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Abstract

This study examines the performance of a numerical method that introduces
an artificial sink term to the Reynolds-averaged Navier—Stokes equations to
simulate the flow through an orifice used as a quadratic Power Takeoff (PTO)
for Oscillating Water Columns (OWCs). The method replaces the quadratic
PTO by an artificial Forchheimer-flow region (referred to as the artificial
Forchheimer-flow method). The performance of this method was evaluated
by making comparisons with the existing experimental results for two OWCs
and the numerical results obtained by using air-water two-phase flow sim-
ulations of the air flow through an orifice (referred to as the orifice-flow
method). The surface elevations, velocity fields and pressure fields obtained
by the orifice-flow and artificial Forchheimer-flow methods are compared. To
use the artificial Forchheimer-flow method, an equation for specifying the
Forchheimer coefficient is provided and the sensitivity of the pneumatic effi-
ciency to the Forchheimer coefficient is discussed. It can be concluded that
the artificial Forchheimer-flow method can satisfactorily reproduce the mea-
sured pneumatic efficiency, pressure field in the air, the velocity field in the
water and the cross-sectional average velocity of the air. Compared to the
orifice-flow method, the artificial Forchheimer-flow method can speed up the
simulation by at least 25 times.
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1. Introduction

Renewable energy is of great importance for a sustainable development
(Falcao, [2010; [Lund, 2007). Among all the renewable energy sources, wave
energy stands out due to the fact that it is more predictable and has a much
higher energy density compared to other renewable energy sources, such as
wind or solar energy (Falcao, 2010; Chen et al., 2013).

Different types of Wave Energy Converters (WECs) have been proposed
in the past to convert the wave energy into other forms of energy, such
as electrical energy. One of the most widely tested and studied WECs is
Oscillating Water Columns (OWCs) (Falcaol 2010; |Aderinto and Li, 2018} Xu
and Huang, 2019). A typical OWC device is essentially a partially submerged
air chamber, which is connected to the atmosphere through a Power Takeoff
(PTO) system (Aderinto and Li, 2018). A PTO system typically includes
a turbine, driven by the wave-induced oscillatory air flow, and an electric
generator connected to the turbine for electricity generation. One of the key
characteristics of a turbine that is relevant to the power extraction efficiency
is the pressure drop of the air flow through the turbine. Two main types
of PTOs for OWCs have been studied in the past (Scuotto et al., |2005;
Aderinto and Li, 2018): (1) linear PTOs characterized by a linear relation
between the pressure drop and the mass flow rate of the air flow through a
linear turbine such as a Wells turbine, and (2) quadratic PTOs characterized
by a quadratic relation between the pressure drop and the mass flow rate
of the air flow through a nonlinear turbine such as an impulsive turbine.
The disadvantages of Wells turbines include narrow operational range, noisy
operations and poor stalling characteristics (Badhurshah et all |2018). Early
studies of OWCs have focused on Wells turbines, but some recent studies of
OWCs focus on impulsive turbines (Aderinto and Li, 2018)).

Because of the complexity and high rotation speed of an air turbine, it is
not practical to model the complex turbine aerodynamics in either small-scale
model tests or numerical simulations of OWC-type WECs (Liu et al., 2016).
As a result, devices other than actual turbines have been used in small-scale
model tests and numerical simulations in the past to create the required
pressure drop of the air flow through a turbine, which means the extraction
efficiency obtained is just the pneumatic efficiency. The final efficiency of
an OWC-type WEC is the pneumatic efficiency multiplied by the turbine
efficiency and the generator efficiency.

Sharp-edged orifices have been widely used to model impulsive turbines in
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both small-scale model tests (Wang et al.| 2002; | Xu et al., 2016; Ning et al.,
2016; He and Huang}, 2017} |Vyzikas et al.,[2017) and numerical simulations of
OWCs (Xu et al., 2016; |/Ahmad et al..[2018; Huang et al.,|2020). Changing the
opening ratio (i.e., the ratio of the area of the orifice to the cross-sectional area
of the air chamber) changes the relation between the pressure drop and flow
rate; therefore, the opening ratio can be used as a parameter to describe the
relation between the pressure drop and the mass flow rate. It has been found
that the typical opening ratio should be around 1% to achieve an optimal
pneumatic efficiency (Ning et al., 2016; He and Huang, [2017). Several air-
water two-phase flow models have been used to simulate the wave interaction
with various OWC-type WECs where the air flow through an orifice has been
used as the PTO. The small opening ratio can result in an oscillatory jet flow
with a very high velocity. According to conservation of mass, the velocity
of the jet flow is about 100 times faster than the velocity of the free surface
fluctuation inside the chamber if the opening ratio is about 1%. Experimental
studies have found that the pressure sensors mounted at different locations
on the interior surface of the air chamber gave almost the same time series
of the measured pressure (He et al., 2012; He and Huang, 2017).

Since the pressure inside a high-speed jet flow is expected to be approx-
imately uniform and equal to the ambient pressures, it can be hypothesized
that the air pressure inside the air chamber has negligible spatial variation
even though the velocity field is not spatially uniform. This hypothesis can
be easily verified by performing 3D numerical simulations of an OWC-type
WEC with an orifice as its PTO. Based on the assumptions that the air
pressure is spatially uniform inside the air chamber and the pressure drop
across the PTO can be parameterized, theoretical analyses (Martins-Rivas
and Mei, 2009; Deng et al., [2013; Zheng et al., 2020, 2019) and potential-
flow-based numerical simulations (Delauré and Lewis, [2003; [Ning et al.,|[2015)
have been the two main approaches in the literature to OWC problems; both
approaches are based on potential flow, and thus cannot consider viscous ef-
fects. Furthermore, theoretical approaches are suitable only for OWC WECs
with simple geometries.

Air-water two-phase flow simulations of OWC-type WECS are getting
more attention recently due to the rapid advances in computing technol-
ogy, both in hardware and software. These simulations are based on either
Reynolds-averaged Navier—Stokes (RANS) equations (Huang et all |2019;
Lépez et al., 2014)) or Large Eddy Simulation (LES)(Galera-Calero et al.,
2020; Simonetti et al.; [2018). However, the requirements of much finer grid

3
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and much smaller time step to simulate the high-speed flow through the ori-
fice make the two-phase flow simulations computationally very expensive be-
cause of the requirement of Courant-Friedrichs-Lewy condition for numerical
stability (Courant et al| [1967)). For example, Huang et al.|(2019)) and [Huang
et al. (2020) presented three-dimensional (3D) two-phase flow simulations of
a circular OWC-type WEC; they reported that about 200 wall-clock hours
on Stampede2 at TACC using 160 cores were typically needed to have about
20 s of real-time results. This is the reason why most existing two-phase flow
simulations of OWC-type WECs in the literature focused mainly on two-
dimensional (2D) problems (Zhang et al., 2012; Lépez et al., [2014; Kamath
et al., 2015b) and only a few 3D simulations (Shalby et al.; [2019; Xu and
Huang, 2019)) are reported in the literature. [Elhanafi et al.| (2017) performed
both 2D and 3D simulations and found 2D simulations could overestimate the
pneumatic efficiencies for high wave frequencies because of blockage effects.

In two-phase flow simulations of OWC-type WECs, the bottleneck is
the small time step and fine grid required to simulate the air flow through
an orifice. Even for two-phase flow simulations of 2D OWC-type WECs,
about 30 wall-clock hours were needed to produce 20 s of real-time results
on a workstation with 18 cores (Huang et al., [2020). For the calculation
of wave energy extraction efficiency, the most important characteristics of a
PTO system that need to be modeled in a simulation are: (1) the difference
between the air pressures inside the air chamber and the ambient atmospheric
pressure, and (2) the cross-sectional averaged velocity of the air flow inside
the air chamber. The pneumatic efficiency is calculated using these two
variables (Martins-Rivas and Mei, 2009; Deng et al., 2013; |Xu et al., [2016)).

To save on simulation time, it is appealing to have a numerical method
that can capture the key features of the air flow through an orifice so that the
OWC’s pneumatic efficiency can be computed without the need to simulate
the actual jet flow through an orifice. Attempts have been made in the past
to use Darcy’s law for the flow in a porous medium to simulate the air flow
through a linear PTO (Luo et al., 2014; Kamath et al., 2015bla; |/Anbarsooz
and Faramarzi, |2016; |Celik and Altunkaynak, [2020; |Gurnari et al., [2020)),
with the artificial Darcy-flow coefficient as a tuning parameter to be deter-
mined by matching the numerical results with the experimental results. For
example, Kamath et al. (2015b) used the Darcy flow through an artificial
porous layer in their simulations to represent the linear PTO studied the-
oretically by [Sarmento and Falcao (1985) and experimentally by [Sarmento
(1992). They compared their simulation results with the experimental results

4
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of [Morris-Thomas et al.| (2007), who used an orifice plate as the PTO in the
experiment; however, some differences between the measured and simulated
pressures and surface velocities can be observed, most likely because the
pressure drop across an orifice is not linearly related to the velocity (Crane,
1957)). Recently, |Celik and Altunkaynak| (2020)) used a commercial software
to study the resonant frequency and damping ratio of a rectangular OWC
through free decay tests and compared with physical model tests where the
PTOs were modeled by either the Darcy-flow through a porous media or the
air flow through an abrupt contraction of a pipe; the commercial software
they used is the same as that used by Mahnamfar and Altunkaynak| (2017).

