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ABSTRACT

pressure. Comparisons of the deformation rate latwbe

Since 2009, SBM Offshore has been developing the S3 numerical model and experimental results show good

Wave Energy Converter (S3 WEC). It consists inraylfiexible
tube made of an Electro-Active Polymer (EAP). Thtise
structural material is also the Power Take Off (PTO

agreement, provided that the wall damping is catéxt.

Eventually, results of a technico-economical pataime

study of the dimensions of the device are presented

In order to optimize the S3 WEC, a hydro-elastic
numerical model able to predict the device dynamiponse
has been developed. The inner flow, elastic waibmeations
and outer flow are taken into account in the madeer the
following assumptions: Euler equation is used foe inner
flow. The flow is also assumed to be uniform. Hiast
deformation of the wall tube is linearized. The evufiow is
modeled using linear potential theory. These equnatihave
been combined in order to build the numerical modlst,
they are solved in the absence of the outer flnicdbider to
obtain the modes of response of the device. Segathdl outer
fluid is taken into account and the equation ofiorofs solved
by making use of modal expansion.

Meanwhile, experimental validation tests were cateld
in the ocean basin at Ecole Centrale De Nantes. stade
model is 10m long tube made of EAP. The tube dedbions
were measured using the electro-active polymer. ifloelel
was also equipped with sensors in order to mea$igrénner

INTRODUCTION

Figure 1. Underwater picture of the scale model of the S3
WEC during experiments at Ecole Centrale De Nantes.

Since 2009, SBM offshore has been developing aatyi
new wave energy converter named S3 [1]. It congistslong
flexible tube which is made of an electro-activéypwer. Thus,
the structural material is also the power take Afficture of a
scale model of the device taken during experimant&cole
Centrale de Nantes is shown in Figure 1.
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Figure2. Notations

The working principle of the S3 WEC is as followhd&
tube is filled with sea water slightly pressurizédis floating
right beneath the free surface. Under wave actiba, tube
deforms: bulge waves are generated on the surfagether
with pressure waves inside the tube. They propagdtetheir
own velocities depending on the dimensions and gtigs of
the material. It results in a pressure differenegwieen the
inner and outer surface of the tube. The work dbpethe
pressure difference and the deformation of the wak is the
wave energy which is absorbed by the device. TheP EA
material converts the absorbed energy into elétstidy change
of the electric capacitance due to the wall thideneariations
associated with the radial deformations.

In comparison with other WEC technologies, the S8GN
has many advantages. The most important ones are:

¢ The PTO is also the structure of the device. Thus,
fabrication costs of the structure are avoided.t Tha
why the system is expected to be cost competitive
with respect to other conventional WECs (heaving
buoys, OWCs, overtopping devices...).
The PTO is distributed over the whole surface ef th
device. It allows avoiding stress concentrationclihi
is the source of many reliability issues in coniaml
WECs.
In survival conditions, the WEC can be deflated. It
results in a long compliant structure which woutit n
have to deal with extreme loadings.

In the first section of this paper, a numerical eloof the
device able to predict the dynamic response ofdhéce and
its energy production is presented. Experimenthdiaions are
presented in the second section. Eventually, resoft a
technico-economical parametric study of the dimamsiof the
device are presented.

1. NUMERICAL MODEL

In order to optimize the dimensions and parameiéthe
system, SBM and Ecole Centrale De Nantes have been
developing in collaboration a numerical Wave to &¥W2W)
model able to predict the dynamic response of tBeANEC.

The methodology is summarized in what follows. Mdetails
can be found in [2].

1.1. Notationsand assumptions

The length of the tube is denotedit is made of an elastic
electro active material of density,e The radius at equilibrium
is denoteds. zgis the vertical coordinate of the axis amgs
the wall thickness which is considered small wibpect tas.

The tube mass can be approximated/p%e = 2pwbenr Q A_ .

