
tangential velocity was calculated by dividing the vertical displacement of the weight, measured
using a ruler, by the time interval recorded with the stopwatch. The angular velocity was then
obtained by dividing the tangential velocity by the turbine’s radius. Angular acceleration was
determined from the change in angular velocity over time, considering the initial angular velocity
as zero and the final angular velocity measured at the end of the motion using the stopwatch.
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Table 1 Geometric characteristics of Wells turbine (Monteiro et al. 2021)

Blade Profile NACA0021
Solidity 0.72
Tip Radius [mm] 207
h =Hub-to-tip ratio 0.484
Mid Radius [mm] 153
Number of Blades 4
Chord length [mm] 173

Table 2 Tides chart around Santiago Island

Day 1st Tide 2nd Tide 3rd Tide 4th Tide Coefficient
9 Thursday 0.2m(2.38h) 12m(843h) B =0° 02m(1437h) 13 m(20.57h) B =0° 77 (high)
10 Friday 0.2m(3.10h) 12m(9.14h) p=15° 0.2m(15.10h) 1.3 m(21.27h) B =15° 71 (high)
11 Saturday 0.2 m (3.42h) 1.1m(9.48h) B =10° 0.3 m(15.46h) 1.2 m (22.01h) 64(average)
12 Sunday 0.3 m(4.20h) 1.1m(10.28h) B =5° 03m(16.2%) 1.1m(22.43h) B =0° 56 (average

The turbine efficiency and the flow coefficient were calculated using Egs. (8) and (9):

« P

U (8)
__Va
Q= oRey )

In the equations above, P and Ry;, are, respectively, the mechanical power at the turbine
shaft and the turbine tip radius.

The Wells turbine used in Cidade-Velha's MNC has four fixed blades staggered at 90° relative
to the machine axis, and it was designed to develop 1 kW of shaft power (Monteiro et al. 2021).
The geometric characteristics of this Wells turbine are presented in the table below.

The turbine involved showed significant energy losses, particularly during high tides when the
MNC had the highest energy content (Monteiro et al. 2022). Consequently, we aim to analyze the
performance of the MNC as a function of the flow-damping coefficient of its mechanical energy
conversion system. To achieve this, four turbines were constructed with the same dimensions as
those in the previous table, but with varying rotor blade stagger angles to produce different
damping coefficients for the device. The blade stagger angle ranged from 0° to 15° in 5°
increments, rotated clockwise.

The excitation of the MNC is strongly influenced by tidal conditions and wave characteristics
(Lopez et al. 2017, Monteiro et al. 2021). This made comparing cave performance for different
turbines more challenging. However, by analyzing the tide charts for Santiago Island from
tabuasdemarés.com, we identified the most suitable scenarios for testing, allowing us to make the
comparison as consistent as possible. The following table, extracted from the aforementioned
website, provides information on the tidal conditions around Santiago Island during February 2023,
the period when the studies were conducted.
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As shown in Table 2, there are four tidal states during the day: two low tides (1st and 3rd) and
two high tides (2nd and 4th). Each tide is characterized by its height in meters, the day and time it
occurs, and its tidal coefficient, expressed as a percentage. This coefficient predicts the tidal
amplitude and represents the difference in height between consecutive high and low tides in a
given area (tabuasdemarés.com).

To ensure a consistent comparison of cave production with different Wells turbines, tests were
conducted under similar tidal conditions. The cave equipped with the B=0° turbine was tested
during the second tide on Thursday, February 9, and its performance can be compared with that of
the f=15° turbine, tested during the second tide on Friday, February 10. During both tests, the tidal
profiles were similar, with a height of 1.2 m and high tidal coefficients. Additionally, the cave with
the B=0° turbine (second tide on Sunday, February 12) was compared with the cave using turbines
with B=5° (second tide on Sunday, February 12) and =10° (second tide on Saturday, February 11),
as all tests were conducted under similar tidal conditions, characterized by a height of 1.1 m and a
mean tidal coefficient.

