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Abstract

Oscillating water column (OWC) systems are commonly used as wave energy converters. Such a system consists of an air chamber
with a seawater inlet and an air discharger. If seawater moves as a result of the vertical motion of external waves, then the seawater
within the OWC moves as well. This movement within the system generates air pressure, which produces power with which to turn the
Wells turbine in the air discharge port. OWC systems must be designed in consideration of vibration because waves possess basic oscilla-
tion properties. In this research, the efficiency characteristics of OWC systems combined with breakwaters are studied by applying a
vibration model. Factors affecting the energy conversion rate of OWC include the volume of air in the air chamber, pressure, and wave
period. In this study, changes in the energy absorption efficiency of OWC are measured according to the area ratio between the air dis-
charger and the air chamber, as well as on the basis of air chamber length. Simulations are performed with varying design parameters,
such as internal wave, air pressure, and energy, according to changes in external waves. In addition, wave period properties are modified
according to the surroundings of the sea in which the OWC system is installed. Variations in these period properties affect energy con-
version efficiency. Therefore, changes in energy absorption efficiency due to the wave period are simulated in this study to design an

OWC system with high absorption efficiency in view of the characteristic of wave periods in Korea.
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1. Introduction

Interest in renewable energy is currently increasing as a re-
sult of environmental issues and high oil prices. Wave power
conversion systems are advantageous over their counterparts
in that the former can reserve significant amounts of energy
and can be designed for small-scale purposes. However, wave
power conversions suffer from wave irregularity and low en-
ergy efficiency. Nevertheless, studies on the practical use of
wave power conversion systems have indicated that the over-
seas market of wave power generation is established gradually
[1]. In particular, hybrid conversion systems for wave power
that are coupled with breakwaters can be applied as breakwa-
ters and are durable in long-term use. Among the many exist-
ing wave energy converters, oscillating water columns

(OWCs) are ideal for application to coasts, especially in Korea.

Three sides of this country are surrounded by sea; thus, wave
energy is considered an excellent renewable energy source for
Korea.

Wave characteristics must be analyzed to determine the en-
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ergy absorption efficiency of OWC. For instance, McCormick
(1981) and Dean (1991) [2, 3] conducted mechanical analyses
of waves in their studies. Analytical methods for wave energy
converters vary from a simple mass-damping-spring model to
computational fluid dynamics model [4, 5]. The design pa-
rameters for chamber size and the seawater inlet section are
also studied given that these factors influence absorption effi-
ciency. Moreover, air damping on OWC is studied as a factor
that influences absorption efficiency. The efficiencies of these
design parameters differ depending on the characteristics of
waves [6]; thus, the energy efficiency of OWC is investigated
in specific sea areas as well [7].

The current study aims to develop a mathematical model to
determine the effects of design parameters on the absorption
efficiency of a simply designed OWC with a Wells turbine.
When seawater motion is induced, the seawater in the OWC
moves vertically and air pressure changes. This scenario pro-
duces the power with which to turn the Wells turbine in the air
discharge port. Then, the tendencies in energy absorption effi-
ciency are studied on the basis of changes in the design pa-
rameters. Moreover, the basis of the mass-damping-system
model is analyzed in this study. The design of wave power
conversion systems is also examined to increase the energy
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Fig. 1. Schematic of the wave conversion system.

absorption rate of such systems. Assuming that wave power
conversion systems are represented by a vibration model, the
model is simulated under several area ratios and air chamber

lengths.

2. Modeling of the OWC wave power system

Wave power conversion systems are developed in various
forms. In this study, however, the OWC system alone is de-
signed and simulated for application to offshore facilities. This
research focuses on the energy conversion efficiency of wave
power conversion systems according to the area ratio between
the cross-section area of OWC, the area of the air discharger,
and OWC length. Fig. 1 presents the schematic of the wave
conversion system.

Wave power conversion systems consist of a seawater inlet,
OWC, and an air discharger at which the Wells turbine is in-
stalled. The hydrostatic pressure generated by external waves
exerts a hydrodynamic force on the seawater inlet and induces
a reciprocating motion within OWC. This motion facilitates
airflow in the air discharger according to the difference in air
pressure, and this airflow turns the Wells turbine. This turbine
is a widely installed and commonly used wave power con-
verter in OWC; it rotates in only one direction because of its
wings, which are installed at 90° in the axial direction of the
turbine. Meanwhile, the energy generated by wave power is
strongly affected by the internal energy in the OWC system
and turbine efficiency.

wrbine =11 Py » ()
where P, is the quantity of energy generated by the waves
within the conversion system and # is a factor of energy con-
version efficiency in the turbine. Given the system presented
in Fig. 1, the vibration model system and the factors that affect
it are illustrated in Fig. 2. In this study, energy losses in the
inlet and the turbine are not taken into account.