Attempts to use a Forchheimer flow to simulate a 3D orifice flow has
not been reported in the literature. The closest work that can be found in
the literature is Dimakopoulos et al| (2015), who converted a 3D circular
orifice opening to a 2D rectangular slot and the 3D circular geometry of
the OWC chamber to a 2D rectangular one, and filled the 2D slot with a
porous media to make the slot wider, which allowed them to use a larger
grid in the vicinity of the slot. Dimakopoulos et al.| (2015) hypothesized that
the difference between their numerical results and the experimental results
for the 1.0% opening ratio was due to the compressibility of the air in the
air chamber. As pointed out by He and Huang| (2017, a circular opening
may behave differently from a rectangular slot with the same opening ratio.
Therefore, it is not clear to what extent converting the 3D geometry to a 2D
one may have affected their numerical results.

Because using Darcy-flow approach to imitate flow through an orifice can-
not capture the quadratic pressure drop, a key feature of the orifice flow, the
motivation of this study is to verify a method for speeding up the two-phase
flow simulations of OWC-type WECs with a quadratic PTO. Similar to us-
ing a Darcy flow through a porous media, the method examined here adds a
sink term to the momentum equation based on Forchheimer’s law which can
give a quadratic pressure loss. The method is implemented using the open
source CFD tool, OpenFOAM (Weller et al., 1998; |Jacobsen et al., 2012).
The objectives of this work are to (1) validate the method by comparing with
two sets of experimental results, and (2) provide detailed comparisons of the
results for a circular OWC obtained by two methods: (i) the orifice-flow
method and (ii) the method using Forchheimer’s law (referred to as the ar-
tificial Forchheimer-flow method to distinguish from the Darcy-flow method
for linear PTOs). The comparisons focus on the pressure and velocity fields,
surface elevation and pneumatic efficiency. Empirical formulas that may be
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used to estimate the Forchheimer coefficient in the absence of experimental
data are also discussed.

2. Methods

Air-water two-phase flow simulations of two OWC-type WECs were per-
formed using the orifice-flow method and the artificial Forchheimer-flow method
to model quadratic PTOs. In both methods, both the air and water are
treated as in-compressible fluids. The artificial Forchheimer-flow method
adds a sink term to the momentum equation to produce a pressure drop
across the artificial Forchheimer-flow region, which is approximately equal
to the pressure drop caused by the air flow through an orifice. As a result,
the Forchheimer-flow in this method is not the flow in a real porous media
because the porosity of real porous medias is not included in the govern-
ing equations, and thus the flow in this region cannot capture the following
features of porous media flows: phase saturation, relative permeability and
the capillary pressure. In essence, the artificial Forchheimer-flow region is an
artificial damping region designed based on the Forchheimer’s law

2.1. Equations governing in-compressible air-water two-phase flows

For completeness, the two-phase flow models adopted by this study to
simulate wave interaction with an OWC-type WEC are summarized here.

The in-compressible Reynolds-Averaged Navier-Stokes equations (RANS)
are used to describe the flow of a water-air mixture (Rusche, 2003). A VOF
method is used to track and locate the air-water interface by using a volume-
fraction function s, which is the saturation of water: s = 0 when a cell is
occupied by air alone, s = 1 when a cell is occupied by water alone, and
0 < s < 1 when a cell is occupied by both the air and the water (Rusche,
2003)). Anywhere in the flow, the density p and the dynamic viscosity jr are
calculated by

p = 5pw+ (1= 8)pa, (1)

frp = Spw + (1 = 5)pta, (2)

where the subscripts w and a stand for water and air, respectively.
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The volume-fraction function s is governed by the following transport
equation:

%“‘V' [su] + V - [u,s(1 —s)] =0, (3)
where u is the velocity of the air-water mixture. A ”compression velocity” u,
is applied in the direction normal to the local air-water interface. The purpose
of using a proper ”compression velocity” is to compress the volume-fraction
field and maintain a sharp air-water interface. As a rule, the ”compression
velocity” is determined by multiplying the maximum velocity magnitude in
the computation domain by the normal vector of the air-water interface and
a constant K.. The default value of K, is 1.5 as suggested by Rusche (2003).

The continuity and momentum equations for the in-compressible fluid are

V-u=0, (4)

and

Jdpu
L5+ V] = pg — Vp+ V- [uVul, (5)

where g is the gravitational acceleration, p is the total pressure of the air-
water mixture, and

[o= py + p (6)

with p; being the turbulent eddy viscosity, which needs to be closed by a
turbulence model. The following & — w SST turbulence model (Larsen and
Fuhrman| 2018)) is employed for this purpose:

opk k
54V - [puk] = pP = pB*kw + V - (g + po* Z) VA (7)

0 k
L=+ V- pus] = pP, — pBu? + pZVk - [Vl + V- (1 + po—)Ve] (8)
where k and w are specific turbulence kinetic energy and specific dissipation

rate, respectively; P, and P, are production terms for k and w, respectively;
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8%, B, 0%, o0 and o4 are model parameters. The turbulent eddy viscosity j
is then determined by:

Cllk
= ply, UV = , 9
He= P T max(aiw, FpvV/'S : S, al)qﬁfa%w) (9)

where a; and Ay are model parameters, F5 is a blending function that is close
to 1 in boundary-layer region and 0 in free shear layers, S is the strain rate
tensor defined by S = %[Vu + Vu?], and pg = V x u is 2 times the rotation
tensor.

It is worth noticing that Eq. @ is different from the original k¥ — w
SST turbulence model in Menter| (1994)), where the last term in maz() is
absent—the presence of that term can avoid the unphysical generation of
turbulence energy in near potential flow regions, where po < S : S (Larsen
and Fuhrman, |2018)). The model parameters used in this paper are: a; =
0.31, * = 0.09, 8 = 0.075 ~ 0.0828, 0" = 0.5 ~ 1.0, 0 = 0.5 ~ 0.856,
oq = 0.856, Ay = 0.05. The actual values of 3, ¢* and ¢ vary within a range
in the computational domain, depending on the distance of a grid to the
closest wall.

2.2. The empty numerical wave tank

Based on the equations given in Section a three-dimensional (3D)
Numerical Wave Tank (NWT) was developed using OpenFOAM v1712. As
shown in Fig. [I} the empty NWT consists of three sections: the Wave
Generation Section (WGS), the test section and the Wave Absorbing Section
(WAS). Both the wave generation and wave absorption sections are achieved
using a relaxation zone method (Jacobsen et al., 2012). The relaxation zones
was implemented using the library waves2Foam, which is a toolbox used to
generate and absorb water waves. The length of each relaxation zone is at
lest two times the maximum wave length examined in this study.

As shown in Fig. [} the empty NWT is divided into four mesh zones:
(I) the air zone; (II) the free-surface zone (or the air-water interface zone)
in which the wave crests and wave troughs lie; (III) the water zone; and
(IV) the two relaxation zones. The Cartesian coordinate system (z,y, 2)
has the x coordinate pointing in the direction of wave propagation, the y
coordinate pointing vertically upward, and the z coordinate pointing out of
the paper. The origin of this coordinate system is located on the still water
surface and at the inlet boundary. The information of the grid for each zone
is summarized in Table [l
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4m: WGS 6m: test section 4m: WAS

Figure 1: A sketch of the empty numerical wave tank. Not drawn to scale. The longest
wave length in this study is 1.5 m.

Table 1: Information of the grids for the empty wave flume

size/zone | Zone (I) Zone (II) Zone (III) Zone (IV)
Az (cm) 1.65 1.65 1.65 1.65
Ay (cm) 1.00 0.50 1.00 1.00
Az (em) | 5.00 5.00 5.00 5.00

Referring to Fig. the height of the NWT is h + hg-, with the water
depth h=0.29m and h,;=0.21 m, and the total length is 14m: 6 m for the
test section, and 4m for each relaxation zone. The width of the NW'T is
fixed at 0.5m, which was the width of the wave flume in the experiment
of Xu et al| (2016]). Therefore, whatever side effects there might be in the
physical model tests will also be present in the two-phase flow simulationsﬂ.
The edge of the wave generation zone is at x=4.00m and the edge of the
wave absorption zone is at x=10.00m. Problems of wave-interaction with an
OWC can be studied by integrating into the grids for the test section of the
NWT a set of locally-nested grids describing the geometry of the OWC as
described in Section 3.1.

In a relaxation zone, the value of a variable ¢ (e.g., fluid saturation s or
components of velocity #) is a blend between the computed value ¢¢ and the
targeted value ¢r with a relaxation factor Sg. Therefore, the value of ¢ in
the relaxation zone can be written as

¢ = Broc + (1 — Br)or (10)

!The effects of the sidewalls are expected to be small because: (1) the ratio of the flume
width to the model dimension is between 4 and 5 and (2) there is no lateral waves excited
by the diffraction of fundamental waves.
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where the relaxation factor i varies in space and is specified by

exp(X3°) —1

BR(X) =1 exp(l) 1

(11)
where X = 2//Lr with 2’ being the distance relative to the edge of the
relaxation zone and Lg the length of the relaxation zone (Jacobsen et al.,
2012)). For wave generation, the second order Stokes wave theory is used to
provide the targeted ¢r; while for wave absorption, ¢ = 0 is used.

