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Abstract

Wave Energy Converters (WECs) have excellent potential as a source of renewable energy
that is yet to be commercially realised. Recent attention has focused on the installation of
Oscillating Water Column (OWC) devices as a part of harbor walls to provide advantages of
cost—sharing structures and proximity of power generation facilities to existing infrastructure.
In this paper, an incompressible three—dimensional CFD model is constructed to simulate a
fixed Multi-Chamber OWC (MC-OWC) device. The CFD model is validated; the simulation
results are found to be in good agreement with experimental results obtained from a scale
physical model tested in a wave tank. The validated CFD model is then used for a benchmark
study of 96 numerical tests. These investigate the effects of the PTO damping caused by the
power take—off (PTO) system on device performance. The performance is assessed for a
range of regular wave heights and periods. The results demonstrate that a PTO system with
an intermediate damping can be used for all chambers in the MC-OWC device for most wave
period ranges, except for the long wave periods. These require a higher PTO damping. An
increased incident wave height reduces the device capture width ratio, but there is a

noticeable improvement for long wave periods.
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1. Introduction

There is a growing interest around the world in the utilisation of wave energy for
electricity generation. This is because wave energy is considered to be more predictable than
wind and solar energy, and it has a relatively high power density compared to solar and wind
power, which allows the extraction of more energy in a smaller area [1]. For coastal regions
or some remote islands, wave energy is a promising renewable power source due to its high
predictability. Recently, a number of prototypes for different Wave Energy Converters
(WECs) have been developed around the world to meet renewable energy targets [2];

however, commercial exploitation of WECs is still limited.

At present, most of the technologies for wave energy extraction are still at the infancy
stage of development, and there is a very limited number of WEC devices that are suitable
for the commercial pilot demonstration stage, especially in countries with extensive
coastlines, such as Australia, Denmark, Ireland, Portugal, U.K., and the U.S.A. [3-5]. The
design and development of WECs is a complicated, long—term (starting from scientific first
principles, then proof—of—concept prototypes and forward to the commercialization stage)
and expensive process [2, 6, 7]. During this process, there are multiple areas that need to be
studied and analysed to help develop these technologies and the associated project
deployment. There is no single method of assessment of WEC development and
performance, but the Technology Readiness Level (TRL) can be considered as a standard

indicator for the advancement in the design and construction of a WEC [8].

The Oscillating Water Column (OWC) device is considered as one of the most successful
technologies for harvesting ocean wave energy [9, 10]. This device was initially studied in
the 1940s by Yoshio Masuda who developed a navigation buoy powered by an OWC device
[11]. The OWC device can be a shoreline—based structure, such as the Portuguese Pico plant
[12] or be combined with a breakwater, such as at Sakata Harbour, Japan [13]. The device

can be near—shore and an ocean—bed—standing structure, such as the PK1 prototype which
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was developed by Oceanlinx Ltd in Australia and tested in 2005 [14], or on a floating
platform such as the Mighty Whale as developed in Japan [15]. The main aim of the future
development phases of WECs is the installation of multiple devices in array configurations,
which is expected to increase, in a more economical way, the amount of wave energy

extracted [16, 17].

Most previous research focused on onshore and offshore isolated OWC devices with
only one chamber. The optimum performance of these devices is usually obtained at the
chamber resonant period [11]. Thus, there are very limited studies on the concept and
performance of multi-chamber OWC (MC-OWC) devices. An extensive review of these
studies can be found in [18]. The Seabreath is considered as an example of a floating multi—
chamber OWC device that has been under development at Padova University, Italy since
2008 [19, 20], however, limited research has been published on this device. For instance,
Martinelli et al. [19] built a lumped model to simulate the airflow inside the pipes of the
Seabreath device, which was then used to assess the device efficiency based on the Italian
sea environment. Another multi-chamber OWC system is the LEANCON, which is arranged
in two rows in a V—shaped formation. The hydraulic mechanism of the LEANCON model
was designed by Rasmussen [21] and tested at Aalborg University in Denmark [22]. A similar
MC-OWC device consisting of a large floating structure made of two legs forming a V-
configuration at a 90—degree with 32 chambers was physically and numerically tested at the

University College Cork, Ireland [23].