Let assume that the bulge deformation is homogeneou
the radial direction. Thus, it depends only on tiwizontal
coordinatex and on the time. Let denoter(x,t) the radius et
S(x,tyhe cross section.

The tube being reinforced in the horizontal directivith
rigid fibers, let assume that it cannot be defornmedthat
direction. Therefore, the surge motion is a rigatyp motion
which is denoted.

Both ends of the tube are embedded in a rigid teadh
with mass Mwhead Thus the tube cross-sections at both

extremities arS( X:_/Z) = S{ x:%) = § $ being the

area of the cross section at static equilibriunchBaw-head is
connected to a mooring system.

In what follows, it is assumed that all dynamic iotitées
are small enough to allow linearization.

1.2. Governing eguations

e Inner flow: It is assumed that viscosity effects are
negligible for the inner flow and that the flow is
homogeneous radially (the pressure and velocity
depends only on the x coordinate and on time).The
equations governing the inner flow result from Eule
equation and mass conservation yield:

U __10p
ot 0 0X
0S_ . dU
ot > o0X

@



With U(x,t) the flow velocity in the tube ang the
dynamic part of the inner pressurg.is the water
density.

Outer flow: The dynamic part of the outer pressure is
denotedp.. Let define p,(xt) its average over the

external contou€(x) of the tube.

The outer flow is modeled within the frame of linea
potential flow theory. Thus, the components of the
outer flow (diffraction, radiation) can be sepacate
Pressure loads associated with diffraction areinbta
using standard approach [3]. For radiation loads,
generalized mode approach is employed [4]: the
boundary value problem is solved for each modeeshap
(see section 2.3) and the total radiation load is
obtained by linear superposition.

Wall equation: The wall equation is obtained by
considering the inner and outer forces applyingaon
small piece of the tube wall and averaging on the
contour. One can show:

p:T)_ TS azs+g(isg' _Uj
' 4ns 0% R\ S Y T
(2

WithM =M, +2M Ka is the horizontal

mooring stiffness,Ap, = p|x—L - p|x_ L is the inner
2 2

towheac’

pressure difference between the both ends of the tu

and AP, =P L —T)e|x_ L Is the outer pressure
2 2

difference.
Equation (4) shows that the surge motion is governed
by the mooring stiffness and the inner and outer

pressure difference at both ends of the tube.
Boundary conditions: The tube is embedded in the
tow-heads at both ends. Thus, the tube cannotrdefor
at its ends. In addition, the tube being closed itimer
flow velocity at the tube ends must be equal to the
tube horizontal velocity. Mathematically, these

conditions read:
L
S|l +—|=
[5)+s

u(igj:x

(5)

With Ts the wall pretension in the longitudinal 13 Mode shapes
Let us look for the mode shapes of the tube (free
oscillations in calm waterp, =0 without dampingB=0).

Radiation effects are not taken into account.
Let us define a complimentary variabjeuch as its time
derivative is equal to the inner fluid velocity:
modeled as a linear spring and damper whose ox
coefficients areK andB. The linearised wall equation -V -

direction andO'Q(X,t)the wall constraint ¢,_being
its value at equilibrium).

Let assume that the differenE% Oy =0y j can be

can be rewritten: ot ®)
— 1 10S 1 .
=R -—c s t—o(S-8)+2n . o
DS, K> 9X DS S By using the second equation in (1), integratingrdime
(3) and assuming that the tube is initially at rest, cae show that

the relative deformation (S— %) is related to the

complimentary variablg:

hsSK K, 4 Ol 5
D is called the distensibility [5]. (S— %) = - oX
By looking at equation (3), one can see that the ox
pressure difference between the outer and the inner (7)

surfaces of the tube is the sum of a bending stffne
an elastic stiffness and a linear damping term.
Horizontal motion: It is assumed that the tube cannot

