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ABSTRACT

Converting the ocean wave energy into electric power is
one possibility of the development of aternative and non-
polluting sources of energy. Many researches concerning
converters and their converting efficiency of wave power were
developed and discussed in the last years. However, con-
verting wave energy into electric power does not only depend
upon converting system but condition of sea state essentially.
A cam sea state with lower wave energy is difficult to drive
converting device working and is unable to satisfy the mini-
mum economical requirement. Unfortunately, wave heights
in the sea state around Taiwan are mostly too smaller to extract
the wave energy except winter and typhoon. In this study,
a crescent type shoal was created for concentrating wave
energy and enhancing energy density. The new submerged
artificial topography is constructed as convex topography at
seaside with increasing slope to the crest line and decreasing
slope to the concave shape topography at landside. A series
of hydraulic model tests in a wave basin about the trans-
formations and deformations of regular long crested waves
over this type shoal had been accomplished in order to
evaluate its efficiency on collecting wave energy. The re-
sults show the crescent type shoa can concentrate wave
energy and enlarge energy density behind the shoal, and all
the experimental results indicate wave energy ratio above
8 times of the incident wave energy can be obtained for
incoming wave passing through the shoal, especialy for the
case of wave period T = 1.5 sec this ratio reaches to 14 times.

. INTRODUCTION

When planning awave power plant at a site, the efficiency,
sustainability and stability of wave energy are always the
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major concerns in the feasibility study. Wave heights, wave
periods and the demand of electricity in different season were
evaluated. For most coastal area around Taiwan, the ocean
waves can be roughly classified into three seasons. summer
monsoon wind season (mostly southwest winds), winter
monsoon wind season (mostly northeast winds) and typhoon
wind season. Except for the extreme wave heights during
typhoon season intrusions, only the winter monsoon season
fits the goal that the wave height is higher than 5 meters, and
wave heights are mostly below 1 meter in other dayswhich is
not good for the wave energy extraction. The demand of
eectricity in Taiwan, however, on the other hand encounters
its highest requirement in the summer season. This means
that the period of supply of wave energy and the period of
demand of electricity areinconsistent. How to concentrate the
wave energy in the moderate wave season becomes a major
topic in the use of wave energy in Taiwan.

From the wave theories, the dynamic energy of a wave
is proportiona to the square of the wave height and to
the wave period of the motion. The wave energy is usually

expressed as E=ng2L/8, the wave energy flux is writ-
ten as E=E/L = pgH”/8 and the wave power is P=EC,,

where p is water density, g is the gravitational acceleration,
H is the wave height, L is the wave length, and C, is the
group velocity of the wave. Some parameters were also pro-
posed to evauate the potential wave energy, for example,
by referring to the sea state parameter records from the Co-
quille River CDIP 0037 buoy, EPSI [6] defined an estimation
of the incident wave power J which equals to the wave energy

flux across a vertical plane (in kW/m), i.e. J =0.42H2T,,

where the multiplier 0.42 in the above equation is exact for
any sea state that is well represented by a two-parameter
Bretschneider spectrum, but could range from 0.3 to 0.5, de-
pending on the relative amounts of energy in sea and swell
components and the exact shape of the wave spectrum, Hg
is the significant wave height (in m) and Tr is the peak wave
period (in sec).

In the nearshore zone, enhancing wave energy density and
concentrating wave energy can be obtained from waves
shoaling, refraction and diffraction on some specific topog-
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raphy, but the specific topography may also result in dissipa-
tion of energy due to the frictional loss of seabed bottom and
wave breaking. This study is aimed at creating a submerged
artificial topography which can concentrate the nearshore
wave energy and enlarge the wave height behind the struc-
ture for the purpose of effective extraction of wave energy.

For studies on wave behavior around a submerged shoal,
several researches have worked on acircular and elliptic shoal,
such as Berkhoff et al. [1, 2] who first derived a 2D elliptic
type mild dope equation from the linear wave theory to ana-
lyze the wave refraction/diffraction problem, and they also
simulated the wave field numerically around an €elliptic shoal
with major axis of 8 m and minor axis of 6 m seated on a 1/50
slope bhottom to evaluate the refraction and diffraction of
linear long crested waves behind the shoal, and proved the
waves can concentrate behind the shoal. The results also were
compared with hydraulic model test results with good con-
sistency. Kirby and Darymple [11] simulated the weak
non-linear/linear waves passing through an elliptic shoa nu-
merically using the parabolic type mild slope equation, and
they also compared the numerical results with experimental
data from the hydraulic model test. Ebersole [4] numerically
simulated the deformation of linear waves passing through
a semi-circular shoal or an elliptic shoal by using the finite
difference method, the results were compared with hydraulic
model test results. And the final result in this literature had
been applied in practice at Oregon Inlet, North Carolina,
USA. Panchang et al. [15] have solved the wave refrac-
tion-diffraction problem around a circular shoal seated on
constant water depth sea bottom and on constant slope sea
bottom using the mild slope equation. Hsu et al. [6] used the
eliptic mild slope equation and finite element method to
simulate wave refraction, diffraction and reflection problem.
All these studies, however, focused on wave refraction and
diffraction problem around a shoa and the development of
numerical technique, and some of them do not consider the
wave reflection or wave nonlinearity phenomena.