The MC-OWC devices have the advantage of being suitable for deployment at shoreline
locations such as a harbour wall, or wharf [11, 18]. This advantage leads to the benefits of
community cost sharing and onshore power system connection with potentially high
economic viability for a fully developed system. However, shoreline locations, compared to
offshore sites, are subjected to waves with reduced energy content which limits the potential
deployment of large numbers of devices [24]. Some studies were carried out to assess the
feasibility of WECs performance in low energetic locations (near shoreline) [25, 26]. These
studies revealed that integrating OWC devices into a structure in a near shoreline location
(i.e., breakwater or harbour) is a potentially viable investment that could contribute towards

making WECs more competitive with other renewable energy devices [27].

New South Wales (NSW), Australia, has coastal towns and cities that have many ports
and jetties which could be good locations for WEC and deployment. Therefore, a MC-OWC

scale device with four chambers was built in the University of Technology Sydney; this was



aimed at a long—term research project. The design of this device was based on several years
of research. For example, Dorrell et al. [28] tested the first design of three chambers OWC
device at the University of Glasgow in 2003 and then performed initial verification of the
model concept [29, 30] followed by a series of studies to develop a mathematical model that
describes the hydrodynamic performance of two and three chamber OWC devices [45-49].
In 2012, Hsieh et al. [31] built and tested a wave tank scale model of a side—-mounted OWC
device consisting of two chambers equipped with two Savonius turbines. Three years later,
the initial testing of a new configuration based on a four chamber OWC device concept was
carried out under regular wave conditions [32]. Recently, Shalby et al. [33] developed a time
domain model using the rigid piston approach to define the internal chamber free surface

elevation and differential chamber air pressure.

Although the above—mentioned research on MC-OWC devices delivered a good
understanding of device performance, the effects of power take—off (PTO) damping on the
free surface elevation inside the chamber, air pressure, airflow rate and device capture width
ratio under different incident wave conditions have not yet been investigated. Therefore, this
paper contributes to the existing knowledge by addressing omissions in previous work by
putting forward detailed explanations of the effect of PTO damping on MC-OWC device
performance using a well-validated 3D CFD model. To date, all previous numerical
modelling of MC-OWC devices (two, three and four chambers) was performed using
potential flow solvers which provides insights and important information at relatively low
computation costs. However, these solvers are not capable of modelling the mutual coupling
between the water and air flow in the chambers, non—linearity, real fluid effects due to
viscosity, turbulence, and vortex shedding that may impact the performance of OWC devices
[34]. To address these shortcomings, Computational Fluid Dynamics (CFD) solvers are an
excellent tool for modelling MC-OWC devices. In recent years, several researchers have
used CFD to simulate OWCs — these have only one chamber, and the studies were done for
a variety of reasons. For a comprehensive review on modelling OWC devices in CFD
reference should be made to [35]. To the best of the authors’ knowledge, no previous CFD
work tested the applicability of CFD for modelling a MC-OWC device, except Elhanafi et
al. [36]. They recently developed and used, without experimental validations, 2D and 3D
CFD simulations to compare the performance of single—chamber and double—chamber OWC
devices. Therefore, constructing and experimentally validating a CFD model fora MC-OWC

device of four chambers is considered as the second contribution of this paper.



In this paper, physical scale model experiments of a MC-OWC are performed and used
to verify a 3D CFD model. This uses Reynolds Averaged Navier—Stokes (RANS) equations
and a Volume of Fluid (VOF) surface capture strategy (RANS—VOF). With this verification,
the CFD model was used for the study of the effects of PTO damping on device performance

under different incident wave conditions.
2. Experiment setup

Regular wave tests are essential during the early stage of a WEC development program.
These tests are limited and conducted for verifying the concept of a device, validating and
calibrating mathematical models [6]. In this paper, regular wave conditions were utilized to

validate a 3D CFD model of a MC-OWC device.

