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Summary

The auxiliary propulsion of commercial ships reqaithuge kites for huge propulsive
loads. Numerical tools must be implemented in otdegvaluate the stress level within the
kite fabric. In the present study, the kite fluicbaelling is done using the 3D lifting line
method. The load distribution is transferred to $ireictural modelling. The finite element
analysis of the kite is based on shell elementshferfabric and beam elements for the laths.
The stress distribution within the kite fabric mngputed for the case offaone Revolkite in
a static flight case.

| — Introduction

Kites dedicated to auxiliary propulsion of commalahips will be larger, more complex
and more expensive than kites dedicated to kitesurBSuch kites are currently studied by the
beyond the sea® project. Therefore, numerical methods must be Idpeel in order to
compute stress distribution within the kite fabfiibis data will be essential for the kite design
especially for the fabric specifications. Variougthrods based on fluid-structure interaction
were implemented in the literature to model sofsdike kites [1] or yacht sails [2,3].

Two main types of fluid structure interaction meth@re used in the literature: the weak
and strong coupling method. In a weak coupling methaerodynamic and structural
equations are solved independently. Two differenftwsare tools can be used: one is
dedicated to solids structural analysis and therotime is dedicated to fluid analysis even if
they were not initially developed to communicatgetiher. The weak coupling approach is the
most widely used for example for sail modelling@yapin et al. [3], or for kite modelling by
Breukel et al. [4] and Bosh et al. [1].

In the present study, the kite forces and velaxiiee defined according to the so-called
zero-mass model [5,6]. Within this model, Newtold#/s are applied considering only the




aerodynamic resultant and tethers tensions, sircenaiss of the kite is neglected. For a given
true wind velocity and position of the kite withime wind window, the aerodynamic resultant,
Fa balances the tethers tensidn,at any time and these two forces are alignechersame
axiszxo shown in figure 3.

A weak coupling was chosen to allow a coupling leemvthe structure analysis software
ABAQUS and the 3D lifting line method presentedpmevious studies [5,6]. The advantage
of using the 3D lifting line is that it takes in&@count the three-dimensional shape like the
Vortex Lattice Method, but in addition it includesscosity effects by a boundary layer
calculation done with XFOIL. The kite geometry &skbd on the 3D scan of tReone Revolt
kite presented in previous studies [5,6]. It wasduas the reference geometry at the beginning
of the FSI process. The kite FEM model is presemtedection Il. The kite fabric was
modelled using shell elements. The leading eddatatile tube and inflatable battens were
modelled using beam elements. The material chaistits were taken from experimental
values. The load transfer between the 3D liftimge land the structure model is described in
section Ill. The method used is similar to the pneposed by Breukels [4] and Bosch et al.
[1]. Nevertheless, the profile load was transferireéh more precise manner. Moreover the
three-dimensional flow effects which were not takeio account by Bosch at al. [1] were
introduced thanks to the 3D lifting line. A similaresh was used for the fluid and structure
calculations to make the structure deformationdi@neasy. The fluid structure interaction
algorithm and the results on a case study are miesén section IV and discussed in section
V.

Il — Finite Element Method (FEM) modelling of a kite

Il - 1 Principle of the method

To address the issues related to fluid structukraction, a kite modelling based on the
3D scan of the~-one Revolikite, i.e. on the inflatable tube structure shapeesat, was
developed. The reconstructed shape of the kitased on the three-dimensional geometry of
the inflatable tube structure. The kite profile wdsentified on the kite inflatable batten 1
(figure 3) situated in the symmetry plane. The ifgoias considered to be constant along the
span. Therefore, the 3D canopy shape was obtanedtbnding the symmetry plane profile
along the span as presented in previous studiéf [Bhese assumptions were postulated in
order to calculate the aerodynamic pressure lodth@kite structure using the 3D lifting line
coupled with XFOIL. Thus, the canopy shape is agldpgb the CFD calculation method.
Moreover, using a similar mesh, the aerodynamid loan be easily computed. The most
common modelling of thin-membrane structure in téiltlement Method (FEM) is computed
using membrane elements. The membrane elementdedred from the more commonly
used shell elements. More advanced models werdageekin order to better describe the
fabric behaviour [7]. Trimarchi et al. [2] proposesh alternative method using a finite
element shell model. Indeed, shell elements arencamty used to model structures in which
one dimension, the thickness, is significantly demathan the other dimensions. Like
membrane elements, shell elements take into acdbenin-plane stress resultant, but they
also take into account the bending stiffness ofntla¢erial. The advantages of shell elements
compared to membrane elements are:

» Shell elements are easier and faster to convevggardis an equilibrium position.