According to Law-Chune et al. (2021), the wave climate changes significantly every 3 hours.
As expected, these variations in wave climate impact cave performance. Therefore, the study was
carried out during high tides at consistent times to ensure similar wave conditions. Furthermore,
data from the website tabuasdemarés.com show only minor variations in significant wave height
and wave period, with differences of 0.3 meters and 2 seconds, respectively. These small variations
were also verified through on-site observations.

4. Results and discussion
4.1 Error analysis and sources of errors

Before presenting the results of this study, it is essential to address the accuracy of the
instruments used in the experimental setup and the propagation of errors in the calculations of the
key parameters used to characterize the cave's operation.

To assess the performance of the studied MNC, we measured the total and static air pressures at
its outlet using U-tube manometers. Variations in these pressure readings over time were
monitored with the aid of graduated rulers. The pressure fluctuations were recorded using a video
camera operating at 25 frames per second, corresponding to a temporal resolution of 40
milliseconds.

1
To calculate the air velocity, we used the formula V = (ZszoAh/ pair) /2 , where yy o =

9810 N/m3 is the specific weight of water, pg; = 1.16 kg/m3 is the air density, and Ah is
the pressure drop in cmH,0. The error in velocity measurement due to the use of graduated rulers

1
is given by dV = Kd(Ah)/vAR, with K=(”H20/2p ) P =65mY2s7! and d(ah) =
alr

0.5mm = 0.5 X 1073m (typically, the error associated with measurements using rulers is
considered to be half of the smallest scale division). In this study, the lowest recorded value of Ah
was approximately 0.3 cm. In this worst-case scenario, the associated error in velocity (V) was
+0.6 m/s. For this manometric fluid height, the velocity at the tube axis was calculated to be 7.12
m/s, resulting in a maximum relative error of about 8.2% due to the resolution limit of the
measuring scales. Moreover, the uncertainties in Ah readings and velocity calculations led to
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estimated errors of around 16.8% in dynamic pressure and 16.6% in static pressure. It is important
to emphasize that the Ah values measured under actual operating conditions inside the cave were
significantly higher than 0.3 cm, which means the relative errors in those cases were even smaller
and can be considered negligible.

The rotational speed of the turbine shaft was measured using a tachometer that had been
carefully calibrated in the laboratory. This calibration ensured an accurate relationship between the
voltage signal output and the shaft’s rotational speed. High-precision instruments were used during
the calibration process, including a Fluke digital multimeter (accuracy ranging from 0.5% to
0.025%) and a frequency regulator (maximum accuracy of 0.2%). Therefore, it can be concluded
that, in the real case study analyzed, the measurement errors are minimal and do not compromise
the evaluation of the cave’s performance.

Manometric fluid level measurements (Ah) are subject to potential inaccuracies due to parallax
errors. The magnitude of this error depends on the relative positioning of the camera with respect
to the free surfaces of the manometric columns, which can vary over time. To improve Ah readings
and reduce errors in velocity calculations, the Pitot tube used for measuring maximum velocity at
the turbine duct axis should ideally be calibrated in a wind tunnel. Furthermore, the length of the
tubing connecting the Pitot probes to the pressure gauges may lead to signal attenuation,
potentially masking the true nature of pressure fluctuations and thereby increasing overall data
uncertainty.

Another significant source of error stems from the approximation of a rectangular duct as an
equivalent circular one using the hydraulic radius. This simplification introduces a degree of
inaccuracy in flow parameter estimation. For turbulent flow (Reynolds number Re > 2300), the
associated error is typically below 12%, depending on the parameter under consideration (Frate et
al. 2016). However, for laminar flow, the same authors report that relative errors may range from
11% to 23%. Further inaccuracies arise from assumptions made regarding the turbulent velocity
profile. The airflow within the duct features two distinct regimes: the entrance region and the fully
developed flow region (Oliveira and Lopes 2012). In this study, fully developed turbulence was
assumed to estimate the volumetric airflow through the duct cross-section. Nevertheless, since the
duct was only 1.5 meters in length, likely, the flow profile had not yet reached the fully developed
stage, introducing additional uncertainty into the airflow measurements.

