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ABSTRACT

This work presents an experimental study on the-aer gyro,

elastic wind/sails/rig interaction at full scale ireal
navigation conditions with the aim to give an exmpental
validation of unsteady Fluid Structure Interacti@SI)
models applied to yacht sails. An onboard instrutiatésm

system has been developed on a J80 yacht to measusg,

simultaneously and dynamically the navigation pasters,
yacht motion, and sails flying shape and loads ha t
standing and running rigging. The first resultsoreed
while sailing upwind in head waves are shown. \faotes
of the measured parameters are characterized kteld ¢o
the yacht motion (trim mainly). Coherence betwebka t
different parameters is examined.

In the system’s response to the dynamic forcin¢cljpig
motion), we try to distinguish between the aerodyita
effect of varying apparent wind induced by the motand
the structural effect of varying stresses and rs¢raiue to
the motion and inertia. The simulation results fribra FSI
model compare very well with the experimental diata
steady sailing conditions. For the unsteady cooiti

obtained in head waves, the first results show adgo

agreement between measurements and simulation.

NOMENCLATURE

AWA Apparent Wind Angle

AWS Apparent Wind Speed

TWA True Wind Angle

TWS True Wind Speed

V1 External longest shroud, from deckap mast
V2 Intermediary shroud from deck t8 Spreader
D1 Internal shortest shroud from deck’tspreader
| Distance from the deck to the jiieave

P Distance from the boom to the togima

J Distance from the mast to the gitkt

E Distance from main tack to clew

X Center line axis in the boat refeseframe

y Lateral axis in the boat referenearfe

z Vertical axis in the boat referefregane

Gyroscopic rotation around x axis (raldl.s
Gyroscopic rotation around y axis (r&)l.s

gyrox

gyro, Gyroscopic rotation around z axis (rdil.s
0 Entry-Exit angle of a sail stripe ¢dle

F Center of rotation at the centeflatftion
PSD Power Spectral Density

Coherence of two signals x(t) and y(t)
Cux Cross correlation of signal x(t)
INTRODUCTION

In the last decades, massive improvements havernaede
in yacht design, materials and building, as showrnha
continuously increasing performances achieved loynga
yachts all over the world. As yacht racing competitess
is growing there is an increasing need for more uotde
detailed research and development in the fieldailfng
yachts. This effort yields many research activitkasgth
experimental and computational to better understied
behavior of racing yachts and to optimize theiriglesand
use. Computational Fluid Dynamics (CFD), tank testi
and wind tunnel studies have been largely usegtione
hull, rig and sails design [3][2][11][18]. Concengi sails
aerodynamics, many studies have been made using CFD
[19] and model scale experiments in wind tunnels
[9][10][13] but fewer studies have been devotedful
scale trials in real navigation conditions [5][1&ecently,
several authors have focused their interest onHloél
Structure Interaction (FSI) problem to addressissee of
the structural deformation impact on the flow aedde the
aerodynamic forces generated [4][16]. The FSI mabbf
yacht sails is complex because the structural
aerodynamic problems are highly and non linearlypted,
and as the sails are soft structures, even smefisgs may
cause large displacements and shape changes leiading
high variations in the aerodynamic forces. Morepesrall
sailors know, this aero-elastic problem is unstdaelyause
of wind variations and more importantly yacht matidue
to the sea state and crew actions. Very few stucizé®
recently addressed the unsteadiness issue of