* Reduction of wrinkles phenomenon within the canopy.

* Inthe long term, better modelling of the wrinkiase [2].

Shell elements also have disadvantages



* The bending stiffness must be defined. A sensjtiaitalysis was conducted in order to
define the optimal bending stiffness to model themhrane behaviour of the fabric.
» Additional membrane stresses may appear due teeanbending stresses.

Shell elements were used to model the kite canathythe following properties [7]:
« Membrane stiffnes< :ﬁ% =624 .16 N.m*

-9
0 Weft specific Young modulug, = 3510 J.g;
o Grammage (surface e densiiy)170 g.n?
o Poisson’s ratiov = 0.206

« Bending stiffnes® defined by theatio: D/C = 10° m?

Beam elements were used for the kite LEI batteniaftatable battens 1, 2 and 3. LEI
batten material characteristics are [7]:

 Grammage: 170 g.n?

« Warp specific Young modulug,, = 2610 J.g

* Poisson’s ratio: 0.094

* Thickness: 0.20& 0.002 mm (measured on tReone Revolfabric)

The radius of the leading edge inflatable tube laaitiens were measured on the 3D scanned
F-one Revolkite.

Il - 2 Kite mesh generation

The fluid mesh was generated from a 2D profile mestde with XFOIL. The 2D
mesh was then extruded along the span to modeB@hgeometry of the kite with the 3D
lifting line. The LEI batten section which was ealy modelled in the 2D profile (in dashed
line figure 1) was removed in the FEM modelling ¢ontinuous line) as presented in figure 1
in the section | profile reference framep{RX,;Yp;Zp,;) The FEM leading edge beam
position was determined experimentally on the 3@nhsed geometry of the kite.
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Figure 1. FEM and fluid profile modelling.

The position of a node along the chord was dirdetkgn on the 2D FEM profile mesh
as shown in figure 2. The position along the sparresponds to the position of the
collocation points in the 3D lifting line calculati. Each node was referenced by its position
along the span j and along the chord i as presemntiglure 2 on the simplified unfolded kite.
The canopy being modelled by quadrangle elemelesyent 1,J was defined by 4 points;,S
S,j+1, S+1,j+1, S+1,j-
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Figure 2. FEM mesh and pressure transfer on &half

The LEI batten was modelled by beam elements (todes linear beam) as shown in
figure 2. The beam element J was defined betwegrispB and B.1. The inflatable battens 1,
2 and 3 were also modelled with beam elements @srsim figure 3. Each inflatable batten
position was determined experimentally on the sednkite. They were positioned on the
canopy mesh along the corresponding profile.

Il - 3 FEM kite boundary conditions

Only a half kite was modelled in the FEM solversiown in figure 3. The nodes
positions were defined in theyR(K,Xko,Yk0,Zko) reference frame. A symmetry boundary
condition was applied in the symmetry plane eddee back lines were considered to be
attached to the kite extremity at the leading eddeerefore, the displacement of this node,
called D in figure 3, along was null.

The two front lines were attached to the leadingeeldeam at nodes Al and A2 as shown in
figure 3. The positions of the attachment linesglthe leading edge were identified on the
3D scan of thd=-one Revolkite. The forces exerted on the front lines aamdmitted to a
single front line through a pulley. To ensure thilgy equilibrium in the FEM modelling, a
linear displacement equation or constraint can &eed in the FEM software. Therefore,
Ua1 z being the displacement of node Al alapgaxis, the displacement equation becomes

Uaiz+ Ua2z= 2Up; (1)

Where up; is the displacement of node P along axis, node P being the pulley
position. The position of node P has no influenceh® results, but the displacement of node
P must be equal to zero.

Finally, to ensure that the kite is not subjectritgid body motion alongxyo, the
simplest and fastest for the fluid structure intém is to fix the displacements alorg of
all kite nodes in order to divide the kite loadsra xxo axis within the whole kite.
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Figure 3. 3D kite FEM modelling based on the irdtdé tube structure.

