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ABSTRACT

This paper concerns with the development of the wave energy corverter (WEC) Wave Dragon. This
WEC is based onthe overtopping principle. An overview of the performed reseach dore mncerning
the Ware Dragon over the past yeas is given, and the results of one of the more mwmprehensive stud-
ies, concerning a hydraulic evaluation and ogimisation d the geometry of the Wave Dragon, is pre-
sented. Furthermore, the plans for the future development projeds are sketched.

1.INTRODUCTION

Over the recent yeas wave energy has gradu-
ally been brought into focus, as it has become
clea that the fossl energy resources are lim-
ited, and cause large environmental problems,
e.g. CO; pdlution. On this badgrounda num-
ber of different wave energy converters have
been proposed. The government in Denmark
dedded to appropriate goprox. 2.7 mill. ECU
to the development of wave energy devices
over two yeas, 19981999. Among the wave
energy concepts recaving financial suppat, is
the Wave Dragon. The Ware Dragon is a
floating wave energy converter of the overtop-
ping type, developed by Erik Friis-Madsen
from the Danish engineaing company
Lowenmark F.R.1..

2.DESCRIPTION OF THE WEC

The Wave Dragon WEC can lriefly be de-
scribed as consisting of three @mporents (see
Figureland 2:

* A device for focusing the waves — the wave
reflectors.

* A device for capturing wave aests in a low
head reservoir.

« A number of low hea turbines for convert-
ing the hydraulic head and flow into elec-
tricity

| Reflected

e path

Figure 1. Plan view of:the Wave Draga.
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Figure 2: A cross ®dion of the ramp and
basin part of the Wave Dragan. Measures
areinm.

15,10

The Wave Dragon is primarily constructed of
reinforced concrete. The lifetime expedancy
of the concrete part of the construction is at



least 50 yeas, withou major maintenance
costs.

15 equal straight elements constitute the main
part of eat of the two wave refledors. In
addition a longer element with lessdraught is
attached at the end. Transition elements are
conreding the reservoir and the main part as
well as the main and the ending part of the
wave refledors.

Curvature of the wave refledorsis obtained by
having an angle between the dements. Thusin
the following the arvature is described by
these angles. For the design proposed by the
developer the aurvature is constantly 1,0°.

The aoss ®dions marked in Figure 1 are
shown in Figure 3. The lower parts of the re-
fleadors are made of reinforced concrete, while
the upper parts are made of a sted shell.

The bottom of the platform is an open grate
allowing water to enter the body. The draught
is thus adjusted by a presaurized air system.
The Wave Dragon is designed to float even
though the ball ast tanks are fill ed with water.

The Wave Dragon will presumably be gravity
anchored, havever, other systems sich as pile
foundition a suction anchors are under con-
sideration. A number of hawsers are fastened
to the wave refledors and the reservoir and
joined at a buoy, which is conreded to an
anchoring system at the seabottom.

The Wave Dragon is based upon technique
presently known and available & industrial
standard. Certain parts of Wave Dragon are
technicdly innovative to such a degreethat a
patent is expeded.

The weight of the reservoir part of the Wave
Dragonis roughly cdculated to 6.000tons, and
the weight of ead refledor is approximately
2.000tons. Thus, including 1.000tons of water
in the basin, the total weight is 11.000tons.

Sectin 1 %0 4 Sectlon 5

Figure 3: Cross ®dions1to 5 d thewave
refledors shown in Figure 1. All measures
are inm.

In the development of the Ware Dragon the
goal is to produwce 3 MW per unit in 4m
waves. The offshore floating platform will be
placel typicd at 20 to 50 meters water depth,
which in the Danish part of the North Seais
equivalent to 25- 100 km from the wastline.
The st of transmisgon d the power to the
coast forces the developer of the Wave Dragon
to think in large-scde power production. A
typicd wave energy power plant of the Wave
Dragontype will consist of 200 urits of ead 3
MW as amean value (max. power of 4 MW).