By using the hydraulic mode tests of wave refraction/
diffraction of regular/irregular waves around an elliptic shoal
with mgjor axis of 8 m and minor axis of 6m seated on a
1/40 slope bottom, and taking the overall wave field meas-
urements, Wu [16] and Huang [7] discussed the variations of
wave energy around the shoal. The shoa was found can
gathering the wave energy into a small region behind the
shoal. In stead of acircular/elliptic shoal, this study will fur-
ther study the distribution of wave energy due to the wave
shoaling, refraction and diffraction around a crescent shoal.

For the studies about the wave energy gathering function of
a crescent structure, only a few researches were presented.
Kudo et al. [12, 13] evaluated the wave energy gathering
function of a submerged convex topography or a submerged
horizontal crescent plate via hydraulic model tests and nu-
merical simulations with boundary element method. The
results showed that the wave energy can be piled up behind
the structures. The values of experimental results are found

1
]

Fig. 1. “Jiao”, adevice used in the Chinese divination.

to be greater than numerical results which might be induced
by the wave shoaling, nonlinear wave interaction and wave
breaking effects. Imai et al. [8-10] focused their studies on
wave gathering effect of a submerged horizontal crescent
plate. The wave forces above and under the horizontal plate
were firstly observed, and an incline plate was deployed
behind the plate to observe the wave amplification. The
results showed that the installation of submerged horizontal
crescent plate can increase the efficiency of wave power
gathering device. Other tests were also done by dividing the
floating plate into several parts anchored with tension cable.
The wave gathering efficiency and influences of cable ten-
sion force on wave heights were evaluated and confirmed.
Mei [14] analyzed an array of small buoys in well-separated
rows parallel to a coast, and compared its efficiency with that
of alarge buoy of equal volume.

Following the concepts and the experiences from previous
studies, this study designed a new type of submerged cres-
cent shoal by referring to the Chinese traditional divination
tool “Jiao” as shown in Fig. 1. The shoal has crescent shape
in horizontal projection with convex side facing to offshore
which is composed by two dliptic curves, the crest line of
the shoal is form by a circle horizontally and a parabolic
curve vertically to create its contour. With this topography,
the transformation of water waves passing through the sub-
merged shoal is assumed to act similarly as the rays of light
passing through a convex mirror which may produce the
light focusing effect. This study evaluated the wave concen-
tration effects around such topography induced by regular
waves via hydraulic model tests, under the condition of
non-breaking of the waves. The wave height distributions and
their directional spreading were measured and evaluated.

In the following paragraphs, the experimental setup and
the facilities of the hydraulic model tests will be firstly in-
troduced. The analyses and evaluation of the experimental
results then will be followed.

I1.LAYOUT OF NEW CRESCENT
TYPE SHOAL

The horizontal projection of the new crescent shoa is
formed by the intersection of two elliptic curves with different
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(a) x-y plane
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(b) z-x plane

Elliptic Circle Radius
C, R,=6.19m,R,=3.5m
C, R.=5m,R,=5m
C; R.=456m,R,=8m
(O R:,=433m,R.=04m

Fig. 2. Geometrical composition of the crescent shoal.

axes. Asshown in Fig. 2, the radius of mgjor axis (R,) and
minor axis (R) are 8 m and 4.56 m, respectively, for outer
curve, and 6.19 m and 3.5 m, respectively, for inner curves.
The curve of crest line of the shoal is created by a circular
curve with 5 mradius. Three curves are designed to have the
same center point, and intersect at the same two end poaints.
The angle spanned by two lines formed from these points (one
line connects the center and one of the intersection end point
and the other line connects the center and the other intersec-
tion end point) is 120 degrees. The shoal is designed with
its convex side facing to the offshore. Fig. 3 shows the con-
tours and 3D view of the crescent shoal. The elevation of
the crest line is generated by an dliptic curve with radius of
major axis (R, is 4.33 m and radius of minor axis (R,) is
0.4 m, the highest elevation of the shoal is thus 0.4 m at the
middle of the crest line. The topography of the front side
changes smoothly and mildly, but the topography of the
rare side changes steeply and rapidly. The highest point of
the shoal appears at the middle of the crest line and then the
crest line declines to the two ends. Due to the shoaling, re-
fraction, diffraction effects, when the waves passing through
the shoal, shoaling effect enlarges the wave heights and the
refraction and diffraction effects changes the wave propaga-
tion directions toward the focal point of the curves. Such
phenomenon might concentrate and enlarge the wave energy
at a specific location behind the shoal, and cause the wave
energy become useful.

