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Wave energy conversion of oscillating water column
devices including air compressibility

Wanan Sheng® and Anthony Lewis
University College Cork, Cork, Ireland

(Received 28 October 2015; accepted 9 September 2016; published online 23 September 2016)

This paper presents an investigation on air compressibility in the air chamber and its
effects on the power conversion of oscillating water column (OWC) devices. As it is
well known that for practical OWC plants, their air chambers may be large enough for
accommodating significant air compressibility, the “spring effect,” an effect that is
frequently and simply regarded to store and release energy during the reciprocating
process of a wave cycle. Its insight effects on the device’s performance and power
conversion, however, have not been studied in detail. This research will investigate
the phenomena with a special focus on the effects of air compressibility on wave
energy conversion. Air compressibility itself is a complicated nonlinear process in
nature, but it can be linearised for numerical simulations under certain assumptions
for frequency domain analysis. In this research work, air compressibility in the OWC
devices is first linearised and further coupled with the hydrodynamics of the OWC. It
is able to show mathematically that in frequency-domain, air compressibility can
increase the spring coefficients of both the water body motion and the device motion
(if it is a floating device), and enhance the coupling effects between the water body
and the structure. Corresponding to these changes, the OWC performance, the capture
power, and the optimised Power Take-off (PTO) damping coefficient in the wave
energy conversion can be all modified due to air compressibility. To validate the
frequency-domain results and understand the problems better, the more accurate time-
domain simulations with fewer assumptions have been used for comparison. It is
shown that air compressibility may significantly change the dynamic responses and
the capacity of converting wave energy of the OWC devices if the air chamber is very
large. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963237]

1. INTRODUCTION

Wave energy is known to have massive resources around the world: the global gross
resource is about 3.7 TW,' and thus it is often envisaged that wave energy is able to signifi-
cantly contribute energy mix and blue economy. In Europe, it is expected to supply some 10%
of the European electricity needs—about half of today’s total installed renewable generation if
the technologies are matured (the combined wave and tidal energy in Europe would be 100 GW
capacity by 2050%). Great efforts on extracting wave energy from seas have been for a few dec-
ades, and historically more than 1000 different devices with different wave energy conversion
principles have been invented® (according to Falcao,* the majorities of wave energy converters
can be classified into three main types, namely, oscillating water column (OWC), oscillating
body, and overtopping wave energy converters). However, only a few of the concepts and devi-
ces have been or are being developed®'? and some of them have even generated wave power
to grid.”'? So far, there is no consensus among the wave energy technologies,” but one signifi-
cant feature and challenge is the large forces provided by the low velocity waves. This particu-
lar feature is simply opposite to that of the conventional energy technologies in which a high
speed (or rotational speed) and a low force/torque are used for power conversion, and thus
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applies the challenges on the power performance (normally with low energy conversion effi-
ciency) and reliability (low reliability in wave energy production means high costs for operation
and maintenance and for the unplanned interventions and downtime).

OWCs have been regarded as one of the most promising and developed wave energy con-
verters, and probably the most practical and reliable wave energy converters due to their unique
wave energy conversion principle. Instead of utilising the motion of the device structure(s)
directly for power conversion like other wave energy converters, OWCs employ the air flow
which is driven by the internal water surface (IWS) motion in the OWC devices. In power con-
version in the OWC devices, the air flow is normally accelerated by many times, so for driving
the air turbine Power Take-offs (PTOs) in high rotational speeds.'* This allows a low torque
acting on the PTOs and thus a high reliability of the OWC PTO for a long-term wave energy
production.'>'® The good examples are those practical wave power plants which have been
developed and generated power to the grid, and these practices have proven that the OWC
plants have very high reliability in long-term wave power generation. It is reported that the
LIMPET OWC plant has generated electricity to the grid for more than 60000 h in a period of
about 10 years,” whilst a more recent development is the Mutriku OWC wave energy plant in
Spain.'> A recent review on the development of the OWC devices and air turbines has been
given by Falcao and Henriques.'’

To understand and improve their power performance by the OWC devices, numerical meth-
ods have been developed and employed. Earlier theoretical work on the hydrodynamic perfor-
mance of some simple OWCs has shown that the OWC devices could have a high primary
wave energy conversion efficiency.'® 2" Similarly, the boundary element methods (and the rele-
vant commercial software, such as WAMIT, ANSYS AQWA etc.) are more popular for any
complexity of the geometries of the OWC devices.'>*'* For air compressibility in the OWC
devices, some investigations have been carried out.'>1623252% qarmento er al.*® first put for-
ward a formula for air compressibility under the assumption of a large volume of the air cham-
ber (compare to the air volume changes). This equation has been widely accepted and used by
other researchers.”®>? Recently, Sheng et al.'>'®*” have developed the dynamic equations for
fully coupling the thermodynamics for accommodating air compressibility and the hydrodynam-
ics of the OWC devices. However, the effects of air compressibility have not been systemati-
cally studied on how the device performance and power conversion capacity can be modified.

The importance of studying air compressibility using numerical modelling is because air
compressibility is not scalable using the conventional Froude similarity, as shown by Weber,>!
Sheng et al.,’* and Falcao and Henriques.”®> For modelling air compressibility, the volume of
the air chamber must be scaled using the square of the scale ratio, rather than that of the cube
of the scale ratio as required by the Froude similarity. This means that the physical scale model
may need a much larger air chamber. For instance, for a 1:50 scale OWC model, the air vol-
ume would be required to be 50 times larger for that required by Froude similitude. Practically,
it is very difficult and may be impossible for the floating OWCs.

In this research, the issues with air compressibility in the OWC device will be studied in
detail by further formulating air compressibility and coupling it into the hydrodynamic equation
of the OWC device in frequency domain. By employing the simplified and linearised PTO air-
flow equation proposed by Sarmento ef al.*° and including a linear air turbine PTO, the full
dynamic equation for accommodating air compressibility and hydrodynamics for the OWC
devices can be established in frequency domain. The analyses have then been made in examin-
ing the effects of air compressibility on the OWC performances, including both the motion
responses and power conversion. Also, to validate the frequency-domain, analysed comparisons
have been made for the results of time domain analyses, for which fewer assumptions have
been adopted and thus more accurate modelling is expected.