2.1. Physical model and testing facility

A 1:25 scale physical model is considered in this study. This is shown in Fig. 1. The
model consists of four aligned rectangular chambers (each of 150 mm % 365 mm) with open
bottoms and asymmetric front and rear lips. The device was designed to be aligned
perpendicular to the incident wave crests (see Fig. 2). In terms of the standard classification
of WEC:s, the proposed device could be categorized as a fixed OWC device. The design used
here has simple device geometry which uses a similar design concept proposed in [19]. The
device is small-scale and was constructed of 10 mm Perspex, and the internal length, width
and height of the OWC chamber are shown in Fig. 1 (a). This figure also shows that the
model was mounted on the flume side walls by two horizontal rectangular sections, which

were locked to the flume side walls using clamps (see Fig. 1 (a)).



Fig. 1. Physical scale model MC-OWC device tested in the present study
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Fig. 2. MC-OWC model geometry

The scale device was tested in the wave tank of the Renewable Energy Lab at the
University of Technology Sydney (UTS). The wave tank had a hydraulic paddle at one end
for wave generation as shown in Fig. 1 (b). The wavemaker can only generate limited regular
wave conditions. The waves from controlled paddle travel about twice the length of the
paddle depth (0.5 m) before settling, thus the generated waves become fully developed in the
test section which starts at a distance of 1.3 m from the paddle as shown in Fig. 3 [37]. The
test section of the wave tank was 4.3 m long and 0.9 m wide. The ratio between the tank
width (0.9 m) and the physical model width (b = 0.15 m) is 6.0, which is more than the

minimum ratio requirement of 5.0 defined in [38]; hence the tank sidewall effect can be
7



neglected in this study. The depth of the water in the tank was set as 0.5 m which represents
12 m at full scale. The water depth in the wave tank was kept constant during the test through
the water circulation system (see the front view in Fig.3). This system works to reduce the
wave reflection alongside the inclined over—topping beach (sloped at 1:4) which is covered
with an absorbent layer of foam at the end of the wave tank. The reflection coefficient was
found to be less than 2 % in the range of wavelengths tested, which met the standard
characteristic of an absorbing beach mentioned in [39]. The sampling rate of the data
acquisition system was 10 Hz and the data collection time period was limited to 20—s to avoid
any re—reflection of waves from the wavemaker. Fig. 3 shows the MC-OWC system in the

flume along with the locations of the wave probes and pressure sensors.
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Fig. 3. The experimental setup configuration

2.2. Modelling the PTO system

Not all components in the energy conversion chain, from wave—to—wire, of a WEC, can
be scaled accurately [6, 40]. This includes the losses in each energy conversion stage and
possibly the PTO system. PTO systems can be rather simple, or they can have very advanced
configurations which can be modelled successfully by modifying the mathematical model of

the energy extraction mechanism to introduce nonlinearities.

Generally, the PTO system can be represented in a simplified way by an orifice (to

simulate a nonlinear PTO representing an impulse turbine) [41-45] or a porous material (to
8



simulate a linear PTO representing a Wells turbine) [46, 47]. In this work, the PTO damping
depends on the orifice diameter of the physical test, but in reality, it depends on the turbine
diameter and rotational speed [48]. Orifice plates of different diameters (Di) were used as
shown in Fig. 2. They were constructed using 3D printing and attached to the centre of each
chamber top plate. Each orifice was represented by its diameter (D7) and the opening ratio
(R1). The opening ratio is defined as the ratio between the orifice area and the chamber

waterplane area (L. X b) in percentage %.

A relationship between the pressure difference (AP = Pin - Pam) and the airflow rate (Q)
through the orifice is given by Eq.(1) as defined in [48]

r=+AP /0O 1)

This relationship is quantified here for each orifice by means of the PTO damping
coefficient (7), which has been shown to have a significant effect on OWC performance [49].
This has almost a quadratic relationship with constant damping (constant orifice diameter),

as proven by Lopez et al. (2014) and Simonetti et al. (2015) [50, 51].

For steady flow, the relationship between the pressure change AP (in Pascals) and the
air flow rate across the orifice O (in m?/s), was determined by using the standard orifice

theory given by

2|AP|
pair

0= Cd Az (2)

where Cua is the discharge coefficient that was pre—calibrated and found to be 0.55, 42 is the
circular orifice area, and pair is the air density (1.2 kg/m?® for dry air at 293 K).

