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Abstract

This paper reports on a benchmark study based on small-scale (1:50) measurements of a single, oscillating water column
chamber mounted sideways in a long flume. The geometry of the OWC chamber is extracted from a barge-like, attenuator-type
floating concept “KNSwing” with 40 chambers targeted for deployment in the Danish part of the North Sea. In addition to
traditional two-way energy extraction we also consider one-way energy extraction with passive venting and compare chamber
response, pressures and total absorbed energy between the two methods. A blind study was established for the numerical
modeling, with participants applying several implementations of weakly nonlinear potential flow theory and commercial
Navier-Stokes solvers (CFD). Both compressible and incompressible models were used for the air phase. Potential flow
calculations predict more energy absorption near the chamber resonance for one-way absorption than for two-way absorption,
but the opposite is found from the experimental measurements. This outcome is mainly attributed to energy losses in the
experimental passive valve system, but this conclusion must be confirmed by better experimental measurements. Modeling
the one-way valve in CFD proved to be very challenging and only one team was able to provide results which were generally
closer to the experiments. The study illustrates the challenges associated with both numerical and experimental analysis of
OWC chambers. Air compressibility effects were not found to be important at this scale, even with the large volume of
additional air used for the one-way case.

Keywords Wave energy - Oscillating water columns - Experimental measurements - Numerical models - Benchmark study

1 Introduction experiments on a floating sphere was presented by Kramer

etal. (2021), providing benchmark results with small enough

The International Energy Agency Technology Collaboration
Programme for Ocean Energy Systems (OES) IEA (2022)
has been working since 2001 to promote guidelines for
the commercialization of wave energy converters (WECs).
The initiative currently includes 25 member countries from
around the world. In 2016, the OES Task 10 on numerical
modeling and verification of WEC systems was approved to
assess the accuracy and reliability of numerical models for all
aspects of WEC development. Initial results and conclusions
were reported in Wendt et al. (2019) for two single degree-
of-freedom point absorbers. This was followed by a study
of a breakwater-mounted oscillating water column (OWC)
device tested at large scale (1:4) and reported in Bingham
et al. (2021). In parallel, a set of highly accurate decay test
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uncertainties to definitively quantify the accuracy of different
numerical models.

In this paper, we report on the next stage of this work which
considers the response of a single fixed OWC chamber using
both two-way and one-way energy capturing strategies. In a
traditional OWC chamber, the turbine is either a Wells type or
a self-rectifying impulse or bi-radial turbine which extracts
energy on both the up- and down-stroke of the chamber oscil-
lation. An alternative strategy is to install a passive or active
release valve in the chamber allowing the water to flow in
or out freely on one half of the cycle. The valve then closes
and air is forced through the turbine in only one direction on
the other half-cycle. Although not intuitively obvious, it is
possible to extract the same (or even more) total mechanical
energy using a one-way strategy. The one-way strategy also
allows for the installation of a one-way air turbine which is
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generally substantially more efficient than a Wells or self-
rectifying turbine. However, to fully exploit this improved
efficiency, the losses from the release valve system must be
very small so that the total wave-to-wire efficiency gain is
enough to offset the extra costs associated with the added
complexity of the device.

The experimental measurements used in this study were
conducted at the Technical University of Denmark (DTU)
and are reported in Joensen et al. (2023) and Trevino (2020).
The study was blind, in the sense that the participants did
not have access to the measurements until after their numer-
ical calculations were submitted. The models applied by the
participants include several variations of weakly nonlinear
potential flow theory and several different commercial CFD
(Navier—Stokes solver) codes. The goal of the study is to
identify and highlight the modeling challenges associated
with analyzing WECs in general, and OWC-type WECsS in
particular. As can be seen in the results shown here, even
for a relatively simple case of one fixed OWC chamber, a
substantial spread in the numerical calculations is found. For
the weakly nonlinear potential flow models, different strate-
gies for including the orifice plate pressure and the one-way
release valve lead to quite different results. For the CFD cal-
culations, again different strategies are adopted to model the
air flow and valve system, and different choices are made
for turbulence models, grid resolution, and other numeri-
cal parameters, all of which leads to significant scatter in
the calculated results. Both compressible and incompress-
ible CFD codes were used, but no significant influence from
air compressibility was identified due to the small scale of
the experiments. It is not the intention to provide a compre-
hensive review of OWC modeling approaches to date; rather,
a comparison of modeling approaches for a novel OWC sys-
tem is provided. However, the interested reader is referred
to Zhao and Ning (2024), Rosati et al. (2022), Falcao and
Henriques (2016), Zabala et al. (2019), Opoku et al. (2023)
and the references contained therein.

2 Experimental measurements

The experimental measurements are briefly described here,
while more complete details can be found in Joensen et al.
(2023) and Trevino (2020). The dimensions and layout of
Flume 1 of the DTU hydraulics laboratory are shownin Fig. 1,
and the chamber model is shown in Fig.2.

As shown in Fig. 1, the flume is 25 m long, 0.6 m wide and
the water depth was set to 4 = 0.65 m. The single chamber
model is attached to one wall of the flume so that this acts
as a plane of symmetry and the water column is activated
sideways by the passing waves. The model is at 1:50 scale
with respect to a full-scale model. The geometry of the full-
scale chamber is based on one of the 20 double-chambers
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on the KNSwing device designed for the Danish North Sea
where the average wave period is around 6 s. This is intended
to provide a relatively simple fixed test case suitable for an
initial benchmark study. The dimensions of the chamber are
shown in Table 1. The origin of the coordinate system is at
the center of the chamber along the tank wall with the z-axis
pointing up from the still water level.

The full-scale natural resonance period of the chamber
is close to the expected mean peak wave period of 6s. A
lid is placed on the top of the chamber and fitted with a
pressure sensor to measure the internal chamber air pressure
relative to atmospheric pressure. Two resistive wave probes
pass through the lid to measure the internal free surface at
two locations along the cross-tank centerline of the chamber.
To model an impulse turbine, there is an orifice in the middle
of the lid of diameter 0.016m at model scale. This diam-
eter was chosen based on a simple optimization procedure
described in Joensen et al. (2023), §4.2, where it was found
to give the largest integrated CWR over all wave frequen-
cies. For conventional two-way power absorption, the three
circular flanges at the top of the chamber are closed with air
tight caps. For one-way absorption, air hoses connect these
openings to a box at the side of the tank which is fitted with a
lightweight balsa wood flap of the same area as the chamber
internal surface. Two versions of the flap were built to allow
for venting on either the up- or the down-stroke as shown in
Fig.2.