Boundary conditions (BCs) at the lateral walls, the bottom of the wave
flume and the OWC walls are set to be wall BCs for which the velocity
is set to 0 at the boundary, w, £ and pu; are calculated by applying wall
functions, and the pressure is taken to be the same as that in the cell next to
the wall. The methods to specify wall functions used here are described in
Kalitzin et al.| (2005). This method does not require the first cell to be in the
logarithmic layer. Therefore, y* value varies along the boundary, depending
on the flow field and the mesh used at different boundaries. The boundary
condition used at the ceiling of the wave flume is the ”Pressure-inlet outlet
velocity” condition provided in OpenFOAM so that the air can get in and
out freely through the ceiling.

2.3. The circular OWC model with an orifice plate as a quadratic PTO

The circular OWC model shown in Fig. [2] was used to demonstrate the
two methods for simulating quadratic PTOs. The OWC model consists of a
C-shaped support structure, a circular OWC chamber, and a top cover which
is a sharp-edged orifice plate. The OWC chamber is partially submerged with
a draft D,, and the distance between the lower tip of the OWC chamber skirt
and the bed is D,. For a given water depth h, the draft of the OWC chamber
D, = h— D,. The change of quadratic PTO’s characteristics can be achieved
by changing the opening ratio of the orifice plate. When the air flows through
the orifice, there is a pressure drop across the orifice and the pneumatic power
extracted from the wave field P,,; is equal to the average work done by the
air pressure on the water over n wave periods

1 to+nTw
Pou Ean— a adA dt 12
[ ([ fean) (12

where p, and w, are the air pressure and vertical velocity, respectively, S is
the cross section of the air chamber on which p, and w, are taken, T, is the
wave period, and ty is an arbitrary time reference, and n is an integer.

10
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Figure 2: A sketch of the circular OWC model.

The pneumatic efficiency of the OWC-type WEC ¢ is defined by the ratio
of the so-called capture width A to the chamber diameter Dowc.
)\ o Pout

— D -
Dowc P

(13)

€

where P; is the wave power per unit wave crest in the incident waves. For
second Stokes waves in water of depth h

Py = ECn(1 + (kA))%€) (14)
1 9 w 1 2kh
B=3pugdi,C=7n=5 (1 * sinh(2kh)) (15)
9 cosh(kh) [sinh(élkh) +4kh sinh(2kh)1 (16)
~ 8nsinh’(kh) | 8sinh?(kh) 6

where A; is the amplitude of the first harmonic, w = 27 /T, k is the wave
number, p,, is the density of water, and ¢ is the gravitational acceleration.
The contribution from the second harmonic wave is small for the present
problem (less than 1%).

The model shown in Fig. [2[ has been studied experimentally by Xu et al.
(2016)), who also extended the linear potential-flow theory of Deng et al.
(2013) by including a quasi-linear PTO model to calculate the power ex-
traction by an orifice. In the experiment of Xu et al. (2016)), the circular
orifice had a diameter of 0.0144 0.0002m. The inner diameter of the OWC

11
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chamber D was 0.125+ 0.0005 m, and the thickness of the wall was 0.003 m.
The uncertainties in the diameter of the opening and the diameter of the
OWC chamber were estimated based on multiple measurements along differ-
ent directions. From the sizes of the opening and the OWC chamber, the
opening ratio « is in the range of 1.210% and 1.300%, with an average value
of 1.255%, i.e., o = (1.255 £ 0.045)%. The distance from the lower tip of the
OWC chamber to the bed D, was 0.25 m, and the overall height of the OWC
model was 0.4m. Two water depths were examined in [Xu et al.| (2016)), and
h=0.29 m was used in this study for comparing the results obtained by the
two methods for simulating the quadratic PTO (i.e., the orifice plate in the
experiment).

2.4. The orifice-flow method

In their OpenFOAM-based, three-dimensional (3D) two-phase flow sim-
ulations of the OWC shown in Fig. [2 [Huang et al| (2019)), Xu and Huang
(2019) and Huang et al.| (2020) simulated the air flow through the orifice to
obtain the characteristics of the quadratic PTO. Because of the small size of
the opening and the thin wall in the OWC model, meshes much finer than
the meshes used for the empty flume are needed adjacent to the wall and
in the vicinity of the opening. For example, the smallest mesh generated by
using snappyHexMesh to fit the OWC model in Xu and Huang| (2019) has
the following dimensions: 0.001 m x 0.001m x 0.001 m, which was based on a
mesh convergence study (See Appendix. To achieve a balance between the
computational cost and accuracy in this study, the smallest mesh generated
by using snappyHexMesh to fit the OWC model has the following dimensions:
0.00125 m x 0.0015 m x 0.00125 m. For the test conditions examined by Xu
et al.| (2016) and Xu and Huang (2019), the speed of the air flow through the
orifice was greater than 10 m/s in the experiment. For a stable numerical
simulation, the Courant—Friedrichs-Lewy (CFL) condition requires that the
following Courant number must be smaller than unity

C = At (Z A“;) (17)

j=1

where u; is the magnitude of the j—th velocity component, Az; is the grid
size of the j—th coordinate, At is the time step. | Xu and Huang| (2019) and
Huang et al. (2020) found that the Courant number must be around 0.4 in
general (sometimes a value of 0.2 was needed to march the simulation for

12
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several time steps) to achieve numerical stability E| The combination of high
speed, small mesh size and small Courant number results in very small time
steps and very long time to run the simulation, which makes it impossible to
run the simulation on PC or a single workstation. The simulations reported in
Xu and Huang| (2019)) and |Huang et al.| (2020) were performed on Stampede2
at TACC using 160 cores, and 200 wall-clock hours were typically needed for
about 20 s of numerical results. Therefore, simulating the high-speed air flow
through a small orifice is the bottleneck in the two-phase flow simulations of
OWCs with an orifice as the PTO.

2.5. Pressure drop across an orifice

Both physical experiments (Xu et al. 2016; He and Huang), 2017)) and
CFD simulations of the air flow through an orifice using the orifice-flow
method (Xu and Huang, 2019; [Huang et al.l 2020) have found that the
following expression can describe the pressure drop across an orifice plate
well:

. . 1 o{w
P e = Oy () + Lap " (13)

where p;, and p,,; are the dynamic pressures inside and outside the air cham-
ber, respectively, (w) is the cross-sectional averaged vertical velocity of the
air flow inside the air chamber, and C} and L, are two parameters deter-
mined by either experiments or numerical simulations. The dynamic pressure
outside the air chamber p,,; can be set to approximately zero. The last term
in Eq. represents the effect of the flow inertia on the pressure drop.
For the change of hydrodynamic pressure induced by long water waves
passing through a perforated plate, |[Mei (1992) derived an expression similar
to Eq. . Unlike in long water waves passing through a perforated plate
where the flow pattern for the water moving forward is a mirror image of that
for the water moving backward, the air inhalation and exhalation processes
are slightly different, as shown in Appendix [A] This is because the air flow
outside the OWC chamber is not confined laterally by any boundary, while
the air flow inside the air chamber is confined by the wall of the air chamber.

2The computations were performed using multiple nodes on a high-performance com-
puting facility. The communication between nodes sometimes may cause numerical in-
stability. This instability issue is hardware- and software-dependent. When this type of
numerical instability occurs, our experience is that it may be overcome by marching the
simulation for several time steps with a smaller Courant number.
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Nevertheless, both the existing experimental studies (Xu et al., 2016; He and
Huang, 2017)) and CFD simulations of the air flow through an orifice using
the orifice-flow method (Huang et al.; 2019 2020) have shown that the inertia
term in Eq. is much smaller than the quadratic loss term for the present
problem and Eq. can provide an adequate description of the air pressure
drop across an orifice with a constant C'y (see Appendix [A]).

2.6. Parameterization of the orifice flow by an artificial Forchheimer flow

Mathematically, the quadratic PTO can be represented by the energy loss
associated with a quadratic pressure drop between the air chamber and the
ambient air, which makes it possible to use an artificial Forchheimer flow to
model a quadratic PTO.

Even though the flows during the inhalation and exhalation periods are
not exactly the same as shown in Appendix [A] the value of Cy for the in-
halation period is only slightly different from that for the exhalation period:
the two values of C} deviate from its mean only by about 7% for the cir-
cular OWC model shown in Fig. In the following, a constant C; will be
assumed.