and

sails



aerodynamics. Fossati and Muggiasca [7][8] studied In this paper, the results obtained while sailing
aerodynamics at model scale in a wind tunnel, aimdaV head waves are presented and the variations of each
and Flay[20] achieved pressure measurements of &kl measured parameter are analyzed and compared to the
full scale. To the author’s knowledge, this is finst report  yacht motion which is the dynamic forcing appliedthe
of experimental unsteady FSI study at full scatelekd, aero elastic system. In the first section, the F8tel to
Fossati and Muggiasca showed that a yacht pitchingalidate is rapidly presented and the methodology
motion has a strong and non trivial effect on thedeveloped for the experimental/numerical validatisn
aerodynamic forces. They proved that the relatignsh explained. Then, the experimental system is desdribhe
between instantaneous forces and apparent winétéswi  core of the paper is made of a presentation antysisa
phase shifts, hysteresis- from the equivalent imrlahip  with respect to yacht motion of the unsteady reedrd
obtained in steady state, which one could haveghbto results: apparent wind, loads and sails flying shap
apply in a quasi-static approach. parameters. In the last section, simulation resalts
compared to the experimental data.
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K-EPSILON is developing a strong coupling in
inviscid fluid between ARA and AVANTI, the root of
ARAVANTI model. Experimental validation of
ARAVANTI model is integrated in the project Voil'EV,
developed in the IRENav laboratory.
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Table 1. Principal dimension of a 380 1 4

Inputs Outputs
HULL v I
Length over all (m) 8.00
Length of water line (m) 6.71 ARAVANTI MODEL
Maximum beam (m) 2.51 Numerical calculation
Draft (m) 1.49
Disp (ton) 1.315 Figure 2- Methodology of the numerical/experimental
SA”-__S comparison data.
I jib luff length (m) 9.60 9.25
P~ goose neck (m) 9.14  1.26 ARAVANTI is a fluid-structure model usirg CST
J_E(m) 2.90 3.81 membrane model elements extended in 3 dimensidfis [1
1 http: //www.jboats.com/j80/j80dimensions.htm The assumptions imposed inside this element arst@on




stresses, constant strains and uniform stiffnessthef
material. Non-linearities coming from the geometnyd
compressions are taken into account. The calculatidhe
flow around the sails is carried out under the aggion of
an incompressible inviscid fluid, using a partichesthod
developed by Rehbach [15] and then Huberson [18 T
method is in essence unsteady, taking into acctumt
sleep condition on the surface as a boundary dondit A
Kutta-Joukoswski condition is imposed on the trgjledge
of the sail, initiating the wake of the flow. Annadspheric
wind gradient is taken into account. The effectsttod
interaction are translated into a coupling of threkatic

equation (continuity of the normal component of the

velocity at the interface between fluid and stroetu
geometrical domains) and dynamic equations (coityird

Four analog cameras are fixed on the mast, twden t
real top recording the mainsail and two under tiredtay
hound point recording the jib. For measuring coteece,
horizontal stripes are drawn on mainsail and jibeight of
20%, 40% and 70% of Iuff length. Sail shape paramset
are extracted manually from pictures by image ssice
software ASA and ISIS as shown in Figure 4. Sadpgh
parameters are defined on Figure 5. Calibratiodsgare
placed on the deck to adjust the cameras positidraagle
during post processing [21]. Additional cameras fated
on the roof recording the crew and the sail foot.

Sails recorded in experiment are designed by the sa
maker Delta Voiles and used in the J80 class Iatemal
championship. The mainsail is half batten with tinghest

the normal component of the external force, pressurin full batten. The jib gets a half batten on tapd awo

forces, on the contact surface of the sail withfhinel).

roller battens. Figure 3 shows the sails geomédthe sail
maker CAD SailPack® from BSG Development is used to

In order to validate the model, two experimentaldesign the sail (design shape, cloth panel type and

settings have been developed, dedicated

to FSirientation). ARAVANTI is coupled to SailPack® imder

measurements on soft surfaces. The first experahentto build the sail structure meshing from the CAilS

system is the instrumented sail boat, subject isf plper,
which is adapted to full scale and real condititudg. The
second system is a laboratory experiment consisting
swiveling sail which has been described in a previpaper
[6]. It represents a good test case for the F3leism soft
surface, without the onboard instrumentation pnoisle@nd
a well controlled environment.

Figure 2 presents the Experimental and Numerical
instrumented boat set up.

validation loop for the
ARAVANTI settings are given by the trim, the windator
and the yacht attitude recordings. Rig and sailngstoy
and mechanical characteristics are added as
Calculation results are compared to the loads #&idgf
shapes measured on navigation.