It is also important to acknowledge the inherent difficulty of measuring flows driven by
unpredictable events such as coastal sea waves. Selecting instruments capable of adapting to a
wide range of unknown flow conditions, while also withstanding the harsh environmental setting
in which the measurements were conducted, posed a considerable challenge.

4.2 The influence of orifices flow damping on the MNC performance

We tested the cave using four different orifice restrictors (ORs) to evaluate the influence of
their flow-damping characteristics on the MNC’s power extraction capability. Each orifice had a
distinct flow contraction coefficient (Cc), defined as the ratio between the orifice cross-sectional
area (Ao) and the cross-sectional area of the turbine station (As). Therefore, the damping effect of
each OR was characterized by its respective flow contraction coefficient. The Cc values for the
ORs used in this study were 0.226 (OR 1), 0.338 (OR 2), 0.451 (OR 3), and 0.508 (OR 4).

By fitting each OR to the turbine station, we measured the total airflow pressure and the
corresponding static pressure drop across the orifices, focusing solely on the exhaust phase of the
cave’s operation—when energy production is at its peak.
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Fig. 5 Cave’s available power by each orifice

Fig. 5 presents the available power from the MNC for each OR configuration. Two key
observations emerge from these results. First, as anticipated, the relationship between available
power and the damping effect of the ORs exhibits a quadratic trend, lending credibility to the
experimental setup and methodology. Second, it is clear that different orifice areas (i.e., different
damping levels) significantly influence the amount of power the cave can deliver. Notably, OR 1,
characterized by the highest flow restriction (smallest passage area), resulted in the greatest
available power, suggesting a better match with the cave's operational characteristics compared to
the other ORs.

The orifice restrictor (OR) with the lowest airflow restriction (OR 4) yielded the lowest
available power from the cave. This result is significant, as it underscores the importance of
carefully selecting the power take-off system for converting the cave's available power, given its
direct impact on the cave's performance. This finding aligns with the results reported by Lopez et
al. (2014). Specifically, OR 1 appears to be better suited for both lower (less energetic cave) and
higher (more energetic cave) airflow rates, as it consistently provides higher available power
compared to the other ORs.

However, it is important to emphasize that although OR 1 demonstrated the best performance
among the tested orifices (OR 2, OR 3, and OR 4), this does not necessarily imply that its damping
coefficient is the optimal choice for our cave. As highlighted by Kamath et al. (2015), there exists
an ideal damping coefficient for the power take-off mechanism of an OWC device, where the
device's hydrodynamic efficiency is maximized. Therefore, it is important to note that an OR with
the ideal damping coefficient has not been tested in this study.

Fig. 6 presents the average and maximum values of the MNC available power as a function of
the flow area contraction coefficient (C, = Ay/As). The dashed lines represent polynomial
approximation curves based on the experimental data. The determination coefficients, R* = 0.92
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Fig. 6 The MNC available power by each orifice (OR)

for average power and R? = (.77 for maximum power, are considered acceptable. These values
indicate that the variations in available power can be adequately explained by the variations in the
contraction coefficient C., as represented by the approximation curves.

Based on the graph under analysis, the approximation curves show downward concavities,
suggesting that they have a maximum. Using Excel tools, the equations for the two approximation
curves were determined: P, = —58579C2 + 31512C, (for maximum power) and Py, =
—6109.5C2 + 3277.4C,. (for average power). From these equations, the optimal flow contraction
coefficient that maximizes the MNC's available power was calculated. This corresponds to the
value of C.for which the derivative of power concerning C. (dPg;,-/dC. = 0) equals zero. By
solving this, the optimal C.value of 0.269 was obtained for both curves. At this ideal C.value, the
highest values of average and maximum available power were 439.5 W and 4237.9 W,
respectively.

To achieve these optimal power values, an orifice with a cross-sectional area of 509 cm? would
need to be adapted, which is relatively close to the area of ORI1. Another noteworthy aspect,
shown in Fig. 6, is the significant difference between the average and maximum values of the
MNC available power. This discrepancy can be attributed to the large temporal variability in
available power, caused by the irregularities and time variations of the waves that excited the
MNC.