1. EXPERIMENTAL SETUP

The experiments were carried out at the wave basin in
the Ocean Engineering Laboratory of the Department of
Harbor and River Engineering, National Taiwan Ocean Uni-
versity. The basinis 50 m long and 50 m wide, and equipped

Back Side

Front Side
(a) Contours

(b) 3-D view

Fig. 3. Contoursand 3-D view of the crescent shoal.

k_ 10.4 m—1 Directional Wave G enerator r—ll,é m—i

28 m x 3 m

Wave Absorber 1:5

Fig. 4. Layout of the hydraulic experiments.

with a 28 m wide directional irregular wave generator with
56 sets of wave paddles. The crescent shoal model was allo-
cated 18 m away from the center line of the wave generator
with an oblique angle of 15 degrees, as shown in Fig. 4. The
testing water depth is 0.5 m deep which means the shoal is
submerged 0.1 m below the free surface. Except for measur-
ing the variations of water elevations by capacitance wave
gauges with 0.4 m interval between each two adjacent testing
points, Fig. 5 shows the deployment of testing points and the
seven star array wave gauge systems were also deployed
to measure the directional characteristics of waves on and
behind the shoal. Fig. 6 shows the layout of a start array, and
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Table 1. Wave conditionsfor normal incident regular wave

tests.
Wave Period, T (sec) 1.25 1.50 175
Wave height, H (cm) 240 210 207
Wave Length, L (m) 2.18 2.83 3.45

(a) Layout of star array system

(b) Deployment of star array stations

Fig. 6. Measurement of wave directional spreading.

the locations of the seven star arrays of the wave stations. All
the experiments were carried out under the circumstance of
non-breaking waves.

Table 1 shows the incident wave conditions, wave periods,
wave heights and wave lengths at 0.5 m water depth. The
experimental results discussed in this paper are categorized
into the normal incident wave conditions (i.e. 6, = 0°). In
order to keep the waves non-breaking in any place around the
shoal, the wave heights were sel ected between 2 cm and 3 cm.
Each wave condition wastested with 5 cycles. Thetime series
of water elevation at each node was analyzed by zero-up-
crossing method to find their representative wave height and
period, and by the fast Fourier transform (FFT) to find the
spectrum. The time series of four wave gauges in each star

5-432-1012345

Iy
S5432-1012345
X (m) X (m)

(a) T=1.25 sec (b) T=1.5sec (c) T=1.75 sec

Fig. 7. Non-dimensional wave height distribution around the shoal (6, =
0°).

array was analyzed by the theory proposed by Borgman et
al. [3] in 1969 to find the directional spreading of the wave
energy, i.e. the directional spectrum at each star array station.

IV.EXPERIMENTAL RESULTS

Fig. 7 showsthe non-dimensional wave height distributions
around the shoal with respect to the incident wave height for
normal incident wave (6, = 0°) with the wave periods of 1.25
sec, 1.5 sec and 1.75 sec respectively. Wave height concen-
tration effects can be found behind the shoal. Following the
incident wave direction, the non-dimensional wave height at
acertain region is greater than 2.0, and two branches at each
side of the center line have wave heights greater than 1.0. The
results show that the crescent shoal can concentrate and
enlarge the wave energy at some specific location. When
observing the results of different wave period, for the long
period waves the wave energy is enhanced by the shoal earlier
than that for the short period waves following the strength of
wave shoaling, refraction and diffraction effects. The high-
est wave energy pile-up occurs between the top of the crest
line of the shoal and the center point. Due to the superpose-
tion of refraction waves and diffractions with different direc-
tions and phases, the wave heights behind the shoal become
alternatively higher and lower than incident wave height, and
the non-linearity effect becomes strong.

Fig. 8 shows the variations of water elevation of incident
waves (dotted line, T = 1.5 sec, located at Y4 position as
shown in Fig. 9) and that of refracted/diffracted waves behind
the shoal (solid line), and the results show the strong non-
linearity behind the shoal. We may see that the component
waves with multiple frequencies occur after the regular waves
passing through the shoal.