2.3. Instrumentation

The free surface elevation (7) inside each chamber was measured at the centre of the
chamber (i.e., at Lc/2 and b/2) using wave gauges G1-G4 (model: C—Series Core Sensor,
CS). Each wave gauge comprised of a magnetic float level transmitter 5 mm in diameter with
a stroke length of 250 mm. The sampling rate of the data collection was also 500 Hz. The
induced voltage V(t) was digitized at 1500 Hz (0.6 m.s period) and the free—surface
displacement was calculated from the relation # (f) = a x V(f) where the coefficient a was
obtained through the static calibration of each wave gauge. The differential air pressure was
measured in the chamber (AP), four differential pressure transmitters Pi—P4 (model: 616—

20B, accuracy + 0.25% full-scale (F.S)), with a range of +10 inches water column (in.w.c.)
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were installed at a distance of 10 mm from the upper edge of the rectangular section of the
each chamber. All instruments were connected to a personal computer via a signal
conditioning unit for data acquisition. The vertical air velocity w (Q/A2) component through
the orifice was measured at the centre of the orifice of each chamber by a hot wire
anemometer with data collected with a real-time data logger (HHF—-SD1) installed on the top
of each chamber as illustrated in Fig. 3. These accurately read the data even at low air
velocities. The incident wave energy was estimated using the wave characteristics measured
via a wave gauge situated at the centre of the model position where the model was not in the

tank (i.e., without having the MC—OWC in-situ).
3. Numerical model

3.1. Numerical settings

Governing equations

The flow motion of an incompressible fluid can be described by the continuity equation

(3), and momentum equation (4) of the Navier—Stokes equations (NS) [52]:
V.u=0 3)

ou — — — ,— ot
yo, 6—+uVu =-Vp+uVu+p.g. —,0a (4)
¢ X ;

where i, j = 1, 2, 3 for three—dimensional flows; u is the fluid mean velocity field; p is the

fluid density;g_a is the fluid mean pressure field; gi is ith component of the gravitational

acceleration; 7; is the Reynold stress tensor and 7 is time.

A CFD model with a computational three—dimensional domain (a numerical wave tank,
or NWT) was constructed using STAR—-CCM+ (a commercial numerical simulation package)
to simulate the hydrodynamics and aerodynamics of a MC-OWC device. To simulate the
flow motion of the incompressible fluid, the model solves the continuity and RANS
equations. The free surface motion was modelled using the VOF method [53]. To enclose the
equation systems, the Reynolds stresses were modelled using the two—equation shear stress
transport (SST) kA~ turbulence model. The Reynolds number (Re) for the conditions tested
was in the range of 1 X 10°< Re < 2.5 X 10°. To capture the boundary layer around OWC

surfaces, ten prism layers with stretching factors of 1.5 and y—plus parameters of 1.0 were
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utilized. These prism layers are important to capture the boundary layer developed on OWC
chambers non—slip walls. These layers consist of a constructed mesh with the distance from

the first mesh line to the non—slip wall called “y—plus” in non—dimensional form.

Fig. 4 illustrates the boundary conditions and detailed mesh views of the CFD model used
in this study. The NWT had an overall length of ten wavelengths (L) plus the length of the
MC-OWC model. To reduce wave reflection on the right side of the NWT from the outlet
boundary, a distance of one wavelength was assigned to the damping zone in front of the
pressure outlet boundary. Within this zone, the vertical velocity component was modified by
adding a resistance term to dampen the waves before approaching the outlet boundary [54].
Note that the absolute NWT length was not fixed for all the wave periods tested; instead, this
length was adapted for each wave period to allow a total length of five wavelengths on the
up—wave and down—wave sides of the MC—OWC device. This setup allows for the collecting
of a reasonable amount of data (about eight wave cycles) before wave reflection from the
OWC and interference from the outlet boundary with the incoming waves [55]. The height
of the NWT was of 1.0 m that was equally split between the air and water phases. 3D CFD
simulations are very expensive; therefore, it is beneficial to use symmetry planes when
applicable. Using a symmetry plane in OWC devices was proved to have a negligible impact
on device performance [56]. As a result, only half~width of the physical wave flume (0.45
m) was modelled in the NWT of this study with a symmetry plane as shown in Fig. 4(a).
Since the ratio between the OWC breadth to the NWT width was 0.167 (i.e., < 0.2), the tank
sidewall effects are expected to be nil as stated by Chakrabarti [38]. Regular wave velocity
components were provided to the NWT on the left side through on the inlet boundary,
whereas the top outlet boundary had the hydrostatic wave pressure assigned to it and the tank
side and bottom boundaries were defined as slip walls. The free surface zone height was set
to 1.5 H (wave height H). This was found to be sufficient and reduced the computation cost
while still capturing the waves reflected by the OWC and minimising unwanted numerical
wave height damping within the area of interest [56]. This height was further increased to 2H