4.3 The influence of turbine damping on the MNC performance

Fig. 7 shows the characteristic curves of the four turbines tested with the Cidade Velha MNC.
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Table 3 Turbine's damping coefficient

Turbines p = 15° p =10° p =5° p=0°
K [emH,0/(m? s1)] 3.95 2.84 2.97 2.52
R? 0.81 0.73 0.78 0.73

The straight lines are approximations of experimental data through the linear relationship
between the manometric height due to the pressure drop across the turbine, H.[cmH,0], and the
airflow Q that passed through them. The graph shows that the experimental points deviated
significantly from the linear approximation curves, especially for high flow values, evidencing
non-linearity of the relationship H; = f(Q) . This non-linear behavior of the turbine's
characteristics curves is related to the separation of the boundary layer of the airflow over the
turbine rotor blades has also been verified by Licheri et al. (2023). Apart from this deviation from
linearity, the approximation coefficients R? are all acceptable, being always higher than 0.73.

From the linear relationship H, = KQ it was possible to estimate the turbine damping
coefficient K shown in the following table.

As shown in Table 3, the K values generally decrease as the blade stagger angle decreases.
However, an unexpected behavior was observed between the coefficient values of turbines with 3
= 10° and B = 5°. This inconsistency is likely related to the imprecision in the data approximation
by the linear relationship or possibly due to inaccuracies in our measurements. Regardless, it is
important to note that the parameters used to characterize the cave are not affected by this
imprecision in the K value.

According to the K values presented in Table 3, the turbine with a § = 15° blade stagger angle
exhibited the highest damping coefficient (3.95 cmH.O/(m? s™')), while the turbine with = 0° had
the lowest damping coefficient (2.52 cmH20/(m? s')). Additionally, the damping coefficient of the
B = 5° turbine was higher than that of the § = 0° turbine. These trends are also reflected in the
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characteristic curves of the turbines, which showed a decrease in slope as the damping coefficient
(K) decreased from § = 15° to = 0°. Thus, turbines with larger blade stagger angles generated
higher pressure drops, meaning they are more effective at damping the flow passing through them.
The damping capacity of the turbines plays a direct and significant role in the available and
converted powers of the MNC, as illustrated in Fig. 8.

Fig. 8 presents the values of the two aforementioned parameters as a function of the turbine's
linear damping coefficients. As outlined in Table 1 in the methodologies section, turbines with 0°,
5°, and 10° blade stagger angles can be compared, as they were tested under similar cave
excitation conditions. As shown in Fig. 8, the turbine with the lowest damping coefficient (f = 0°)
exhibited lower available and converted power values compared to the turbine with a f = 10° blade
stagger angle. The turbine with f = 5° displayed a slight decrease in available power compared to
the turbine with § = 0°, but a significant drop in converted power, reaching the lowest value among
the turbines tested. This suggests that the turbine with a 5° blade stagger angle experienced the
highest aecrodynamic losses, likely due to premature flow separation over its blades.

The inability of the turbine with K = 2.97 cmH>0/(m? s7") ( = 5°) to effectively convert power
is further demonstrated in Fig. 9, which compares the power converted by this turbine with that of
the turbines with f = 0° and B = 10° as a function of airflow. This figure clearly shows that the
power converted by the turbine with § = 5° was significantly lower than that of either the p = 0° or
B = 10° turbines.

Returning to Fig. 8, it is important to highlight that, on average, the turbine with a damping
coefficient of K = 2.84 cmH20/(m* s™') (B = 10°) exhibited the closest values for available and
converted powers. This led us to conclude that this turbine was the most efficient at converting
available power into shaft power, followed by the turbine with the lowest damping coefficient (f =
0°). In contrast, the turbine with f = 5° showed significant deficiencies in converting pneumatic
power into mechanical power.
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Fig. 9 Turbines converted power

As shown in the same figure (Fig. 8), the turbine with the highest damping coefficient (B = 15°)
achieved the highest available and converted powers compared to any of the other turbines tested.
However, similar to the turbine with B = 5°, this turbine faced challenges in converting all
available power into mechanical power, as its average converted power was significantly lower
than its available power. Despite this, the available and converted powers for the turbine with f =
15° surpassed those of any other turbine studied.