In order to see the variations of the wave energy and fre-
quency before and behind the shoal, Fig. 10 shows spectra
at different locations along the center line of the shoal for the
cases of incident wave periods are 1.25 sec, 1.5 sec and 1.75
sec, respectively. In each figure, there are five wave spectra
for wave gauges located at, along the center line of the
shoal, the front end of the shoal (Y1), the top of the crest line
(Y?2), and the wave gauges with 3.0 m, 4.2 m, and 5.4 m,
respectively, (Y3~Y5) away from the crest of the shoal, as
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Fig. 8. Variations of water elevations of incident waves and waves be-
hind the shoal. (dotted line: incident waves, solid line: refracted/
diffracted waves)

6
i Y5 (5.4 m)
4L Y4 (4.2 m)
- Y3 (3 m)
b Wl |7
E N B 7
. AL (0.2my” )
L \ /
a2k \ Y1 (-2.214)
N 7
- ~ |
-4 | | | | | | | | | |
-6 -4 2 0 2 4 6
m

Fig. 9. Wave gauges at variouslocations (Y 1~Y5).

shownin Fig. 9. One may see that when the waves just reach
the front end of the shoal, due to the waves traveling on
horizontal constant depth bottom, there is only one component
wave with peak frequency exist (namely, principle component)
in the spectra for all cases. When the waves climb up to the
crest line of the shoal and passing through the shoal, the com-
ponent waves with multiple times of peak frequency exist
(namely, the second, third, fourth and fifth components).

Fig. 10(a) show the spectra for T = 1.25 sec case. One
may find that the spectrum of waves (Y 1) reaching the shoal
contains only one component wave with principle wave fre-
guency. The component waves with multiple frequencies
occur (Y?2) as waves reach to the top of the crest line of the
shoal and they should be induced by the wave shoaling effect.
After the waves passing through the shoal, however, the
spectral density of principle frequency becomes the largest at
location Y 3, and decreases from location Y4 to Y5 but it still
are larger than the waves at the front side of the shoal.
The ratio of spectral density is around 4 to 1 between the
principle and the second components. The third component

Journal of Marine Science and Technology, Vol. 21, No. 2 (2013)

20
. | T=1.25sec
Y1
16_ . . L Y2
Y3
] — — — Y4
Q
212 - — Y5
H 1
N2
o 84
A
4 .
0 T /\I K T e
0 1 2 3
f (Hz)
(a) T=1.25sec
25
1 T=1.5sec
Y1
20 s s s Y2
Y3
P — — — Y4
Q [
215 ¥s
D m
2
< 10
A
- /&
ol ,J, A
0 1 2 3
f (Hz)
(b) T=1.5sec
12
T=1.75sec
- Y1
. L] L] Y2
Y3
8 — — — Y4
§ 8 — Y5
& |
N2
g
A 4
0 T e
0 3

f (Hz)
() T=1.75 sec

Fig. 10. Wave spectra at various locations (6, = 0°).

contains only negligible energy. Fig. 10(b) shows the results
for T = 1.5 sec case. After the waves pass through the shoal,
the second component contains larger spectral density than
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Fig. 11. Variationsof wave energy ratio along the center line of the shoal
for different wave period.

the principle component. The energies of third and fourth
components are negligible. Fig. 10(c) shows the results for
T = 1.75 sec case, the principle component for the spectra
after the waves pass through the shoal contains the highest
spectral density, but the second and third components both
contain some non-negligible energy. The spectral densities of
the first three components (principle, second, and third) are
3:2:1. The energies of fourth and fifth components are negli-
gible.

The reason for wave energy behind the shoa being
enlarged is due to combined effect of wave shoaling as the
waves climb up to the crest line of the shoal, wave refract-
tions at convex topography, and wave diffractions from two
ends of the shoal induced by uneven bottom. The existence of
multiple frequency components of waves behind the shoa is
possibly related to the wave non-linearity induced by wave
refraction and shoaling, and the interactions between highly
non-linear waves from different directions and it needs further
study.