A series of monochromatic incident wave conditions were
run, as shown in Table 2. Here, T is the wave period, A the
length and H = 2A the height with A the wave ampli-
tude. Hy and H» correspond to wave steepness values of
€ = H/A = [0.025, 0.04], respectively, corresponding to
nearly linear conditions. Data was acquired at 512 Hz and
up to ¢ = fmax, which represents the time for the wave front
to travel from the wavemaker to the beach and back to the
chamber according to the linear group velocity. By restricting
the record to this length, we avoid any possible reflections
from the beach.

Each wave condition shown in Table 2 was run first
without the chamber in the tank in order to establish the
undisturbed incident wave conditions. The chamber was then
placed in the tank and each wave condition was run with
the chamber open (no power take off (PTO) damping), with
two-way energy absorption, with up-stroke venting and with
down-stroke venting. Three repetitions were run for all cases
in order to estimate the uncertainties.

3 Theory

This section briefly reviews the theory behind the two numer-
ical methods that were applied in this benchmark study, i.e.,
weakly nonlinear potential flow theory and the Reynolds-
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Fig. 1 Layout of the experiments and the chamber. In the bottom left figure, the green circle represents the orifice, the blue circles indicate WG7
and WG4, and the red crosses mark the locations of the pressure sensors in the chamber lid

Table 1 Full-scale and

model-scale dimensions of the Parameter Model scale Full scale Description
owcC L [m] 0.15 7.5 Total chamber length
L; [m] 0.12 6 Internal chamber length
B [m] 0.10 5 Internal chamber width
D [m] 0.15 7.5 Internal water column depth
To [s] 0.818 5.78 Resonance period
do [m] 0.016 0.8 Orifice diameter
averaged Navier—Stokes equations (CFD). For more in-depth (o ui) + i( wiu;) = ﬂ T f (1b)
reviews of the history and analysis of WECs in general ot 0x; Pt 0x; v

and OWCs in particular, see for example Falnes (2002),
Cruz (2008), Drew et al. (2009), Falcdo (2010), McCormick
(2007) and Heath (2012).

3.1 The Navier-Stokes equations (CFD)

The flow of a Newtonian fluid is governed by the Navier—
Stokes equations (see for example Batchelor 1967) express-
ing conservation of mass and momentum as

% L% pup=0 (1a)
- u;:) = a
or  ax; ~ M

where p is the fluid density, u; = [u1, u2, u3s] is the veloc-
ity vector in a Cartesian coordinate system with the x3-axis
pointing vertically upwards and f; = [0, 0, —pg] the grav-
itational source term. Here, the summation convention is
adopted where repeated indices implies a sum from one to
three. For a Newtonian fluid, the stress tensor is given by

2 Oug ou; ouj
Tj=—(p+sus—)sj+n(s—+-2). @
Xk ax]' Bx,-
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Fig.2 OWC chamber used in
the experiments. . (From
Joensen et al. (2023))

e &

SOr

(b) Photograph of the OWC chamber in place for
tests.

(c) Photograph of the OWC chamber, hoses and valve
box.

with p the fluid pressure, u the dynamic viscosity, and §;;
the Kronecker delta function. If the fluid is assumed to be
incompressible, then Eq. (1) reduces to

du; 0 (3a)
—_— = a
ax,-

ou; o(u;juj) 9%u; 1 /dp

—_— = ——\—-fi), 3b
ot ox;, Vo2 " p\ay T (30)

J
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with v = p/p the kinematic viscosity.

3.2 Weakly nonlinear potential flow theory

If the fluid viscosity is neglected and the flow is assumed to
be irrotational, then the incompressible Navier—Stokes equa-
tions reduce to a potential flow. The fundamentals of linear
potential flow theory are covered in detail by, for example,
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Table 2 Monochromatic wave conditions tested in the experiments

O A (m) Hy (m) H; (m) Imax (8)
0.57 0.51 0.013 0.021 84
0.74 0.85 0.021 0.034 65
0.78 0.94 0.024 0.038 62
0.79 0.98 0.025 0.039 60
0.81 1.02 0.026 0.041 59
0.82 1.05 0.026 0.042 58
0.83 1.07 0.027 0.043 58
0.84 1.11 0.028 0.044 57
0.86 1.15 0.029 0.046 55
0.90 1.26 0.032 0.050 52
0.98 1.49 0.037 0.060 47
1.15 1.98 0.050 0.079 38
1.31 2.48 0.062 0.099 32
1.47 2.98 0.074 0.119 27
l.o4 3.46 0.087 0.138 24

the classic textbooks of Newman (2017) and Falnes (2002).
The specific application of the theory to OWC-type WECs
described here closely follows the presentations found in
Bingham et al. (2021) and Joensen et al. (2023).

We adopt the generalized modes approach of Newman
(1994) to describe the motions of the chamber internal
free surface. The interaction of a floating body with ocean
waves is described by the generalized response vector x; (¢),
j=12,...,64+ Mg, where j =1,2,...,6represent the
rigid-body modes and j = 7,8, ..., M, are the generalized
modes. We assume that the incident waves can be described
by a superposition of linear long-crested monochromatic
components, each of which has a radian frequency w, an
amplitude A and a direction of propagation § measured from
the positive x-axis,

no(x, v, t) — m{Aei[wt—k(x cos f+y Sinf})]}, )

where N indicates the real part and i = 4/—1 is the imaginary
unit. The wavenumber k is given by the linear dispersion
relation

w c 2kh
— Jekanhkh, c=2 co=S (14 "),
@ = VRt € =7 G <+smh2kh> )

2

and c and ¢, are the phase and group velocities, respectively.
The wavelength A = 2 /k and the wave periodis T = 27 /w.
The steady-state response to this wave component is x; (t) =
Nj(w, B) el®’} where & ; 1s the complex motion response
phasor which is found by solving the equations of motion in

the frequency domain,

6+ M,

5 [-{onen)

k=1
+iw<Bjk + B%) + Cjki|§k =Xj,
j=1.2,...6+ M, ©6)

Here, M is the body inertia matrix, A and B are the
hydrodynamic added mass and damping coefficient matrices,
C i is the hydrostatic restoring force coefficient matrix, and
X is the wave excitation force vector. BQk is an external
damping coefficient matrix that is used to model the effects
of the air turbine PTO on the OWC chamber motion.