3.RESEARCH PERFORM UNTIL NOW

Until now several reseachers have investi-
gated various topics related to the development
of the Wave Dragon. Examples are studies of
the flow from the basin through the turbines,
see (1), and a feasihility study (4). This feasi-
bility study was funded by the EU Commis-
sion and has $own that the expeaed price of
eedricity produwced by the Wave Dragon o
the development stage of today to be 0.07 -
0.11ECU/KWh.

Furthermore, a hydraulic evaluation and a
preliminary geometricd optimization d the
two main parts of the Wave Dragon, ramely
the wave refledors and the overtoppng ramp
have been caried ou at Aalborg University,
see(3).



4. HYDRAULIC EVALUATTION OF THE
GEOMETRY

4.1 Conditions of the analysis

The investigations at Aalborg University are
described in the following. This analysis have
been related to a 1:3 scde test version d the
prototype, for placanent in the Nisaum Bred-
ning in the northern part of Denmark (seeFig-
ure 4). Here the wave dimate is less aggres-
sive than ou at the intended pasition d the
prototype in the North Seg and was therefore
considered suitable for atest site.

Figure 4: Position of the investigated ver-
sion of the Wave Dragm.

At the seleded location the wave dimate have
been found ly an analysis of wind data from 3
locaions around Nissum Bredning. As the
Wave Dragon aways will sway towards the
waves, seastates from al wind dredions can
al be combined. On the basis of this wind /
fetch analysis 7 wave mndtions have been
defined, seeTable 1.

Table 1: Wave ondtionsin Nissum Bredning.

Wave | Hs[m] | Tp[g Ocaur.
situation prob. [%]
0 <0.2 <2.0 30
1 0.2 2.0 24
2 0.4 2.5 30
3 0.8 3.0 11

4 1.2 3.5 3
5 15 4.0 2
6 >1.5 >4.0 | Approx. 0

In the optimization and evaluation d the Wave
Dragon only wave situation 1through 5 have
been considered, as the mntents of wave e-
ergy in situation O regligible. Situation 6 is
considered a storm condtion, undar which the
Wave Dragonwill nat be prodwcing eledricity.

4.2 Optimization of the reflector layout

It was chosen to perform the optimization o
the shape of the refledorsin the plan by use of
a 2-D depth integrated numericd wave propa-
gation model, based onthe Mild Slope egua
tion. The refledors that are not extending to
the bottom cf. Figure 3 was modeled by letting
the refledors in the numericd model absorb
the amourt of energy correspondng to the
amourt that passes under the refledors. Fur-
thermore, by using the numericd modd it is
asaumed that the structure is fixed. Superficial
cdculations of the movements of the Wave
Dragon suppated this assumption.

Using this numericd model it was possble to
evaluate different reflector shapes in terms of
how much the significant wave height Hs, in
the aeawherethe ramp is placel, isincreased,
compared to the Hs given in front of the re-
fledors. By running alarge number of numeri-
cd cdculations, with dfferent refledor
shapes, it was foundthat the highest Hgratios
was obtained by using a wnstant angle of 1.2°
between ead of the 16 elements of the reflec-
tors, and a starting angle of 45°.

Plan of wave tank:
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Figure 5: Model layout of the laboratory
tests.

The seleded refledor shape was then tested in
a wave tank, using a model in a 1:15 length
scde to the Nissum Bredning model (equal to
1:45 to the prototype), see Figure 5. This re-
sulted in Hgratios in good agreament with the
results foundfrom the numericd caculations.



Table 2: Wave height ratios based onthe
numericad and experimental evaluation
of the refledors.

Wave Hgratio, Hgratio,
situation numericd experimental
1 1.92 171
2 157 1.56
3 1.36 142
4 1.36 1.39
5 1.32 1.33

Applying these wave height ratios to the wave
heights given in Table 1 results in the focused
wave heights as hown in Figure 6.
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Figure 6: Thewave height ratiosand sig-
nificant wave heights corre sponding tothe 5
wave situation found in the numerical
analysisand thelaboratory tests.