inside each chamber (see Fig. 4 (¢)) to capture any free surface amplification.
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The computational domain mesh is crucial for confidence in the CFD results. STAR—
CCM+ offers a user—friendly automatic meshing technique that was used in this study. The
whole domain was initially meshed using a cell size of 400 mm and then reduced with more
refinements using a trimmed cell mesher and a surface remesher. For the free surface
refinement, the minimum number of cells were used; in the z—direction this was 16 cells per
wave height and in the x—direction it was 74 cells per wavelength. These settings are very
close to the recommendations given by ITTC [57] and CD—Adapco [58]. The cell aspect ratio
(i.e., the ratio between the cell size in the longitudinal (Ax) and vertical (Az) directions) was
not allowed to exceed 16 [41]. Elhanafi et al. [56] recommended that the cell size Ay in the y
direction (tank traverse) be set to 100 mm. The mesh refinement for the MC-OWC model
was done using the mesh convergence study carried out by Elhanafi et al. [36] for a two—
chamber 3D OWC. An OWC cell size of 6.25 mm was used (see Fig. 4 (d)), and the PTO
surface was 0.781 mm (see Fig. 4 (e)). Note that it has been shown that these settings provide
a good experimental agreement for an OWC device with one chamber [59-61]. The time step
(At) for each wave period (7) was carefully selected, as recommended by CD—Adapco [58];
this was done to ensure the Courant number was always less than 0.5. A summary of the

numerical settings and schemes used in this study can be found in Elhanafi et al. [56]
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Fig. 4. Computational fluid domains

3.2. MC-OWC device performance

The differential air pressure (AP) was numerically monitored in each chamber by air
pressure measurement at two points: the first is inside the chamber and the second is on the
top outlet boundary domain. The airflow rate (Q) was directly monitored by integrating the
vertical air velocity over the entire area of the orifice. In each chamber, the free surface
elevation (77) was measured using virtual wave probes installed in similar locations to the

physical model.

The power conversion capacity of the device is expressed by a fundamental quantity

called a capture width ratio (¢). This is defined as the mean power extracted by the device
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divided by the incident wave mean power across the width of the device (b). This ratio is

given by

P
g:be. )

where Pin is the mean incident power per meter of the wavefront. This should not be confused
with an efficiency factor because in some instances the device can extract energy from a
wider field of wavefront so that this factor can be higher than one. Buoy devices in particular
often do this. For regular waves, Pi» is derived from Stokes second order wave theory [59] as

given in

L el 2k
P =—p g 2| 14— __
T k£ sinh(Zkh)J ©)

For a small OWC like the one tested here, air compressibility can be ignored. However,
at full-scale, air compressibility can significantly affect the device performance, especially
for a chamber of several metres in height [56, 62, 63]. Considering incompressible air, the

pneumatic power that an OWC device can extract is expressed as [46]:
1 T
P=— t). APdt 7
) 0 (r) (7)

4. Validation of the CFD model

One of the aims of this work is to validate the CFD model using experimental results of
a complex hydrodynamic problem involving wave and MC-OWC interactions. Only one
regular wave of height H = 0.087 m and period 7= 1.25 s was used to verify the CFD model
for the following performance parameters: AP, QO and, # with a constant PTO damping
simulated with an orifice diameter D> = 36 mm. The experimental results were limited but
enabled the validation of the numerical models. The CFD and experimental time history
results are compared in Fig. 5. In this figure, the experimental values of AP values were not
measured using the pressure transmitters due to large uncertainties associated with the
sensors; instead, AP was measured using the pre—calibration orifice approach (see Eq. (2)),

which was proven to be valid [64].
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It can be seen that the CFD results show good correlation with the experimental data.
This agreement was quantified via the average correlation coefficient R and the Normalized