Thus, by combining equations (1), (3) and (7), oama c
obtain the propagation equation:

be deformed horizontally because of the reinforcing
fibers. Thus, the surge motion of the tube is adrigi
body motion. By applying Newton’s law to each tow-
head, by integrating Euler’s equation over the feng
of the tube and by adding all these three equatimmes
can show:

MX = -2K, X +(2&p -8R) S
(4)

OCx_ 10y, 1 1%,
ot> pD ox* pD K,* ox*

®

With the associated boundary conditions are obtiaime
combining (5), (6) and (7):
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By using standard techniques for separating var&glihe
boundary conditions (9) and the surge motion equa(tk) one

X

can show that the solutions of (9) regfk,t) = ¥, ( )é‘*‘£K
k O{1, 3 with:
O sm
tanh[K2 J
cos{k" J
(1) —
An (X)_
KWL ) sinh KS )
—tan —
2 {K(l)L]
cos 0
2
@, ) cos k?@x
K(Z) tan%{K”zLJ S(K(;) )
co k"L
X (%)= .
" KA L cosk(KﬁZ)x)
+k? tan|
" )
cos .
2
(10)

v, KEZ),kﬁz) are the solutions

The wave number&? k!

of the wave equations:

(11)

The natural frequencie&.{gk) can be obtained by applying
equation (8) to each mogé") () dedt

To simplify the notations in what follows, let usfihe the
set of modal responsé.% corresponding with the mode

shapesy!¥ (x) ordered by their modal frequencies.

Figure3 shows the four first mode shapéS %) for

the case of the 200 m long tube of diameter 3 m. Taae
been obtained by applying equation (7) to each rmﬁﬂéx)

As expected, the mode shapes look like sine or edsinctions
with increasing number of oscillations as the maoaenber
increases. However, one can observe the rapid ehenthe
section close to both ends of the tube due to thbedment
condition of the tube in the tow-heads.

1.4 Forced oscillations
Let’s look for the complete solution of the problere, the
tube motion is forced by the waves and the radiatifects and
linear damping (energy absorption) in the electiivac
material are taken into account. The correspondingggation
equation is:
P’y _ 1 a)( 1 1% __

2.
1oy __1op . 0X
o2 pD ox2 ,oD K, ox*

pox | 0x
(12)

The solution is written under the form of a linear
combination of the mode shapes whose coefficienterdepn

time:
=26 (X (X)
" (13)
By using this expression in (12), by manipulating the

equations and by defining the model projectidnof any
functionf such as:
]
7

1.t ax. - .
Xt =—12 m - —
r=2 ] (9 Zeax [( o) ~( 112)
emen &€ solutions

one can show that the coefficier@&= [Cm] .

of the differential matrix equation (in frequencynaiain):
(1+7A)C+(B +772) C +w,’C = p,,
(14)

With | the identity matrixXA the added mass matrix of the

mode shapes, B the radiation damping matrix,
ax., 0
—U Am OX, dx ] the modal damping matrix
aX aX 1<I<N,l<m< N

andXpg, the column vector of the modal excitation coefficgent
(due to the incident and diffracted waves).

Equation (14) can be easily solved by standard rnatri
inversion techniques. The solution gives acceghdalynamic
response of the system to various wave conditiodstfamns to
estimates for the energy production.
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Figure 3. Four first mode shapes for the radial deformatios{)Sef a 200 m long tube with diameter 3 m.

* Foam pads inserted inside the tube to provide the

2. EXPERIMENTAL VALIDATION necessary buoyancy to keep the system afloat. .

Tests have been carried out in July 2011 in the
Hydrodynamics and Ocean Engineering Tank of Ecoler@ke
de Nantes in order to validate the numerical moddle T
experimental model is a 10m long tube made of sikcand
covered with electro-active polymer sections. Thebet
deformations were measured using the electro-actiaterial.
The inner pressure was measured with sensors digtdlalong
the tube.