From Table 2 it is e that the refledors in-
crease the wave height with a fador of ~1.5in
average. As the anournt of the energy in the
waves increase with the square of the wave
height, the refledors thus have doulded the
avail able anourt of energy at the ramp. As the
refledors increasse the total weight of the
structure with approximately 60 % of the
ramp/reservoir part alone (and the price of the
structure is assumed to be propartional with
the weight), it is ®en that the refledors con-
tributes positively to the overall economy of
the Wave Dragon.

4.30vertopping o different ramp profiles

After the waves are focused by the refledors
they will overtop the ramp and enter the basin.
It is therefore esentia that the ramp alow as
much overtopping to the highest possble level,

which also imply that wave bres&ing on the
ramp shoud be avoided. This is contrary to
what is normally the target when designing
slopes in conredion with ather marine @n-
structions, e.g. breskwaters, where the over-
topping is reduced as much as possble. Thus,
there is pradicdly no experience with de-
signing slopes with this aim, and an experi-
mental parametric study was therefore per-
formed to find the optimal ramp layout. Gen-
eraly spe&king, parameters like the adoss &c-
tion shape, curvature in the plan, draught and
crest freeboard is important parameters, but in
the performed model tests the anphasis was on
the influence of change of the adoss £dion
shape andthe aest freeboard.

In order to investigate whether it was posshle
to increase the overtoppng, tests were per-
formed using different slope angles and cur-
vatures of the ramp profil e.

In the study of overtopping of the ramp, dffer-
ent overtoppng formulas found ly dimen-
sional analysis were fitted to the laboratory
data. Best result was obtained by using a for-
mula on the form:

9 -, Ee(_b[%) 1

JoH?

where q is the average flow (overtoppng)
[m*s/m], R is the aest freeboard and g is the
gravity acceeration. a and b are fitting coeffi-
cients. This formula has aso been used for
describing overtoppng of breskwaters (5).

From formula egn.1an expresgon for the ob-
tained padential energy in the basin is estab-
lished, by multiplying with the aest freeboard.
Taking movements of the basin part and wave
overtoppng volume distribution into consid-
eration, a new parameter isintroduced namely
the rim height r, defined as the height from the
MWL in the basin to the aest freeboard:

E =90R -r)lbpo,
=al/gH? R, - ) 2

o, ex- 2 R )

where p, is the density of the water.



In the following cdculations the MWL in the
basin is ®t 0.10 m below the ramp crest free-
board, i.e. arim height of 0.10m (~0.30m in
the North Seascde).

Eqgn.1 gives the overtoppng discharge & a
function d the wave height and the aest free-
board. It is generally accedted (and also seen
during the present investigation) that the
overtoppng furthermore is a function d the
wave period.

The reason for negleding the wave period in
the eguation is that for a given location it will
be reasonable to express the wave period
through the wave height and a propationality
coefficient c:

In Nissum Bredning the waves are fetch lim-
ited with a cdculated propartional coefficient
c in the range 8 — 10,whereas fully developed
seas, like the North Seg have wefficients up
to 17.

Table 3: Overtopping coefficientsin eqn.1for
the 5 wave situations in Nissum Bredning.

Wave c a b
situation | coefficient | coefficient | coefficient
1&2 10,2 0,078 2,11
3,4&5 8,7 0,043 1,66

Table 3 gives the fitted overtoppng coeffi-
cients a and b for the used wave situations. It
is ®e that the waves in the largest wave
situations are pronourced fetch limited.

Because of the dependency of the relation
between Hs and T, the overtoppng discharges
can orly be scded to aher locdions having
different propartional coefficients with care.

