Energies 2013, 6, 4696-4720; doi:10.3390/en6094696
OPEN ACCESS

energies

ISSN 1996-1073
www.mdpi.com/j oumal/energies

Article

Experimentally Based Model to Size the Geometry of a
New OWC Device, with Reference to the Mediterranean Sea
Wave Environment

Luca Martinelli *, Paolo Pezzutto and Piero Ruol

ICEA, University of Padova, V. Ognissanti 39, Padova 35129, Italy;
E-Mails: pezzutto.paolo@gmail.com (P.P.); piero.ruol@unipd.it (PR.)

*  Author to whom correspondence should be addressed; E-Mail: luca.martinelli@unipd.it;
Tel.: +39-049-827-7996; Fax: +39-049-827-7988.

Received: 5 June 2013; in revisedform: 1July 2013 Accepted: 19 August 2013
Published: 9 September 2013

Abstract: This note presents the Seabreath wave energy converter, basically a
multi-chamber floating oscillating water column device, and the lumped model used to size
its chambers, the ducts and the turbine. The model is based on extensive testing carried out
in the wave flume of the University of Padova using fixed and floating models with a
dummy power take off and indirect measurement of the produced power. A map with the
available energy in the Mediterranean Sea is also proposed, showing possible ideal
application sites. The Seabreath is finally dimensioned for a quarter scale test application in
the Adriatic Sea, with a 3 kW turbine, and a capacity factor of 40%.

Keywords: air flow modeling; capture width; physical model test; seabreath; wave energy

converters; wave energy map

Notation:

a Chamber length

D Diameter of the duct

Hinc(a>) Incident wave height
i Index for chambers (1 is closest to incident waves, N the closest to the turbine)
Lj Length ofthej-th branch ofthe duct

Lj Length ofthe circuit connecting the high and low pressure ducts tothe turbine

of Air discharge in thej-¢4 branch ofthe high pressure duct
9] Inflow air discharge throughj-th valve
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Air discharge in the j-#h branch of the low pressure duct

J‘-’ Outflow air discharge through the j-#4 valve

Qa Inflow air discharge through the valve that opens the circuit to the atmosphere
(depending on p¥ ;)

Qg Outflow air discharge from the valve that opens the circuit to the atmosphere
(depending on pk)

QT Air discharge through the turbine

p; Air pressure at upstream node j, in the high pressure duct

p} Air pressure at downstream node j, in the high pressure duct

Py Air pressure at downstream node j, in the low pressure duct

pf Air pressure in chamber j

V Air volume in the chambers

A Head loss (load) through the turbine

A Darcy—Weisbach resistance coefficient

& Distance between ceiling of device and water level in the chamber

Pa Air density

7j(w)  Linear transfer function between incident wave and height in chamber ;

T,,j(w) Experimentally based transfer function from wave height to level in open chamber ;
74,j(w) Experimentally based transfer function from wave height to level in sealed chamber ;
W;(w) Height (double amplitude) of i-th chamber pressure fluctuation within a wave period

0 Pipe cross section

1. Introduction

The research and development process of wave energy converters is conveniently organized in
stages (see for instance [1]). Basically seven steps are needed: (1) proof of concept, with no relevant
measurement system; (2) evaluation of the hydraulic efficiency of the device, a first check in the lab of
the device potential in converting energy, with hints to improve the device; (3) a series of specific
numerical and experimental studies where the critical issues are pointed out and solved; (4) in situ
testing, typically a quarter or 1:10 scale of a device not connected to the electric grid; (5) demonstration
phase, where the device is tested at real or 1:2 scale, connected to the grid, and the real
economic potentiality are tested; (6) a few experimental installations supported by the government;
(7) commercialization.

This note addresses the Seabreath technology, patented in 2008, and now in the process of selecting
possible locations for in situ testing at a relatively large scale, approximately 1:10 compared to a
tentative full scale design (step 4). This paper describes small scale physical model tests carried out in
2009 and 2010, published under concession of the inventor, Luigi Rubino, and the semi-analytical
method used to size the device ducts. The method has turned out to be very handy in several occasions.

The Italian Seabreath device is not well known in the Scientific Community. In [2], an authoritative
critical review of wave energy converters around the world is given. Only one of the Italian devices is
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quoted, the Italian REWEC (e.g., [3,4]), but it is not included in the list of technologies that have
been considered to be object of extensive development effort. This is in contrast with the state of
advancement of this device, close to commercialization in Italy, with one full scale application now
under construction (Marina di Cicerone, Formia, Italy) and two under detailed design (Civitavecchia
Port, Salerno Port).

Several other reviews, including the map on the European ocean energy projects published by
La Tene Maps, do not include any of the Italian projects.

The reason for this lack of attention to the R&D of all countries facing only the Mediterranean Sea
(and for the poor visibility achieved by the participation into international projects) is possibly due to
the low energetic content of this sea, that makes the economic harvesting of wave energy unlikely.