1l — Load transfer from the 3D Lifting Line fluid calculations

The 3D lifting line presented in previous studiés6] was used for the pressure
distribution identification within the kite struatr Only the leading and trailing edge node
positions were needed for the 3D lifting line cédtion. Indeed, in this method, the kite was
divided in several profile sections. Each kite mectwas defined between a node on the
leading edge and the corresponding node on thentyaedge. The bound vortices were
arranged on the quarter chord along the span. rHileng vortices were disposed along the
chord and then aligned with the incident flow. Tdwlocation points were also disposed
along the quarter chord line according to the radrse vortices distribution. The incidence of
the kite was defined in the symmetry plane. Thaltdt and drag coefficients were calculated
using the 3D lifting line. At the end of a fluicetation, the apparent wind velocky;and the
effective incidence of each kite sectiegy; were obtained. This allowed the pressure
distribution along each profile section to be dsieed and transferred to the structure model
of the kite.

lll - 1 Aerodynamic pressure load distribution aqivey XFOIL

Each section profile was treated separately inrotadéransfer the pressure given by
XFOIL to the FEM modelling. For each section pmfithe 3D lifting line gave the effective
incidenceaess; of a section. A lift coefficienC_ and a drag coefficier@p correspond tohe
effective incidencenesr; of the profile section. To simplify the modellinthe profile was
considered to be the same along the whole sparpdaireed previously [5,6]. Therefore, the
lift and drag coefficient evolutions as function icidence are identical for all section
profiles.

The pressure coefficield@, distribution of the kite profile was calculatedtiviXFOIL
for all incidences between - 20 and 30 °. Thereftrewing the incidence of a section



profile, the pressure coefficient distribution waterpolated from the data given by XFOIL as
presented in figure 4.
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Figure 4. Pressure coefficient distribution aloing kite fluid profile for an incidence of 4 °.

[l - 2From fluid to FEM profile modelling

The profile used for the fluid modelling in XFOIshown in figure 4, is called fluid
profile whereas the FEM profile modelling, shownfigure 5, is called FEM profile. In the
FEM profile, the LEI batten was modelled by bearanents located at the intersection
between the canopy and the LEI batten. The beaitiqgpow/as determined by the 3D scanned
F-one Revolkite. As presented in figure 5, the fabric or gandrom the FEM leading edge
to the trailing edge, was modelled by shell element

0.3~

o
[N

0.1

Sl —— FEM extrados fabric

Normalized position alongp)f axis

*a O FEM leading edge beam
- - *-FEM beam resultant

0.2 ‘ ‘ —> FEM fabric pressure
—VU.£

1 1 1
0 0.1 0.2 0.3 0.4 0.5 06 07 0.8 0.9 1
Normalized position alongp>§ axis

Figure 5. Kite FEM profile modelling and force t&her.

The FEM LEI batten was modelled by beam approaciclwis seen as a point in the
section profile shown in figure 5. The kite profiler fluid analysis was divided into two
parts: the fluid LEI tube and the fluid canopy (atman figure 5).

Il - 3 Pressure distribution transfer to kite FEhbdel

The pressure on the fluid extrados canopy in figdravas taken from XFOIL
calculations on the fluid profile. At each pointtae fluid extrados canopy, the fluid intrados



pressure was interpolated from the pressure disitoib on the fluid intrados profile. As
presented in figure 5, at each point of the FEMaslds canopy, the pressure is equal to the
sum of the fluid profile extrados and intrados ptee shown in figure 4.

All the pressures in the fluid LEI batten part waansferred to the FEM leading edge
beam. As presented in figure 5, the resultant presat each point of the fluid LEI batten is
equal to the sum of the profile pressure and teglénpressure, considered to be constant in
the fluid LEI batten. Then, the force at each pahthe fluid LEI batten was obtained by
multiplying the resultant pressure by the corresiooym element size. The total force due to
the fluid LEI batten was obtained by vectorial safrall forces. The resultant moment was
also calculated on the FEM leading edge beam.