EXPERIMENTAL APPARATUS

Full-scale measurements were performed on a J80

yacht, an 8.00m cruiser sport boat. Principal disi@ms of
the J80 are presented
instrumentation has been developed in order to unedke
unsteady navigation loads, flying shape and naidgat
parameters. Figure 1 shows the general arrangeshéme
boat.

inputs.

in Table 1. A dedicated

dimensions are presented in Table 1, where |, 4nB,E
are the measurement lengths of sail dimensionsrdiocp
to the IMS rules.

Loads measurement is performed by instrumentedrigure 3- Representation of the sails geometry iatttens

fittings with stress gauges. Seven instrumentetbiuckles
measure the six shrouds loads and the forestayeytd

instrumented shackles are shared between the diiffer

tension points of the mainsail (outhaul, sheetydral,

cunningham and boom vang) and the Jib (sheet, tohlya

and tack). A ninth shackle is placed on the bagkstae

and frames from CAD SailPack®

The Motion sensor Xsens MTi-G is placed on the
point F, the rotation center of the hull for theadihangle at

16 load sensors are connected to two Spider8 amtay 0° heel angle. An ultrasonic 3D anemometer is fizadhe

acquisition and synchronization devices from HBMidle
the boat.

top mast and a speedometer has been installedeod8th

hull. Wire displacement sensors are fixed betwaemtain



car and the boom and the jib car and the clew tasure
the sheet length. A rudder angle sensor is fixetherhelm

basis. A fluxgate compass and a GPS are used ittside

boat.

Figure 4- Example of a stripe parameter image asing
on the Jib with ASA software

Sensors are linked to an onboard PC. Acquisition ic
controlled by RTmaps®, a dedicated software for

synchronization and dating developed by Intempora.

The general arrangement and calibration method fc

the instrumented J80 were described in more detad
previous article [1].
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Figure 5- Definition of the flying shape parameters

RESULTS

The data acquisition system, using RTmaps, is base

on the principle of associating the events’ datee&wh
recording. Sensors are free to communicate todh®pater
at their own frequency and the output is dealthzyliuffer.
A recfile is built chronologically with the date afcord in
the hard disk. The frame contains the creation datie
measurement and can be extracted in post proces$img
unprocessed data measurement matrix is aperiodigets

several values for the same date. Data presentalisn

article have been sampled at 50Hz.

The low frequency experimental data, from NMEA
frame, used as inputs to the computations, as dbk |
speed, the GPS speed or the fluxgate compass keadin
have been smoothed to avoid jumps which would input
irrelevant noise in the simulation.

Presentation of data

Unsteady data

This section is focused on the recordings made on a
35 second run of pitching in head swell with 20spécial
interest for comparison. The swell is short withaaerage
period of 1.3s and 0.3m wave height. The variatibthe
trim, the heel, the heading angle and the boat dspee
presented figure 6. Heading are recorded by thenXse
motion sensor and the compass. Boat speed is extdnygl
the loch. The bound of the 20s of interest aretediby the
vertical lines marked bysTART and END. The boat is
sailing on port tack. The boat speed recorded byldkh
and the heading recorded by the fluxgate compass is
presented on Figure 7. There is no information fanjib
tack because the shackle was broken at the begiofitne
experimental set.
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angle and boat speed in head swell on a 35 s run.  wind variation.

Mainsail END

According to the reference frame adopted for that bo
and presented in Figure 1, positive values of ttim t
correspond to the boat diving.

Figures 7 and 8 present the effect of pitchingaih ; ; ; ; ;
loads, trim angle, and apparent wind angle anddspEee ARRK EEEEE RRRRERREEE P e :
recorded run, containing the 20s of interest betwee :
bounds, is represented on 35s.
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< Loads in sails are also sensitive to pitching véth
4 L ‘ ‘ L L . important relative variation due to oscillation. ivsail
0 5 10 15 20 25 30