Conversely, the Mediterranean Sea is suitable for testing devices of relatively small size compared
to prototype and therefore such area favours the development of interesting technologies. Noteworthy
Italian patents are discussed in [5,6]. Applications of foreign technologies in Italy are presented, for
instance, in [7-9].

The amount of wave energy available in Italy has been investigated, among others, by [10-13],
based on the national net for wave monitoring [14]. Only recently [15] proposed an accurate wave
energy map, based on MedAtlas data [16], calibrated against wave buoy data. The high quality data
used in such paper were used to assess deep water energy flux (see also [17]). Actually, the raw data
are available and may be used by any user to find the available energy flux even in shallow water.

To sum up, the aim of the paper is twofold. First, to present a map of the available shallow water
wave energy flux within the Mediterranean Sea, based on the data described in [16]. Second, to present
a numerical model solving the air flowing along the ducts of a multichamber OWC such as the
Seabreath device. The model is used to assess the WEC efficiency (or capture width) with respect to
the Italian sea environment.

The wave energy maps are proposed in Section 2, showing the actual amount of energy flux in the
Mediterranean and the percentage of calm conditions (wave below 0.5 m), i.e., when the devices can
be easily accessed. The Seabreath device is described in Section 3. The device efficiency is
investigated on the basis of experimental tests presented in Section 4, and numerical simulations
presented in Section 5.

A final example application of a quarter scale device is proposed off-shore Riccione (Adriatic Sea).
The device is dimensioned and the expected production is assessed. The location was proposed within
the FP7 Project Theseus “Innovative technologies for safer European coasts in a changing climate”,
in order to evaluate the coastal protection efficiency of the array of WECs combined to the existing
submerged sand bag barriers.

2. Wave Energy Map in the Mediterranean Sea

This Section aims at giving a quantitative assessment of the energetic wave potential in the Italian
Seas, for possible harvesting with floating wave energy converters.

Data used to integrate the energy flux are obtained from MEDATLAS [15], where the wave climate
is given for 239 points, located as in Figure 1. Accuracy of the prediction in the whole Mediterranean
Sea is discussed in [18,19].
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Figure 1. Map with points where the wave climate is available [15],
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For each point, the information obtained from MEDATLAS is the average wave climate in terms of

yearly occurrence for classes of wave height (17 values), period (19) and direction (24). The local

depth is obtained from nautical charts.

In Figure 2, the energy flux, integrated along all directions, is presented in color scale. Similar maps
have already been published in Italian by the Authors [20],
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Figure 2. Energy flux per unit span, integrated for all directions.
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Figure 3 shows the percentage of time for which the significant wave height is lower than 0.5 m

(calm sea condition), i.e., when an ideal floating device would be easily accessible.

Figure 3. Percentage of calm sea conditions.
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In order to find the total energy flux in the Italian Seas that may be harvested, a closed curve is
drawn around Italy and divided into 36 straight segments. For each segment the following two
quantities have been evaluated: (i) the average energy density in a range that may be converted (above
0.5 m and below un upper threshold given by the 0.1% percentile of the frequency of occurrence);
(i1) the projected energy flux, only directed from off-shore toward the coastline.

The Northern Adriatic Sea is characterized by a rather low average energy flux per unit span,
<2 kW/m, and large frequency of calm sea conditions (>40%). It should be noticed that this area is
ideal for testing and demonstration of a small low cost model in mild sea conditions, since: (i) the
highest waves are quite smaller than in the ocean; (ii) frequent access to the device is possible; (iii) the
wave climate is accurately measured in real time; (iv) many port infrastructures are present.

The lonic, Tyrrhenian and Ligurian Seas are slightly more energetic, reaching 3 kW/m, 4 kW/m and
5 kW/m respectively. A quite larger energetic content is found in the in the West coast of Sardinia,
with values in the range 10.5-12.2 kW/m. Among the examined “wave points” located around Italy,
those closest to the coastline have been selected (plotted in red in Figure 4). Each point has been
associated to a reach of cost, and it is assumed that the wave conditions for that point characterize the

whole segment.
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Figure 4. Position and numbering ofthe assumed segments around Italy

Shoreward energy flux (kW/m)

It is then ideally assumed that a long line of terminator type WECSs are installed (along the red line
around Italy in Figure 4), with axis parallel to the wave front. The total energy that can be harvested
follows by integration ofthe incident flux per unit length and the actual length of the WEC array. The
energy flux is projected before integration and only the part directed toward the coast is considered.

The conclusion of this investigation is that the average wave power around Italy is 7.8 GW,
corresponding to an yearly available energy of approximately 70 TWh/year. Most of the energy is
found at points 31, 32 and 33 (in Figure 4), West of Sardinia island, where 17 TWh/year may be
ideally converted by a 270 km long array of WECs.