The arrangement of the context is as follows. In Section II, the frequency domain formulations
are derived for the dynamics with air compressibility whilst in Section III a short introduction of
the formulas of time domain analysis is given; in Section IV the power conversion in irregular
waves is formulated; Section V provides the examples and analyses and Section VI, an analysis on
the fixed OWC device. In Section VII, conclusions of the research work are given.
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Il. DYNAMICS OF POWER CONVERSION

Following Sheng ef al.,'> a two-body system for the OWCs will be used. In the convention,
the first rigid body may be the device itself and the second rigid body is an imaginary thin pis-
ton at the internal free surface which replaces part of the water body in the water column.

A. Air flow

The air mass in the air chamber can be calculated as
m=pV, (1)

where m is the air mass in the air chamber; p the air density in the air chamber, and V is the
air volume of the air chamber.

Differentiating the air mass with regard to time, we have the mass flowrate passing the
PTO as

d dav d
m yar

o PV 2)

It should be noted that the negative mass flowrate means an exhalation of the airflow since the
mass is reduced in the air chamber in this case.

Following Sarmento et al.>® and Sheng er al.,*’ the air in the chamber can be regarded as
isentropic, i.e.,

Po+p _po
PPy

3)

where p is the air density in the air chamber; pg is the atmospheric air density; p is the cham-
ber gauge pressure; po is the atmospheric pressure; and 7y is the air specific heat ratio (i.e.,
y=14).

Considering the air chamber gauge pressure is normally much smaller than the atmospheric
pressure (maximal gauge pressure in the air chamber is probably about 10*Pa vs. the atmo-
spheric pressure, 10°Pa), so we can have a simplified/linearised density expression as

p=po<1+;;0>, “)

differentiating (4) with regard to time yields

d d
an _Podr 5)
t ypo dt
Now the air flowrate through the PTO is defined as
1 dm
0o — T ) 6
qpt 2 dr (6)

where the negative sign means that an exhalation of air from the air chamber produces a posi-
tive flowrate through the PTO.
The air flowrate driven by the internal water surface IWS) in the OWC device is given as

av

— (7

qw =
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The negative sign in (7) ensures an equal flowrate driven by the internal water surface and
through the PTO if the air compressibility is not included.
Substituting (4)—(7) into (2), we have

p V dp
0 — 1 +— w - 8)
A ( vm)q o dt ¢

Sarmento et al.*® provided a simplified and linearised form of the equation as

V() dp
ypo dt

qpto =qw — (9)

Obviously, this formula assumes the air chamber is large enough so that the internal water surface
motion may not change too much of the air volume; and the air chamber pressure is significantly
less than the atmospheric pressure. It will be shown that these assumptions may be justified for
the practical OWC devices/plants.

B. Power conversion with a linear PTO

For the purpose of analysis, we consider a linear air turbine PTO, for instance, the Wells
turbine, due to its roughly linear relation between the flow rate and the pressure across the tur-
bine. For a linear turbine, the pressure is calculated as

P = kiGpio; (10)

where k; is the damping coefficient of the turbine and g,,, is the complex amplitude of the vol-
ume flow rate through the air turbine PTO.
Equation (9) can be written in the frequency domain as

v
Gpio = Gw — iO—=p. (11)
YPo

Combining (10) and (11) yields

V
p:quw<1 —iwk1—°>/cl, (12)
YPo

and the flowrate through the PTO is given by

Vi
Qpo = qw<1 — iwk; O) /Ch (13)
7Po

with
Vo2
Ci=1+4 <k1w_°) . (14)
YPo
The average power conversion can be given by
D 1 * 1 2
P:ERe(pxqpm) :§k1|qw\ /Cy. (15)

C. Floating OWC devices with air compressibility

For the floating OWCs, especially the cylindrical OWCs, the internal water surface motion for
power conversion can be considered as the result of the heave motions of the structure (“body 1,”
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motion mode index: 1-6) and the “imaginary piston” (“body 2,” motion mode index: 7-12). For
the cylindrical OWC, the main motions for wave power conversion are the heave motions of the
structure and the water body. Therefore, the dynamic equation can be expressed as

{ liwQ33 + b3z + B33|vs + [iwQ30 + byo]ve = f3 + Agp (16)
[iwQo3 + bo3|vs + [iwQoy + bog + Byg|ve = fo — Aop,
with
c
Q033 = m33 +as3 — i;
®
c
039 = azg — ﬁ
(17

€93
Qo3 = a93 ——
)

C99
Qg9 = ngg + agg 5

where ms3 and mgg are the mass of the bodies, as3, asg, dg3, a9y are the added mass; b33, bso,
bos, bog are the damping coefficients; B33 and Bgg are the additional damping coefficients for
the heave motions of the structure and the piston; ¢33, 39, Co3, Co9 are the restoring force coeffi-
cients; f3, fo are the complex excitations of the heave motions of two bodies; v3, vy are the com-
plex heave motion velocity amplitudes of the two bodies; A is the sectional area of the water
column; and p is the complex amplitude of the chamber pressure.