outhaul and Cunningham are not represented here for
legibility reason but get the same sensitivity sailbation.
Figure 7 — Loads in shrouds during 35s. Oscillations of apparent wind angle and speed seem
to be linked to the pitch. Because of head sweltjliations
on the top mast create a longitudinal componergpekd.
Loads in shrouds appear to be sensitive to trimleang Depending on the direction of pitching, this comgoinis
and the pitching oscillations are contained in thads @added or subtracted to the apparent wind speed. piituh
variations. Amplitude of variation seems to be telato  SPeed on top mast component has an influence in AWA
sensitive to boat oscillation than leeward onese $ame @also sensitive to the other motion parameters,céaipethe
conclusion can be made on the proportionality éores ~ Yaw, reasons for the important variations.
with forestay and backstay. Dlportside has the dsgg
variation amplitude. Dilportside has an important  Amplitude of variation due to pitching
longitudinal component of effort which is added ttee

timeins

As showed in last paragraph, loads and winds are



pitch sensitive. For loads, the amplitude of véoiat
depends of the initial value and direction of effor
(longitudinal component of effort is more sensitite
structure oscillation). Considering the aeroetastsponse
of the system to the unsteady forcing due to tleestate,
two types of behavior can be distinguished. Theatéf of
this behavior can be put in two groups:

The structural group: Boat motion
dominant in the behavior.

The wind group: Varying AWA and AWS,
induced by boat motion, is dominant. The
behavior is linked to the aeroelastic
behavior.

is

The structural group is directly sensitive to then
oscillation. The wind group is sensitive to the @in
oscillation. Pitching period can be found in signbécause
the apparent wind is linked to oscillation. The Wigroup
signals have much more oscillation because the piags
the role of a system response to the trim.

Maximum amplitude of variation of sailing

parameters during the unsteady 20s is presentédhle 2.
Maximum variation is defined as:

AMax = max[@ —min(u)) O (max) —u)]

Table 2— Amplitude of variation due to pitching

| Mean ‘ Max ‘ AMazx ‘ AMax'%
Shrouds
Viport(N) 4993 2618 625 125
V2port(N) 2363 2749 387 16.6
Dlport(N) 3710 | 4487 778 20.9
forestay(N) 53724 | 6135 431 7.5
backstay(N) 1850 | 2006 156 8.4
Mainsail
sheet(N) 1274 | 1603 329 25.8
halyard(N) 1566 | 1718 152 9.7
cunningham(N) 383 478 95 24.8
boom vang(N) 1709 | 1890 181 10.6
outhaul(N) 1758 | 2046 288 16.4
Jib
sheet(N) 1479 | 1836 357 242
halyard(N) 1752 | 2214 462 26.4
Wind
AWS(kts) 19 25 6 342
AWA (deg) 27 40 13 48.9

Wind group has higher variation in amplitude by 15-
25% because the influence of trim is modified by AWA
and AWS variation. The wind filter exaggerates #ffect
of pitching. Structural group variation amplitude® lower
than 10%.

Pitching frequency signature

As shown on Figures 6, 7 and 8, the pitching

oscillation appears in the different parameterstseries.
Figure 9 shows the Power Spectral Density (PSDhef
trim, the V1portside and the AWS signals. The PSEhie
Fourier transform of the autocorrelation functi@,(t), of
the signalu(t).

PSD(f) = |

—00

C.(n)= Tu(t).u(t —-7)dt

WhereF(Cy(t)) is the continuous Fourier transform of the
auto correlation functio@,, (t).

Cu ()™ |dr = F(C, (7))
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Figure 9 — Power Spectral Density of the AWS, tainal
V1portside signals with logarithmic scale.

Graphs are represented in logarithmic scale. The BS
trim shows that the trim oscillation has 2 frequesoery
close: 0.69Hz and 0.85Hz. Those 2 frequencies @n b
explained by the 2 different swell periods encotede
during the 20s run. The PSD of AWS and Vlportside
contains those frequency peaks. This representation
confirms that the pitch oscillation is present aads and
apparent wind. Peaks can be found in the PSD dbatl
signals and AWA. The V1 portside is more subjechigh
frequencies, which is a signature of structuralaayits.