Note that in Figure 4 the curves do not pass through the points where the wave climate is available.
In fact, the red line is very close to shore, where the available power can be slightly different due to bed
friction or increased fetch. Since the national demand for electricity in Italy is around 340 TWh/year
(in 2012). Therefore, assuming a conversion efficiency of order 30%, even an unlikely array of WECs

270 km long, located along the western coast of Sardinia, could provide only 1.5% ofthe Italian demand.
3. The Seabreath

The Seabreath [21] is a wave energy converter invented and patented by Rubino in 2008 and
developed in Padova University under the financial support of the Merighi Group. It is an elongated
structure, that operates parallel to the wave direction (attenuator), formed by a series of aligned

rectangular chambers with open bottom (Figures 5 and 6).
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Figure 5. The Seabreath concept: (a) Longitudinal view; (b) Plan view; (¢) Cross section.

Figure 6. The Seabreath concept: behaviour in the sea environment.

According to the well-known classification of WECs, originally proposed by Thorpe in 1992 (see
for instance [22]), the Seabreath is an Oscillating Water Column (OWC) device, since every chamber
behaves as an OWC. When air in each chamber is compressed by the wave crest, it is directed through
non-return valves toward a high pressure duct. When air is decompressed, as at the wave trough, air is
sucked from a low pressure duct. A unidirectional impulse turbine connected between the high and low
pressure ducts is the power take off (PTO) system used to generate energy. Since the wave travels
from one chamber to the other, with a significant phase lag, the induced monodirectional flow is rather
steady, with consequent benefits for the turbine efficiency.

In its design configuration, the device is intended to float, anchored with piles or with a spread
mooring. Nevertheless, a fixed installation is possible (e.g., constrained by a tethered mooring system
or under ajetty) iftide is small.

The principle of an air flow derived by a certain number of OWC chambers is common to
other devices, see for instance the Leancon, [23], or the NAUTILUS [24], We propose for this
sub-type of OWC devices the name “Multi-chamber OWC?”, in short M-OWC.

One of the most relevant patented peculiarities of the Seabreath, that differentiates it to other
M-OWGCs, is the exchange of air with the atmosphere, that increases the performance especially under

irregular wave conditions and allows the device to “breathe”, hence the name.
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4. Physical Model Tests
4.1. The Facility

Physical model tests on the SeaBreath were carried out in the 36 m x 1.0 m x 1.4 m wave flume of
Padova University described for instance in [25], The wavemaker is an oleodynamic rototranslational
paddle equipped with a hardware wave absorption system.

To perform the tests, a fixed bottom was used. Water depth at the structure was 0.735 m. In these
conditions, the maximum significant wave height that can be generated is 0.25 m (for a frequency
of 1.0 Hz).The available instrumentation, used in the tests, is formed by eight wave gauges, four load

cells, six air pressures transducers and one flowmeter.
4.2. Motion of'the Free Surface inside the Chambers

The first series of tests aimed at the evaluation of the free surface oscillations inside the chambers.
Tests are described in detail in a MS thesis ([26], in Italian).

The first studied model is fixed, 1.5 m long, 0.3 m wide, subdivided in four chambers of equal
length open both above (freeboard 12.5 cm) and below (draft 12.5 cm).

Since the wave flume is 1.0 m large, this setup corresponds to the case of an array of WECs with
“permeability” of 70%.

A battery of four wave gauges (WGs) were placed 3 m in front of the device, and a second battery
of four WGs were placed within each chamber. Figure 7 shows the model during setup, Figure 8 the

WGs relative location.

Figure 7. The open model setup: WGs in the 1st ofthe four chambers.
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Figure 8. Location ofthe WGs inside the chambers and outside the device.
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The programme included 11 regular waves (H = 2 and 6 cm, T in range 0.5 s to 1.8 s) and eight
irregular waves (Hs = 6 cm, Tp in range 0.6 s to 1.8 s). An exploratory investigation with different
position ofthe internal screens was also carried out. The tests allowed a first definition ofthe behavior
of the surface elevation inside the chambers. At the scale of the physical model investigation, air is
compressed by small pressures and behaves essentially as incompressible. The numerical simulation
proposed in the following takes advantage ofthis simplification. Prototype scale is still undefined, and
may be from 10 to 100 larger than the model. Of course, in prototype air compressibility will play an
important role, and will require appropriate modeling.

It was found that sloshing occur mainly in the longitudinal direction, as linear and non-linear
interaction between the incident wave and the free modes. Figure 9 shows the main free modes, each
of which is characterized by a single wavelength and hence a single frequency. Note that no energy is

extracted in these cases, since the air volume inside the chambers does not change.

Figure 9. Free oscillations inside the chambers.

The energy is extracted only when the average water level oscillates vertically. The essence of this
movement is a vertical translation of an horizontal free surface, defined “flat” oscillation hereafter.

The actual oscillations in the chambers are a sum of several modes. Nevertheless, it is assumed that
the free surface can be well described considering only three degrees of freedom, i.e., the flat
oscillation and the first two modes presented in Figure 9.