From the point of view of wave energy concentration ef-
fect, Fig. 11 shows the energy ratio for the nodes along the
center line of the shoal (at x = 0) from the front side to the
back side. The wave energy enlarging ratio is defined as

(ZﬂiZ/Li )/(an/Lo) where > 5’ /L and Y 72 /L, are re-

spectively related to the wave energy per unit wave length at
specific wave gauge and wave energy of incident waves, the
subscript O denotes incident waves, 7;(t) and 77,(t) are the
measured wave profiles, L; and L, are wave lengths. The
section along the center line of the shoal is also illustrated on
the bottom of the figure for reference. Before the incident
waves reach the front end of the shoal, the ratio remains in
unity with slightly energy loss which might be caused by the
bottom friction. During the waves climb up to the top of the
crest line, the energy ratio increased to around 2, 3, and 4 for
the cases of T = 1.25 sec, 1.5 sec and 1.75 sec, respectively.
After the waves pass through the top of the shoal, however, the
energy ratio increases very rapidly. The maximum energy
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Fig. 12. Directional wave spectra at variouslocations (for T = 1.5 sec and
=0° case).

ratio for the case of T = 1.25 secisaround 8 at y = 4.0 m; for
thecaseof T = 1.5 secisaround 14 at y = 3.0 m; and for the
caseof T=175secisaround 9 at y = 2 m. Such phenomena
demonstrate that the wave energy can be concentrated and
enlarged by the new crescent shoal. The location of highest
energy ratio occurs earlier in the long period wave cases. The
energy ratio is not directly proportional to the wave period,
however, the largest energy ratio occurs at the case of T = 1.5
sec. Dueto the complexity of wave transformation around the
shoal, such phenomenon should be an integrated result and
cannot be explained easily. More detail studies should be
done.

Although the experiments of this study adopts the unidi-
rectional regular incident waves, the waves become multiply
directional after they pass through the shoal due to the re-
fraction and diffraction effects around the shoal. In order to
investigate such a multiply directional wave field, a series of
star array in accordance to the theory proposed by Borgman
et al. in 1969 was deployed behind the shoal as shown in
Fig. 6. Fig. 12 shows the directional wave spectra at ST.1
to ST.6 for the case of T = 1.5 sec and 6, = 0°. The results
show that multiple frequency component waves exist after
the unidirectional regular waves pass through the crest line of
the shoal. Such phenomena should be the reason that causes
the wave heights behind the shoa varying aternatively high
and low.

For the principle component, the wave energy directional
spreading angle, with respect to the incident wave direction,
is within £67.5° at ST.1, £26° at ST.2, £31° at ST.3, +45° at
ST.4, £26° at ST.5, and £33° at ST.6. For the second com-
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ponent, the wave spreading angle is all around +36° for all
six locations. The variations of the spreading angle of prin-
ciple component should related to the difference of the wave
superposition of refraction waves and diffraction waves with
different wave directions, wave heights and relative wave
phases at different locations. The concentration of wave en-
ergy appears in the group type. Larger wave energies at
ST.2 and ST.5, but for the rest of wave stations, the energy
concentrations are not so strong. At ST.7, where the results
are not shown in this paper, the multiple frequency compo-
nents disappeared and only the principle component survived.
Due to the spreading angles for second component at different
wave station are all around +36°, one can make a judgment
that such component waves should be induced by a single
source, and the most probable source is the waves passing
through the top of the crest line of the shoal. When wave
traveling from the front side to the back side of the shoal, the
shoaling effect will enhance and strengthen the non-linearity
of wave and thus cause the multiple frequency components.

V. CONCLUSIONS

This study focuses on the evaluation of wave energy con-
centration effect for regular waves passing through a new
crescent type shoal seated on constant slope bottom. By using
hydraulic model tests on a wave basin, the wave transforma-
tions and wave energy distributions under different incident
regular wave periods were evaluated. From the discussions
and comparisons, some conclusions are reached as the fol-
lowings.

1. The crescent type shoal can concentrate wave energy and
enlarge energy density behind the shoal. All the experi-
mental results in this study indicate wave energy ratio
above 8 times of the incident wave energy can be obtained
for incoming wave passing through the shoal, especialy
for the case of wave period T = 1.5 sec thisratio reachesto
14 times.

2. The wave energy concentrating region locates behind the
shoal which is radiated from the crescent shoa center, and
major energy concentration region always locates along the
direction of incoming wave. Furthermore, the location of
the highest energy ratio for the major energy concentration
region occurs closer to the shoal for the longer period in-
cident waveis used.

3. The multiple frequency component waves occur behind the
shoal is due to the wave superposition of the wave directly
passing through the top of the shoal with strong non-
linearity and refraction waves and diffraction waves with
different wave directions.

4. The spreading angles of principle component of wave en-

10.

11.

12.

13.

14.

15.

16.

Journal of Marine Science and Technology, Vol. 21, No. 2 (2013)

ergy vary from location to location behind the shoal, and
the spreading angle of energy for the second component is
comparatively stable. For the case of T = 1.5 sec, the wave
spreading angles of second component are all around +36°
for all six locations.
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