On the badkground d the tests with the differ-
ent shapes the foll owing were concluded:

* The sdope agle has been investigated for
angles between 35and 60 asit is asumed
that the slope must be relatively steep to
prevent wave bre&ing on the ramp. Slope
angles between 35° and 50 do nd affed
the overtopping significantly, bu higher
valueswill deaeeaseit. A slope of 60° only

gives abou 70 —80 % of the overtoppng
of aslope of 40°.

e The influence of a ramp profile with cur-
vature has been tested by using 4 dfferent
profiles. The tests showed that the investi-
gated profiles did na have significant dif-
ferences with resped to overtoppng.

On this badkgroundit seams reasonable to use
the reference ramp profile in the further tests
in the wave tank.

4.4 Calculated overall efficiency

From the analyses of the ramp profile the ob-
tained pdentia energy as a function d the
crest freeboard is found ly eqn.2. This is pre-
sented in Figure 7 for the 5 wave situations
weighed with the probabilit y of occurrence.
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Figure 7: Potential energy dbtained in the
basin per time and width unit asa function
of the crest freeboard. Curves are calcu-
lated using the data from the 5 wave situa-
tions (after focusing by the wave refledors)
weighed with the time of occurrence “To-
tal” isthesum of the 5 situations, while
“Total (norim)” curveisthe energy calcu-
lated with rim height r = 0.

From this figure the optimal crest freéboard in
eadt wave situation can found, ly seeking the
highest amount of potential energy for ead
wave situation and nding the crrespondng
crest freéboard. This results in the optimal
crest freeboards given in Table 4. With the
wave parameters in Table 1 the obtained po-
tential energy weighed with the probability of
occurrence is foundfor the optimal crest free-
board in ead wave situation.



Table 4: Optimal crest freeboard with
correspondng obtained paential energy
weighed with time of occurrencefor
the 5 wave situations.

Wave | Crest Po- Contri- | Occur.
stua | free- | tentia | bution prob.
tion board | energy | tototal [%0]
[m] | [Wim] | [%]
1 0.28 8 4 24
2 0.40 40 22 30
3 0.78 53 29 11
4 111 37 20 3
5 131 43 24 2
Sum - 180 100 70

From Table 4 it is ®en that the Wave Dragon
in the Nissum Bredning scde in mean capture
180W per m. of the ramp in 70% of the time.
As the width of the ramp is 23.6 m, the Wave
Dragon as a mean over al time will cgpture
3.0 kW. Comparing this to the amourt of en-
ergy that passs the opening between the re-
fledors, which is approximately 21 kW (corre-
spondng to 0.35kW/m), shows that the dfi-
ciency is 14 %. Thus, the anourt of cgptured
energy in the reservoir over one yea is approx.
26 MWh for the Wave Dragon in the Nissum
Bredning scde. Scding this diredly to by 1:3
to the North Searesults in a yealy amount of
captured energy of 1.3 GWh.

Though, taking into acourt that the North Sea
waves have relatively longer periods than
waves in fjords like Nissum Bredning because
they are not fetch limited, will result in a sig-
nificantly higher energy produwction. Such a
consideration results in an estimated yealy
amourt of captured energy of 5.7 GWh corre-
spondng to an average dficiency of 15 %.

4. 5Tests of the combined system

In order to ched the performed cdculations
model tests with a model of the wmplete
Wave Dragon (refledors, ramp and reservoir)
were performed in the wave tank. In these tests
as well as the others, the structure were fixed,
and furthermore the aest freeboard was fixed
at 0.033m (~0.50 m in the Nissum Bredning
prototype). In small waves (wave situation 1
and 2 the freeboard was higher than what was
found to be the optimal crest fredboard in
these wave situations. In high waves (wave
situation 3, 4and 5, were the used crest free-
board corresponced better to the optimal crest

freeboard, the obtained pdentia energy corre-
sponcked fairly well with the prediction, even
though it was found to exceal the predicted
values sgnificantly for the highest waves.

From these modd tests an average anourt of
captured energy was foundto be 12 % of the
energy passng the opening between the re-
fledors. This result is, as expeded, dlightly
lower than the @rrespondng value found in
the cdculations where the aest freeboard was
adjusted to the optimal for ead wave situa-
tion.