For each chamber, a system of equations is solved to fit the amplitude of such oscillations to
the readings ofthe four wave gauges, with one redundant equation (four gauges and only three modes).
It is easy to see that a flat oscillation induces simultaneous readings of all gauges. Similarly, other

modes induce oscillations with certain fixed phase lags.
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Figure 10 shows an example of the obtained fitting. Interpreted and measured oscillations of the

free surface in time (7 in the figure) were in good agreement, as also proved by video recordings.

Figure 10. Example of verification of the interpreted oscillations inside the chambers

compared to the measurements (test with H= 6 cm; T = 1 s), for different times (t).

t=15s t=1515s
OlLenv
I D
aAm™
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035
Chamber (m) Chamber (m) Chamber (m)
t= 154s t=1555s t= 1565s
—_—
I H I
\'A X
0 005 01 015 02 025 03 035
Chamber (m) Chamber (m) Chamber (m)
t- 1575s t- 1595 t=16s
. . ut
1 AT e ! i
i T 2 0.05 B e e s SR S TR
1 LAY
01 s 01
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035
Chamber (m) Chamber (m) Chamber (m)

Figure 11 shows the height of the three modes of oscillation within the first chamber, for regular
wave tests with H = 6 cm and varying period. The first mode occurs at 0.7 s, i.e., when the wavelength
is twice the length of the chamber. In this case, measurements show that there is no average vertical
oscillation, i.e., no energy can be extracted. Conversely, very long waves mainly cause the flat
oscillation, which is suited to produce energy. Measurements also show energy transfer between
frequencies, i.e., the regular incident wave is characterized by one frequency whereas the energy

within the chambers is distributed also among other frequencies.

Figure 11. Height of the oscillation within the first chamber, for regular wave tests with

H = 6 cm and varying period.
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One of the critical issues of the model is the prediction of the wave decay along the chambers. This
will be examined also in Subsection 4.3. Figure 12 shows an example of this analysis, and particularly
the interpreted height ofthe oscillation within the four chambers, starting from the wavemaker side, for
the regular wave test with H = 6 cm and T = 0.7 s, i.e., the period inducing the first free oscillation.
This is the critical condition, and it can be seen that the rear chambers present a larger amplitude ofthe
flat oscillation compared to the front one (the first). Comments on higher order power extraction

modes, e.g., second order piston mode, may be found in [26],

Figure 12. Height of the oscillation within the four chambers, for a regular wave test with

H=6cmand T = 0.7 s (i.e.,, the period inducing the 1st mode oscillation).
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In conclusion, the analysis of all tests allowed the definition of an experimental relation between
the incident wave height and the oscillation within each chamber (that, in case of linear theory, can be
easily found [27]). In [28] an analytical approach is used to find the sloshing modes, even in the

transverse direction.
4.3. The ClosedModel

A second series of tests was carried out using a structure closed above, where also the power take
off (PTO) system was modeled. The head loss induced by the turbine is ideally the sum of a constant
term and a term proportional to the kinetic head. The power take off was simulated in two ways: in the
first case, the proportionality term is varied using a faucet mounted between the high and low pressure
ducts; in the second case, the constant term was varied by forcing the air to flow inside a glass bottle
with controlled water level.

Both fixed and floating configurations were analyzed, recording the air pressure both in the chambers
and in the air ducts. In some cases, also the induced air flowing through the PTO was measured.

Figure 13 shows the fixed (left) and the chain moored floating (right) structure in the flume.
Figure 14 shows a sketch of the setup including the measuring system. Figure 15 shows a detail
of the used non-return valves. Unfortunately, the valves were seen to be very small, causing large
dissipations. The prototype is now designed to have much larger valves, i.e., a continuous line of

clapet valves.
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Figure 13. The closed model setup in fixed and floating configuration.

Figure 14. The closed model setup with measuring system.
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Figure 15. (a) Detail ofthe valves connecting each chamber to the low and high pressure

ducts; and to (b) the external environment.

(a) (b)

The test program includes the same wave attacks already tested for the open structure: 11 regular
waves, with varying load (degree of aperture of the faucet) in the PTO, aiming at the definition of the
optimal load for each wave; eight irregular waves with the load defined on the basis of the regular
ones, aiming at an evaluation ofthe device efficiency.

Figure 16 shows an example of the obtained results in terms of capture width, as a function of
the period, for regular and irregular waves. The capture width appears to be very low: much better

behaviour is expected for larger valves, as shown in the following Section (Section 5.4).
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Figure 16. (a) Capture width for regular and irregular wave attacks, with the load loss
induced by the system shown on the right; (b) glass bottle with pipe submerged 1.5 cm,

through which air is flowing.

o regular

o irregular

() (b)

The tests show that, even for long waves, the device efficiency is similar to the maximum. On the
contrary, other M-OWC devices show a marked reduction ofthe efficiency for long waves, due to the
absence ofa communication between the chambers and the external atmosphere.