4.4 Available power versus converted power

Fig. 10 presents the values of available and converted powers as a function of airflow for the
cave equipped with B = 15° turbine blades. The dashed line is the quadratic approximation of the
experimental data of the cave's available power. It is important to note that all turbines exhibited
similar behaviors to the one shown in the figure. According to this figure, the MNC's available
power increased rapidly and continuously with the airflow rate, while the converted power values,
although not displaying a well-defined trend, tended to decrease at higher flow rates. As a result,
the two curves in Fig. 10 began to diverge, highlighting the losses in turbine efficiency during the
period when the cave provided more energy for conversion. This behavior indicates that
aerodynamic losses increased significantly at higher flow rates, likely due to the premature
separation of the boundary layer over the turbine blades.

As shown in Fig. 10, the turbine exhibited converted power even during the cave's inactivity,
when the airflow rate was zero. In these cases, the turbines acted like flywheels, generating shaft
power even in the absence of the cave's available power.

4.5 Oirifices versus turbines

The following table presents the average power available from the MNC equipped with orifices
and turbines. It is evident that the orifice and turbine with the highest available power values are
those associated with the highest damping coefficients, namely 454.14 W (OR1) and 80.45 W
(turbine with B = 15°). However, the power available from the cave equipped with the orifices
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Fig. 10 Available and converted powers for the cave equipped with 8 = 15° rotor blades turbine

(132.15 W-454.14 W) was significantly higher than that obtained with the turbines (38.31 W—
80.45 W). The OR4 orifice and the § = 0° blade turbine exhibited the lowest flow damping
capacities and, consequently, the lowest available power values, which were 132.15 W (OR4) and
38.31 W (turbine with B = 0°).

Given the cross-sectional area of the f = 0° turbine, which is 864.4 cm?, it was possible to
determine the contraction coefficient for this turbine, which was found to be 0.545, higher than the
optimal value for the orifices (0.269). This difference may help explain, at least partially, the lower
available power from the cave equipped with turbines compared to the cave equipped with orifices.
To achieve the same ideal contraction coefficient as the orifices, the f = 0° turbine would need to
occupy an area of (1 - 0.269) x 1892.25 cm? = 1383.4 cm? in the turbine operation station, which
corresponds to a flow area of 509.1 cm? This means the cross-sectional area of the f = 0° turbine
would need to be increased by about 60%. This could be achieved by increasing both the blade and
wheel hub span by 60%

Therefore, in future work, we plan to construct a larger B = 0° turbine, retest it to assess its
performance, and compare it with the turbines already studied.

4.6 Turbine efficiency

The waves that excite the cave are highly irregular and non-linear. As a result, it is common for
situations to arise where the cave is excited by a highly energetic wave, followed by a less
energetic wave that is unable to alter the energy imparted to the turbine by the previous excitation.
This leads to a mismatch between the cave's available power and the power at the turbine shaft,
causing significant errors when evaluating the system's performance, resulting in values exceeding
100%. These occurrences were frequent during the MNC operation and are clearly reflected in our
data. To address this, by limiting turbine efficiency between zero and one, the average values of
this parameter were calculated and are presented in the following table.
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Fig. 11 Turbine Efficiency for § = 15° turbine rotor blades

Table 4 Natural Caves’ available power

Orifices
OR1 (Cc =0.226) OR2 (0.338) OR3 (0.451) ORA4 (0.508)
454,14 W 409.1 W 175 W 132.15W
Wells Turbines

p =15° p =10° B =5° B =0°

80.45 W 4781 W 4391'W 3831 W
Table 5 Average values of the turbine efficiencies
Wells Turbines

B =15° B =10° B =5° p=0°

16.6% 20.7% 13.3% 23.6%

The efficiency values presented in this table confirm that the turbine with zero degrees of blade
stagger angle was the most efficient, with an efficiency of 23.56%, followed by the turbine with a
10-degree blade stagger angle at 20.7%. The B = 5° turbine proved to be the least efficient among
those studied, with an efficiency of 13.26%. The turbine with the highest average converted power

exhibited an efficiency of only 16.64%.