Adjusting the aest freeboard to adual wave
situations is «en to improve the performance
of the Wave Dragon.

5.CONCLUSION

From the numericd cdculations and per-
formed model tests based onthe Ware Dragon
in the Nissum Bredning scde, it has been seen
that the amourt of potential energy obtained in
the reservoir isin the range of 12 — 14% of the
wave energy passng the opening between the
refledors. The tests of the combined system
also verified the results of the numericd cd-
culations of the focused wave field and the
overtoppng formula.

Furthermore, the model tests and the cdcula-
tions rowed that altering the design oncertain
points could increase the dficiency. On this
badkgroundthe layout of the Wave Dragon has
been updited before the further investigations.
Thus, the height of the refledors has been
increased, as overtoppng of these were ob-
served duing the model tests, the draught has
been increased by 33 % and the geometry in
the plane of the ramp and the refledors has
been dlightly altered.

6. FUTURE DEVELOPMENT

After the referred study new test programmes
have bee initiated and is ongoing at the time
being.

6.1 Danish test programme

The Wave Dragon will betested in the cming
months financed by the Danish Energy



Agency. The Danish test program will estab-
lish data for the following, using a floating
model of the Wave Dragon:

» Average water flow in the reservoir.

» Forcesintherefledors.

e Mooring forces

* Movements of the floating structure a sea

These results will bring the development a
major step further. The basic, preliminary data
will be avail able October/November 1998.The
tests are caried ou at Aaborg University
using a model in scde 1:50 that are being
build at the Danish Maritime Institute.

6.2EU test programme

Offshore WEC's, including the Wave Dragon,
can orly store alimited amourt of energy.
Most of the known designs of WEC's have
pradicadly no energy storage cgadty at all.
The energy of the water reading the turbines
is thus fluctuating with the same period as the
waves - typicd 5 - 15 s. Further more waves
normally travel in groups. The period d the
variations in power level caused by this phe-
nomenon is often 1 minute. Consequently the
turbines in al off shore WEC's must be regu-
lated with automatic and very fast control
equipment. Also valves and wicket gates etc.
in the turbines must be &le to read quickly.
The Wave Dragon hes a relatively large stor-
age cgadty (1,500 m’ equivalent to about 3
times the wave period a 50 MJ), bu even the
Wave Dragon can na flatten ou the variations
in paver caused by the wave groups.

On this badkground a more detailed test pro-
gram deding with the optimisation d the hy-
dro turbines to be used in the Wave Dragoniis
planned, and the Danish test programme will
form the basis of these tests.

The participants in this development consists
of manufadures of hydro turbines, a developer
of generators, reseach ingtitutes in Germany,
UK, Ireland, Denmark and Sweden.

This test program is the next phase of the nec-
essary development before aprototypein scde

1:3 or 1.1 can be tested. The programme will
be initi ated in October/November 1998.

The objedives of the proposed EU test pro-
gramme ae to establi sh:

e Ardiable set of inflow data (red time and
not only average) to the reservoir based on
wave data from the North Sea

» A strategy for the chaice and regulation o
turbines.

e A drategy for the doice of hard- and
software needed to regulate and control a
set of turbines.

e A strategy for the development of a system
for optimal control of the aest freeboard.

e A dtrategy for the power generation and
transmissonto the seashore.

e A basis for design of a prototype of Wave
Dragon suitable for off shore condtions.

e An updited feasibility study.
The methoddogy isto perform tests on:

« A mode in scde 1:50 in a wave basin
simulating 3-D North Sea ondtions.

* A mode inscde 1:10 d a aoss ®dion o
the reservoir equipped with a model of a
turbine. This test will be performed in a
large wave tank with 2-D waves with fa-
ciliti es to simulate the working condtions
of Wave Dragonin 5 m high waves.

This EU test programme is expeded to be
concluded utimo yea 2000.
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