Figure 16 also shows that under irregular waves, the obtained efficiency is lower than under regular
waves, confirming the importance oftesting the device under wave attacks as real as possible.

When floating, the device showed a maximum efficiency for a peak wavelength equal to the
structure length. In fact, for very long waves, the device “rides” the waves, with lower water oscillations

in the chambers.
4.4. Chamber Transfer Function

A monochromatic wave induces pressure oscillations inside each chamber, with the same frequency
(u>), but different amplitude. Let "T/Cm) be the height (double amplitude) ofj-t4 chamber pressure
fluctuation within a wave period; and Hinc(a> the incident wave height.

These two quantities are related by a linear transfer function Ty(u>) according to:
VyOO = TuAyO) Hinc(o)) (D)

The linearity of the process has been confirmed by the experiments. For incident waves of same
frequency and different height, Ty(m) remained almost constant. Figure 17 shows an example of
chamber transfer function vs. the incident wave period (7 = 2n/a)), with the observed variability. Two
transfer functions are plotted, relative to the front (n® 1) and rear (n°® 4) chambers. As expected, the
oscillation in the rear chamber are smaller than in the front one. Note that the energy may also flow

inside the chambers from the sides of the device (the flume lateral walls are 35 cm apart).
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Figure 17. Transfer functions for the front and rear chambers. Error bars account for

standard deviations ofthe data set.
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5. Numerical Model

This section provides the description of a simple lumped model for the analysis of power

production sensitivity to the number of chambers of the Seabreath and the dimensions ofthe air ducts.
5.1. Air Circuit

The model simulates the flow inside the pipes of the Seabreath. Hydrodynamic coupling in the
system of multiple M-OWC has been considered by using experimental transfer functions between
water level in front and inside the four chambers (Section 4.3).The equations governing the flow
between the chambers and the ducts (through the non-return valves) are described in Sub-section 5.2.

For the simulation of the air circuit, the dependent variables are the flow discharge (Q) in the high
and low pressure circuit along the branches, represented by green arrows in Figure 18, and the

pressures p *andp at the upstream and downstream nodes ofthe branches.

Figure 18. Reference sketch for Seabreath air circulation model.
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For the evaluation ofthe pressure along the duct, at the intersection with the valves, two approaches
are used: along the high pressure ducts, i.e., in case of inlet valves, the moment equilibrium is used
(no need to evaluate the losses), whereas along the low pressure ducts (outlet valves) it is convenient to
use energy balance (i.e., no losses). Figures 18 and 19 show the node numbering convention and a
sketch of variation in the total head along the high pressure duct. Flow along branchj - 1 andj assume

the subscript ofthe upstream node (7 - 1).

Figure 19. Energy or pressure behavior along the high pressure duct.

Mass conservation is imposed assuming air as an incompressible fluid (suitable for the
interpretation of small scale tests). Mass balance requires that the flow in the downstream pipes is
equal to the upstream one plus the discharge through the valves:

qgh =4 n +¢jVy=1,.N 2)
where Qf is the air discharge in thej-t4 branch of the high pressure duct; Qj is the inflow discharge
through thej-th valve.

Assumed a uniformly distributed flow across the pipe, the momentum balance along the high
pressure duct is:

PaQ ;i ., PaQ j X
p¥n+ n =pfn +~ r Vy = 1,..iV 3)
where, p His air pressure and 12 is the pipe cross section; pa is air density.

According to Equation (3), the pressure head and the total head decrease as the air flows past the

valves. In fact, the air discharge arriving from branch; — 1 needs to accelerate the inlet valve discharge

and redirect it along branchj. In detail, it is found that:

L/
Pad Pag=- "~ Q0"2-0“" ) Vi=1-N (4)
2 *
PJH QHj pj
+—= |-
Pag 2912 2¢n * r - ~ QOH'-(5)

where the Equations (4) and (5) give, respectively, the pressure head loss and the total head loss across
the valves (see also Figure 19). Note that the term in parenthesis in the right hand side of Equations (4)
and (5) are always positive.

Along the branch of the pipe, the energy decreases due a distributed loss. For a pipe of constant

section, the loss along branchj - 1is:
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H * H2
A ; AL Q7
<p’1—p’>= S vj=1,..N (6)

Pad Pag) 29D, 027

In conclusion, combining Equations (4) and (6) the relation between the pressures measured at the
initial nodes of the branches (j-#2 and j + 1), is found to be:

2 2 2
<£_pJH_1> _ _/1Lj_1 QHj_l_QHj _QHj—1
Pad  Pad 2gD 2 N%g

Vji=1,..N (7)

Where A is the Darcy-Weisbach resistance coefficient; L; and D are the length and diameter of the j-th
branch of the duct. It may be immediately seen that the first term on the left hand side accounts for
distributed energy loss and the second term accounts for energy loss across the valve, in the tube
flow direction. Equation (7) is a relation between discharge and pressure at the nodes of the high
pressure duct.