2.6.1. Equations for artificial Forchheimer flow
OpenFOAM allows users to include in Eq. an empirical sink term S,,,
ie.,
Opu T
E—FV'[puu]:pg—Vp—l—V-[,uVuH—Sm, (19)
For the sink term S,,, Darcy-Forchheimer model is one of the models that
the user can choose from by setting OpenFOAM’s fuOptions file in the sys-
tem folder for the problem. It is stressed that this model employs the porous
media analogy but sets the porosity of the porous media to 1. For a homoge-
neous porous media the following Darcy-Forchheimer equation can be used
to model the sink term

Sm = — {NfﬁD + %pf |u|] u (20)

where fBp is a constant Darcy’s resistance coefficient and f is a constant
Forchheimer coefficient having a unit of m™!, and both are scalar model
parameters for the homogeneous porous media. Since the porosity is set to
unity, the model cannot simulate features such as phase saturation, relative
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permeability and the capillary pressure. It is because of this reason, the
method using Eq. to imitate an orifice plate is referred to an artificial
Forchheimer-flow method in this study to avoid confusion with the real flow
in a porous medium.

It is remarked that Dimakopoulos et al. (2015]) used a different momentum
equation, which includes the porosity in their momentum equation for the
flow in their porous layer, but their expression for the sink term is formally

the same as Eq. (20)).

2.6.2. Assumptions behind the artificial Forchheimer flow method

Next we show that using Eq. can produce the quadratic pressure
drop across the orifice plate given by Eq. by establishing a relationship
between the model parameter f in Eq. and the quadratic loss coefficient
of an orifice C in Eq..

e == Mt
Pawr | IHE4 444
____________ ST
hc,,m.l
v —_—

b | T

]Jk‘ll

Figure 3: The orifice plate is replaced by an artificial Forchheimer-flow region of a thickness
hiyr-

Referring to Fig. |3, the orifice plate is replaced by a region occupied by
an artificial Forchheimer-flow region, which is bounded by the OWC wall,
the planes of y = y_ and y = y4. The thickness of this region is hs,. To
proceed, we assume that

(i) The pressures on the two sides of the orifice plate are almost uniform.

(ii) The artificial Forchheimer flow is almost parallel to the chamber walls

and spatially uniform except in the boundary layer adjacent to the wall.

(iii) Both the orifice-flow method and artificial Forchheimer-flow method
give the same the cross-sectional average of the vertical velocity.
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(iv) The Reynolds stress is not important in the artificial Forchheimer-flow
region.

It will be shown later that the first assumption can be verified by the
results obtained by using the orifice-flow method. The second and third
assumptions lead to w = (w), where (.) stands for taking cross-sectional
average of its argument, and make the values of (w) obtained by the two
numerical methods to be approximately the same. As a result, Eq. ,
which governs this artificial Forchheimer flow, can be approximately written
as

Op{w) _ Op

o~ 5, S (21)

where p = p + pgy is the dynamic pressure, w is the velocity in y-direction
and the source term .S, is given by

S =~ | s + 50f 1) | (w). (22)

Integrating Eq. from y_ to y gives

Ip{w)
ot

hiyr ~ —(Pout — Din) + Smluyr, (23)

where hyy, is the thickness of this artificial Forchheimer-flow region. Com-

paring Eq. and Eq. and taking Sp = 0 in Eq. gives

Cy

f= Ty

Lo = hiyy. (24)

Previous studies (Xu et al., 2016; He and Huang), [2017; [Huang et al., [2019,
2020) have shown that the inertia term in Eq. is not important (See
also Appendix ; therefore, it is expected that the results should not be
sensitive to the thickness of the artificial Forchheimer-flow region Ay, .

2.6.3. Summary

In order to use the artificial Forchheimer-flow method to model quadratic
PTOs, the four assumptions listed in Section [2.6.2] must be met and the
Forchheimer coefficient should be determined by f = C/hyy,.
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3. Results

The performance of the artificial Forchheimer-flow method is evaluated in
this section by comparing with both experimental results and the numerical
results obtained by using the orifice-flow method. In addition to the circular
OWC shown in Fig. which has an opening ratio fixed at 1.25%, the
rectangular OWC studied experimentally by He and Huang| (2017)), which
has an opening ratio varying in the range of 0.635% and 1.875%, is also used
to validate the artificial Forchheimer-flow method.

All simulations were run on Stampede2 at TACC using 160 cores. For
the circular OWC which has a wall thickness of 0.003 m, simulations using
the orifice-flow method typically took 200 wall-clock hours to obtain about
20 s of numerical results, while simulations using the artificial Forchheimer-
flow method took only about 8 wall-clock hours ]| Therefore, the artificial
Forchheimer-flow method can speed up the simulation by a factor of about
25.

3.1. The circular OWC in|Xu et al. (2016)

To use the orifice-flow method to simulate the air flow through the ori-
fice used as the PTO of the circular OWC shown in Fig. [2| a set of nested
grids shown in Fig. [] are integrated into the grids for the empty NWT to
represent the geometry of the OWC model. The information of the nested
grids representing the geometry of the circular OWC is summarized in Table
2, where BG; and BGy are the background grids for the empty flume. The
grid GG provides a transition from BG; and BG, to the inner grid Go. The
integration of the grids G; and G into the background grids BG; and BG,
for the empty tank is achieved by using the OpenFOAM’s built-in mesh util-
ities refineMesh and snappyHexMesh. During the grid refinement, an inner
most mesh with a multiplayer configuration inside the grid G is automati-
cally generated to capture more geometrical details of the OWC model and
improve the mesh quality. In the present study, snappyHexMesh generates
a mesh with a two layer configuration: the first layer has a thickness of 0.5

3Celik and Altunkaynak| (2020) reported that a computation time ranging from 24 to
36 hrs wall-clocktime was needed to obtain about 8s simulation in their simulation of 3D
free decay tests. It is not clear how many grids, what computing facility and how many
cores they used in their studies. Their Fig. 5 shows the mesh used in their study; it seems
their mesh is much coarser than ours
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Figure 4: The nested grids for the circular OWC with an orifice plate. Grids generated
by using snappyHexMesh are not labeled in the figure.

Table 2: Grids for the circular OWC model
size/zone BG2 BG2 Gl G2

Az (cm) | 1.65 1.65 0.41 0.21
Ay (cm) | .00 0.50 0.50 0.25
Az (cm) | 5.00 5.00 1.25 0.31

To evaluate the performance of the artificial Forchheimer-flow method,
the pressure loss coefficient C'y obtained by using the orifice-flow method was
used to determine the Forchheimer coefficient f using Eq. for a given
thickness hy,,. As will be shown in Section several thicknesses have been
examined, and the results have confirmed that the simulated pressure drop
and pneumatic efficiency are not sensitive to the thickness of the artificial
Forchheimer-flow region. In all examples presented hereinafter, hy,,=0.05m
was adopted, and the grid in the artificial Forchheimer-flow region is the
same as the grid G2: Az=0.0021m, Ay=0.0025m and Az=0.0031 m.

Results presented in Section [3.1] are for two wave periods: T=1.2s and
T=0.8s. The C} value used to determine the Forchheimer coefficients f by
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Eq. is C'y=1.40 x10*, which was determined by using the pressure and
surface elevation provided by the orifice-flow method. It is believed that the
surface non-uniformity inside the OWC chamber does not have a significant

influence on the determined C'y value for this relative long period wave (Xu
and Huang, 2019).

3.1.1. Air pressure and surface elevation

First we examine the results for the test condition "GP1f” in [Xu et al.
(2016)): wave period=1.2s, wave height=0.037m and water depth=0.29 m.
The measured and simulated air pressures and surface elevations inside the
chamber are compared in Fig. [5] where the results obtained using the orifice-
flow method are labeled as ”orifice”, the results obtained using the artificial
Forchheimer-flow method are labeled as ”Forchheimer”, and the results ob-
tained from the physical model test reported in Xu et al| (2016)) are labeled
as "experiment”. It can be seen from the comparison that the time series of
the air pressures and surface evaluations given by the two numerical methods
are nearly identical and both agree well with the experimental results.

— Forchheimer  x
E orifice ©
[y experiment
g .

=2 Forchheimer  x
gj_) orifice ©
q&) experiment
a8

15 15.5 16 16.5 17 17.5 18 18.5 19

time (s)

Figure 5: Time series of the surface elevation at one point (top) and the air pressure at
one point (bottom) for wave period=1.2s, wave height=0.037 m and water depth=0.29 m.

It is remarked that as in the experiment, the numerical wave gauges
used in the CFD simulations (both the orifice-flow method and the artificial-
Forchheimer flow method) are located at the location 0.037 m away from the
center axis of the OWC chamber in the down-wave direction. The pressure
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sensor in the numerical simulation is located at a grid nearest to the location
where the pressure sensor was mounted in the experiment (on the top of the
OWC chamber, 0.05m cm from the orifice center in the up-wave direction).
As will be shown by our numerical results, the pressure distribution in the
air chamber is almost uniform; therefore, the exact location of the pressure
sensor is immaterial.

Next we examine the results for the test condition ”GP1b” in [Xu et al.
(2016)): wave period=0.8s, wave height=0.037m and water depth=0.29 m.
The measured and simulated air pressures and surface elevations inside the
chamber are compared in Figlf] Again, the numerical results obtained us-
ing the artificial Forchheimer-flow method agree well with the experimental
results.