Root Mean Square Error (NRMSE) given by

1 N 2
Ay Tt 8
NRMSE = T (8)

The average NRMSE and correlation coefficient R for all the validated parameters (AP, Q,

n) are about 10 % and 0.89 as summarised in Table 1.
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Fig. 5. Comparison experimental and CFD results for device performance parameters under
a regular wave of height H = 0.087 m, period 7= 1.25 s and orifice diameters D = 36 mm.
(a): water surface elevation (7), (b): airflow rate (Q) and (c): differential air pressure (AP)

The good agreement achieved indicates the validity of the CFD model in simulating the
behaviour of the MC-OWC device considered in this study. Therefore, the CFD model is
utilised in the following sections to test the performance of the device under different wave

conditions and various PTO damping coefficients.
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Table 1. The correlation coefficient R and NRMSE between the CFD and the experimental
results for chamber pressure (AP), airflow rate (Q) and the free surface elevation ()

Parameter Ch-1 Ch-2 Ch-3 Ch+4 Average
AP NRMSE (%) 81 11.51 9.05 8.70 7.77
R 099 083 0.88 0.87 0.89
NRMSE (%) 10.05 12.03 0.61 7.87 7.64
0 R 090 086 091 0093 0.90
NRMSE (%) 548 1137 11.69 11.54 10.00
i R 097 086 0.85 0.86 0.89

5. Results and discussion

5.1. Test conditions

After the numerical model was verified, the second set of tests was performed to study
the effect on the performance of the MC-OWC of PTO damping. The verified CFD model
was used to carry out numerous numerical simulations. In all, 96 simulations were carried
out which comprised of six different PTO damping values simulated with different orifice
diameters D (see Table 2) for two wave heights H = 0.045 m (H1) and 0.087 m (H2) over

eight wave periods as summarised in Table 3.

Table 2. Orifice diameter and its opening ratio

D(mm) 17 24 29.5 34 38 41.7
Ri (%) R1=05 R2=1.0 R3=15 R4=20 R5=25 R6=3.0

Table 3. The period values used in CFD

I's)y 08 10 112 12 13 16 18 2.0
Ti TO TI T2 T3 T4 TS T6 T7

5.2. Estimating device resonance

The resonant angular frequency (wr = 2n/Tr) of an OWC device can approximately be

estimated by the expression given in [65]:

s
T\ dr0a1d, ®

where d is the OWC device draught, 41 is the chamber waterplane area, and g is gravitational

acceleration. For the device tested in this study, the estimated angular frequency was found
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to be wr = 6.67 rad/s (the resonant period 7r = 0.94 s). It is worth noting that this equation

does not account for the pneumatic damping induced by the PTO system.

5.3. Effect of PTO damping on device performance

In this section, the CFD model was utilised to verify the validity of the quadratic
relationship in Eq.(1) under a constant wave height H2 (0.087 m). It can be seen in Fig. 6 for
a wave period T2 (1.12 s) that the relationship between QO and AP follows a simple parabolic
curve (the fitting curves are not shown in this figure) with a correlation coefficient R of not
less than 0.9. The PTO damping coefficient (7) was calculated using the instantaneous values
of O and AP for each orifice tested as given in Eq. (1). The values of 7 were found be in the

range Tmin = 1036 kg'? m™"? at R6 to tmax = 5200 kg'> m7? at R1.

______ |

0 0.002 0.004 0.006 0.008 0.01
0 (m3/s)

Fig. 6. The relation between the airflow rate (Q) and the instantaneous differential air
pressure (AP) for different PTO damping conditions simulated via various orifice opening
ratio Ri (listed in Table 2)

The impact of the PTO damping has on O, AP and 7 is illustrated in Fig. 7 at a constant
wave condition (H2, T1). Starting with the impact of the PTO damping coefficient () on the
free surface elevation (7), Fig. 7 (a) shows that # decreased from more than 0.04 m to just