For the low pressure duct, where the valves cause an outlet flow, the situation is not symmetrical.
Rather than momentum balance, energy conservation is used. It is easy to see that, in analogy to
Equation (7), the pressures measured at the end of j-#4 and j + 1st branch, are related by:

— AL, QY
<p’ _b 1>= I —Jvj=1.N (8)
Pad  Pad 2gD 0
The mass balance is:
QLJ._1 = QLj —QfvVj=1,.N 9)

where Q7 is the air discharge in the j-#2 branch of the low pressure duct;QY is the outflow discharge
through the j-th valve.

The power take off is simulated by a head loss Ay which needs therefore to be optimized. In fact,
if Ay is set to zero, the flow through the turbine will be maximum, but no energy will be produced.
Similarly, if Ay is too high, no flow will circulate. An intermediate head loss will give the maximum
output. The head loss between the nodes placed upstream and downstream the turbine (Figure 18) is:

ALz (QF + Qa)?
>=AM+ SR (10)

<p11(11+1 _ PN +1
Pad  Pad
where Q, is the discharge that may enter from the valve that opens the circuit to the atmosphere, Lt the
length of the circuit connecting the high and low pressure ducts to the turbine. The flow through the
turbine is defined as QT = (Qf + Q#). Since there is some energy loss along this circuit, there is always
a small difference between YAy and the pressure between the two pipes. Therefore the experimental
values, which do not account for this loss, is slightly overestimated.

3.2. Flow between Chambers and Main Ducts

With reference to Figure 20, the air volume } in the chamber is defined as:

V; = Ag; (11)
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where » is surface elevation and 4 is the area in thej-t4 chamber. Note that the maximum oscillation is
obviously limited by the height ofthe chambers.

Each chamber is treated as a reservoir:

, dvi
o -QJs= " cl2)
The mean water level oscillation or the pressure within the chamber are given by:
{f = TGO)?7TmC ifPy = Patm
(13)
Pi =YwHj"Pinc ifg =0j =0

where pam is theatmospheric air pressure;r0(u>) andrly(u)) are theexperimentally based transfer
function from wave height to chamber head for the two extreme cases of chambers openabove or
completely sealed.

It was found (experimentally) that:

To,y(@>) = Tij (to) (14)

Hence the average transfer function t is defined and, in the general case, the total head inside the

chamber is given by the sum of elevation and pressure head (neglecting the kinetic head), i.e. :

Py
TjVine = tj + — (15)

Yw

The chamber volume (8) is thus approximated as follows:

Vi = A (rjPinc - (16)

Figure 20.Reference sketch for model chamber.

Finally, chamber orifices are modeled by monotonic discharge laws. Assuming a threshold

resistance for valve opening (f):

= c«al N (pt
g (r Vj = 1I,... N (or zero if complex) (17)

g0 =c«caJ z(pj-Pj-4£)
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where ¢, is a discharge coefficient; and a is the valve aperture area.
Similarly, the discharge entering form the valves open to the atmosphere are:

2
QA = an\/g (patm - pll\-ll — )
(or zero if complex) (18)

2
Qf = an\/z(plLV — Patm — €)

The discharge in Equation (18) depends on a value of pressure that is not exactly coincident with
pif or pk; but the expected error of Equation (18) is small. In practice, the discharge may be evaluated
based on pil,, or pk ., ,if more convenient.

By substituting the discharge in each chamber, Equation (12) becomes:

1 ap]@ ar’inc an 2 L C C H 4
e e M (R TN U AR T O

Equation (19) gives a system of ordinary differential equations, solved in time.
5.3. Solution Procedure

The so called methods of nodes is used to solve the circuit in Section 5.1 (i.e., the discharges are
expressed in terms of pressures, and the continuity equation appear as balances between pressures)
and Equation (19) is used to evolve the pressure in time. The discharge along the circuit
Q =[0Q4, ..,] (including the discharge along the turbine Q) is expressed according to of Equations (2)
and (9) in terms of discharge across the valves q = [Q), Q° Q% Q]. A matrix is set up, that for the
case of two chambers, reads:

_~H- r N

%l 10 00 o0 0 Q}

oY Qz

2l |11 00 00 04

Q"|_|It 11 0o o0 0 .:

7 il EEE R T T R Il P Mt (20)
11111 -1 -1 0 Q9

o BT R T T R

L0 0

where the last line is not used to derive the discharge, and it is shown here only to point out that there
is a condition among the discharges through the valves ¢ that must be satisfied.