~ 0.02 Forchheimer  x
E 0 experiment
[eny
-0.02 L L L L L
16 16.5 17 17.5 18 18.5
time (s)
©
e Forchheimer
95_, experiment
(V)]
3]
I5- L
16 16.5 17 17.5 18 18.5
time (s)

Figure 6: Time series of the surface elevation at one point (top) and the air pressure at
one point (bottom) for wave period=0.8s, wave height=0.037 m and water depth=0.29 m.

It can be concluded that the artificial Forchheimer-flow method and the
orifice-flow method can produce almost the same surface elevation and air
pressure inside the OWC chamber. It is remarked that in either the orifice-
flow method or the artificial Forchheimer-flow method, C} is not a turning
parameter.

3.1.2. Velocity field of the air flow
It has been assumed in Section 2.6.2] that the artificial Forchheimer-flow
is almost uniform spatially, which is approximately equal to the cross-section
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average of the velocity obtained by using the orifice-flow method. These
assumptions can be verified by comparing the velocity fields of the air flow
obtained by the two numerical methods.
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Figure 7: A comparison of the air velocity fields obtained by the two method. The four
snapshots are taken in the plane of symmetry within one period. The dashed boxes in the
bottom row indicate the artificial Forchheimer-flow region. The arrow in each plot denotes
the scale of the velocity vectors.

Four snapshots of the velocity fields for the air flow in the plane of sym-
metry are shown in Fig. [7, which compares the velocity fields obtained using
the artificial Forchheimer-flow method with those obtained using the orifice-
flow method. The velocity fields obtained by these two methods look very
different.

For the velocity field obtained by using the orifice-flow method, a jet flow
exists during both the air exhalation and inhalation periods. The maximum
velocity in the jet is as high as 10m/s. For velocity field obtained by the
artificial Forchheimer-flow method, the air flow indeed is almost uniform spa-
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Figure 8: Time series of volume flux obtained by using the orifice-flow method (labeled as
“orifice”) and the artificial Forchheimer flow method (labelled as “Forchheimer”).

tially in the artificial Forchheimer-flow region. The air flow is also almost
uniform spatially in the air chamber, except very close to the air-water in-
terface where the velocity is determined by the motion of the water surface.
These results can verify the second assumption made in Section [2.6.2]

Fig. [§| shows a comparison between the time series of the velocities aver-
aged over the cross section of the air chamber, obtained by the two numeri-
cal methods. Even though the velocity fields obtained by the two numerical
methods look very different, the velocities averaged over the cross section of
the air chamber are almost the same, which verifies the third assumption

made in Section [2.6.2]

3.1.3. Pressure fields of the air

The first assumption in Section is about the pressure on either side
of the orifice plate. Fig. [9] shows the pressure fields of the air flow obtained
by using both methods. It can be seen that the pressure on either side of the
orifice plate is approximately uniform, even through the velocity field shows
the existence of jet flows.

The pressures on the top and bottom of the the artificial Forchheimer-flow
region are also practically uniform. Instead of a sudden jump in the pressure
across the thin orifice plate, the pressure in the artificial Forchheimer-flow
is almost uniform on any plane of a constant y, and the pressure changes
gradually from the pressure inside the air chamber to the atmospheric pres-
sure outside the air chamber. In other words, the artificial Forchheimer-flow
method only distributes the pressure jump across the orifice plate over the
thickness of the artificial Forchheimer-flow region, but keeps the air pressure
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Figure 9: A comparison of the pressure fields obtained by the two methods. These snap-
shots are taken in the plane of symmetry within one period. The dashed boxes in the
bottom row indicate the artificial Forchheimer-flow regions.

inside the chamber the same as that for the orifice flow. Therefore, it can be
concluded that the first assumption made in Section [2.6.2] can be verified by
the simulated pressure fields.

3.1.4. Velocity field around of the skirt of the OWC chamber

The flow pattern around the skirt of the OWC chamber is directly related
to the energy loss due to vortex shedding (Xu et al) [2016). Huang et al|
have been shown that the orifice-flow method used here can reproduce
the velocity fields of the water flow measured by [Lépez et al.| (2015) for a 2D
OWC. Fig. shows four snapshots of the velocity field of the water flow
in the plane of symmetry. It can be seen by comparing the results obtained
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by the two methods that the artificial Forchheimer-flow method can capture
the main features of the water flow around the OWC chamber skirt well.
However, minor differences do exist, especially at the phase "a” and phase
”d”. A discussion of the minor differences in the velocity fields obtained by
the two methods is provided in Section [4.2].
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Figure 10: A comparison of the velocity fields obtained by two methods. The four snap-
shots are taken in the plane of symmetry within one period. Top panels for the orifice
flow method and the bottom panels for the artificial Forchheimer-flow method.

3.1.5. Velocity field in horizontal planes

The velocity field close to the bed affect the sediment transport and local
sour around the OWC WEC (Huang et al., 2020). Fig. shows four snap-
shots of the velocity field of the water flow in the horizontal plane located
at 0.1m above the bed. The mean flow fields in the last column were cal-
culated by averaging the velocity fields within three wave periods. It can be
concluded that the artificial Forchheimer-flow method can capture the key
features of the flow fields well in this plane, except for some minor differences.
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Figure 11: A comparison of the velocity fields in a horizontal plane located at 0.1 m above
the bed. The top row is for the orifice flow and the bottom for the artificial Forchheimer-
flow. The first three columns are for instantaneous flow fields and the last column is for
the mean flow field.

Fig. shows four snapshots of the velocity field of the water flow in
the horizontal plane located at 0.005m above the bed. Again the mean
flow fields in the last column were calculated by averaging the velocity fields
within three wave periods. The near-bed flow pattern is responsible for local
scour around the OWC WEC (Huang et al., 2020). It can be concluded that
the artificial Forchheimer-flow method can capture the key features of the
instantaneous as well as the mean flow field well in this plane.

3.2. The rectangular OWC in|He and Huang (2017)

He and Huang| (2017) studied the effects of orifice characteristics on the
performance of a rectangular OWC. The OWC’s PTO was modelled using
either a circular orifice and a narrow slot. Three opening ratios were exam-
ined: 0.625%, 1.250% and 1.875%. Six sets of their experimental results for
circular orifices were used here to evaluate the performance of the artificial
Forchheimer-flow method. The purpose is to demonstrate that the artifi-
cial Forchheimer-flow method can be applied to different opening ratios and
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Figure 12: A comparison of the velocity fields in a horizontal plane located at 0.005 m above
the bed. The top row is for the orifice flow and the bottom for the artificial Forchheimer-
flow. The first three columns are for instantaneous flow fields and the last column is for
the mean flow field.

different shapes of OWCs. The demonstration was done under two wave con-
ditions: (i) wave period=1.5s, water depth=0.4 m and wave height=0.035 m;
(ii) wave period=1.0s, water depth=0.4 m and wave height=0.035 m. The ori-
fice plate is replaced by an artificial Forchheimer-flow region, which is 0.1 m
thick and placed at 0.2m above the still water level. The value of Forch-
heimer coefficient f for each opening ratio is determined using Eq. with
the values of C reported in He and Huang| (2017). Since the thickness of
the chamber walls used in the experiment was 0.01 m, it took only about 3
hours to obtain 25s of numerical results on the TACC’s Stampede2 using
160 cores.

He and Huang (2017) reported their results in terms of pneumatic effi-
ciency €, amplification factor C, and pressure coefficient C,. The pressure
coefficient ), and the amplification factor C, are defined by

Ap
_ _ 20 2
Cp pngi’ Oa ( 5)
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where Ap is the difference between the maximum and minimum values of
the air pressure inside the air chamber, An is the difference between the
maximum and minimum values of the cross-sectional average of the surface
elevation inside the chamber, H; is the incident wave height, and p,, is the
water density. The pneumatic efficiency € has been defined in Eq. (13).

The comparison between the numerical and experimental results (C,, C,
and €) are summarized in Table [3| for T=1.5s and in Table [4] for T=1.0s.
In these two tables, the first number in the pair (nj,ng,ng) is the value
reported in |He and Huang] (2017)), the second is the value obtained by using
the artificial Forchheimer-flow method, and the third number is the relative
difference defined by ng = (ny — ny)/ny x 100.

Table 3: Comparisons of the measured and simulated C),, C, and € for T'= 1.5 s.
Q Cp C, €
0.625% | 0.454, 0.418, -7.9% | 0.574, 0.670, 16.7% | 0.301, 0.295, -2.0%
1.250% | 0.218, 0.207, -5.1% | 0.858, 0.906, 5.6% 0.202, 0.202, 0%
1.875% | 0.125, 0.111, -1.1% | 0.942, 0.997, 5.84% | 0.119, 0.113, -5.1%

Table 4: Comparisons of the measured and simulated C),, C, and € for T'= 1.0 s.
Q C, C, €
0.625% | 0.403, 0.365, -9.4% | 0.399, 0.423, 6.0% 0.338, 0.353, 4.4%
1.250% | 0.249, 0.228, -8.4% | 0.672, 0.650, -3.3% | 0.370, 0.341, -7.8%
1.875% | 0.163, 0.147, -9.8% | 0.812, 0.779, -4.0% | 0.302, 0.265, -12.3%

For the case of T=1.5 s, the difference between the measured and simu-
lated pneumatic efficiency is less than 0.01 for all three opening ratios , with
the relative difference being less than 5% (less than 2.0% for a=0.625%, which
provide the best pneumatic efficiency). The relative difference between the
measured and simulated C, is less than 8%, possibly because a constant C is
used for both the inhalation and exhalation processes. The relative difference
between the measured and simulated C, is about 5% except for the smallest
opening ratio, which has a relative difference of 16.7%, possibly due to the
fact that the value of C, for a=0.625% is a bit abnormal in the experiment.
Nevertheless, the relative difference between the simulated and measured C,
does not significantly affect the pneumatic efficiency because when the cross-
sectional average of the surface displacement is at either a crest or a trough
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the average velocity is zero and thus the instantaneous power extraction is
also zero at that instant.