It is important to note that the average efficiency values that can be deduced from Fig. 8 are
higher than those presented in Table 5. This is because the average powers in Fig. 8 include all
values of this parameter, including those associated with efficiency above 100%, while the values

shown in Table 5 exclude such extreme efficiency values.
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Fig. 11 shows the efficiency of the p = 15° turbine, considering only values of this parameter
between 0 and 100%. This figure emphasizes the efficiency losses of the turbine at high airflow
rates.

According to Fig. 11, the highest turbine efficiency was achieved for a flow coefficient of
approximately 0.33. Beyond this point, there was a rapid decline in efficiency values, highlighting
significant efficiency losses. These losses are attributed to the separation of the boundary layer
over the turbine blades, a well-documented phenomenon studied in scientific literature (Kinoue et
al. 2004, Torresi et al. 2020, Stefanizzi et al. 2023).

4.7 The hysteresis on the cave operation

Another phenomenon that may occur during MNC operation, leading to errors in turbine
efficiency assessment, is hysteresis (Morée et al. 2020). In this context, Ghisu et al. (2020)
demonstrated that air compressibility within the pneumatic chamber of the OWC (MNC) device
introduces a time delay between the water piston movement and the airflow through the turbine
duct. According to these authors, air compressibility is the primary cause of the hysteresis
observed in the experimental data of OWC operation. Moreover, their study emphasized that while
hysteresis due to turbine aerodynamics is marginal and independent of turbine solidity, hysteresis
from air compressibility within the OWC pneumatic chamber is significant and increases with
turbine solidity. Consequently, hysteresis will be more pronounced in full-scale OWC plants.
Additionally, Puddu et al. (2014) noted that hysteresis disappears when turbine performance is
presented as a function of flow parameters measured near the turbine rotor. In our setup, the
pressure sensors were positioned along the vertical duct, relatively close to the turbine rotor.
Therefore, we believe that hysteresis due to air compressibility was negligible in our data.
However, since the two sensors were positioned 1.5 m apart, this could have introduced some lag
between their responses, causing time delays between the values recorded by them, creating an
effect similar to hysteresis caused by air compressibility.

5. Conclusions

The current study used a set of orifices to simulate air turbines and assessed how flow damping,
due to the flow contraction coefficient, of these models influenced the cave's available power.
These power values were then compared to those generated by four real Wells turbines, each with
a different blade stagger angle, resulting in varying turbine damping coefficients. The orifice with
the highest damping coefficient (OR1) produced the highest available power values. By analyzing
the experimental data, we calculated the optimal flow contraction coefficient (C, = 0.269) that
maximizes the cave's power potential.

The turbine with the highest damping coefficient (B=15°) exhibited the highest available and
converted powers, but faced challenges in converting a significant portion of the power provided
by the cave. The results show that the turbine with f=0° was the most efficient, achieving an
average efficiency of 23.6%, followed by the turbine with p=10°, which reached 20.7%. The
turbine with f=5° was the least efficient, with an average efficiency of just 13.26%. Meanwhile,
the turbine associated with the highest values of available and converted power achieved an
efficiency of 16.6%.

In general, all turbines struggled to convert energy when the cave presented higher energy
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content. The power available in the cave equipped with turbines was significantly lower than that
obtained with the orifices. This discrepancy led to the conclusion that the turbines' damping
coefficients were not ideal for the MNC operation. Specifically, for the turbine with f=0°, we
determined the contraction coefficient to be 0.544—much higher than the optimal value of 0.269
derived from the orifice tests. According to the findings, to match the optimal contraction
coefficient, the turbine would need to increase in size by 60%.
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