The choice of the load on the turbine A, is defined a priori. The unknowns are the pressures
along the circuit P, and the pressures in the chambers p. For the two chamber case is
P = [pX, 3. p¥. p1, p3, p3], and p = [p{, P51

For each new instant, p is derived from Equation (19), based on old values. It is easy to see that the
(tentative) knowledge of P would allow to define directly q, i.e., the discharge entering or leaving the
duct from the chambers, thanks to Equation (17), and from the atmosphere, thanks to Equation (18).
The set of Equations (20), except the last one, are used to write a relation between q and Q. It is then
possible to verify if the tentative values in vector Pare consistent: Based on Q, the different values of P
are related by Equation (7) for the HP circuit, by Equation (8) for the LP circuit and by Equation (10)
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for the flow along the turbine. Further, the last line in Equation 20 should also provide the overall
continuity requirement.

Note that most of these equations are non-linear and several false solutions may appear if the
tentative values of P are not constrained. Therefore the following procedure was adopted, that is based
on a physical understanding of the process. The pressures p in the chambers at time t + dt are found for
every time step based on Equation (19) and the initial condition is the atmospheric pressure at all
nodes. Then, in chamber 1 the high pressure pf'is varied from 0 to the pressure in the chamber p§, and
the remaining pressures P are evaluated in cascade from upstream. If a value of pressure (in this range)
is found to satisfy the continuity equation, such value it is considered valid. Else, it means that no flow
exits from chamber 1, p¥ is not computed (Q} = 0 and there is no more interest for pi) and the
pressure pil is searched for. The procedure follows for all the values of p}{ . If no solution occurs for
any of p}{ , it means that no air is flowing from the chambers to the high pressure duct (but it may enter
from the atmosphere). In this case, the procedure then tries to vary the pressure p} between 0 and the
(negative) pressure in the chamber p$. If no solution is found, pkis not computed (also Q ;7 =0 and
there is no more interest in pf either) and so on. In case no solution is found, it means that no air is
flowing at all (static conditions), as it is impossible that the flow is driven only by the atmosphere.

Note that if & exceeds the chamber dimensions, & is limited and the pressure in the chamber is fixed.

5.4. Interpretation of Experimental Results

In order to check the model capabilities, the small scale tests have been numerically simulated. The
numerical and experimental results relative to the power production for different wave periods (but
same H), loads in the PTO, number of chambers and chamber length to wavelength ratio (a/L) were
compared. The machine average power production, within one wave period 7, are experimentally

evaluated as:
T

(P) = f AprQdt (21)

0

where Apy 1s the measured pressure difference between the high and low pressure ducts. The
comparison between numerical and experimental model results is satisfactory. For instance, for a
capture width in Figure 16 equal to 0.03 m, H=0.06 m, T = 1.0 s, the associated total power is:

P = ECgCW = 0.044 W (22)

A small difference between the results in Figures 21 and 22 and the above value is due to the
difference between Apy in Equation (21) and YAy (the actual head loss before and after the PTO,
used to define the numerical power).
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Figure 21. Average power production for regular waves considering up to N = 4 chambers.

<P> [W] N=l <P> [W] N=2
0.03
02 03 04 05 06 0 01 02 03 04 05 06
load A p/yw H load A P/yw H 0.02
<P> [W] N=3 <P> [W] N=4
0.01
0 01 02 03 04 05 06 0 01 02 03 04 05 06
load A ¥ YW H load A P-/yw H

Figure 22. CW as function of'the valves diameter.
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Figure 21 shows contour graphs for Equation (21) adopting the geometry used in the experiments,
i.e., chamber length “a” is 25 cm, tubes and valves diameter is 2 cm and wave height 10 cm. Average
power is plotted against non-dimensional wave length (ordinate) and net loss (abscissa), for different
numbers of chambers.

It is seen that, for a single fixed chamber OWC (length equal to “a”) the most effective wave length
is infinitely long (best &1 = 0 for N = 1). With increasing number of chambers, the optimum
wavelength decreases to some finite value (e.g., for a wave 100 m long, the device should be formed

by four chambers, each 10 m long). The figure also defines the optimum load on the PTO (ApT).
5.5. Capture Widthfor Improved SeaBreath

By fixing the optimum machine head loss at AM= 0.2 Tw/finc, the system of equations described

above can be used to study the sensitivity ofthe system with respect to valves and tubes diameters.
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First, the tube diameter was assumed to be 2 cm, and valves are varied in the range 0.5-2 cm.
Chamber length is 25 cm. Figure 22 is obtained for waves of height 6 cm and period 1.4 s. As expected,
the resistance ofthe valves plays a fundamental role on the capture width (i.e., device efficiency).

In a second analysis, the tube diameters is varied from 1to 2.5 cm, and the valves are constrained to
have the same area of the pipes (all other variables are fixed). Results are given in Figure 23.

It is seen that for a slight increase of the ducts (from 2 to 2.5 cm) resonant conditions are almost
reached and the capture width is more than doubled. For this case, the maximum volume in the

chambers is reached.