Each of the generalized body modes is defined by the
boundary conditions

Jj=7.8,...6+ M,, 7

99, _
o =Y Ol’le

%’ =w;(x,y), ons; }
where §; is the internal free surface of the OWC chamber, Sp
is the wetted body surface, and w; (x, y) is the vertical dis-
placement shape function of generalized mode j. Here, the
coordinate system has its origin at the center of the double-
chamber with the x-axis directed along the tank length and
the z-axis pointing vertically upwards from the still water sur-
face. From previous studies using this chamber (e.g. Bingham
etal. 2015), the only significant chamber response modes for
the two-way absorption strategy are the piston mode and the
first transverse sloshing mode which are defined by the shape
functions

w7 =1,
wg = cos [k (y — yo)]. (8)

Here, k; = /B with B = 5m the internal chamber width,
and yp = 1.5m the distance from the chamber centerline to
the inside wall of the chamber (both dimensions at full scale).
For the one-way absorption strategy the internal motion of
the chamber surface is more complicated and can include
longitudinal modes, but these motions cannot be identified
in measurements from only two locations along the trans-
verse chamber centerline, so they were not included in the
reference potential flow calculations. The CFD calculations,
however, are able to capture them, as discussed further below.
As shown in Sect. 3.2.1, the equivalent linearized PTO damp-
ing coefficient B% is proportional the piston-mode response
amplitude |&7|, which makes the equations dependent on the
incident wave amplitude and thus weakly nonlinear.
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As originally noted by Cummins (1962), the equivalent
problem written directly in the time domain takes the form

6+M,
Z [(Mjk + AT (1)
k=1

'
+/ Kjk(;—r)xk(r)dr+cjkxk(t)] = Fjp + Fjo,
—00

J=1.2...6+ M, )

where Aﬁ = Aj(o0) is the infinite frequency limit of
the added mass coefficient and the over-dots represent time
derivatives. The radiation impulse response functions, K ks
and the diffraction force, Fjp, are related to the frequency-
response functions through the Fourier transforms

2 o
Kjr(t) = —/ Bjj cos wt dw,
T Jo

o
1.
KjD(I) = g/ioo Xje do, (10a)
o0
Fip(®) =[ K;p(t — 1) n(x) de
—00
© . .
=/ %ﬁe_"‘” do, (10b)
—00
w .
() =/ n(t) e’ dr, (10¢c)
—00

where 7 is a particular incident wave elevation measured at
the origin of the coordinate system. Here, K p is the diffrac-
tion impulse response function, and the two equivalent forms
of Fjp indicate how the wave excitation force can be com-
puted in either the time- or frequency domains when the
incident wave elevation signal is known for all time. Other
external forces applied to the body, e.g. by the air turbine
or a mooring system, are represented by Fjo(¢) and can be
nonlinear.

3.2.1 Incompressible flow model of the PTO damping

Although air compressibility effects are important at full
scale, the above described model-scale experiments are at
such a small scale that these effects are assumed to be negli-
gible. Assuming an incompressible flow, there is a quadratic
relationship between the air volume flux through the orifice
plate, O, and the pressure inside the chamber, p given by

1 1\,
p(1) = Ep“<CdSO> Q(r)"sign(Q), eY)

where p, is the air density, S, is the area of the orifice, and Cy4
is a head-loss coefficient which must be determined exper-
imentally. Only the piston mode, j = 7, contributes to the
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flux so

(1) = Sexy, 12)

where S, is the internal free surface area. The applied force
from the orifice plate is then given by

Fr9 = —S.Rox3 sign(%7), R _! S\’ (13)
70 = cXoXx7 S1gn(x7), O—ZPa c.S, )

This force can be directly applied in the time domain, but
in the frequency domain, it needs to be expressed by an
equivalent linearized damping coefficient. As shown by e.g.
Bingham et al. (2021), by assuming a sinusoidal flux and
equating the linear and nonlinear power loss per cycle, the
equivalent linear damping coefficient is given by

8
BY, = 3 @S Rolég. (14)

Because this coefficient is a function of the magnitude of the
response, the equations of motion must be solved iteratively
at each frequency and wave steepness € = H /.

For one-way absorption, we assume a perfect venting
valve system such that F7p = 0 when x7 is greater than
zero for up-stroke venting or less than zero for down-stroke
venting, and Eq. (13) is applied on the other half-cycle of
the chamber motion. In the frequency domain, since power
is only extracted on one half of the cycle, Eq. (14) is simply
divided by two.

The choice of Cy

From earlier work with this chamber Bingham et al. (2015),
quasi-static measurements for an orifice plate of diame-
ter 14mm suggested a value of C; = 0.64. However, for
the current set of experimental measurements with two-way
absorption and an orifice plate of 16 mm diameter, a best fit
based on Eq. (11) and the measured dynamic pressures and
fluxes gave the value C; = 0.7. This value was, therefore,
chosen for post-processing of the experimental data and by
the teams using this model for the orifice plate damping.
There is however, significant uncertainty in this value, and
further investigation of this is suggested.

3.3 Absorbed power

The absorbed hydrodynamic power P(t) = p(¢) Q(¢), and
the average over a wave period is given by

_ 1 rT
P:?/O P(t) dr. (15)
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The capture width ratio (CWR) is the average absorbed power
normalized by the available wave energy flux and is given by

P

W= %pgA%gL’ (16)
where the length along a wave crest, L, is taken to be the
chamber length along the x-axis. As discussed in more detail
in Joensen et al. (2023), it was determined to be generally
more reliable in the experimental measurements to compute
Q from p using Eq. (11), with C4 = 0.7 because evaluating
the flux from only two wave gauge signals can be quite error-
prone. This does, however, introduce significant uncertainty

into the experimental results.

4 The benchmark study

The participants in the benchmark study were provided with
all of the experimental conditions including the geometry of
the flume and the chamber, and the measured incident wave
records for each test condition at the location of the chamber
transverse centerline from WG 3. Experimental measure-
ments of the piston-mode response for the open chamber with
no orifice plate attached were also provided. The linearized
potential flow coefficients for the chamber were provided to
participants who wanted to use them.