For the two-body system, the flowrate driven by the IWS can be expressed as

Gw = Ao(vo — v3), (18)

which means the positive velocity of the piston heave motion will create a positive flowrate,

but the positive velocity of the heave motion of the device is a negative flowrate driven by the

IWS. This is in line with a positive flowrate through the PTO when the air is discharging.
Combining (12) and (18) yields a chamber pressure as

Vi
pzklA()(Vg—V3)<l —iwlq —0)/C1 (19)
YPo
Applying the linear relation (10), we have
. Vo
q :AQ Vg — V3 (1 71(0](1 —)/Cl (20)
e ( ) YPo

Substituting (19) into (16) yields

. . . Vi
lioQ33 + b3z + B33|vs + [iwQ30 + b3olve = f3 + k1A§(ve — v3) (1 — iwk; “/P(z ) /C1
)
v 2D
[in93 + b93]V3 + [iCOQ99 + b99 +B99]V :fg — klA%(Vg — V3) <1 — lCOk] ﬁ) /Cl .
Rewriting the above equation yields

{ [io(Q33 —k3Co/C1)+ (b33 + B33+ k1A% /C1)|vs + [io(Q30 +k3Co /C1) + (bsg — k1A% /C1) vo =F3
[i(Qo3+k3Co/Cr)+ (bos — k1A% /C1)]v3+ [iw(Qoo —kTCo/C1) + (bog +Bog + k1A /C1)]ve =fo,
(22)
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where

1%
Co=Al—2. (23)
7Po

It clearly shows that in the case of a constant PTO damping coefficient k; (see Eq. (10)), the
equivalent damping coefficient is given by k;/C; due to air compressibility, which is a reduced
damping coefficient for PTO power conversion (but not necessarily for reducing power conver-
sion!). Another significant effect of air compressibility is the increase in the spring coefficient
(note: adding the negative values to Q33 and Q99 means the increases in the corresponding
spring coefficients, and adding the positive values to Q39 and Q93 means the decreases in the
coupled spring coefficients). It will be seen later in the examples below that air compressibility
may indeed induce very complicated phenomena in the dynamic system.
The solution of Equation (22) can be given as

Z\ +iZy
Vg — V3 = - (24)
’ } (X] —|—X2k1A(2)/C1 +602Y2k%C0/C1)+l(1)(Y1—l—sz]A(z)/Cl —sz%Co/CH)
and the IWS motion is given by
Xo—X; =25 (25)
iw
with
Zi = for(b33 + B33 + b3g) — f3r(bog + Bog + bo3) — wfor(Q33 + QO39) + @f31(Qoo + Qo3)
Zy = ofor(Q33 + Q39) + for(b3o + b33 + B33) — of3p(Qo9 + Qo3) — f31(bog + Bog + bo3)
X1 = (b33 + B33)(boo + Bog) — bo3bzg — 0* (033099 — 093039) 26)

X3 = b33 + bog + b3g + boz + B33 + Bog
Y1 = (b33 + B33)Qo9 + (bgg + Bog) Q33 — bo3Q39 — b39Q03
Y> = 033 + Qo9 + 039 + Qo3,

where f3r and for are the real parts of the excitations f3 and fy, and f3; and for are the imaginary
parts of the excitations f3 and f.
The average power can be given by

_ 1 1
P =3IRe(p xqy,) = EklAg(w —v3)(v9 —v3)"/C (27)
or
. 7z +73)/C
P =k (i +7;)/ (28)

(X1 -l-szlA(z)/Cl + a)zsz%Co/CH)z + wz(Yl + szlAg/Cl —sz%Co/Cl)z.

D. Floating OWC devices without air compressibility

Now a simplified case is studied below where the air compressibility is ignored. As such,
the flowrate through the PTO can be simply calculated as

Gpro = Ao(vo — v3). (29)

For a linear PTO, the chamber pressure is expressed as
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p = kiAg(ve — v3). (30)

The frequency domain dynamic equation can be given as

[iwQ33 + (b33 + k1A3)|vs + [i0wQ39 + (b3o — k1A3)]ve = f3 a1
[i0Qo3 + (hos — k1AG)]vs + [iwQo9 + (boo + k1AG)]ve = fo,
and the average power is calculated as
=1 7 +7;
P = kA2 21t - (32)
20 T (X1 +XakiAd)” + 02 (Y) + Yokt AD)
with the variables being defined in Eq. (26).
To optimise the PTO, we set
oP
—_ -0 33
o = (33)

which leads to the optimised linear PTO damping coefficient, as

1 [X}+ 0?Y?
=X G4
0 2 2

So the capture power under the optimised PTO damping coefficient has a formula as

_ 1 72+ 72
Proas = Lt (35)

XX+ 2NV /(6 + 0PV (K + oY)

This is the same formula as given by Sheng and Lewis,”* which will be used for studying the
optimisation of the PTO and the device in the floating OWC converter.

E. Fixed OWC devices with air compressibility

In this section, a case of a fixed OWC is considered. Similar to the convention used above,
the internal water surface motion for power conversion in the fixed OWC can be considered as
the result of the heave motion of the “imaginary piston,” i.e., the heave motion of the water
body. Hence, the dynamic equation can be expressed as

[iwQo9 + by + Bog]ve = fo — Aop. (36)

For the fixed OWC, the flowrate driven by the IWS can be expressed as
Gw = Agvo, (37
which means the positive velocity of the piston heave motion will create a positive flowrate

driven by the IWS.
Combining (12) and (37) yields a chamber pressure as

V
p:hMW(l—mmrﬁ)/CL (38)
7Po

Applying the linear relation (10), we have
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V
Gpro = Aovo (1 — iwk; —0> /Cl- (39)
7Po

Substituting (38) into (36) yields
[i(Qg9 — ki Co/C1) + (o9 + Bog + k1AG/C1)ve = fo. (40)

Again, it can be seen that in the case of a constant PTO damping coefficient k; (see Eq. (10)),
the equivalent damping coefficient is given by k;/Cy, and the effect of air compressibility
increases the spring coefficient.

The solution of Equation (40) can be given as

)

Vo = - : (41)
io(Qog — k3Co/C1) + (boo + Bog + k1A3/C)
The average power can be given from Egs. (38) and (39) as
P = ERe(p X qpm) = §k1A0V9V9 /C] ( )
or
o, /€y
P:E&% (43)

w2(Q99 — k%CQ/Cl)Z + (bgg + Bog +k1Aé/C1)2 .