2.1. Experimental Model and instrumentation
The experimental model was made of the following
elements: ;
* A main silicon tube, closed at both ends, filled / ﬁ ; \
with water, reinforced with Aramid fibers in the ) ) : v I
longitudinal direction to avoid axial deformations. Figure 4. Experimental model during assembly — inflating test.
e 20 independent sections made of multiple layers
of electro-active polymer encapsulated in a
silicone shell and waterproof electric connections
to wire every section. These sections were slipped
onto the main tube (light stripes in Figure 1 and
Figure 4) and kept in place due to the frictional
effect once the tube is inflated.
» Silicon separations to hold in place the wire
connections (dark blue stripes on Figure 1 and
Figure 4)
« Two inflatable plugs to seal the main tube at both
ends, to fill up the inner chamber and transfer the
mooring tensions.

-4

The deformable element of the experimental model iis 10
long for the first part of the tests and 7m long tlee second
part. The diameter at rest (not inflated) is 0.42m.

The experimental model is moored at the center of the
basin by means of 4 anchor lines set nearly horomnd
attached to springs. The entire system presentsge sootion
(if the system was a rigid body) period which is muingher
than the one of the tested waves (around 15s é&d.@m long
tube).

In order to validate the numerical model, the follogv
parameters were measured:

e The tube radial deformations for every EAP
sections. Indeed, every layers of EAP have the



Table 1 : Test series done during model test at ECN in Julyl 20

Length [m]| Inflation ratio [%]| Heading [ded] Type geiificant wave| Wave Periodr,, [s]
height [m]

1to 3 (by steps 0.1s)
10 30 0 regular 0.2 3 to 4 (by steps 0.25s)

4 to 5 (by steps 0. 5s)
10 30 0 irregular| 0.2 3.2;4.5

2.2 to 3 (bys steps 0.1s)
10 30 0 regular 0.4 3 to 4 (by steps 0.25s)

4 to 5 (by steps 0. 5s)
2.6 to 3 (by steps 0.1s)

7 30 0 regular 0.2 3 to 3.75 (by steps 0.253)
1.4 to 3 (by steps 0.1s)
7 30 0 regular | 0.1 3 to 3.75 (by steps 0.25%)
1.1 to 3 (by steps 0.1s)
7 30 30 regular 0.1 3 to 3.75 (by steps 0.253)
7 30 0 irregular | 0.1 2.4
7 30 30 irregular | 0.1 14;18;24
1.4 to 3 (by steps 0.1s)
7 20 0 regular | 0.1 3 to 3.75 (by steps 0.25%)
7 40 0 irregular | 0.2 1.8;24;3.2
property to change its capacitance when it is « The four anchor lines tensions with force sensors.
subject to deformations. For a considered + Wave height at different positions around the
deformation, the capacitance is given by the experimental model as well as the undisturbed
following relation: C=CyAPwith C the elevation at the center of the experimental model

capacitance under constrai@}, the capacitance at measured at the beginning of the tests.

rest andA the hoop elongation ratio, ratio between 225 \wavetests

the deformed radius and the radius at rest,paiad Table 1 summarizes the wave tests series done ditiming
form factor. Every section had been previously tests.
calibrated and the valu€y andp defined. During The tube length was modified during the model tebts T

the tests, the sections were wired to a capacitance yariation helped visualize the effect on the eigesdes of the
meter yielding the instant values along the tube. system.

The inner and outer pressures along the tube. Two The inflation ratio corresponds to the static defation of
straps with 20 ceramic membrane pressure the main tube. The variation of this parameter &ffext the
sensors were assembled. One was set inside thesame time the mass of the system and the wall stifftragper-
main tube chamber and the other was set on the elastic behavior of the silicon), and, in the same the eigen
outside of the tube. Magnets were stitched onto modes.