4.1 Reference potential flow hydrodynamic
coefficients

Reference coefficients for the chamber were computed using
the commercial radiation/diffraction software WAMIT New-
man and Lee (2023), following the special procedure for
OWCs proposed by Prof. Newman and described in Bingham
etal. (2021). Figure 3a shows the high-order panel discretiza-
tion of the submerged chamber surface that was used for
computing the coefficients at finite frequency 0 < o <
®mayx- The bright green patches here are the internal chamber
surfaces S; upon which generalized modes are applied.

In order to approximately model the relatively narrow
width of the wave flume, the calculations are performed using
two reflections of the model about the position of the side
wall, as shown in Fig.3c. Here, the y-distance between the
centerline of each model is twice the tank width of 0.6 m, or
30m in full scale.

As noted above, we only consider two generalized modes
of the internal free surface: j = 7, the piston mode, and
j = 8, the first transverse sloshing mode. These motions
are visualized in Fig.4 which shows how the two-mode
approximation of the internal surface motion relates to the
geometry of the chamber. The dashed green lines indicate
the two internal wave probes which are offset by a distance

of c; = ¢ = 10mm (at model scale) from the chamber
walls. The dotted blue line indicates the piston mode and the
solid blue line the sum of a piston and the first standing-wave
mode.

The resulting added mass and damping coefficients are
shown in Fig. 5, where we note that the ® = oo limitis plotted
at @ = w/L]/g = 6, with g = 9.81m/s” the gravitational
acceleration and L = 0.15m the total chamber length (at
model scale). Here, we can see that the damping coefficient
is rapidly convergent for all frequencies, while the high-
frequency range of the added mass converges much more
slowly. This is due to the fact that the mixed source/dipole
boundary element method (BEM) used by WAMIT is singu-
lar at @ = oo when the body has panels lying directly on
the free surface. This singularity also leads to ill-conditioned
systems at high, but finite, frequency. In order to use the
WAMIT calculations in the time domain, it is critical to have
an accurate value for the @ = oo limit, especially in this
case where the mass corresponding to the chamber motion
is exactly zero. To compute this value correctly, we adopt
the procedure suggested by Prof. Newman, and described
in Bingham et al. (2021). First, a new geometry is created
by reflecting the original geometry about the z = 0 plane,
as shown in Fig.3b. The water depth is then set to 2/ and
the chamber is submerged to a depth . Finally, the internal
chamber surface (the green patch in Fig. 3b) is defined to be a
dipole surface. Now the problem can be solved accurately at
w = 0o and the results represent twice the value for the real
geometry (since there are now effectively two bodies in the
domain). The values plotted at w+/L/g = 6 in Fig.5 were
computed using this recipe. Finally, we note that the first
standing-wave mode, &g, is nearly waveless, i.e., the added
mass is essentially constant and the damping is nearly zero
relative to the piston-mode values.

Convergence of the wave exciting force coefficients for the
two considered modes is shown in Fig. 6, where we can see
that these coefficients are also rapidly convergent. Figure 7
compares the WAMIT free-response RAO with the response
computed in the time domain using the open-source package
DTUMotionSimulator Bingham and Read (2023) to confirm
that the above-described strategy for computing the infinite
frequency limits of A j; works correctly. This package solves
Eq. (9) via the Fourier transforms of Eq. (10) and a direct
evaluation of the convolution integral.

All of the hydrodynamic coefficients, described above
along with the associated hydrostatic and inertia matrices,
were provided to all participants as reference values. Based
on previous work with this chamber, the value of Cy = 0.7
was adopted for this study.

@ Springer
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(a) The submerged chamber geometry, finite w. (b) The chamber geometry for w = 0, co.

(c) Two image geometries are used to approximate the effects of the second
flume wall.

Fig. 3 High-order panel geometries for WAMIT calculations. The bright green patches are the internal chamber surfaces where the generalized
modes are applied. Two images are used to approximate the second wall of the flume

4.2 The models adopted by the participating teams 4.2.1 Ramboll Mathcad calculations

This section describes the different numerical models that ~ The results provided by Ramboll are calculated using Math-
were adopted by each of the participating teams. They are ~ cad Prime and the reference WAMIT data discussed above.
presented, roughly speaking, in increasing order of fidelity. The theory used is the linear theory in the frequency domain
with only one degree of freedom, j = 7 the piston mode.
The results provided by the Ramboll Mathcad script are use-
ful to compare with the other potential flow calculations

@ Springer
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Fig.4 The two-mode decomposition of the chamber surface motion

which include more modes and/or more nonlinearity. The
reference WAMIT coefficients are imported into a Mathcad
Prime worksheet. The discrete hydrodynamic parameters are
then fitted using spline functions to provide smooth function
of wave period for further calculations. In the Mathcad work-
sheet, the hydrodynamic formulas have been integrated. This
means that RAO’s of the OWC surface heave, the pressure as

well as the CWR can be calculated for the given test case and
validated against the experimental results and similar calcu-
lations. The Mathcad worksheet is intuitive and easy to read,
and it offers the possibility to study the effect of changing,
i.e., the size of the orifice, scale of the chamber etc.

4.2.2 The Maynooth University (MU)/Dundalk IT potential
flow model

A one-degree-of-freedom (1-DOF), time-domain numerical
model, in which air is assumed incompressible, of the DTU
OWC is developed. The chamber is assumed to operate in
three-dimensional space, and no account of reflections from
the side wall of the tank is considered. The MU/DKIT model
is based on the well-known Cummins Equation (9) and uses
BEM software codes, such as WAMIT, to determine the
necessary hydrodynamic and hydrostatic parameters. The
geometry used to calculate hydrodynamics from WAMIT is
shown in Fig. 8. The rationale for the difference in this setup
when compared to the one in Sect.4.1 is to allow for the
assessment of the importance of the reflections in the setup.
The resultant hydrodynamic parameters are used to develop
a time domain 1-DOF (pumping) model, in state-space form,
for a two-way absorption case. For further details of the
model and the associated assumptions, readers are referred
to Bingham et al. (2021).
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Fig.8 The single chamber OWC setup used in the MU/DKIT model

For the one-way absorption cases (up-stroke/down-stroke
venting), a bang-bang strategy is employed to model the
effect of the one-way valve. The chamber gauge pressure
is manually set to zero depending on the direction of the
water column (up-stroke/down-stroke venting). The 1-DOF
model is simulated in MATLAB as sets of ODEs in matrix
form (state space), which are solved using the ODE solvers
available in MATLAB. The parametric approximations are
used for both the radiation and excitation forces using the
methods described in Pena-Sanchez et al. (2019) and Guo
et al. (2018).