If air compressibility is not included, the flowrate through the PTO can be simply calculated
as

Gpio = AoVo. (44)
So the chamber pressure is
p = kiAgvy. 45)
The dynamic equation for the OWC wave energy converter is
[i>Qg9 + (bog + Bog + k1A2)|ve = fo. (46)

The solution of Equation (46) can be given as

vo=- b - 7)
iwQgo + (b9 + Bog + k1A3)
The average power is given as
_ ] 2
P=shaAj—— il L (48)
?Q3 + (boo + Bog + k1A3)
To optimise the PTO, we set
oP
— =0 49
o = (49)

which leads to the optimised linear PTO damping coefficient, as



054501-9 W. Sheng and A. Lewis J. Renewable Sustainable Energy 8, 054501 (2016)

1 ;
b= \ 9?03 + (boo + Boo ). (50)

So the capture power under the optimised PTO damping coefficient has a formula as

5 1 Ifol®

Piax = Z . (&28)
byg + Bgy + \/wzQég + (o9 + Boy)’

This is the same formula as given by Sheng and Lewis** for a fixed point absorber.

lll. TIME DOMAIN ANALYSIS
A. Time domain dynamic equation

As it has been shown in Section II, the frequency domain analysis can be only conducted
if the PTO is linear, and this can only be done when a simplification (9) has been used.
Recently, a more comprehensive and realisable process of air compressibility in the air chamber
has been proposed by Sheng er al.*’ in which the hydrodynamics and the thermodynamics are
coupled by employing the air turbine PTOs (linear and nonlinear) in time domain. This
approach applies the conventional “hybrid-frequency/time-domain method,”* but couples the
hydrodynamics and thermodynamics. Below are the coupled time domain equations for a float-
ing OWC device (only both heave motions of the device itself and the water body are used for
power conversion),

[m33 + 6133(00)]X3 (l) -+ JK33(Z — ‘L')X3 (‘C)d‘L’ + B33X3([) -+ C33X3(l) -+ a39(OO)X9(t)
0

+JK39(I — 1)Xo(1)dr + C30Xo(t) = F3(t) + Aop(1)
0 (52)

a93(oo)X3(t) + JK93(I — ‘E)X3(‘L’)d‘[ + C93X3(l) + [ngg + agg(oo)]Xg(t)

0
t

—I-JKgg(l‘ — ‘E)Xg(‘[)d‘[ + ngXg(l) + Cg()Xg(f) = Fg(l) — A()p(l‘)7
0

where as33(00), azg(00), agsz(00), and age(co) are the added masses for the heave motions for the
first and second bodies and their coupling terms at the infinite frequency; K33, Koo and Kos, K39
are the impulse functions for heave motions and their coupling terms; Cs3, Co9 and Cosz, C3o are
the restoring force coefficients and their coupling terms; F3 and Fo: the excitations for the first
and second bodies, X5 and Xo: the heave motions for the first and second bodies; and p(?): the
instantaneous gauge pressure in the air chamber.

The flowrate driven by the IWS is calculated as

(1) = Ap(Xo — X3), (53)
and once the pressure is resolved from the time-domain equation, the flowrate through the PTO
can be calculated either using (8) or (9).

B. Calculation of the memory effects

The memory effects in (52) can be calculated using the modified Prony’s method devel-
oped by Sheng er al.,’® in which a recursive calculation replaces the convolution calculation.
For a completeness, the method is given here.



054501-10 W. Sheng and A. Lewis J. Renewable Sustainable Energy 8, 054501 (2016)

First, the impulse response function can be approximated using an exponential fitting using
the Prony’s function as

N
K(1) ~ Z el (54)
k=1

where N is the order of the exponential function or the order of Prony function, and o; and f5;
are the complex coefficients which can be obtained from the Prony method (the details of the
method can be found in Ref. 37).

The memory effect can then be expressed as

t

1(t) = JK(I —1)X(1)dr = XN: Pt Jt e PX (1)dx. (55)
=1

0
0

The memory effect is calculated from the starting time (t =0) to the present time (t =1).
Let

N
I(t) =Y I(1) (56)
=1
with
I(1) = ockeﬁk’J e P X (1)dx. (57)
0

For the sampled system, a recursive formula is given as

Li(n+ 1) = ()P 4+ X (n) Aoy P12, (58)
C. Linear power take-off (k4)
For a linear PTO governed by Eq. (8), the thermodynamics equation is given by

. V. o p
P+ (pot+p)y 7, o

0. (59)

This is the dynamic equation for the air chamber volume and the chamber pressure forming a
closed dynamic system because of the application of the PTO. If the chamber volume is known
(for example, the internal water surface motion is known), then the chamber pressure can be
resolved for the given PTO, and vice versa.

The air chamber volume is calculated as

V=Vy—Ao(X9 — X3). (60)

This equation is the link between the hydrodynamics and thermodynamics of the OWC
device.

D. Nonlinear power take-off (k)

For an orifice PTO, the general relation of the chamber pressure and the mass flowrate
through the PTO is a parabolic relation, and the mathematical expressions are as follows:
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p=thd,, (61)

where k, is the mass flowrate damping coefficient and = means exhalation and inhalation,
respectively.

Similarly, the combination of the PTO equation and (8) can lead to the thermodynamic
equations as follows:
for exhalation

. V. ypo [p
—+—,/—=0 62
p+(ypo+p)v+v I ) (62)
for inhalation
. V. oo [-p
_ I E_. 63
PHOP+P)y =L (63)

E. Capture power

Once the time domain equations are solved, then the capture power from waves to pneu-
matic power is given by

P(1) = p(t) X qpro(1), (64)

and the average power output is calculated as

P=

~| =

T
JP(t)dt, (65)
0

where T is the time interval for calculating the average power.

IV. CAPTURE POWER IN IRREGULAR WAVES

Real ocean waves are significantly different from those regular waves of unique wave
height and period. When the real ocean waves are referred, they are normally characterised by
the significant wave height (H), a characteristic period (7.), and the corresponding spectrum
shape. The significant wave height is well defined either in frequency domain as

with my being the zero-order of the spectral moment, given with n =0 from the nth-order spec-
tral moment

m, = J Sp(w)o"do, (67)
0

where S,,(w) is the wave spectrum.