2 m™2. Furthermore, the first chamber

above 0.01 m as 7 increases from 1036 to 5200 kg
(Ch-1) and the last chamber (Ch—4) experienced the highest and lowest free surface
oscillations, respectively. Since the airflow rate (Q) is related to the free surface vertical
velocity (dx/df) (assuming incompressible flow), which can be calculated as the rate of
change in the free surface elevation (1) with respect to time (i.e., dy/d¢), it was expected that
the airflow rate follows the changes in # inside the chamber. This is shown in the results
presented in Fig. 7 (b) where it is clear that O in all chambers has the same trend of # with
maximum and minimum values of about 0.01 and 0.0025 m?/s. These observations are in line
with the results reported in [41, 66, 67] for a single chamber OWC device. With the

relationship between AP and Q shown in Fig. 6, AP is seen in Fig. 7 (¢) to gradually increase
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from a minimum of 130 Pa to a maximum of 214 Pa with an increase in the damping
coefficient. The pneumatic power (P) is influenced by both AP and Q; hence, the results in
Fig. 7 (d) illustrate that there is a maximum pneumatic power value at damping values of
1326 to 1500 kg'?> m™"? at which point P peaks. The maximum pneumatic power was also

found to decrease from 0.67 W in Ch-1 to 0.5 W in Ch-4.

t— Ch-1-<¢— Ch-2—5— Ch-3 Ch-4 |

50 E E E E 0.2
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
r (kgl/Z m-7/2) T (kgl/Z m-7/2)

Fig. 7. Impact of PTO damping coefficient (z) on the values of (a): the free surface
elevation inside a chamber (), (b): the air volume velocity (Q), (c): pressure change inside
a chamber (AP) and (d): the pneumatic power (P)

One of the most important characteristics of a WEC device is the capture width ratio (¢).
The influence of the PTO damping on & on each chamber of the MC—OWC studied here is
shown in Fig. 8 for different wave periods (listed in Table 3). The results in this figure show
a resonant period of 1.0 s (T1), which is very close to what was estimated from Eq. (9). For
all chambers, the maximum capture width ratio was found at an optimum PTO damping value
corresponding to RS, which indicates a negligible impact of chambers interaction on the
selection of the PTO system for the whole device. The importance of the PTO damping in
tuning the device to the incident wave condition is obvious for all chambers over the
intermediate wave period range (T2-T6), where a lower PTO damping of orifice R3 provided
a higher capture width ratio. Reduced damping of R1 could further improve the capture width

ratio at the longest wave period tested.
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Fig. 8 Effect of PTO damping on the capture width ratio (&) of each chamber for different
wave periods and constant wave height (H2 = 0.087 m)

5.4. Effect of wave height on device performance

The influence of the incident wave height on device performance is investigated in this
section. This is done by decreasing the wave height to 0.045 m (H1). Fig. 9 demonstrates the
effect the wave height has on the airflow rate (Q), the free surface elevation (), the pressure
difference (AP) and pneumatic power (P) for range waves and with PTO damping using
orifice opening ratio R5 (2.5 %). Both wave heights have almost identical general trends for
all the parameters assessed. They decreased as wave height decreased from H2 to H1. The
wave height increase is almost 1.93 times (i.e., from 0.045 m to 0.087 m). Hence the incident
wave power increased by about 3.74 times. However, the pneumatic power in all chambers
increased on average by 3.56 times. This difference can be attributed to the slight increase
and decrease in the reflected and transmitted energies respectively by the device resulting in

reduced energy absorbed by the device [60].
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Fig. 9 Effect of wave height on airflow rate Q (1* row), the free surface elevation 7 (2™
row), differential air pressure AP (3" row) and the pneumatic power P (4™ row) for
different wave periods and a constant orifice opening ratio R5 (2.5%)

Fig. 10 illustrates the impact the wave height has on ¢ for each chamber. This is with a
constant orifice opening ratio (R5 = 2.5 %). The results demonstrate that all chambers have
similar trends for & under the two wave heights tested, such that ¢ initially increases with
increasing wave period until a peak is reached at the resonant period (T1). Then it reduces
with a further increase in the wave period. Under wave height H1 at T1, ¢ reaches a maximum
value of 0.58, 0.50, 0.46 and 0.43 for in Ch—1, Ch-2, Ch-3 and Ch—4 respectively. These
peak values reduced with increasing wave height (H2) to 0.50, 0.45, 0.41 and 0.40. A similar
effect of wave height on single—chamber onshore and offshore OWC devices was previously

reported [59, 61, 67, 68].