For the case of T=1.0s, the simulated C), is always about 9% smaller
than the measurement, which again is due possibly to the use of a constant
C in the simulation for both the inhalation and exhalation processes. The
relative difference between the simulated and measured C, is less than 6% for
all three opening ratios. The relative difference between the simulated and
measured efficiency increases with increasing opening ratio. Even though the
largest relative difference between the simulated and measured efficiencies is
about 12% for the largest opening ratio which has the lowest pneumatic
efficiency, but the absolute difference between the simulated and measured
efficiencies is less than 0.04 for all three opening ratios. The large relative
difference for shorter waves might be due to the strong non-uniformity of
the surface displacement inside the OWC chamber, which can be caused by
sloshing waves or a slight non-normal incidence in the experiment. Sloshing
waves standing waves which can be excited by vortex shedding (Zhao et al.
2014; Xu and Huang} [2019). The effect of non-normal incidence for longer
waves is expected to be less important compared to shorter waves.

It is remarked that the difference between the simulated and measured
pneumatic efficiencies is not due to the air impressibility in the model tests,
as argued in Section .3 It can be concluded that the artificial Forchheimer-
flow method can provide all important key parameters for OWCs in reason-
able agreement with the measurement for different wave periods and opening
ratios.

3.3. Determination of the quadratic loss coefficient C'y for circular orifices

To use the artificial Forchheimer-flow method to speed up the simulation
of wave-interaction with an OWC with an orifice plate as the quadratic PTO,
it is desirable to have a way to provide the value of C} for a given orifice
plate, without doing either physical model tests or performing simulations
using the orifice-flow method. For the flow of an in-compressible fluid through
a sharp-edged orifice in a pipe, the following two empirical formulas can be
used to estimate the quadratic loss coefficient Cy:

1. The formula of Crane (1957), which was proposed for steady flow
through a sharp-edged orifice in a pipe.

C = { [2.72 + a (120/Re — 1)][1 — o] [1/a® — 1], Re < 2500 (26)

2.72 + a(4000/Re)] [L — a][1/a® — 1], Re > 2500
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where « is the opening ratio for a sharp-edged circular orifice in a pipe
and the Reynolds number is defined by Re = D(w) /v, where D is the
inner diameter of the pipe, v the kinematic viscosity of the air, and (w)
the cross-sectional average of the air velocity in the chamber.

2. The formula of Mei| (1992), which was derived for the loss of hydrody-
namic pressure caused by long water waves through a vertical perfo-
rated plate with sharp-edged holes.

;= (aé - 1)2. (27)

For circular, sharp-edged orifices, the discharge coefficient C. can be
determined by the following well-known Chisholm expression (Fossa
and Guglielmini, 2002):

1
C, =
0.639(1 — )05 + 1

(28)

It is remarked that the expression for C given by Eqgs. , together
with , is a function of the opening ratio only, not affected by the
Reynolds number. The reader is referred to Xu et al.| (2016) and |Xu
and Huang| (2019) for a comparison of the values of Cy predicted by
Eqgs. and , obtained from the experiment, and simulated by
using the orifice-flow method.

For Reynolds number Re > 100 and the opening ratio @ < 10%, these
two formulas give almost the same result. For typical OWCs in a laboratory
setting, Re > O(10%) and o = O(1%). Therefore, both formulas can give
about the same C} for scaled and full-scale models of OWC WECs with
quadratic PTOs. The reader is referred to Appendix [A] for details.

3.4. Sensitivity of the simulated pneumatic efficiency to the Forchheimer co-
efficient f

The Forchheimer coefficient f is determined by Eq. . Therefore, the
sensitivity to f is basically the sensitivity to the quadratic loss coefficient
C because the numerical results are not sensitive to the thickness of the
Forchheimer-flow region as discussed in Section |3.5]

When using an empirical formula such as Eq. or to estimate the
quadratic loss coefficient C'y for a given opening ratio, certain uncertainty in
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the estimated C; can be expected due to factors such as (1) the treatment
of the orifice edges, (2) the measurement error in the opening ratio, and (3)
the suitability of the formula for non-standard orifice plates. When C} is
determined by Eq. using the measured pressure and surface elevation,
the determination of cross-sectional average velocity becomes a challenge for
3D OWCs. Most existing studied only used one wave gauge to determine
the surface elevation inside the OWC chamber and obtained the velocity by
taking the time derivative of the surface elevation, and used this velocity to
approximate the cross-sectional average velocity; this approach may intro-
duce an error to the value of C'; determined by using Eq. , especially
when the surface non-uniformity inside the OWC chamber cannot be ignored
(Xu and Huangj, 2019). This means that even the C values obtained from
the scaled model tests on OWCs may contain errors (Xu et al., 2016 | Xu and
Huang), 2019).

The sensitivity of an OWC’s pneumatic efficiency € to the uncertainty in
C, the parameter describing the characteristics of a quadratic PTO, depends
on whether or not the PTO has been optimized for the OWC to certain ex-
tent: if the PTO has been optimized for the OWC, then Je¢/JC; = 0 at the
optimal Cy; in this case, the pneumatic efficiency € is not sensitive to the
uncertainty in Cy. However, if the PTO has not been optimized, then the
sensitivity of the OWC’s pneumatic efficiency € to C; depends crucially on
how far the value of C} is away from the optimal value. Take the circular
OWC studied here for example, the cross-sectional average velocity can be
estimated by (w) = O(2wA;/T,,), where A; is the incident wave amplitude
and T, is wave period. If we take T;, = 1.0s, A;=0.02m, and D=0.125m,
we have Re = 15700. Therefore, Eq. or give the same Cy. The
measured opening ratio has an uncertainty introduced when fabricating the
model. The opening ratio obtained from measuring both the opening and
the chamber along several directions is a = 0.0125 4 0.00045, as a result the
values of C'y estimated by either Eq. or is in the range of 15,565 and
17,992 with a mean of 16, 713. The uncertainty in the C'y value obtained using
Eq. is about 7.6% relative to the mean. For T'= 1.2 s, Xu et al.| (2016)
obtained Cy ~ 14,000 based on the surface elevation measured at one loca-
tion inside the OWC chamber. The orifice opening was not optimized for the
circular OWC simulated in this study. From our simulation results obtained
using C'y=14,000, 17,000, and 20,000 as inputs to the artificial Forchheimer-
flow method, we have de/dC; =~ 6.7 x 107% at C'; = 16,713. The simulated
pneumatic efficiency at 17,000 is about 0.19, while the values of C'y and €

30



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

measured in the experiment are 140,000 and 0.18, respectively, meaning that
using Eq. to estimate Cy and compute the pneumatic efficiency may
give about 7.0 % uncertainty in the simulated pneumatic efficiency com-
pared to the measurement. In consideration of all possible uncertainties in
physical model tests and numerical errors in numerical simulations of orifice
flows with very small opening ratios, this uncertainty should be acceptable
for practical purposes, especially for OWCs with non-rectangular shapes for
which accurate measurement of the pneumatic efficiency is difficult due to
the non-uniformity of the water surface inside the OWC chamber.

For narrow slots, He and Huang| (2017)) has found that both the period of
the oscillatory flow and the thickness of the orifice plate affect the C'y value.
Presently, there is no existing expression for Cy that can provide a reliable
estimation of C} for narrow slots other than those studied by He and Huang
(2017)).

It is remarked that the existing expressions for C; discussed here were
initially proposed not for orifice plates used in OWC model tests. The ex-
pressions were obtained for either surface waves through perforated/slotted
barriers or the steady flow through a standard orifice used for flow control in
a pipe. However, the orifices used in the studies of OWCs are not standard
orifices and involve oscillatory air flows. Even though several studies in the
literature have shown that these expressions for C'y can provided a reason-
able estimate of C'y for a given opening ratio (Xu et al., 2016; He and Huang,
2017)), it is desirable to have a systematic evaluation of the uncertainty in
the estimated values of C} for problems that have not been studied in the
literature. Using the orifice-flow method to simulate 3D OWC problems with
orifice plates as PTOs can be a very time-consuming task if the opening ra-
tio is very small: very fine grids are needed in the vicinity of the orifice and
very small time steps are needed because the velocity of the air flow through
the orifice is very high. Therefore, there is a need to establish an accurate
relationship between Cy and the opening ratio through laboratory tests of
OWCs.