4.2.3 The MARIN potential flow model

The calculations were performed using MARIN’s wave
diffraction solver DIFFRAC (MARIN 2022). This program
solves the linearized velocity potential in the frequency
domain, assuming an inviscid, homogeneous and incom-
pressible fluid. Boundary conditions apply at the bottom, the
water surface, and at the user-defined body (in this case the
OWC chamber); the latter is represented through a panel
mesh.

The damping by the orifice leads to an excess pressure
inside the chamber, which is accounted for through a modi-
fied relation for the boundary condition at the water surface
inside the chamber (see, e.g., Liu et al. 2010):
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Here, ¢ is the velocity potential; n is the water surface ele-
vation; p is the excess chamber pressure; and p is the water
density. The excess chamber pressure scales non linearly to
the air flow rate Q through Eq. (11). This nonlinearity needs
to be overcome to solve the system of equations in the fre-
quency domain. In line with the descriptions in Sect.3.2.1,
a linearized damping coefficient is introduced, replacing Eq.
(11) through

0

B
p(t) = ng, (18)

where B% is the equivalent linearized damping coefficient as
per Eq. (14) that leads to the same power loss over one wave
cycle as the nonlinear relation.

By neglecting air compressibility, O can be equated to
the vertical fluid velocity integrated over the chamber free
surface area S:

0 = [[ W ys, (19)
Se

Jt

With g—;’ = % at the water surface, Egs. (17)—(19) can be
combined into
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which in a frequency domain formulation reads
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As noted in Sect.3.2.1, B% depends on the chamber
response (see Eq. (14)), which in turn depends on the orifice
damping. Similar to Bingham et al. (2015), this is resolved
through diffraction calculations in which B% is iteratively
updated based on the computed chamber response, until
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results converge. For the cases with one-way damping, fol-
lowing Joensen et al. (2021), the linearized orifice damping is
halved. Viscous losses (e.g., due to friction or sloshing inside
the chamber) are not resolved by the potential flow solver,
but are instead accounted for by the lid approach described
in Pauw et al. (2007) and are in the present study tuned for
each wave steepness based on the open water response.

The iterative calculations were performed for each tested
combination of theoretical wave period and amplitude,
resulting in complex RAOs of the flow rate Q inside the
chamber. In post-processing, the measured undisturbed water
surface time trace of each test was transferred to the fre-
quency domain and combined with the RAO to obtain the
response spectrum of Q inside the chamber. The response
spectrum was then transformed back to the time domain to
allow comparison of Q () at time-series level. The nonlinear
pressure relation in Eq. (11) was used to compute time series
of pressure and absorbed power based on Q(¢). For the cases
with one-way damping, time series of flow rates and pres-
sures were clipped to O when venting occurs based on the
sign of Q().

We note that all calculations were performed for a single
chamber in open water, so no channel walls were included.

4.2.4 The NREL potential flow model

WEC-Sim (Yu et al. 2014; WEC-Sim Development Team
2023) was used in the NREL simulations, following the
weakly nonlinear potential flow theory described in Sect. 3.2.
The WAMIT-generated reference potential flow hydrody-
namic coefficients presented in Sect.4.1 were used in the
in WEC-Sim simulations, and the nonlinear PTO force was
calculated using Eq. (13) with a C; value of 0.7 and directly
implemented as a quadratic damping term in the time domain
for two-way energy extraction (Bingham et al. 2021).

For one-way absorption cases (i.e., up-stroke venting and
down-stroke venting), the WEC-Sim model was modified to
include an additional MATLAB function block when calcu-
lating the PTO force, where Eq. (13) was applied for only a
half-cycle of the chamber motion and F79 = 0 was enforced
for the other half of the chamber motion.

To capture the internal chamber surface motion, the gen-
eralized mode approach was also used in WEC-Sim. The
additional modes were implemented in a state-space form
when solving the equations of motion, and these state-space-
form equations were coupled to the default system dynamics
solver provided by the MATLAB Simscape Multibody Tool-
box to solve the entire system of equations (Eq. (9)). More
details on the development of the generalized mode approach
method in WEC-Sim and examples of implementing gen-
eralized mode analysis to solve WEC-liked systems were
presented in (Guo et al. 2017; Bingham et al. 2021).

4.2.5 The Saga University CFD model

To solve the two-way case, olaFlow (Higuera 2017) was
applied. olaFlow is an open-source project that extends wave
capabilities to OpenFOAM (OpenCFD 2023). The active
wave generation and absorption functions of OpenFOAM
have been improved (Higuera et al. 2015). In addition,
although it is not used in this paper, a calculation function for
porous objects has been added. olaFlow, like OpenFOAM,
uses the finite-volume method to solve the continuity equa-
tions and the Reynolds-averaged Navier—Stokes equations
(RANS). In this paper, the flows were calculated using a
combination of OpenFOAM v1912 and olaFlow v2012.

The computational domain was x € [—4,4], y €
[—0.6,0], z € [—0.65,0.35]. The still water level was set
to z = 0. An unstructured grid was employed for the calcu-
lations. The grid size near the orifice was 2 mm. The grid size
around the OWC was 10 mm and increases outward from the
OWC to 50mm at the inlet and outlet boundaries. The total
number of cells was approximately 350,000. The mesh used
for the calculations is shown in Fig 9.

The wave velocity was set at the inlet, and the wave veloc-
ity was absorbed at the outlet. Slip conditions were applied at
the tank walls. At the upper boundary, the atmospheric pres-
sure was set, and at other boundaries the normal derivative
of the pressure was set to zero. As a first step, we assumed
laminar flow and did not use a turbulence model. The time
step is variable, and was selected so that the Courant number
did not exceed 0.8. The average time step size was 5.7TE—4 s,
which corresponds to 7/10,000 of the incident wave period.

4.2.6 The RISE CFD model

The two-way absorption simulations were performed using
the two-phase incompressible RANS solver interFoam avail-
able in the open-source framework OpenFOAM-v2212
(OpenCFD 2023). The OpenFOAM framework is based on
a cell-centered 2nd-order finite-volume method on unstruc-
tured polyhedral cells (Weller et al. 1998). In interFoam,
the air—water interface is handled by an algebraic volume of
fluid method in combination with an artificial interface com-
pression scheme. The standard k-w-SST turbulence model of
Menter et al. (2003) is used, together with a continuous wall
function approach.