The force that acts at sea level can presumably be repre-
sented by a rigid plate within the OWC. Mass changes de-
pending on seawater flow rate. Suppose that the fluid force is

(a) (©)

Fig. 2. Vibration model of the wave conversion system.

excitation force, that the air pressure caused by a decrease in
the air discharger denotes damping, and that hydrostatic pres-
sure corresponds to rigidity, the movement of the wave within
OWC can be expressed as follows [4]:

d2h dh
H—+B —+K h=f(1), 2
)~ Bk K b= f () @

where m(t) is the mass of seawater, which changes depending
on inflow and outflow. Thus, the mass of the vibration model
varies. The model can be expressed as Eq. (3) by applying
Bernoulli equation.

m(t) =m, + p4,(h, —h,,) 3)

where m, is the mass of the seawater in the OWC without
vibration; v is the specific volume of seawater; p is the den-
sity; g is the gravitational constant; 4/ is the difference in the
height of the seawater within and outside of the OWC; and 4,
is the cross-sectional area of the OWC chamber.

B, is the air damping caused by pressure drop due to the
change in the area between OWC and the air discharger. This
variable can be determined using Eq. (4) [8].

Q=V-Awhere 4p is the air pressure change within the
OWC,; A, is the area of the air discharger; and V, is the air
velocity in the air discharger. The area and velocity of each
section are indicated in Fig. 3 supposing that 4 is the seawater
inlet, B is the cross section of OWC chamber, and C is the air
discharger. Each part can be designed for other areas, and the
change in area is expected to affect the variation in fluid ve-
locity from.

The pressure drop in the air chamber can be expressed using
the following equations [9, 10]:

_rp
Ap _—d—hi(t) xh (1), 5)
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Fig. 3. Area and velocity of each section of the wave power conversion
system.
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where y is the specific heat ratio; p; is air pressure in the air
chamber; d is OWC length; ;) is the wave height over time;
and V, is the wave velocity within the OWC.

Kw:p'g'Aba (7)
1

fO=5pC V20 4, ®)

K, is the restoring coefficient attributed to hydrostatic pres-

sure and f{?) is the excitation force generated by external
waves [11].

®,=0,/1-22 . O]

C= Ap- A, . (10)
2.V.[(p- g 4)(my+p- 4, Ah)

o, is the frequency response. Eq. (10) is derived from Eqs.
(3), (4), and (7). Therefore, the frequency response increases
when air damping is reduced.

3. Simulation

Design parameters affect the energy absorption efficiency
of OWC; hence, the thickness of the seawater inlet and the
number of chambers have been examined [12, 13]. OWC
efficiency and air pressure in the chamber have been studied
recently as well [14]. In the present study, I aim to simulate
the following design parameters: the ratio of the cross-
sectional area and the length of the chamber based on the con-
cept of the mass-damping-spring model.

Given the aforementioned mathematical model, changes in
the efficiency of the wave power conversion system can be
determined according to the area of the air discharger and
OWC length. 4, and A,, which are the internal cross-sectional
area of the OWC and the cross-sectional area of the seawater

Table 1. Simulation conditions (1) .

Parameter Values
Incident wave height (m) 0.13
Wave period (sec) 8
Depth of water (m) 1.7
Width (m) 1.3
3
Height of OWC (m) 4
5
Area of water inlet (m?) 0.65
Area ratio 0.05
J
5=
a d
17

< >

! 2

Fig. 4. Size of the simulation model.

inlet, respectively, are presumed to be equal to eliminate loss
as a result of the change in cross-sectional area and to main-
tain constant inflow energy.

The process of altering the energy and height of an internal
wave in accordance with OWC length, the area ratio of the air
discharger, and the cross section of the OWC is essential in
the analysis of physical problems. The size of the wave power
conversion system for simulation is presented in Fig. 4.

3.1 Output change in accordance with OWC length

Three conditions are considered in studying the output
change that corresponds to OWC length. The simulation dura-
tion is 30 seconds, and the other simulation conditions are
indicated in Table 1.

The conditions are configured as follows. Case 1: d = 3;
case 2: d = 4; and case 3: d = 5. The other conditions are con-
stant. Fig. 5 illustrates the change in OWC wave height in
response to the proposed scenario. 2 = () corresponds to 1.7 m,
which is the height of water without input.
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Table 2. Maximum wave height, average wave height, and center of

oscillation in each case.