The pressure on each profile element was obtainednbltiplying the pressure
coefficientC, by Yopair Va® (Vaj being the profile section apparent wind velocitg a;) and
transferred to the FEM model as presented in figur&he profile leading edge force was
obtained by multiplying the FEM leading edge beasuttant by ¥, ¢ Va (G being the
chord of section j).

lll - 4 Pressure and force transfer to the 3D gdaopnadf the kite

The FEM mesh was directly taken from the fluid mashexplained previously. The
position of a node along the chord was directletakn the 2D FEM profile mesh shown in
figure 5. The kite canopy being modelled by quagiaelements, element I,J is defined by 4
points: $j, Sj+1. S+1j+1, S+1j. Pij being the pressure calculated at poinf tBe pressur®,
on element 1,J is equal to:

p,, = Pii ¥ Pijs1 + Piagjra + Piagy (2)
’ 4

Pressur
(Pa)
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Figure 6. 3D FEM kite modelling and force transfer.

The leading edge beam force was applied at eaain peae B Its magnitude was
obtained by multiplying the corresponding leadindge profile force by the half of the
distance along the span between pointdhd point B1. The two components of the leading
edge beam force were expressed in ther&erence frame. The same operation was done



with the leading edge beam moment. The entireiE® loads modelling is shown in figure
6. The pressure on the canopy is plotted as welHeakeading edge beam forces and moments.

IV — Fluid-Structure Interaction (FSI) and results

IV - 1 Fluid structure interaction loop

The global fluid structure interaction loop is preted in figure 7. At the beginning of
a fluid calculation, the leading and trailing edgede positions resulting from the FEM
calculation were given to the 3D lifting line. Theparent wind velocity was defined in the
kite symmetry plane. It was reoriented at eactdfealculation in order to ensure that the kite
incidence remains constant during the entire flstidicture interaction loop. Both section
velocity and effective incidence were given to tbad transfer routine. The fluid load was
transferred to the FEM mesh in the load transfedute(figure 7) presented in section Ill. At
the end of the 3D lifting line calculation, the agdynamic resultant forcé, was obtained.
This allowed the kite to be oriented so thHat and z, are aligned, according to the
assumptions of the zero-mass model [5,6]. TheKEM mesh given at the beginning of the
FSI loop was used as a reference for each FEM lasilmo. The initial node positions which
were used in ABAQUS as a reference for the calmmabf the stresses and strains in the
elements was rotated at each iteration. Therefire, initial FEM calculation geometry
remains unchanged during all the fluid structuteriction process.

At the end of the FEM calculation, the loaded kitesh position due to fluid loads
was obtained. The leading and trailing edge nodgtipos were extracted as presented in
figure 7. This was re-injected at the beginningtleé fluid structure interaction loop to
initialize the fluid calculation.
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Figure 7. Fluid structure interaction loop scheme.

IV - 2 Fluid structure interaction results on aeatudy

The fluid structure interaction process was tested case study. The kite geometry
was taken from the 3D scan of the kite at the begg of the FSI process. The kite was



considered to be in static flight on the wind windedge. The apparent wind velocity in the
symmetry plane of the kitd/, was equal to 5 mi’sand the kite incidence in the symmetry
plane,azp, was 10 °.

To study the fluid calculation convergence, thenmoiff vector Cp" - Cpk'l), calledZ(EfIO
was used(:plkJ being the pressure coefficie@}, of element I,J at iteration k. To study the
convergence of the FEM calculations, the norm ataeu” - u?h), called> §, was usedy*
being the displacement vector of node ij betweernirittial ahd the equilibrium position of the
FEM calculation at iteration k.

According to the Riemann criterion, if
in_r)nwk“xzﬁzo,anq<_lig.gk“xzép:0,fora>1 )

Then, the series’

p=k p=k 4)
rhand ) &,

converge. The vector series’
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S (o)) om0

p=1

converge, i.e., the sequen{&,l") and(u.k) converge. If these two sequences converge, we
can say that the fluid structure interactioh predess converged. The fluid criteridsf é<2ckp,

with a = 2) and FEM criterionk{’ x T8 witha = 2) are plotted in figures 8 and 9. As shown
in figure 8, the pressure coefficient criterionrageto converges towards zero along the FSI
process. Therefore, one can say that the fluidctsire interaction process converged
according to the pressure coefficient criterion.
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Figure 8. G criterion between two time stepsgjgyre 9. Node displacements criterion as a
as a function of number of iterations. function of number of iterations

The displacement criterion, displayed in figure @dwerges towards zero. As the
pressure and displacement criteria converge towzeds, it can be concluded that the fluid
structure interaction process converged. The FBtaws was stopped after th8 Buid
iteration (and after the"5structure iteration) since the fluid criterionléss than 18 (4.10*

% of the G standard deviation) and the structure criterioless than ®m @ nm=10 %
of the kite span).