3.5. Effects of the thickness of the artificial Forchheimer-flow region

In numerical simulations, h, = NpyAz, where N, is the number of the
grids in the artificial Forchheimer-flow region and Ay is the grid size across
the region. Because Forchheimer coefficient f is calculated from the value of
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C' specified by the user,
Cy
N,Ay’

a larger Ay may result in a larger error in the numerical thickness of the
artificial Forchheimer-flow region, which can be translated into a larger error
in the Forchheimer coefficient f for a given C';. As long as Ay is reasonably
small relative to the thickness hy,,, the numerical results are not sensitive to
the thickness of h;y,.. To demonstrate this, two values of hy,, were examined
for the circular OWC using the same Gy grid: 0.05 and 0.1m; the values
of the pneumatic efficiency obtained using these two thicknesses are 0.1729,
0.1733, respectively.

f=

(29)

4. Discussion

4.1. Unimportance of the acceleration and Reynolds stress in the artificial
Forchheimer flow

It has been assumed that the acceleration of the artificial Forchheimer flow
is not important. This assumption can be verified by the following order-
of-magnitude estimation. The ratio of the inertia force to the Forchheimer

resistance in Eq. is

hita-o (i) -o(25). o

where the order-of-magnitude estimation (w) = O(wAy), with A; being the
amplitude of the incident waves, has been used. In the experimental study
of Xu et al. (2016), A; = 0(0.05m), a = 0(0.01), and C; = O(1.6 x 10%)
according to Eq. . Therefore, as long as the thickness of the artificial
Forchheimer-flow region hy,,/A; < O(10%), the local acceleration is not im-
portant. This means that theoretically speaking, the inertia coefficient L,
in Eq. , which is equal to the thickness of the artificial Forchheimer-flow
region, can be set to any reasonable value.

It has been assumed that Reynolds stress is not important in the artificial
Forchheimer-flow region. The ratio of the Reynolds stress to the Forchheimer
resistance can be estimated by

L U
B = fU2  fh, U CiwA; (31)
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where U = wA; is the scale of # in the artificial Forchheimer-flow region.
Numerical simulations have found that p; = O(107*Ns/m?) in the artifi-
cial Forchheimer flow region. Take Cy = 14,000 and A; = 0.02m, and

w=6.28rad/s, Eq. gives 8, = 5.7x 1077, which means that the Reynolds
stress is not important in the artificial Forchheimer-flow region.

4.2. The minor difference in the flow fields of the water motion obtained by
the orifice-flow and artificial Forchheimer-flow methods

Even though these two methods give very different velocity fields of the
air flow, they give approximately the same mass flow rate through the PTO
and the same air pressure inside the air chamber. As a result, the pneumatic
efficiencies obtained by these two methods are close to each other.

The velocity field inside the air chamber can affect the water flow inside
the OWC chamber through the kinematic and dynamic boundary conditions
at the air-water interface inside the OWC chamber. Assuming that the effects
of the non-linearity and viscosity are small in the problem, the flow of the
water inside the OWC chamber can be theoretically decomposed into (i)
diffracted waves and (ii) radiated waves. The radiated waves are generated
by specified conditions on the air-water interface in the absence of the incident
waves, while the diffracted waves are generated by the incident waves in the
absence of the mechanisms generating the radiated waves. The radiated
waves are generated mainly by the fluctuating pressure acting on the air-
water interface but slightly affected by the shear stress and velocity of the
air flow on the air-water interface.

The following two factors have contributed to the difference in the two
velocity fields:

1. A constant Cy is used in the artificial Forchheimer-flow method. The
inhalation process of the air flow is not the exactly same as the exha-
lation process, which makes the C for each process slightly different,
as argued in the Appendix A. The artificial Forchheimer-flow method
uses the averaged value of C'y, which may slightly affect the air pressure
during both the inhalation and exhalation periods, and thus make the
radiated waves obtained by these two methods slightly different.

2. In addition to the effect of the air pressure, which affect directly the
radiated waves, the differences in the air-flow velocity and shear stress
at the air-water interface may also slight affect the velocity field of the
water motion. However, these effects are expected to be small, thanks
to the large difference between the densities of the air and water.
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4.3. Unimportance of air compressibility for small OWC models

The compressibility of the air in the OWC chamber and through the
PTO is not considered by the current two-phase flow model: (1) when using
an orifice as the PTO of an OWC, the air compressibility is neglected, and
(2) the influence of the compressibility of the air inside the air chamber is
negligible when the height of the air chamber is small.

The compressibility of the air inside the air chamber can cause a difference
between the mass flow rate of the air flow close to the air-water interface @,
and the the mass flow rate through the orifice ¢,,. As shown in Appendix [C]
the amplitude ratio of ¢,, to @),, can be estimated by

qo 1 <4CfCa) QJQA[hCh (32)
- | = V€ =
Qo| /1+¢€ 37 c

where )y and ¢y are the complex amplitudes of @),, an g,,, respectively, w
is the wave angular frequency, h., is the height of the air chamber, ¢, is the
speed of sound in air, C, is the amplification factor defined by Eq. , and
Ay is the amplitude of the incident waves. We can take ¢, = 330 m/s and
C, =1 for a first-cut estimation of |gy/Qo.

For the circular OWC, h,=0.05m, Cy = 1.4 x 10*, w=0(5s7") and A; =
0(0.02m); Eq. gives €. = O(1073). For the rectangular OWC, h;, =
0.30 m, w=0(5s""), A = 0(0.02m), and Cy = 68,275, 16,938 and 7,470 for
a=0.625%, 1.25% and 1.875%, respectively; Eq. gives €. < 0(0.05) for
all three opening ratios. Therefore, |go/Qo| = 1.0 for both OWCs studied
here, which means the influence of the compressibility of the air inside the
air chamber can be ignored for both OWCs studied here. However, for very
small opening ratios and much higher air chambers, it is possible that the
air compressibility needs to be considered. For a discussion on the scaling of
air compressibility, the reader is referred to |Dimakopoulos et al.| (2017)).

5. Conclusions

Air-water two-phase flow simulations of two OWC-type WECs with quadratic
PTOs were performed using two methods to model the PTOs: the orifice-flow
method and the artificial Forchheimer-flow method. The artificial Forchheimer-
flow method was validated by comparing with experimental results and the
numerical results obtained by the orifice-flow method. The Forchheimer co-
efficient can be determined by a given quadratic loss coefficient of the PTO
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divided by the thickness of the artificial Forchheimer-flow region. For prac-
tical purpose, a single Forchheimer coefficient can be used for both the air
inhalation and exhalation processes. As long as the thickness of the artificial
Forchheimer-flow region (or the thickness of the orifice plate) is not a hundred
times larger than the amplitude of the waves, both the acceleration of the
artificial Forchheimer flow and the thickness of the region are not important.
Even though the two methods for modeling the quadratic PTOs give very
different patterns of the air flow, the pneumatic efficiencies obtained using
these two methods are very close to each other. The velocity fields of the wa-
ter flow obtained by the two methods are approximately the same, especially
the instantaneous and mean velocity fields near the bed, which are important
for local scour around bottom-sitting OWCs. The artificial Forchheimer-flow
method can speed up the simulation for at least 25 times. As long as the
quadratic loss coefficient is accurate, the pneumatic efficiency obtained using
the artificial Forchheimer-flow method is as reliable as that obtained using
the orifice-flow method. Since the orifice plates used in OWC studies are not
standard ones, there is a need to establish an accurate relationship between
the quadratic loss coefficient and the opening ratio for them by laboratory
tests of OWCs.
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Appendices
A. Expression for C; based on drag coefficient

As shown in Fig. [7] the air inhalation and exhalation processes are not
exactly the same. This is because there is no lateral boundary to bound
the air low on the outflow side of the orifice plate during the air exhalation
period, implying that the pressure drop during the air exhalation process
and the pressure drop during the air inhalation process may not be exactly
the same.

To derive an expression for the quadratic pressure loss coefficient C/, let’s
define three horizontal surfaces located y = y_, y = y., and y = y,., as shown
in Fig. [A] The vena contracta is located at y = y.. The distance between
y_ and y, is scaled by the thickness of the orifice plate. The actual locations
of y = y_ and y = y, should be defined in consideration of the size of the
vertices generated on both sides of the orifice plate.

Figure A.1: Oscillatory air flow through an orifice. Left panel: the air exhalation process;
right panel: the air inhalation process.

Due to the high speed and small diameter of the circular jet flow, the pres-
sure across the jet flow of the air is approximately uniform, as shown in Fig.
[0l The pressure on the inflow side of the orifice plate is also approximately
uniform.

During the exhalation period, the vertical velocity of the air flow through
the orifice is positive and the air pressure inside the air chamber is larger
than the air pressure outside the chamber. The force acting on the orifice
plate can be parameterized by the following Morison equation

1 ow
[ [ Apaa=Co(s = Si)5phwiluw, + Cup(s = S)Lag2, (A1)
where the integration is over the surface of the orifice plate, w, is the velocity
of the air flow in the opening, Ap = pip, — Pouwr With Py, and P, being the
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dynamic pressures inside and outside the air chamber, respectively, .S, is the
area of the orifice, S is the cross-sectional area of the air chamber, Cp is a
drag coefficient and C'y; is an added mass coefficient. Both C'; and Cp can
be functions of the opening ratio  and the Reynolds number.