In time-domain analysis, Hy3, calculated as the averaged value of the one-third highest
wave heights, is frequently referred as the significant wave height, though these two definitions
may give slightly different results in practical cases.

Relatively, the characteristic period can be one of many definitions, including energy
period (T,), peak spectral period (7)), spectral mean period (Ty;), and zero up-crossing period
(T,), and the choice of a characteristic period to represent the sea state may be subject to the
situation. For example, if the wave energy is the topic, the energy period may be very useful,
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while to define the wave spectrum, the peak period, T,, or the spectrum mean period, Ty, is
frequently used. The above periods may be the most used characteristic periods, and for the
Bretschneider or JONSWAP spectrum, these characteristic periods have the following fixed
relations regardless of the wave height and period:

T, = 0.857T,
To1 = 0.772T, (68)
T. = 0.7107T,,

where the Bretschneider spectrum is defined as

5 o w*
Sy(w) = —w—”Hf exp ( w—”) , (69)

— 2n
where w, = .

P .. . .
The characteristic periods are given as

m_

, To=2n2, T =2m [ (70)
mgo n np

Once the power curve is obtained, then the capture power in irregular waves for a constant
optimised PTO damping coefficient can be calculated (see Sheng and Lewis’®) as

T, =2n

P — QJ PS,(w)do, (71
0

where P is given by Eq. (28) for the case with air compressibility or by Eq. (32) for the case
without air compressibility.
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FIG. 1. A cylindrical OWC wave energy converter (submerged part).
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FIG. 2. Heave RAOs of the structure (X3) and the water body (Xo) and their relative motion RAO (Xo-X3), with additional
damping coefficients: B3z =200 kN s/m and Bgg = 100 kN s/m.

V. EXAMPLES AND ANALYSIS

The studied OWC can be seen in Figure 1, which is a similar OWC studied by Gomes
et al.,’* and further studied by Sheng and Lewis.*” The floating OWC device has a displace-
ment of 3609 m® with the resonance periods of the heave motions of the structure and the water
body in the water column being 9.94 s and 14.35's, respectively (Figure 2), in which the relative
response (Xo—X3) is also given. In the study, the heave motions/responses of both the structure
and the “imaginary piston” have been damped using the additional damping coefficients for the
heave motions (B33 =2 x 10°N's/m and Bgo = 10°N s/m) so that both heave responses have rea-
sonable amplitudes. From the figure, it can be seen that the floating OWC may convert the
energy from waves of periods of 10-14.5s efficiently.

In the OWC device, the air chamber is assumed to have a height of 10 m, which corre-
sponds to the volumetric ratio Vr=1.0. In this study, varying Vr means a change in the air
chamber height (e.g., Vr=0.5 for 5m, Vr=1.5 for 15m, etc.).

250 T T T

200

150
g
-
¥
100
50
0 . . H
5 10 15 20 25
T(s)

FIG. 3. Optimised damping coefficients for the linear PTO (K;) for the floating OWC.
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FIG. 4. Maximal power conversion for the floating OWC for different wave periods.

A. PTO damping optimisations (without air compressibility)

Based on the formula (34), the optimised PTO damping coefficient for the floating OWCs
is given in Figure 3. It can be seen that the overall trends in the optimised damping coefficients
are very similar to those floating absorbers. Generally, for the floating OWC, the optimised
damping coefficient has two local minimums which correspond to the two resonances of the
structure and the IWS, respectively. From Figure 4, it can be seen that the power conversion
has a wide bandwidth and the global maximum of the average power is more than 500 kW.

B. Responses with and without PTO

By applying a constant PTO coefficient to the floating OWC, the heave motions of the
structure (X3) and of the piston (Xo) and their relative motion, i.e., the IWS motion (Xo-X3),
have all been changed. From Figure 5(a), it can be seen that the heave response of the structure
is reduced when the wave period is smaller than 12s, and the largest reduction of the heave
response happens around 10s where the structure resonance is. When the wave period is larger
than 12s, the heave motion is increased due to the fact of the interaction of the structure and
piston. For the piston motion, when the wave period is larger than 13s, the motion response is
reduced, especially a large response reduction happening at 14.35 s where the piston has a reso-
nance in Figure 5(b). When the wave period is smaller than 13s, the piston response is
increased due to the PTO, and also the interaction between the structure and the piston. If the

45 1 =~ without PTO . = without PTO ~ without PTO
4 ' 1 ——with PTO i ——with PTO ——with PTO
| i
i

Xy(mim)
XgX o(mim)
I R S S

Xe(m/m)
- N ® A e N @ o

15 20 25
T

(b) (c)

FIG. 5. Motion responses with and without PTO (K; =23.35Ns/m>). (a) Heave motion responses of the structure; (b)
Heave motion responses of the piston; and (c) IWS motion responses.




054501-15 W. Sheng and A. Lewis J. Renewable Sustainable Energy 8, 054501 (2016)

25} e B —— compressible 2B[ —— compressible
/\ - - -incompressible i ‘ /\ - - -incompressible
i\ ! \
[+ \ : ] \
2 R 2 S - .
| \ N
/ " L]
P Y S . S £ 15 aef
g / E
< / — <’ ‘ ~— N
1 / N 57 < 1 ; B —
/
0 i i i i H ‘
5 10 15 20 25 5 10 15 20 25
T(s) T(s)
(a) (b)

FIG. 6. Response comparison of the structure motions (with and without air compressibility) (a) K; =23.35Ns/m’ (b)

K, =101.15Ns/m°.

relative motion is examined, it can be seen that the IWS motion is reduced for all the wave

periods in Figure 5(c).