It is expected that, with increasing the incident wave height, not only the pneumatic
power (see Fig. 9) but also the energy losses [60] increase. Furthermore, as mentioned earlier,
changing the wave height affects the reflected and transmitted energies, which, in—turn,
changes the amount of energy absorbed by the device structure. Elhanafi et al. [60] observed
that the absorbed energy coefficient (i.e., the ratio between the absorbed energy and the
incident wave energy) of an OWC device decreases with increasing the wave height, except
for long wave periods where there was a noticeable increase in the absorbed energy
coefficient. These observations help to understand the increase in & shown in Fig. 10 only for

wave periods longer than the resonant period.
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Fig. 10 Variation of the capture width ratio (¢) of each chamber under different wave
heights (H1, H2 ), wave periods (T0, T1, T2, T5, T7) and a constant orifice opening ratio
(R5=2.5%)

Similarly, ¢ total (X:=% P;/(b X P;,)), which is the overall capture width ratio for the
MC-OWC, in Fig. 11 (a) shows that a maximum ¢_total of 2.0 was achieved at a resonant
period T1 (1.0 s) and H = 0.045 m (H1), and that value reduced to 1.8 as the wave height
increased to 0.087 m (H2) at the same resonant period. Overall, increasing the wave height
from H1 to H2 improved ¢ _total by 1.2 to 2.2 times in the long—period range (Ti > T2), but
it negatively impacted device performance in the short—period range (Ti < T2) resulting in a
reduction of & total by 0.70 to 0.90 times. The effect of wave height on the PTO damping is
shown in Fig. 11(b) at the device resonant period T1. It can be seen that for all the tested PTO
damping values, an increase in incident wave height reduces the maximum ¢ _total. The larger
wave height H2 required a slightly larger orifice opening ratio (i.e., smaller PTO damping
coefficient of 7 = 1036 kg'> m~"? at R6 instead of 7 = 1326 kg m7? at RS). It is worth
noting that these effects are in line with the experimental results reported in [59], which
further support the applicability of the developed CFD model in studying the performance of
such a complex MC—OWC device.

21



| AHI=0.045m OH2=0.087 m |
(a) T(s) . (b) D (mm)

)

& _total

TOTIT2  T5 T7 Rl R3 _ R5 R6
Ti (s) R; (s)
Fig. 11. Effect of wave height on total capture width ratio (¢_total) for (a): different wave
periods at constant opening ratio RS, (b): different opening ratios (Ri) under resonant
period T1

6. Conclusion

A 3D CFD model was constructed to simulate the behaviour of a MC-OWC device and
to investigate the effect of PTO damping of device performance under different regular
incident wave heights and periods. The CFD results show good agreement with the
experimental measurements in all chambers for the following parameters: differential air
pressure, chambers free surface elevation and airflow rate. The resonant period agreed very

well with the value estimated from a commonly used formula.

It was found that increasing the PTO damping resulted in an increase in the differential
air pressure and a decrease in both the free surface elevation and the airflow rate in all device
chambers over the entire range of the wave periods tested. An intermediate PTO damping (7
=1326 kg!*m~7?) was found to maximise ¢ for all chambers overall wave periods, except for

long waves, where a higher PTO damping was found to be more effective.

Increasing the wave height from 0.045 m to 0.087 m (i.e., 1.93 times) was found to
significantly decrease the MC—OWC device total capture width ratio (¢_total) for all PTO
damping values tested by about 20 % in the short—period wave range, but ¢ total showed an
increase of about 76 % over the intermediate— and long—period wave ranges. The impact of
changing the incident wave height on the resonant period was found to be negligible, but a

larger wave height required slightly lower PTO damping.
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The experimental tests performed in this work were limited and carried out in a small
wave flume with a primary objective of initially validating MC-OWC mathematical and
numerical models. Therefore, the next step in this project includes conducting further

experimental tests under a wide range of regular and irregular wave conditions.
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