The stress distribution was obtained within the kabric after each FSI loop. A fabric
structure being bi-dimensional, the classical 3amants for the study of the stress and strain
distribution cannot be used. Therefore, a bi-direr# first invariant was defined as well as
an equivalent to the Von Mises invariant. After thst iteration, the first stress invariant and
the Von Mises equivalent invariant are plottedigufes 10 and 11. The specific stress field
can be used for the kite fabric selection, sincgnmitade order of stress levels are consistent
with the cylindrical shape analytic stress solutjpressure x radius / thickness). In this case,
the mean cylindrical shape analytic specific stissbout 0.10 J:gfor a radiusR of 1 m and
a grammagg of 170 g.nf and taking a mean pressure of 17.38 Pa.
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0.100 0.333
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1 -0.050 1 0208
-0.100 0.167
-0.150 0.125
—-0.200 0.083
-0.250 0.042
-0.300 0.000
-1.160
Figure 10. First stress invariant distributiofrigure 11. Second stress invariant distribution
after convergence of the FSI loop (9.9 after convergence of the FSI loop (9.9

V — Discussion

Although computation time takes only several misdte each iteration, in the future,
it seems essential to automate the fluid strucikoteraction process. This implies that the
ABAQUS FEM analysis must be launched automatidajiyatlat® for example.

For the moment, the fluid structure interactiongess was achieved by taking into
account the initial position of the kite as a refere for the FEM calculations at each iteration.
Therefore, the FEM calculation could be time conisignin more difficult cases since the
final position could be far away from the initiabgition at each time step. The efficiency of
the FEM calculations could be improved by startimgFEM calculation from the position at
the end of the previous iteration. Nevertheless, ithplies that the entire stress field at the
end of the previous iteration must be taken intmant as an input for each FEM calculation.
This could improve the efficiency of the FSI prog@sthe future.

The kite structure modelling would be improved e future by taking into account
the material properties by tensile test measuresnentkite fabric samples. More refined
material modelling characteristics would be usedhim fluid structure interaction loop. In a
second step, the non linear behaviour of the lateri€ can be taken into account with
experimental data. The beam behaviour may alsal@pted in order to take into account the
inflatable battens buckling behaviour as was don@&ieukels [4]. The fabric modelling can
also be improved by taking into account the antgmtrof the kite fabric.

1C



The fluid structure interaction method could be ioyed by applying more realistic
loads and boundary conditions (taking into accdbetshear stress drag for instance). The
method can also be applied to dynamic flight. ishape response to tether steering in turning
stages could also be modelled in future works, martte estimate possible aerodynamic
characteristic modifications.

VI — Conclusion

The auxiliary propulsion of commercial ships regairhuge kites that imply huge
loads. Numerical tools must be implemented in orerdesign such kind of kite. The
numerical modelling must take into account the lsteucture deformation due to the
aerodynamic load. Therefore, a Fluid Structurertiton process was implemented.

The kite fluid modelling was done using the 3Diriff line method described in
previous studies [5,6]. The flow around the kite swaodelled using potential flow
assumptions. The 3D lifting line method alloweda$ake into account the three-dimensional
flow effects which were not taken into account bysgh et al. [1] in their fluid structure
interaction process in . The viscosity was taketo iaccount for each kite section using
XFOIL. The load distribution, calculated by XFOlbrfeach section profile, was transferred
to the profile structural modelling which comprisasell elements for the canopy and beam
elements for the inflatable tubes structure. Tresgure was transferred to the profile section
fabric by summing the pressure on the extradosraratlos.

The fluid structure interaction was applied to st tsase by considering a static flight.
The information transfer between the fluid and e calculations was done manually.
After each iteration, the stress field within treopy was obtained. It can be used for the kite
fabric selection. Finally, the fluid structure irdaetion process allowed estimation of the stress
level in the canopy. This will be very useful fbetdesign of huge kites dedicated to auxiliary
propulsion of commercial ships.
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