C. Dynamic responses and air compressibility

Now, we will examine the effect of the PTO damping coefficients on air compressibility.
As shown in (22), the significant effects of air compressibility maybe the subtractions or addi-
tions in the mass terms in the dynamic equations. From the dynamic equation, it can be seen
that the mass subtractions/additions are generally proportional to the volume of the air chamber,
to the squares of the sectional area of the water column and of the PTO damping coefficient.
For a wave condition of H;=2m and T, = 10s, the optimised damping coefficients can be cal-
culated for the corresponding characteristic periods T, Te, To;, and T, which are actually for
the same sea state in different forms. Based on these periods, the supposed optimised PTO
damping coefficients are 23.35Ns/m5, 52.48Ns/m5, 79.65Ns/m5, and 101.15Ns/m5, respec-
tively, and these “optimised PTO damping coefficients” will be used for further analysis.

To show air compressibility, the smallest and largest damping coefficients are chosen regard-
less of whether they correspond to the maximum of capture power. It can be seen from Figures
6(a), 7(a), and 8(a), for the smallest PTO damping coefficient (K; = 23.35Ns/m5), the responses
of the structure (X3) and the piston (Xo) and the IWS (Xo-X3) are all very similar for the cases
with and without air compressibility, only very small differences can be discerned. For the case
of the largest PTO damping coefficient (K;=101.15N s/m’), the structure (X3) has normally
smaller responses in the compressible case for most wave periods, unless the wave periods are

——compressible
- - -incompressible

- - ~incompressible 2.5k e o\ b
2k
| g 15k 3'
v : f’
Wi 1 -/ :
0.5, . 4 -
0 i 0 = i i
5 10 15 20 25 5 10 15 20 25
T(s) TE)
(a) (b)

FIG. 7. Response comparison of the water body motions (with and without air compressibility) (a) K; =23.35 Ns/m® (b)
K, =101.15Ns/m".
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FIG. 8. Response comparison of the internal water surface motions (with and without air compressibility) (a)
K;=23.35Ns/m’ (b) K; = 101.15N s/m’.

quite small (less than about 9s, see Figure 6(b)). It is also noted that the heave response has a
larger resonance period. For the “piston,” it has larger responses in the compressible case for all
wave periods, see Figure 7(b), and again the resonance period is slightly larger than that in the
incompressible case. As the relative motion of the above heave motions, the ITWS response is
generally larger in the compressible than that in the incompressible case, see Figure 8(b).

A further comment is made to the increased resonance periods for both the structure and
the piston. It must be noted that these two motion modes are interacted with each other, espe-
cially when the PTO is applied. Hence, the subtraction of the added mass in the self-mass term
and the addition of the added mass in the cross-mass term due to air compressibility must be
considered together and the analysis is not so straightforward as that of a single motion mode
in the fixed OWC where the air compressibility simply reduces the overall mass in the dynamic
system. In addition, due to air compressibility, the actual PTO damping coefficient is reduced
(see Eq. (22)). Hence, the interaction between the two bodies can be more complicated in this
regard.
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FIG. 9. A comparison of the flowrates through the PTO (“q_pto” by Eq. (8) and “q_ptol” by Eq. (9)) and the flowrate
driven by the IWS (Eq. (7)). Vr=1.0, Hs=2.0m and 7,=10s, K; =23.35Ns/m’, P_av=67.79kW (floating). (a)
Comparison of flowrates and (b) flowrate and chamber pressure.
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FIG. 10. A comparison of the flowrates through the PTO (“q_pto” by Eq. (8) and “q_ptol” by Eq. (9)) and the flowrate
driven by the IWS (Eq. (7)). Vr=1.0,Hs =2.0m, and T, = 105, K; =52.48 Ns/ms, P_av=280.27 kW (floating).

D. Air flow with air compressibility

In the case of a small PTO damping coefficient, K; =23.35 N's/m’, the flowrate driven by the
IWS and the flowrate through the PTO are very close in Figure 9(a). For a comparison, the flow-
rates calculated by Eq. (8), “q_pto,” and the simplified formula (9), “q_ptol,” are both plotted. For
a comparison, the flowrate driven by the IWS is also given as “q_w.” The closeness of all three
flowrates means a very small air compressibility and a good approximation of the formula (9). In
Figure 9(b), the chamber pressure and the flowrate through the PTO are plotted together to show a
perfect agreement in phase between the chamber pressure and the flowrate through PTO.

With an increased PTO damping coefficient (K; from 23.35 to 52.48 Ns/m’), the power
conversion reaches a maximum. Due to the increased K;, the flowrates reduce when compared
to the case of a small damping coefficient (Figure 10). However, it can be seen that there is a
small phase difference between the flowrate driven by the IWS and the flowrate through the
PTO, which is an indicator of a weak air compressibility, performing like a “spring effect.”
Though Eq. (9) is a simplified form for the air compressibility, its flowrate is very close to that
from Eq. (8).

To examine more air compressibility, we further increase the air chamber volume by 5
times (i.e., Vr=35), as such the air compressibility can be significant (Figure 11(a)) in which
we can see that the flowrate driven by the IWS is very different from those through the PTO

FIG. 11. A comparison of the flowrates through the PTO (“q_pto” by Eq. (8) and “q_ptol” by Eq. (9)) and the flowrate
driven by the IWS (Eq. (7)). Vr=5.0, Hs=2.0m, and 7,=10s, K; =52.48Ns/m’, P_av=65.25kW (floating). (a)
Comparison of flowrates and (b) flowrate and chamber pressure.
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q(m3/s)

FIG. 12. A comparison of the flowrates through the PTO (“q_pto” by Eq. (8) and “q_ptol” by Eq. (9)) and the flowrate
driven by the IWS (Eq. (7)). Vr=5.0,Hs=4.0m and T, = 105, K; =52.48 N s/m>, P_av =261.26kW (floating).
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FIG. 13. A comparison of the flowrates through the PTO (“q_pto” by Eq. (8) and “q_ptol” by Eq. (9)) and the flowrate
driven by the IWS (Eq. (7)). Vr=5.0, Hs=8.0m, and 7, = 10, K; =52.48 N s/m>, P_av = 1049.1 kW (floating).

(“q_pto” and “q_ptol”) in both amplitude and phase. Due to air compressibility, the flowrate
through the PTO is significantly reduced when compared to the flowrate driven by the IWS.
Again, with evident air compressibility, the simplified flowrate formula (9) is still a very good
approximation to the formula (8). In Figure 11(b), the flowrate “q_pto” and the chamber pres-
sure show a perfect phase agreement.