Signals temporal coherence the phase shift (abscissa of the maximum coherefite)
maximum coherence is highlighted by a black squratbe
Two temporal signals are said to be coherent i the graph. The signals have a positive coherence df Wtdch
have a constant relative phase. The coherenceifiggnt indicates good correlation. The maximum coherence
how correlated are the signals. It may be integuteéh  appears for t=0.25s, which indicates a 0.25s plagof
terms of cause-effect relationship. The cross-taticm  backstay load oscillation.
guantifies the ability to predict the value of teecond

wave by knowing the value of the first. 1 ‘ ; - , ‘ 1
- Gtrim backstay
0.8 X:0.2512
Y:0.8

With C,, the auto correlation of the time series x(t)
andC,, the cross correlation of signals x and y, cohezenc
G,y of times series x(t) and y(t) is:

C

Xy

G, =— %
¥ C,(0C, 0

0.6
04r
0.2r

Coherence

Coherence matrices of measured data have bee¢
calculated in order to identify the temporal colnee The 08
maximum coherence value is 1. Maximums of the albsol B S — e T s e 20
value of coherence have been plotted in FigureTHs e
representation is a first and quick approach taliggt the Figure 11— Coherence between the trim and the backs

coherence between signals. The white diagonal fmaxi  measured signals with a wrap around order. The maxi

of coherence function=1) represents the auto cuiosl. coherence value is 0.8373 with a phase shift &9.2
The auto correlation diagonal is the symmetry afishe
graphic. Coherence information is summarized in Table 3 for

Coherence is important between the shroud®lportside coherence with other signals. V1 and V2
signal, especially the V1portside and starboarctkB@y portside are precisely in phase with D1 signalghPis in
and forestay are also coherent. Trim is cohererth wi phase advance and V2stbdside is in anti phaseanlittie
forestay and backstay loads, gyemd gyrg. Main sheetis phase shift late.
coherent with outhaul.

Table 3— maximum coherence and phase shift of

AWA ! D1lportside with navigation parameters
o Coherence with D1port
0.9 0 .
ayrox signal | max coherence | phase shift
resene s Viport 0,924 0s
heel V2port 0,914 Os
! o7 V2star -0,794 -0.08s
v2port . .
viport pitch 0,850 0.12s
d1port
forestay’ 06
distar
e o5 Navigation parameters comparison
outhaul
e ey 04 To isolate the unsteady behavior, the mean value is
cunningham ; ; i
boom vang subtracted from the data times series and we define
jib halyard 0.3 — T
jib sheet AU(t) = U(t) u
backstay| 1 T
§5 5 P52 38558555 88E283 8 ¢ o=
ISR RERRERE RN EERR LR Whereu——ju(’[)d’[
"Tefig To
Figure 10 — Graphical representation of the maxinafim With u a measured signal depending on time.

the normed coherence of signals between each other.
Influence of the trim on navigation parameters
This first approach finds some coherence betwieen t
recorded parameters. The plot of the coherencdiumas The trim angle is a way to observe the pitching
in Figure 11 in the case of trim and backstay, give effects on the navigation parameters and the dymami
information about the nature of coherence as irsphar  effects on loads in the rigging. The frequencyhaf pitch
phase opposition (sign of the maximum of cohereace) oscillation can be found in the temporal repregenisof



the load in the shrouds as presented in Figur@i& phase AViportside
shift is explained because AWS is directly linkedthe g . ‘ ‘ ‘ ‘ ‘ | —aaws
gyroscopic motion around y axis. Trim angle is ititegral : ! ! ! ! ! ! : !
of gyro,. AWS peaks correspond to trim(t) maximum slop.
As the apparent wind is measured on the top mabtten
motion is recorded on the point F of the hull agghahift
may also be caused by deformation of the mast.

The dynamic response of the boat is sensitive ¢otsh
amplitude pitching. The maximum variation presented
table 2 gives an over speed of 34% for the AWS amd
over loads of 21% for the Dlportside. Temporal
representation, with the light of frequency and ereince

Loads (102N)
Speed (kts)

study, is a reliable tool to have a global ideatsf load time in s
variation in the rig. It is relevant that the sbatary Aforestay
hypothesis used in simulation or VPP for the appanénd 6 - TS
speed is quickly not realistic. : ! ! ! : : : : J
AV1portside
Atrim

Loads (102N)
Speed (kts)

Loads (102.N)
angle (deg)

timeins
Figure 13 — Temporal evolution of théoads in shrouds
compared to thaAWS variations.