The fact that the air pressure is approximately uniform on either side of
the orifice plate allows for the following approximation to Eq. :

Oy

<3 (A.2)

- N 1
Pin — Pout = ODaPUJ; + OMPL5

Let the cross-sectional average velocity of the air inside the air chamber be
(w), the conservation of mass for the in-compressible air gives

S(w) = Sowy, or (w) = aw,. (A.3)

Therefore, Eq. (A.2]) can be further written as

_ 1 9 d(w)
Pin — Pout = §Cfp<w> + Lapw, (A4)
where o .
_ =D — jnt)
Cy = 2 L,=Cy - (A.5)

During the air inhalation period, the vertical velocity of the air flow through
the orifice is negative and the air pressure in the air chamber is smaller than
the air pressure outside the air chamber. Similar to the exhalation period,
the pressure drop during the inhalation period can be parameterized by

. | 9 o(w)
Pout — Pin = §Cfp<w> Lapw. (A6>

Because the velocity is negative during the air inhalation period, (w) =
—[{w)]|. Tt then follows that Eq. (A.6) can be rewritten as

P ot = 5Oyl () + L 202 (A7)
Since (w) > 0 during the exhalation period, Eq. is the same as Eq.
(A.4). Therefore, Eq. can be used for both the exhalation and inhalation
periods, with the understanding that the inhalation and exhalation periods
should have different values of Cy and L, . Furthermore, effects of Reynolds
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number on Cy and L, are expected due to their dependence on the drag and
inertia coefficients of the orifice plate.

The relative importance of the inertia term to the drag term can be
estimated by the ratio of these two terms.

Lopd{w)/ot 2La \ _ Cu 2aLs
tmcmwmm>‘Ome) O(CDA1>’ (48)

which (w) = O(wA;) and 9/0t = O(w) have been used. Normally Cp = O(1)
and Cyy = O(1). If we take Cp/Cy = O(1) and A; = O(2Ls), the ratio of
the inertia term to the drag term is on the order of the opening ratio «,
which is normally about 0.01 for typical OWC problems.

Using different values of C; for the air inhalation and exhalation periods
to fit the experimental data of Xu et al.| (2016), the following has been found:
(1) the Cy value for the exhalation period is slightly smaller than that for
the inhalation period; (2) the average of the C-values for the air inhalation
and exhalation periods is close to the value obtained by fitting Eq. to
the measured pressure with a single C't, and (3) the two values of C deviate
from their mean by about 7%. For practical purposes, the effects of the air
inhalation and exhalation periods on Cf can be ignored and a single C'y can
be used to model the pressure drop across an orifice.

If the inertia term and the effects of air inhalation and exhalation process

can be neglected, Eq.(A.7)) can be approximated by

o Bt = 5Capl(w) ) (A9)

Therefore, the quadratic loss coefficient C'y can be determined by the resis-
tance coefficient for a thin orifice in a pipe as if the flow is steady; this makes
it possible to estimate C'y using the resistance coefficient of (Crane| (1957) for
a steady in-compressible flow through a thin orifice in a pipe,

Mei (1992)) studied the loss of hydrostatic pressure induced by long water
waves through a vertical perforated plate, and derived an expression for the
pressure drop similar to Eq. and obtained an expression for C'y, which
is a function of the flow contraction coefficient C.. For long water waves
through a vertical perforated plate, Cy is the same for both the forward
and backward flows. |Mei (1992)) also argued that the inertia term is not
important compared to the quadratic loss term. For the oscillatory air flow
through a circular sharp-edged orifice, [Xu et al. (2016) and He and Huang
(2017) have found that the well-known Chisholm expression for C.. (Fossa and
Guglielmini, 2002)) can provide a good estimation of C,. for OWC problems.
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B. Mesh convergence study

The mesh dependence study has been done in three steps: (i) the mesh
configuration for the empty wave flume, (ii) the local mesh configuration
for simulating the OWC model using the orifice-flow method, and (iii) the
local mesh configuration for simulating the OWC model using the artificial
Forchheimer-flow method.

(i) Huang et al.| (2020) has shown that at the location where the OWC
model to be installed, the mesh configuration for the empty flume can pro-
duce the surface elevation in a very good agreement with the theoretical
result for second order Stokes waves.

(ii) In simulating OWCs using the orifice-flow method, a finer grid is
needed to resolve the flow through the orifice. For the mesh configuration
in the vicinity of the orifice, Xu and Huang (2019) examined three sets of
mesh configurations in the vicinity of the orifice generated by using Oep-
nFOAM’s built-in SnappyHexMesh utility: a coarser mesh: 1.5 mm x 1.5
mm X 1.5 mm; the a medium mesh: 1.0 mm x 1.0 mm x 1.0 mm; and a
finer mesh: 0.5 mm x 0.5 mm x 0.5 mm. The snappyHexMesh utility takes
an already existing mesh and automatically generates refined 3-dimensional
meshes containing hexahedra and split-hexahedra from triangulated surface
geometries of a model. Xu and Huang| (2019) used two intermediate meshes
between the meshes for the empty flume and the meshes generated by snap-
pyHexMesh to provide a smooth transition, and showed that the quadratic
loss coefficients obtained using the medium mesh had less than 3% difference
from those obtained using the finer mesh. A mesh of 0.00125m x 0.00125m
x 0.00125m was adopted here to achieve a balance between computational
cost and accuracy.

(ili) For the local mesh configuration used in the artificial Forchheimer
flow method, another set of simulation was performed for the circular OWC
with 7' =1.2s by reducing the current Gy mesh by 60%. The refined mesh
only reduces the pneumatic efficiency by 4.75%. The present mesh was chosen
to achieve a balance between computational cost and accuracy.

C. Calculation of mass flux through the orifice

We consider a typical OWC air chamber. The instantaneous volume
of this air chamber is V' and the mass of the air inside this air chamber
is m = pV, where p is the instantaneous density of the air inside the air
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chamber. The mass flux through the orifice Sy is the time rate of change of

" dm  d
m
m = —— = — ‘/r . (j. 1
i == 2 V) (1)
The instantaneous volume V' can be written as the sum of its initial volume
of the air chamber 1} and the change due to the surface displacement n

V="V + //ndz‘h (C.2)

where Vy = Shy, with S and h., being the cross-sectional area and initial
height of the air chamber, respectively. It then follows that

Gm = (Vo+<'rz>5)@+p5@7 (n) = %//ndfl, (C.3)

where (n) is the cross-sectional average of 1 inside the OWC chamber. Phys-
ically, ¢, = dm/dt is the mass flux at the orifice and Q,,, = pSd(n)/dt is the
mass flux at the air-water interface. The difference between ¢, and @, is
due to the compressiblility of the air in the air chamber.

For compressible air, let p = pg+p’ with p’ being the change of air density
due to a change in pressure. We have from Eq.

B ot 09) L (ot )5 ) ()

For compressible air, the mass fluxes through different cross sections are
different. Assuming p’ < pg and S(n) < Vy, Eq. (C.4) can be linearized to
give

dp’ d{n)
m =~ Vo—— ms m = PoS—— C.5
q 0 +@Q Q PSS~ (C.5)
For ideal gas and an isentropic process
dp 2
- C.6
T=d (o)

where ¢, is the sound speed in air. It then follows from Eq. (C.6) that

dp'  1dp
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Using Eq. (C.7) in Eq. (C.5|) gives
Vo dp
dm = 2 17
c2 dt

+ Qm (C.8)

According to Eq. , the pressure drop across the orifice plate is quadrati-
cally related to cross-sectional average of the velocity w,

p = 5Crollw)|(w), (©9)

Xu et al.| (2016]) has showed that the quadratic pressure drop can be linearized
as

p= p008<w> = OeQm/Sa (ClO)

and the linear coefficient C, is related to the quadratic loss coefficient C'y by
Cy 8

@—33#%| (C.11)

where |Up| is the amplitude of the oscillatory velocity of the air flow in the
air chamber. In terms of the amplification factor C,, Uy = C,wA; with
A; and w being the amplitude and angular frequency of the incident waves,

respectively, which means that Eq. (C.11)) can be rewritten as
4
Ce =—C Ca Az C.12
5 CrCaw (C.12)

Assuming sinusoidal variations of @,, and ¢,, and using Eqs. (C.10)-(C.12)),
we can obtain from Eq. (C.8§]),

1 Cehe 4C;C,\ w?Aihe
@_z___; Q:“2h:< f)“ L ch (C.13)
Qo V1+e, Ca 3 G
where (Qy and ¢ are the complex amplitudes of ),,, and ¢,,.
It is remarked that, Dimakopoulos et al.| (2015) expressed €. as
Kh,
€, = i (C.14)
YPatm

where K is a linear damping coefficient, pgs, = 10° Pa is the atmospheric
pressure and v = 1.4 for ideal gas. Eq. can be obtained from Eq.
(C.13)) if we use 2 = Ypasm/po for perfect gas and take K = pyC,. Di-
makopoulos et al.| (2015) used Eq. to discuss the effect of air com-
pressibility in a long pipe with an orifice, which was used as the PTO in the
experiment they studied.
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