Compared to the experimental setup, the computational
domain is truncated in length while keeping the span-
wise dimension equal to the test setup: x € [-3,3], y €
[—0.6,0], z € [—0.65,0.65] m with the OWC placed
at x = 0, see Fig.10. This corresponds roughly to 3
wavelengths upstream and downstream of the OWC. The
computational mesh is created using the snappyHexMesh
utility in OpenFOAM, which generates oct-tree hexahedral-
dominated meshes from STL surfaces of the body. The mesh
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Fig.9 SAGA grid for two-way
absorption. a The entire fluid
domain and b the OWC

Fig. 10 The CFD mesh used in
the RISE simulations. a Entire
computational domain and b
zoom in on the OWC

is rather coarse—only 2.7M cells—with 50 cells per wave-
length and 10 cells per wave height. There are refinement
boxes around the free surface and the OWC. The boundary
layers are resolved by 5 cells with a maximum y* typically
below 100.

The OWC boundaries are set as no-slip wall boundaries,
whereas the tank side boundaries are treated as walls with a
slip condition applied. The bottom boundary is also treated
as a slip wall. The upper atmospheric boundary is set to a
zero total pressure condition. The numerical schemes used
in the simulations are the second-order van Leer scheme for
convection terms, second-order central differences for diffu-
sion terms, whereas the turbulence equations are solved using
the first-order upwind method. The time-stepping is carried
out using the first-order backward Euler scheme with a CFL
number of 0.9.

Initially wave generation was carried out with the native
wave generation functions in OpenFOAM, due to Higuera
et al. (2013). However, as the wave tank was rather short,
waves reflected off the OWC reached the wave generation
boundary and caused severe problems. Thus, wave genera-
tion/absorption in the RISE simulations has been performed
using 1.5 m wide relaxation zones (Jacobsen et al. 2012).

Figure 11 shows snapshots of the jet through the orifice
during exhale and inhale of the two-way absorption case.
There is no noticeable sloshing inside the OWC. A formal
solution verification using the least-squares approach of Eca
and Hoekstra (2014) with three meshes between 16.2M and
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2.7M cells showed that the CFD solutions are a bit uncertain
in terms of absorbed power. Convergence was oscillatory and
the estimated uncertainties were >7% and >12% for the H;
and H cases, respectively.

4.2.7 The NREL-CFD model

The high-fidelity CFD code, STAR-CCM+ was used to
study the wave energy extraction PTO system with differ-
ent energy absorption modes including two-way, one-way
up-stroke, and one-way down-stroke absorption cases. An
implicit, three-dimensional, compressible, unsteady RANS
model was applied herein. The shear stress transport (SST)
k — w model was chosen to model the turbulence in the
CFD domain. The volume-of-fluid method based on the
High-Resolution Interface-Capturing scheme was also used
to model the interface between air and water at the free sur-
face. Second-order schemes were chosen for both the spatial
and temporal discretization. A time step size of T /At = 400
was chosen where T is the wave period. The semi-implicit
method for pressure-linked equations approach was chosen
to solve the pressure—velocity coupling with 15 iterations
per time step. The under-relaxation factors for velocity and
pressure were 0.8 and 0.4, respectively.

In the current study, the computational domain’s upstream
and downstream dimensions were bounded at 4 times the
wavelength (4)1) from the oscillating water column center.
Only half of the OWC device was simulated in the study,
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Fig. 11 Snapshots of the a
exhale and b inhale of the
two-way absorption simulations
of RISE (T = 0.82s and

H /A =0.025)

Fig.12 The CFD mesh used in
the NREL simulation with
one-way absorption

resulting in a symmetric boundary condition for both lat-
eral sides. A no-slip wall boundary condition was chosen
for the bottom surface, whereas the top surface was defined
as a pressure outlet condition. A trimmed cell mesh tech-
nique was used to generate a high-quality grid, particularly
for the air-water interface as well as the regions surrounding
the OWC body and its internal wave elevation regime. For of
one-way absorption, the OWC'’s air chamber was extended
to have an air volume equal to the experimental box and hose
set up, a refinement volume was also generated. An example
of mesh resolution for the one-wave absorption condition is
graphically shown in Fig. 12. The total number of cells in the
CFD model was approximately 4.57 million. To model the
closing and opening valve condition in the one-way absorp-
tion cases, a set of cells was given a velocity source term
that numerically specified zero velocity when the valve was
closed and vice versa.

4.3 Overview of the numerical methods

Table 3 shows an overview of the methods applied by the
potential flow teams. Domain with entries FD or TD denotes
solutions in either the frequency domain or the time domain,
respectively. Coeffs lists how the hydrodynamic coefficients
were obtained with Reference denoting those described in
Sect. 4.1. Walls refers to whether or not the flume walls have

been included in the calculations. DoF denotes how many
degrees of freedom were included for the chamber surface
motions. Turb. damp describes whether the turbine damping
model was linearized or not and Visc. damp shows whether
or not a viscous damping model was included.

Table 4 gives an overview of the methods applied by the
CFD teams.

4.4 Results

We first present results for the traditional two-way energy
extraction, followed up by the novel one-way energy extrac-
tion (up- and down-stroke extraction). We include here
results computed by the DTU frequency-domain and time-
domain models, but note that these results were not part of
the blind study. These two models are as described in Sect. 3.

4.4.1 Two-way absorption

For conventional two-way energy extraction, we present
results for the internal chamber pressure and the non-
dimensional absorbed power (CWR) of the double-chamber
normalized by the chamber length L = 7.5m at full scale.
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Table 3 Overview of the potential flow methods

Team Code Domain Coeffs Walls DoF Turb. damp Visc. damp
Ramboll In-house FD Reference Yes One Linear No
DTUfgp In-house FD Reference Yes Two Linear No
DTU7rp DTUMotionSimulator TD Reference Yes Two Nonlinear No
Maynooth In-house TD WAMIT No One Nonlinear No
MARIN DIFFRAC FD DIFFRAC No One Linear Yes

NREL WEC-Sim TD Reference Yes Two Nonlinear No

Table 4 Overview of the CFD methods

Team Code NSEq type Turb. Model Interface Wave gen Mean At # of cells
SAGA olaFlow Incompres None VOF Inlet BC 7T /10,000 0.35x10°
RISE interFOAM Incompres k-w SST VOF ‘Waves2FOAM ~ T /10,000 2.7x10°
NREL StarCCM+ Compressible k-w SST VOF Inlet VOF BC T /400 4.57x10°
Pressure Figure 14a shows a representative period of the chamber

For the presentation of the internal chamber pressure, we
show the first harmonic amplitudes and compare the different
numerical models adopted in the benchmark study. This value
was computed by making a least-squares fit of the submitted
time series to a sum of sines and cosines at the primary wave
frequency plus four higher harmonics.