Case 1 Case 2 Case 3
Max 0.292 0.297 0.300
Mean 0.105 0.106 0.108
Center of oscillation -0.072 —0.071 -0.070
0.3 : 5 . ‘
——— OWC height = 3
M FEXEY OWC height = 4
02r - = = OWC height = 5|

Height

0 5 10 15 20 25 30
time

Fig. 5. Change in the internal wave height of OWC in accordance with
the conditions of OWC length.
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Fig. 6. Change in the internal wave output of OWC in accordance with
the conditions of length of OWC.

The amplitude of an internal wave broadens as OWC length
increases. Internal waves vibrate more at a lower level than
the outside surface of the seawater does as a result of the
damping force generated by air [10].

Moreover, the amplitude of the internal wave corresponds
to an increase in internal wave energy as a result. Fig. 6 is a
time-based graph of the output, which is absorbed by the wave
conversion system. Table 3 illustrates the maximum and aver-
age outputs.

The difference in the output of the internal wave increases
with the difference in internal wave height depending on
OWC height. Therefore, the longer the OWC is, the more
energy is absorbed because a considerable amount of this en-
ergy can be stored as potential energy [10]. As a result, power

Table 3. Maximum and average outputs of each case.

Case 1 Case 2 Case 3
Max 107.34 110.81 113.05
Mean 2221 22.84 23.42
Table 4. Simulation conditions (2).
Parameter Values
Incident wave height (m) 0.13
Wave period (sec) 8
Depth of water (m) 1.7
Width (m) 1.3
Height of OWC (m) 5
Area of water inlet (m?) 0.65
0.1
Area ratio 0.05
0.01
. LA ; ; g :
OWC height = 3
221 =2 oW naight=

Pressure Drop
s -
) [

141

1.2f

(1] 5 10 15
time

Fig. 7. Change in the air damping of OWC in accordance with the
condition of OWC length.

efficiency increases when air damping decreases. Fig. 7 illus-
trates a change in air damping. When the volume of the air
chamber increases, the values of air damping and the differ-
ence in damping decrease.

3.2 Output change due to the area ratio of the air discharger

Three conditions are considered in examining the output
change corresponding to the area ratio of the air discharger.
Simulation duration is 30 seconds, and the other simulation
conditions are detailed in Table 4.

Conditions are configured as follows. Case A: 4. =0.1; case
B: 4. =0.05; and case 3: 4. = 0.01. The other conditions are
constant. Fig. 8 is a time-based graph that indicates internal
wave height.

The waves in the OWC are highest in case B. On the basis
of this simulation result, the height of the internal wave in-
creases as the area ratio decreases. In fact, this height is
maximized at approximately 4./4, = 0.05 before decreasing
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Fig. 8. Change in the internal wave height of OWC in accordance with
the condition of OWC area ratio.
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Fig. 9. Change in the internal wave output of OWC in accordance with
the condition of OWC area ratio.
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Fig. 10. Change in the air damping of OWC in accordance with the
condition of OWC area ratio.

again. This trend is similar to that of wave energy in OWC.

Fig. 9 depicts a graph showing the change in wave energy
over time. Case B generates maximum output. The change in
air discharger area affects air damping in OWC, thus produc-
ing the output presented in the figure. Fig. 10 reveals the simu-
lation result of air damping over time, whereas Table 5 lists
the average, maximum, and minimum values of the graph.

As indicated in Fig. 10 and Table 5, the area ratio of the air

Table 5. Maximum, minimum, and mean air damping of each case.

NS

0.18

SN

N

Case A Case B Case C
Max 684.5 148.3 3233
Min 29 70.0 282.0
Mean 125.1 84.6 301.4
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Fig. 11. Average and maximum internal wave heights corresponding to
area ratio (with a wave period of eight seconds).
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Fig. 12. Average, maximum, and minimum air damping in OWC with
respect to area ratio (given a wave period of eight seconds).

charger decreases as the difference in air damping increases.
The difference in air damping is significant in case C; thus, the
average value of air damping in this case is greater than that in
case B.

4. Analysis of the results

Fig. 11 presents the simulation result that examines how in-
ternal wave height can be altered at close to an area ratio of
0.06. With the exception of area ratio, the other simulation
conditions are consistent with those shown in Table 3.

The average and maximum values peak when area ratio is
4%. Fig. 12 exhibits a graph illustrating air damping in accor-
dance with area ratio.

When area ratio decreases, the minimum air damping de-
creases as well. However, the difference between minimum
and maximum air damping increases suddenly by less than
0.05. Energy conversion influences both average air pressure
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Fig. 13. Average and maximum output in OWC in accordance with
area ratio (given a wave period of eight seconds).
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Fig. 14. Average output of each different area ratio due to changes in
wave period.

and the difference in air pressure; thus, the conversion is more
significant at an air ratio of 0.04 than at an air ratio of 0.03 [8].
Fig. 13 displays a graph showing the output of absorption
wave energy in accordance with area ratio.