AMain sheet
— AAWS

timeins 6

Loads (10%N)
Speed (kts)

Speed (kts)
angle (deg)

timeins
Figure 12 — Variation oAload in V1portside andspeed
of apparent wind regarding to the trim. 0

Influence of the AWS on loads in the rig

The AWS depends on the trim as illustrated inldéisé
paragraph. The variation of AWS due to pitching has time in's
influence on the sails performance. Figure 13 shtves Figure 14 — Temporal evolution of tidoads in sails
temporal evolution of loads in the shroud V1pors&hd sheets compared to th&AWS variations.
the forestay, while Figure 14 deals with loads iaimsail Oscillations and load peaks fit to AWS signal re t

and jib sheets superposed on the AWS. All thesgase of sheets. The tension in sail seems to rdspon
parameters are in the Wind group. immediately to the apparent wind puff in the 10tlas



seconds of run. Wind speed decreases have lesgno#t  of sails, taken from the top mast. Sail analysizdpces a
on the load. Main sheet loads is totally coupledAWS  great amount of results. Only 4s of the Jib paransewill

and suffers over loads up to 25% when the over tdgi be presented. Jib pictures are the 21 last. Thestfipe as
sheet is 24%. the highest is the closest to the camera and petbést
Shrouds loads seem less connected to the variaftidVS  resolution.

regarding the figure 13. The principal wind peake a —&— pitching for 9 5s<t<10.7s

followed by an increasing load in forestay but gemeral —©— pitching for 16.85<1<18.25
signal appearance is quite different. Pitchingquigican be
identified in the last 12sec for the forestay. Mmadim

peaks represent 7.5% of the average load.

500

Influence of the unsteady effects and the
consequences on loads in shroud and sail tensiotspe
obvious in this temporal representation. Those phema
underline the importance of an unsteady modelruksite
the flow and the stress in sails. -500 . : - s .

Trim deg

Load hysteresis during pitching —&— pitching for 9.5s<t<10.7s

—©— pitching for 16.85<t<18.25

AForestay loads N
=)

500

Pitching has an influence on the variation of thadl
in the rig as presented in previous figures. The\sof the
influence of trim on loads gives not only infornwatiabout
dynamic behavior and peak loads but also on thietesis
phenomenon.

Figure 15 presents the variations of the forestein
sheet and backstay load during pitching. The twosru
represented correspond to two different completgéoge
of oscillation. Forestay and backstay load varisiare ~506, . , :
elliptical. Reading direction is indicated by amcav. Trim deg

The hysteresis loop denotes the presence of a pha —&— pitching for 9.55<1<10.7s
shift between loads and the pitch. If loads wendegotly in —6— pitching for 16.8s<<18.25
phase with the trim angle variation, the hysterkxip will
appear as a simple line. The simple line is the
representation of the steady state trend. Depenalinthe
sign of the phase shift, the area inside the legrasents
the amount of energy that is dissipated by the rsveell
pitching or added to the rig and sails.

The negative slope of the forestay loop indicates t
the forestay and trim signal are in anti phase.aBse
forestay is late to trim, the area in the loop espnts the ~500, = = . 9 3 5 3
energy added by the head swell in the rig Trim deg

The backstay hysteresis loop is nearly horizontal Figure 15 — Loads variation during pitching periods
(zero slope) indicating that backstay and trim hawg?2
phase shift,.