Figure 13a shows the non-dimensional chamber pressure
as a function of model-scale wave period for the wave steep-
ness H/A = 0.025, whereas Fig. 13b shows the same for
the wave steepness H/A = 0.04. Consider first the poten-
tial flow models. With the exception of the MARIN model,
they are all quite close to each other and mostly agree well
with the experimental results. The results from the MARIN
model are generally somewhat lower than the others, which
is most likely due to the empirical viscous damping that is
included in their model. The WEC-SIM and DTU-TD mod-
els are theoretically identical, and thus the small differences
that appear here can be attributed to the different numerical
implementations. The Maynooth model is also theoretically
the same, but they consider the chamber in open water so
the small differences here are attributed to the influence
of the tank walls. Similarly, the DTU-FD and RAMBOLL
results are very close, indicating that the influence of the
sloshing mode is relatively small. There are also only small
differences between the frequency-domain and time-domain
results, which is consistent with the nearly linear wave con-
ditions. Comparing the CFD results at the resonant period
of T = 0.82s for the lower wave steepness, all three results
agree very well and are towards the low end of the potential
flow results. NREL and RISE results are also available at
T = 1.15s and show a larger value than both experiments
and potential flow calculations. The picture is very similar at
the higher wave steepness value.
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pressure time history at the resonant period 7 = 0.82s for
wave steepness H /A = 0.025 and Fig. 14b shows the same
for wave steepness H /A = 0.04. For the DTU-FD method,
the pressure has been computed from its purely linear def-
inition, whereas in the RAMBOLL model the nonlinear
equation (11) has been used, though the two choices give
the same average absorbed power. All of the nonlinear mod-
els capture the quadratic behavior of the pressure around the
zero crossing. Some larger variations in the peak amplitude
and the phasing are evident from the time series, indicating
some disagreement in terms of the higher harmonic compo-
nents. With the exception of the MARIN model, the potential
flow models predict a nearly symmetric behavior. However,
the MARIN and CFD models, as well as the experiments, all
show some asymmetry, though with a significant spread.

Absorbed power

The CWR from Eq. (16) (normalized by the length of the
chamber L = 0.15m at model scale), is shown in Fig. 15a
and b. A similar trend is seen here as for the pressure—the
potential flow models are very close for most wave periods,
except for the MARIN model which is generally somewhat
lower. The experimental results are generally close to the
potential flow values, though there is more spread near the
resonant peak. The CFD models agree well with each other
and with the experiments at 7 = 0.82 s for both wave steep-
ness values. At the lower steepness with at 7 = 1.15s, the
NREL-CFD and experimental results are very close but the
RISE results are somewhat lower. For the higher steepness
value in Fig. 15b, the NREL-CFD point at 7 = 1.15s also
agrees well with the experiments, whereas the RISE result
is somewhat lower. The NREL-CFD value at T = 0.79s is
substantially lower than the experiments.
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Fig. 15 Capture width ratio, two-way absorption
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Fig. 16 Absorbed power at T = 0.82 s, two-way absorption
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Table 5 RMS differences. Two-way mean absorbed power, H /A = 0.025

T DTUy DTU,y NRELys MARIN Maynooth Ramboll NRELcFp RISE SAGA
0.57 0.762 0.744 0.639 0.710 0.003 0.670

0.74 0.022 0.036 0.040 0.073 0.246 0.035

0.78 0.019 0.011 0.036 0.236 0.166 0.047

0.79 0.009 0.005 0.050 0.201 0.131 0.067

0.81 0.095 0.080 0.063 0.125 0.029 0.021

0.82 0.073 0.070 0.026 0.174 0.008 0.016 0.224 0.135 0.279
0.83 0.064 0.055 0.023 0.181 0.001 0.010

0.84 0.066 0.053 0.014 0.174 0.007 0.030

0.86 0.364 0.345 0.364 0.040 0.326 0.228

0.9 0.047 0.040 0.015 0.198 0.076 0.030

0.98 0.130 0.126 0.131 0.347 0.025 0.130

1.15 0.092 0.106 0.061 0.259 0.086 0.096 0.009 0.294

1.31 0.206 0.232 0.205 0.139 0.118 0.179

1.47 0.070 0.073 0.091 0.211 0.079 0.043

1.64 0.122 0.168 0.102 0.481 0.021 0.035

A representative period of the absorbed power time series
for T = 0.82s is shown in Fig. 16a and b. The figures show
trends similar to those for the pressure. As expected, the
NREL-WEC-Sim and DTU-TD models are nearly identi-
cal, with the RAMBOLL results also close, the DTU-FD
results are strictly linear and the MARIN results are some-
what lower and asymmetric. For the low steepness case, the
experiments, the CFD results and the MARIN model all pre-
dict a higher power peak on the up-stroke compared to the
down-stroke, whereas for the higher wave steepness case they
find the reverse. It is not clear what causes this, but it may
be associated with an asymmetry in the vortex generation
between the two cycles. The other potential flow models do
not find any significant difference between absorption on the
up-stroke and down-stroke. The experimental results show
some high-frequency content that is not found by the numer-
ical calculations.
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To provide a more quantitative measure of the differences
between the calculations and the measurements, Table 5 col-
lects the normalized root mean square errors (RMSE) in the
mean absorbed power for each team in the case ¢ = 0.025.
This is computed from

(22)

where the subscripts e and ¢ indicate the experimental and
computed values, respectively.