Figures 12 and 13 show the flowrates for the cases of the increased wave heights (Hy =4 m
and H;=8m, respectively, compared to H;=2m in the previous example). In both cases, the
air compressibility can obviously be seen. In the case of H;=4m, the flowrates using Egs. (8)
and (9) are still very close, with small differences at the large peaks and troughs, even in the
case of a very high sea state of H,=8m. Hence, it can be generally concluded that the
Sarmento’s simplification®® is a very good approximation and linearisation.

Another interesting result can be seen in Figure 14. When varying the wave height from
H;=2m to H;=8m whilst keeping all other parameters unchanged, the flowrate through the
PTO is very linear to the wave height: if the flowrate in H;=2m times 4 (wave height

increased 4 times), the flowrates in both cases are almost identical, with small differences dis-
cernible at the peaks and troughs.

E. Chamber pressure and air compressibility

In Figure 15, a comparison has been made for the flowrates for different PTO damping
coefficients and air chamber volumes. For the case of normal air chamber where Vr=1 (i.e.,
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FIG. 14. PTO flowrate scaling-up (T, = 10, K; =52.48 N s/m).
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FIG. 16. T, = 10s, Vr=5.0, and K1 = 52.48 Ns/m”’.

the air chamber height is 10m), with different PTO damping coefficients (K;=23.35 and
52.48 N's/m, respectively), the chamber pressures are generally in phase with each other
(“black line” and “red line”), but have different amplitudes. It should be understandable that a
large damping PTO coefficient means a large blockage of the air flow through the PTO, thus a
higher chamber pressure is created. However, if the air chamber volume is increased from
Vr=1 to Vr=35, then the chamber pressure (“green line”) has a lag in the phase, and also the
pressure amplitude is reduced due to a larger air compressibility.

Figure 16 shows a comparison of the chamber pressures for different wave heights.
Generally, the chamber pressures are in a very good agreement in phase, but the amplitudes are
increased with the increase of the wave heights. Figure 17 shows a comparison of the chamber
pressure for the wave heights of H;=2m and H;=8m, but the pressure for H;=2m is
enlarged by 4. It can be seen that these two pressures are very close, and small differences can
be seen only at the large peaks and troughs.

F. Air compressibility and power conversion

Table I shows the power conversions for the OWC with different air chambers and for dif-
ferent PTO damping coefficients. For a particular wave condition (H;=2m and T),=10s), the
power conversions reach maximum for Vr=1.5 for both PTO damping coefficients. Table II
gives the optimised air turbine damping coefficient and the corresponding capture power for
different air volumes. Again, for air volume ratio Vr= 1.5, maximal capture power is attained
though it is only marginally larger than the case of Vr=1.0.

0 0000000 e==-- Hs=2.0m*4
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=2 300
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FIG. 17. Pressure scaling-up (K; =52. 48 N s/m’).
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TABLE I. Capture power (P_irr, kW) from irregular waves for the floating OWC (Hs =2.0m, Tp=10s).

Vr=0.5 Vr=1.0 Vr=1.5 Vr=2.5 Vr=5.0 Vr=10.0
K, =23.35Ns/m’ 57 67.12 67.15 66.64 62.25 46.63
K, =52.47Ns/m’ 78.51 79.35 79.63 78.30 65.94 36.66

TABLE II. Optimised damping and capture powers for different air volumes (Hs=2.0m, Tp = 10s).

Vr=0.5 Vr=1.0 Vr=15 Vr=25 Vr=5.0 Vr=10.0
K; (Ns/m%) 57.60 62.15 62.28 62.15 40.07 22.53
P_irr (kW) 78.55 79.54 79.94 78.43 66.83 46.62

A further examination is made to the maximal power conversions for the OWC with differ-
ent air chambers. From Figure 18, it can be seen that Vr=1.5 gives best result, but it is very
close to the capture powers for Vr less than 2.5. Further increasing the air chamber volume, the
power conversion will be significantly reduced.

G. Nonlinear PTO and air compressibility

One interesting aspect may be the effects of the nonlinearities of the PTO to air compress-
ibility and power conversion. In the first case, the normal air chamber (Vr=1.0) and the waves
of H;=2.0m and T,,=10s are considered. In the comparison, the optimised damping coeffi-
cients (K, =52.48 N's/m>) and (K, = 1.16 N s*/m®) are both chosen such that the OWC can take
the maximum mean power from waves: 80.19 kW and 80.13 kW, with the ratios of the maxi-
mum instantaneous power and the mean power are 13.23 and 13.98, respectively (linear PTO
and nonlinear PTO). It can be seen that for the optimised damping coefficients, both linear and
nonlinear PTOs provide almost the same power conversion, which is a conclusion made by
Sheng and Lewis.*

In Figure 19, the flowrates driven by the IWS are compared for the linear and nonlinear
PTOs. It can be seen that both flowrates driven by the IWS are very close. However, the flow-
rates passing through the PTOs can be different (see Figure 20). The flowrate through the linear
PTO has larger maximal values in peaks and troughs, and small differences can be discerned
near zero. Corresponding to the different flowrates through the PTOs, the chamber pressures
are different for the linear and nonlinear PTOs (Figure 21). In addition to the larger pressure
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FIG. 18. Power conversions for different air chambers.
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FIG. 19. Flowrates driven by the IWS for linear and nonlinear PTOs: Hs =2m and Tp=10s.
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FIG. 20. Flowrates through PTOs for linear and nonlinear PTOs: Hs =2 m and Tp=10s.

Nonlinear
Linear

-7.5

t(s)

FIG. 21. Chamber pressures for linear and nonlinear PTOs: Hs =2 m and Tp = 10's (floating).

amplitudes for the nonlinear PTO, it also presents the nonlinear transitions around zeros. When
it comes to the power conversion (Figure 22), the nonlinear PTO has a higher maximal capture
power; hence, the ratios of the maximum power and the average power are slightly different
(13.97 vs. 13.23).