Main sheet hysteresis variations are concentrated Because of the higher frame rate, the jib pararseter
between 0 and +2 deg of trim, like if the sheet waling  can be presented graphically. Figure 16 presemes t
the sail back during positive pitching. The tendeic a  variation, around the mean value, of the principall
positive slope, meaning that main sheet is in phdtea parameters, defined on Figure 5, at the 70% stripe.
late phase shift with trim signals. Parameters are linked with another measured signal

order to present their influence.
Jib halyard and sheet load variations appear te tav

Unsteady sails flying shape play on the difference of angles of entry and e&itA

bigger6 increases the camber and makes the draft moving

Video frame grabbers have a low acquisition rat® anforward, closer to the luff. Trimmers commonly &stjthe
the frame rate is different from a camera to anotfis  halyard tension to change the sail profile. An aagtation
pictures are recorded around 6.5 Hz and mainseatiifgis  of loads has the consequences of decreasing tbkn#ss
are recorded around 3.4Hz on portside tack. of the sail profile and moving forward the draftiglre 17

Sails parameters have been extracted from therpictuconfirms this tendency.

AMain sheetloads N
o

500

ABackstay loads N
(=]
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timeins

Figure 16 — Variation of 70% Jib stripes parameters
regarding loads in Rig and trim oscillation.

Variations of loads in forestay are put in relatigith
the twist. An increase in forestay load decreakesshg.
The influence is decreasing the camber and incrgasie
twist. The pitching oscillations in loads put irgeidence in
the last paragraphs are present in the twist teahpor
evolution. The increasing load in the forestay ape top
of the sail, meaning it increases the twist angle.

The draft variation seems in a first approach to b
linked to the trim. The period of trim can be read the
signal with a phase shift. Because inverse tendenci
should be observed on draft variation, the imagegssing
on camber position has been tested. The resuhlisftést
indicates that the variations observed are closedhé
precision error and cannot be taken into account.

Picture resolution and image processing tools ar

limited. Small variations are hard to identify, ttficulty
increasing with the stripes and camera distance.tiiénds
observed on the 70% jib stripe are not obvious thar
lower stripes. Figure 17 presents the superposdfahe 3
stripes camber, twist, draft artdwith the trim temporal
evolution. Mean value have been subtracted fromdtie.
Only the twist angle confirms the periodic evolatinked
to pitching. The other parameters suffer from pietu
resolution and post processing precision. A simyiseial
estimation of the parameters from the pictureissistent
with the evolution experienced sailors would expect
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eFigure 17 — Variation of the 3 Jib stripes paramst&’ 0%,

40% and 20%) regarding trim oscillation.

NUMERICAL
COMPARISON

AND EXPERIMENTAL

%teady state

In order to start the validation and to give relgva
information to the ARAVANTI model before startingha
unsteady calculation, a steady state is studietiOgec run
was selected because of the few variations andstéitec
loads and navigation parameters. The boat is néwgan
port tack in close haul. Experimental data of tiféeckent
parameters defined as inputs, shown in Figureegamen
to the model: average value on 10sec of the trithefrig
and the sail, TWA and TWS and boat attitude. Only
attitude, heel, trim and heading are imposed tocdbae.
Mation, roll, pitch and yaw are not inputs, theyear
calculated from derivative of attitude. Sails desihape,
layout, material, rig mechanical characteristice inzen
model inputs for all J80 fluid-structure modeling.

Figure 18 presents the numerical and experimental
comparison of the loads of the instrumented sait Ibased
on the mean values calculated from the steady .state
Trimming is adjusted to fit to the tension. Loads sail



tension points are very well evaluated. Simulation
predictions fit the measured value in the casdlotheet
and halyard, main halyard and sheet, outhaul, aaimb
vang. The cunningham is working in the low parttioé
sensors range, which can explain the discrepanyela
measurement and prediction.