4.4.2 Up-stroke absorption

For the up-stroke absorption strategy, power is only extracted
from the OWC chamber as the internal surface moves from
trough to crest. Figure 17a and b shows a representative wave
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Fig. 17 Chamber pressure for 7' = 0.82 s, up-stroke absorption
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Fig. 18 Absorbed power at T = 0.82 s, up-stroke absorption

period of the time series of chamber pressure for 7 = 0.82s.
Here it is clear that the various venting models (experimental
and numerical) more or less ensure that the pressure inside
the chamber is zero (atmospheric) during the down-stroke
and positive, while energy is extracted on the up-stroke. The
exception is, of course, the strictly linear DTU-FD model
which must retain a sinusoidal pressure variation. Looking
closely at the experimental and the CFD results during the
passive cycle, however, it is clear that there is a significant
non-zero pressure inside the chamber suggesting that there
is some flow through the orifice with an associated energy
loss. A delay in the increase of pressure is also clear in
these curves when the valve is supposed to close, suggest-
ing additional energy loss compared to the ideal situation.
Figure 18a and b shows the corresponding time series of
absorbed power. Figure 19a and b shows the CWR of the
chamber for the up-stroke absorption strategy as a function of
the wave period. Here, we again see a very good agreement
between the NREL-WEC-Sim and DTU-TD results, with
some small differences compared to the DTU-FD calcula-
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tions. These predictions are consistently much larger than the
experimental values. The Maynooth results show a somewhat
lower and slightly shifted peak, whereas the MARIN results
are substantially lower and generally closer to the experi-
mental results. The NREL-CFD results at 7 = 0.82s agree
well with the experiments. The RMS differences between the
measurements and the calculations are collected in Table 6
for the 0.025 steepness case as a quantitative comparison.

4.4.3 Down-stroke absorption

For the down-stroke absorption strategy, power is only
extracted as the internal chamber surface moves from peak to
trough. Figure 20a and b shows a representative period of the
chamber pressure time series for the case of T = 0.82s.
Figure21a and b shows the corresponding time series of
absorbed power.

Figure 22a and b shows the CWR of the chamber for the
down-stroke absorption strategy as a function of the wave
period. The trends here are very similar to that seen for the up-
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Fig. 19 Capture width ratio, up-stroke absorption
Table6 RMS differences.
Up-stroke mean absorbed T DTU;y DTU;y NRELw g MARIN Maynooth NRELcrp
power, H/A = 0.025 0.57 0.563 0.572 0.425 2.785 0.988
0.74 0.693 0.660 0.715 0.536 0.121
0.78 0.394 0.373 0.438 0.078 0.087
0.79 0.456 0.436 0.502 0.034 0.165
0.81 0.635 0.620 0.611 0.035 0.389
0.82 0.605 0.620 0.570 0.007 0.443 0.034
0.83 0.627 0.648 0.583 0.069 0.513
0.84 0.676 0.712 0.658 0.015 0.597
0.86 1.029 1.115 1.110 0.089 1.057
0.9 0.760 0.895 0.774 0.033 1.002
0.98 1.013 1.221 1.190 0.161 1.625
1.15 2.435 2.573 2.271 0.924 2.435
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Fig.20 Chamber pressure for 7 = 0.82's, down-stroke absorption
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Fig.22 Capture width ratio, down-stroke absorption

stroke absorption case. Table 7 collects the RMS differences
between the calculations and the measurements for the 0.025
steepness case.

5 Discussion

For two-way absorption, the measured and computed pres-
sures and CWR generally agree quite well. Although we
have not carefully estimated a confidence bound for the
experimental uncertainties in these measurements, the cal-
culations are mostly within what we expect those bounds to
be. The exception is the MARIN results which are substan-
tially lower than the others, presumably because the viscous
damping has been over-estimated in this model. For one-way
absorption, however, we find a much larger spread in the
numerical predictions which generally show a much larger
energy absorption than the measurements. It is clear from the
measurements that the passive one-way valve system used

(b) H/X = 0.04.

for these experiments allowed for significant energy loss on
the passive cycle, which we suspect explains a large part of
the discrepancy, but this must be confirmed by new mea-
surements using a better release valve system. The MARIN
results here are generally close to the experiments, indicating
that the choice of viscous damping captures a similar overall
energy loss. The two CFD results at the natural period also
agree well with the experiments, but it is worth mention-
ing that modeling the release valve in these calculations was
also challenging and some energy loss on the passive cycle is
also clear in the associated time series of pressure. The rest
of the potential flow calculations agree relatively well with
each other, though the influence of the channel walls is more
pronounced here than it was in the two-way case.

This seemingly simple test case clearly holds many
challenges for both numerical analysis and experimental
measurement. We note that the collapse of the calculations
to what is shown here in this paper did not happen immedi-
ately at the close of the benchmark study. In the first round
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Table7 RMS differences.

el R e | T DTU /4 DTU,q NRELyy s MARIN Maynooth NRELcrp
power, H/A = 0.025 0.57 0.545 0.437 0.271 2208 0.649

0.74 0.726 0.700 0.754 0.536 0.099

0.78 0352 0.340 0.405 0.109 0.044

0.79 0383 0362 0.422 0.122 0.081

0.81 0517 0.506 0.498 0.073 0.263

0.82 0.478 0.492 0.447 0.175 0.305 0.067

0.83 0.476 0.500 0.441 0.137 0357

0.84 0.463 0.495 0.450 0.180 0381

0.86 0.797 0.870 0.867 0.031 0.796

0.9 0.462 0.588 0.489 0.238 0.678

0.98 0.405 0.561 0.540 0.234 0.854

115 1.042 1.195 1.027 0.088 1.280

131 0914 1.099 1.003 0.077 0.736

1.47 1.101 0.957 0.957 0.384 0.565

1.64 5.557 3.880 3.559 2.160 4981 0.534

of comparisons, the spread was dramatic, which allowed the
teams to identify minor bugs and inconsistencies in their cal-
culations and arrive at the final consensus. This is a good
lesson that even seemingly simple cases can be prone to sim-
ple errors, highlighting the benefit of comparing independent
calculations of the same case.

6 Conclusions

We have presented the results of a benchmark study for a
single fixed OWC chamber in regular waves of two steep-
ness values, comparing measured and computed response for
both two-way and one-way energy absorption strategies. The
results highlight the challenges associated with this seem-
ingly simple device, especially with the one-way absorption
strategy which is difficult to perfectly implement both physi-
cally and numerically. Potential flow calculations predict that
as much, or in some cases more, energy can be absorbed using
the one-way strategy, but the opposite is shown by the mea-
surements and CFD calculations. However, a better physical
release valve system is required to confirm this one way or the
other. A better release valve model in the CFD calculations
should also be developed and more calculations performed
to illuminate the physics of the one-way response.
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