the straps in order to attach the two in opposition The different wave heights helped evaluating the
on both sides of the tube. importance of the non-linear terms (material heasds, drag,
The point's 3D coordinates underneath the etc...). The different headings confirmed that theteyscan
experimental model (light points on figure 1) with operate when the swell is not aligned with the tube
trajectography cameras. A “tinsel” of LEDs Finally, using irregular waves validated that theteyn can
(active targets) was fixed underneath the Workin areal environment.

experimental model using the same magnets that

were used to attach the straps. Six underwater 2.3. Numerical model comparison

cameras were disposed on the basin bottom in Comparisons could finally be achieved between the
order to record the trajectory of the targets ahd a numerical and experimental results. An overview igvsh on
hoc software was used to calculate the target's the following figure in terms of radial deformatioimsrelation
position. with the wave period (vertical axis) and the tubect®n



(horizontal axis). One can see a satisfactory agee¢ once the
damping coefficient of the tube wall has been catixl.

3 4 5
Tube coordinates (m)
Lambda RAO (-/m)

= @

Period (s)

1 2 3 4 5 6 7 8 9
Tube coordinates (m)

Figure 5. Comparison between experimental results (top) and
numerical results (bottom) for a 10m long tube.

As the inner pressure wave is a standing wave {dube
closed ends), the large circles (yellow and redagre
corresponds to the anti-nodes where the radialchefiions are
important. These anti-nodes appear at two diffeqeeiods
which corresponds to 2 different tube shape modhbs. first
shape mode period is at 2.1s, the second at 3.6sathdshape
modes have different wave length. The first onegmss4 anti-
nodes and the second one 3. Outside these two am@s®n
periods, the tube is barely deforming itself beeatlere is no
other deformation shape mode.

The first resonance period is due to the couplifnth® inner
pressure wave with the elastic wave within the tuladl and
the second period is due to the coupling of theiimpressure
wave with the tube surge motion.

These two resonance periods appear on both griaphsth
cases, the response is close, meaning that the Wag/am
can give a good prediction of the section defornmatio

behavior. However, one can see that the W2W prognamiicts
other modes at smaller periods (i.e. 1.6s) whicheweot
measured in the experiments. This overestimatiorhefttbe
response at small periods is probably due to additimon
linear effects which are not taken into accounttia actual
version of the numerical model.

3. PARAMETRIC STUDY

The numerical model showed sufficient agreement thi¢h
test data in this first phase and was considerédatad. It was
therefore further used to estimate the power ougbua real
system. The next phase was to find an optimum geonietry
order to maximize the energy absorption with a mimmu
amount of active material and a satisfying fatigte li

3.1. Maximizing the energy absorption

For a given configuration, the most important parameter
determining the extracted energy is the wall damping
coefficient B. This damping coefficient includes two distinct
phenomena:

 The viscous losses caused by the elastomeric
material which generates heat upon cycling (B1)

« The electro-active polymer energy conversion
strength (B2)

The first phenomenon is a physical property basethen
material used which cannot be modified after fabiocat
however, variations can be imposed on the secoadgrhenon
to damp more or less the system in order to maximiee th
energy absorption.

In order to increase the amount of energy extradtesl,
electro-active polymer rings need deformations witiplitudes
of at least 10%. Below this range, the available maaical
power that can be converted is lost into heat duerergy
leakages. Moreover, the conversion of energy byelbetro-
active polymer rings damps out the system which im tu
reduces the radial deformations. Hence, the maximuenggn
that can be extracted is a subtle balance betweetube radial
deformations and the strength of the electro-acpeéymer
rings for energy conversion.

Figure 6 shows the variation of the different powers
depending on the energy extraction damping coeffidig2).