Loads in the shrouds are also well predicted,
especially for the backstay and the windward shsoud
Prediction is given with a relative error <8% fdret
winward shrouds. Leeward shroud loads are quiticdif
to compare because of their very low values. Fayest
simulation fits to experimental data within 10% atéle
error. Thus, we can consider that the model reathe
goal by respecting the experimental trends and ibing
good estimates.
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are hidden under the computed ones
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A 20s run of pitching in a head swell on a port
tack has been chosen for an unsteady calculaticgteddy
Figure 18 — Experimental and numerical comparison 0  state calculation made on 5 sec, with parametearded
loads for a steady state run of 10s. just before the pitching, has been made in orddadach
the simulation with the right loads and attitudeuring
ARAVANTI model gives a graphical representationtié  simulation, boat is navigating on a constant wind o
calculation in order to appreciate the simulatiam the  14knots, with a heading to North (Odeg) with a TWA
flying shape. Superposition of the numerical resith the ~ NW (320deg). Recorded variations of AWA and AWS ar
recorded picture of the sail in navigation allowsing  supposed to come only from the boat motion. Reebrde
forward with confidence than the realistic feeliogming  attitudes, from Xsens motion sensors, are impleattas
from the simulation. inputs. Signals are resampled at 200Hz and therted
in order to get a continuous second order derigativ
Figure 19 shows the superposition of theHeading has been shifted, considering the simulEWa,
calculated flying shape of the sails for the stesidye and in order to start with the same configuration. Q&ltion is
the recorded sails shot during the 10s run. Maiih samade with time step of 0.05s.
calculation is presented with the stresses in #ileckoth in
color scale. Calculated sails shape match very wel Results
recorded one, stripes fitting nicely between eatlen The
camber is well predicted and the draft positiomplisced Primarily results are presented in Figures 20, 21,
correctly. The twist seems also ok. The experinigiita and 22. The same representation criteria used in
was modified and the top batten was changed, whickxperimental results are adopted in order to coeplae
explains the angle in the picture. Rig and booneutated  signals.
fit very well to the picture as the blue supergositshows. Figure 20 presents the evolution of thieads in



the forestay superposed to the trim during the @Ds
pitching. Experimental and numeroads are represented.
Variation tendencies are the same, simulation sgmting
well the oscillation. Amplitudes of variation arditile bit
over estimated when the pitch solicitation getshhrg It
seems that the computed boat is less limited s rtiotion
than the real one.

Aforestay measured

—O— Aforestay calculated

Loads (102N)
angle (deg)

timeins
Figure 20 — Numerical and experimental comparisothe
temporal variation of forestay load.

Figure 21 presents the Power Spectral Densithef t
simulated signal of V1portside. The PSD highligtite 2
frequencies of pitching showed in the experimergalilts
study. Frequencies are 0.69Hz and 0.85Hz. ARAVANTI
able to simulate the influence of trim oscillationthe rig
loads by modeling the amplitude variation. The nhade
also able to propagate precisely the frequency mibton
in the effort.
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Figure 21 — Power Spectral Density of the V1podsid
signals with logarithmic scale.

Figure 22 presents the superposition of the hgsier
loop showed in the experimental results paragraitin thve
calculated loop. Forestay, main sheet and backstalyare
represented depending of trim angle. The run show
corresponds to a complete period of oscillatiomBated
signals have been plotted respecting the samertirsiof
study, in order to make a Numerical/Experimental
comparison.

the same phase lag between forestay and trim. Tihsep
shift due to hysteresis is well predicted. Tead is the
same in the calculated and measured signals.
Calculated main sheet loop has the same appearance
and load variations have the same order of magmitedr
the positive values of trim —corresponding to bawirdy-
the main sheet load variation is a little bit undstimated.
Calculated backstay loop is in the same order of
magnitude as the experimental one, but the energhe
calculated cycle is less than the measured energy.

These first unsteady simulations give interesting
results regarding the ability of the model to peedhe
aero-elastic response of the system to a pitchamgirfg.
The loads are well predicted, simulated in thetrrghge of
effort.
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Figure 22 — Comparison of load variations with trim
oscillation between the measured and calculatethkig

Unsteady simulation demands to know accurate vabfies

Calculated forestay loop has the same slope mganirall input parameters and special care is devotethi®



task., The actual rig and sails geometry and mechbn predicted and the computed flying shapes fit to the
properties, and the sails trimming during the rue a recorded pictures of sails.

particularly difficult to accurately determine. The The experimental validation of the simulation foe
discrepancies in the experimental to numerical @nspn  unsteady conditions needs more work and analyststhie
shown for example in Figure 22 could be attributeca  preliminary results presented here show a very laimi
rough estimation of the sail fabric behavior —searc behavior.

information on the number of yarns in the Kevlanfies of
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