Figure 23. CW increase with tubes diameter up to resonant conditions (valve and pipe

diameter are equal).
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6. Application

In view of a possible experimental application in the field, a location in the Southern part of Emilia
Romagna Region (e.g., Riccione), is tentatively selected. The expected wave climate is given in

Figure 24, representative of'the reach n. 3 (see Figure 4). Total energy is 2.5 kW average.

Figure 24. Average wave energy flux for different classes of Tnp and Hs.
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In several beaches of the Southern coast of Emilia Romagna, low impact innovative solutions
have been tested [29] as alternative to traditional barriers or groynes for coastal protection, gaining
the approval of stakeholders. The expected reduction of the waves incident the coastline would
very likely be welcome and it could build up to the effect of the existing submerged sand bag
barriers. Furthermore, a directional wave buoy is operating, and could monitor the incident waves for
monitoring purposes.

In order to understand the actual potential, the model described above was used, for a prototype
30 m long, 6 m wide, 5 m high (20 times larger than model tested in the flume, 5 times smaller than a
prototype considered to be “economically viable”), moored and weathervaning in order to have the
axis parallel to the incident wave direction. The assumed diameter of the ducts is 0.5 m (after the 1:20
upscaling). Table 1 summarizes the results obtained multiplying the available energy in the site,
subdivided in class of equal peak wave period (Tmo), by the Seabreath capture width (CW) relative to
each Tmo. It may be observed that the device could generate 6605 W, with an overall capture with of
6.6 kW + 2.5 kW/m = 2.6 m .Since the designed Seabreath width is 6 m, it is found that the (quarter
scale) device extracts 43% of the energy incident the front. Further optimization of the geometry

is ongoing.

Table 1. Energy produced by a 6 m wide Seabreath, subject to a mild wave climate of
2.5 kW/m. The device efficiency (or capture width) is best for periods closeto 6 s.

Wavegruop (n°) Tmo (s) Power (W/im) CW (m) Producedenergy (W)

1 calmsea 0 0.0 0

2 1.96 1 0.1 0

3 2.48 6 0.1 0

4 3.00 27 0.1 2

5 3.63 94 02 14

6 4.17 101 1.1 106

7 4.59 120 23 271

8 5.05 159 2.4 382

9 5.55 220 2.6 576

10 6.11 305 3.0 915

11 6.72 380 2.9 1111

12 7.39 438 2.9 1248

13 8.13 459 2.9 1309

14 8.94 224 2.9 637

15 9.84 12 2.9 33

16 10.83 0 2.9 0
Total: 6605

The energy extracted according to Table 1 accounts also for the contribution of the maximum
wave, with power 400 kW. Economic considerations suggest that the turbine is designed for a much
lower value, and protected against overloads, although the energy of the higher waves will not be
completely converted.

For this early stage of design, in [30] a method is suggested for a reasonable choice of the
PTO design power at full scale, accounting for economic considerations. However, for quarter scale
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applications, the main benefit of the research project is the demonstration of the technology, regardless
of the actual amount of produced power. Accordingly, a very low-cost (off the shelf) 3 kWp turbine is
considered in the design. For this case, a simple analysis was carried out, based on the table of
available power per unit width, defined for several classes of Hs and T, (see Section 2). The power per
unit width is multiplied by the corresponding CW. Using the hypothesis 1 in [29] (i.e., when the
available power exceeds 3 kW, the turbine is operated at this rate, and part of the flow is diverted to
the atmosphere), the device can convert 1340 W in average (yearly production of 11.7 MhW/year),
corresponding to a capacity factor of 0.4 (i.e., as if the turbine produced energy for 40% of the time).

7. Conclusions

This note presents a map of the wave energy in the Mediterranean Sea and introduces a new WEC
device named Seabreath. Physical model tests were carried out on two types of models. The first one was
open above and below and fixed to the bottom. The second model was closed above, thus creating
oscillating water chambers as in the real device. For the latter case, both fixed and floating configurations
were tested. The tests allowed a clear characterization of the movements of the surface elevation in the
chambers and of the flow in the ducts. Unfortunately, the model dimensions were far from ideal and in
particular the valves and the ducts were too small to allow an efficient air flow. As a consequence, the
measured efficiency was low. A simple model has therefore been setup that derives a relation between
incident waves and water levels in the chambers from the experimental model, and simulates the air
flow. The model is able to reproduce the experiments. Based on the model predictions, a suitable design
is proposed, with ducts 2.5 times larger and valves open along the whole chamber length. The obtained
efficiency is then used to simulate the possible production of the device oft-shore Riccione. It was found
that the device can be expected to convert 6.6 kW in average, i.e., 58 MWh/year.

This quarter scale installation should be considered as an essential stage to proceed in the R&D of
the device. Obviously, for full scale installations, costs and energy production scale differently. For
example, since the energy production increases proportionally to the length scale raised to the power
3.5, for a prototype four times larger (120 m long, 24 m wide, 20 m high), located in a correspondingly
more energetic sea (i.e., Portugal), the expected potential production would be 850 kW in average.
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