Once the extracted energy is known, with the fatitife

~—#—PTO available Power and the amount of required material for multiple égunfations,

=—gp==True Power

Total System Power osses it is possible to look for an optimal solution for given
deployment site
3.2. Optimal configuration
=R T A parametrical approach is used in order to findptimal
- \\ configuration. Multiple tube geometries were genefratéth
= different length, diameter and wall thickness wifth following
g \ intervals:
S A SV A e Length: 20m to 500m
& X.:.\-\ « Inflated diameter: 0.4m to 3m
5 = «  Wall thickness: 0.015m to 0.09m
< Every configuration was then evaluated with théofeing

relation:

N, oerS
NPV CAPEX yz Income — OPEX
T * 3 (1 —+ IRR)N.VMP’S
Figure 6. Evolution of the different average powers depending (16)
on the damping coefficient B2.

PTO Damping Coefficient (Pa.m™.s)

The Net Present Value (NPV) is the remaining capitele
the device has been exploited M., For this simulation, the
operational time has been set to 20 years.

The Internal Rate of Return (IRR) is a parameter to
evaluate the desirability of a configuration. Theher the IRR,
the more interesting a configuration is.

The Income is the capital gained from the productibn
energy. In this case the targeted mean annual poneduction

The x line corresponds to the energy losses duthdo
deformations of the elastomer. When the EAP rings reot
activated, all the energy is converted into heat do the
viscous effects.

The triangles line corresponds to the total amouint o
energy available in the system. When the EAP ringsuaed,

the radial deformations are inhibited leading to arerall is 400kW for the wave climate of the EMEC test site i
decrease of the total energy. ~ Scotland. It is considered that multiple tubes of tame

The squares bell curve corresponds to the mechanical configuration can be added together as an arragdoh this
energy available for conversion by the EAP ringse Biverage target and have no influence over one another.
mechanical energy increases proportionally with daenping The investment costs (CAPEX) correspond to the nateri
coefficient B2. However, if this coefficient becomes too gpg mooring costs times the number of tubes in ary dora
important, the system is inhibited and less enesggvailable  reach 400kW. It is conservatively assumed that rin gan be
for conversion. made on shared mooring.

The_ diamonds bell curve corr_esponds to the conderte The operational costs (OPEX) correspond to the riate
mechanical energy by the EAP rings. It follows theme costs if the WEC needs to be replaced during thge20s of
pattern than the red curve and considers the defm  peration. Hence it depends on the lifetime of tpecsic
amplitudes that need to be at least above 10%. durige is configuration.

lower than the available energy because of the grieakages The optimal configuration is the one with a positMPV
during the conversion. This represents a very reegjimation and the highest IRR.
of the power electronics converters efficiency. After using the previous relation on the different

) o ) geometries, the optimal solution to generate 400kWilavbe
Once the damping coefficient for the EAP converdiais the following:

been tuned for maximum energy extraction, it is idssto «  Between 9 to 10 tubes
estimate the fatigue life of EAP rings. The folloginelation «  Length of 290m
gives a simple approach to the number of cyclewelibfor a « Inflated diameter of 2.4m
given deformation amplitude . '

e Thickness of 9cm

Nbreak(g): as”
(15)

The parametera andb were established from tests carried

out by SBM.

This implies that a long tube is more interestihgrt a
short and very large tube. Indeed, theoreticalig available
power inside the tube increases to the square eotliimeter
whereas it is only linearly proportional to the dém

The proposed solution can still be improved by éasing
the number of initial geometries or by changingatgorithm.



CONCLUSIONS

The tight collaboration between the LHEEA laborataty
Ecole Centrale de Nantes and the company SBM Offskore,
the context of the S3 project, financed by the ag&i2EME,
helped break through the first technological basriequired to
design and optimize a revolutionary wave energyveder
totally deformable and perfectly adapted to the cemplature
of wave energy resources.

SBM now possesses a numerical tool experimentally
calibrated to predict the production of energy aledormable
wave energy converter made of electro-active polymieris
possible to optimize its different geometrical paeters and
physical characteristics. This will help predicte thechnical
specifications for the design of a prototype.

To bring this project up to an industrial scale, a
technological leap will have to be done on the qrenince of
electro-active polymers, their usage, fatigue lified atheir
energy density.
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