When the air chamber volume is increased to 5 times larger (i.e., Vr=35). The flowrates
driven by the IWS are increased significantly (compare Figures 23 and 19), and again, the PTO
type has a small influence on the flowrate driven by the IWS. However, the flowrates passing
through the PTOs are reduced due to air compressibility, and in which the flowrate through the
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FIG. 22. Capture powers for linear and nonlinear PTOs: Hs =2 m and Tp = 105 (floating).
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FIG. 23. Flowrates driven by internal water surfaces.

linear PTO has larger values when the flowrate is large, but smaller when the flowrate is small
when compared to the nonlinear PTO (Figure 24). It is also noted that the flowrate passing
through the nonlinear PTO is no longer linear even though the flowrate driven by the IWS
remains linear.

Due to the air compressibility, the chamber pressures become smoother with the nonlinear
PTO, and there is no significant transitions of the chamber pressure across zeros (it is very sim-
ilar to the chamber pressure with a linear PTO, see Figure 25). Accordingly, the reduced cham-
ber pressure and flowrates through the PTOs lead to reduced capture powers: 65.33 kW for lin-
ear PTO and 63.48 kW for nonlinear PTO (see Figure 26), with the power conversion ratios
11.46 and 10.42, respectively.

VI. AIR COMPRESSIBILITY IN A FIXED OWC

In the section, air compressibility problem will be studied for a fixed OWC device and as a
comparison to the floating OWC. To make a valid comparison to the floating OWC, the draft
of the fixed OWC is reduced to 20.50 m (Figure 27) so that the resonance period of the internal
water surface is reduced to 10s, similar to the lower resonance period of the IWS in the float-
ing OWC. For studying the fixed OWC, the shortened device can simply be taken as a fixed
structure. For power conversion, the passing wave excites the internal water surface IWS) to
move up and down which can be used to drive an air flow in the air chamber, and thus a cham-
ber pressure at the presence of a PTO.
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FIG. 24. Flowrates through the linear and nonlinear PTOs: Hs =2m and Tp=10s.
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FIG. 25. Chamber pressures for linear and nonlinear PTOs: Hs =2 m and Tp = 10 (fixed).
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FIG. 26. Capture powers for linear and nonlinear PTOs: Hs =2 m and Tp = 10s (fixed).

The TWS responses can be seen in Figure 28, where a comparison of the responses of the
IWS motions with and without additional damping is done. The additional damping reduces the
response of the IWS motion so to make it reasonable in amplitude (Bgg =40 kN/(m/s)).

As shown in Eq. (40), for a fixed OWC, the air compressibility induces an increase in the
spring coefficient for the internal water surface motion, and the IWS resonance period will be
reduced accordingly (see Figures 29-32) (for all the cases, the PTO damping has been set as
K; =28.04 kN/(m/s)). This is different from those in the floating OWC, where the combined
IWS motion can have a longer resonance period (see Figure 8(b)) due to the interactions
between the device and the water body.

Similar to the floating OWC, the air compressibility has increased with the increase of vol-
umetric ratio. For a large volumetric ratio of 5.0, the significant difference of the responses can
be seen for the cases with and without air compressibility.

The effects of the air compressibility on the maximal capture power in irregular waves are
shown in Figure 32. For longer waves (Tp > 10s), air compressibility reduces the power captured
from the irregular waves, and the larger the air compressibility, the larger reduction can be seen.
However, it can also show a small increase for the short waves in the cases of small air com-
pressibility, and this can be understood as the result of the reduced resonance periods due to air
compressibility. For the cases of very larger air compressibility, through the reduced resonance
periods, the capture power is decreased due to the large air compressibility. This is again differ-
ent from those in the floating OWC, where small air compressibility may increase the power con-
version for all wave periods though the increase may only be marginal (see Figure 18).
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FIG. 27. Fixed OWC with a draft being adjusted to have a resonance period Tp = 10's, corresponding to the low resonance
period of the floating OWC.
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FIG. 28. Heave responses of water body in the fixed OWC with and without additional damping coefficients.
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FIG. 29. Heave response comparison of the water body with and without air compressibility: Vr=1.0.
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FIG. 30. Heave response comparison of the water body with and without air compressibility: Vr=2.5.
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FIG. 31. Heave response comparison of the water body with and without air compressibility: Vr=5.0.
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FIG. 32. Maximal capture power for different air volumes.

VIl. CONCLUSIONS

The research work has been focused on the performance and power capture of the OWC
wave energy converters, including the effect of air compressibility. From the development and
the analysis, the following conclusions can be drawn:

— The formula for studying air compressibility for the OWC wave energy converters has been for-
mulated in the frequency domain, and from which, air compressibility in the air chamber has
been shown to contribute to both the increase of the self-spring term and decrease in the cou-
pling spring term for the floating OWC, and for the fixed OWC, air compressibility invariably
increases the spring coefficient for the water body.

— Due to air compressibility, the actual PTO damping coefficient is reduced due to air compress-
ibility, and it is frequency-dependent even if a constant PTO damping coefficient is given.

— Small air compressibility may be good for marginally improving the OWC wave energy conver-
sion performance, but large air compressibility may lead to significant reductions in the wave
energy conversion for the floating OWC.

— For the fixed OWC, air compressibility will reduce the power conversion for long waves, and
the reduction increases with the increase of air compressibility. However, small air compress-
ibility may increase the capture power for short waves.
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— The simplified PTO flowrate calculation made by Sarmento et al.*® is a very good approxima-
tion in practical OWC devices, unless the wave heights become very large.

— Due to the existence of large air compressibility in the OWC air chamber, the chamber pressure
with a nonlinear PTO may become smoother (i.e., more linear), whilst the flowrate through the
PTO becomes nonlinear with transitions near the zeros.

— Regardless of the PTO types (linear or nonlinear) and of air compressibility, the flowrate driven
by the IWS is generally linear.
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