The graph in Fig. 13 is similar in form to that in Fig. 11.
That is, maximum output is also observed at an area ratio of
0.04. The output in OWC affects external wave period as well;
therefore, the absorbed energy is related to wave period. The
simulated target area ratio is a value between 0.01 and 0.15,
and this value results in high output.

Fig. 14 depicts a graph indicating the average output ac-
cording to area ratio and wave period. This graph also indi-
cates the trend of output according to a wave period of 2—8
seconds and area ratio of 0.01-0.15. Energy is maximized in
terms of wave period at the area ratio range of 0.04-0.08
given a wave period of 4 seconds. In Table 6, the maximum
values of OWC internal energy are marked in blue. The dif-
ference in the output attributed to area ratio can increase sig-
nificantly from 14% (at a wave period of 8 seconds) to 33%
(at a wave period of 4 seconds). The variation in output is
determined as per a comparison of maximum output with
minimum output. This comparison is highlighted by the fol-
lowing formula:

Maximum and average outputs change irregularly when the
wave period is between two and seven seconds. However,

output is reduced when the wave period exceeds seven seconds.

Fig. 15 shows the graph indicating the maximum and mini-

Table 6. Average output of each different area ratio due to changes in
wave period.

Area ratio
0.03 | 0.04 | 0.05 0.06 0.07 0.08 | 0.09
2| 53.70 | 58.09 | 59.57 | 59.22 57.56 | 5495 | 51.67
3] 21.74 | 22,58 | 22.32 | 21.56 20.71 19.94 | 19.27
§ 4| 76.58 | 91.55 | 99.63 | 102.14 | 100.55 | 95.94 | 89.10
% 5| 22.68 | 21.88 | 21.77 | 21.78 21.84 | 2194 | 22.13
é' 6| 48.78 | 56.04 | 6042 | 61.80 60.42 | 56.90 | 52.13
7| 33.92 | 3445 | 3432 | 33.71 3291 | 32.08 | 31.29
8] 23.05 | 23.54 | 2342 | 2292 2233 | 21.84 | 21.50
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Fig. 15. Maximum outputs, minimum outputs, and average outputs
corresponding to wave periods (including all area ratios).

mum outputs, as well as the mean outputs.

P —P.
A ) = max min . 11
Marea == g0 (11)

Given that the significant wave period of Korea lasts for
eight seconds, an area ratio of 0.04 is expected to be appropri-
ate for the installation of an OWC system in Korea. Neverthe-
less, the characteristics of sea areas in Korea should be investi-
gated for designing an optimized wave conversion system [15].

5. Conclusions

In this study, the wave conversion system that includes
OWC is presumably represented by a vibration model. This
system is simulated based on OWC length and the area ratio
of the air discharger. First, internal wave energy increases as
OWC length increases because the air volume can prevent an
increase in energy. Second, the output of OWC is highest at an
area ratio of 0.06. Thus, the average ratio of energy absorption
is obtained when the wave period is between two and eight
seconds.

The area ratio of maximum energy absorption efficiency
varies slightly depending on wave period. Therefore, the char-
acteristics of wave design location are crucial to OWC design.
Nonetheless, the area ratio of 0.04 is more appropriate for the
installation of wave conversion systems in the sea areas of
Korea because the average specific wave period in this coun-
try is usually eight seconds long.
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Nomenclature

Aa : Area of Section A (m?)
Ay : Area of Section B (m?)
A, : Area of Section C (m?)

B, : Air damping (kg/s)

Cy : Coefficient of resistance that depends on Reynolds number
D : Length of OWC (m)

F : Excitation force (force of external wave, kg - m/s?)

h; : Wave height of OWC (m)

h, : Wave height of external wave (m)

K, : Rigidity (hydrostatic pressure, kg/s%)

M

: Mass of water in OWC (kg)
my : Initial mass of water in OWC (kg)
Pypine : Output of turbine (kg - m/s’)

Powe : Output of internal wave of OWC (kg - m?/s°)

Pua : Maximum output (kgm®/s”)

P,  :Minimum output (kg - m%/s’)

Ap : Pressure drop (kgf/cm?)

v : Velocity of sea surface in OWC at Section B (m/s)

V., : Velocity of air at Section C (m/s)

H : Conversion efficiency of turbine
Angea : Difference of output efficiency

N : Specific volume of seawater (m’/kg)
y : Specific heat ratio
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