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A B S T R A C T 

A n u m e r i c a l i nves t i ga t i on o f t h e d y n a m i c F l u i d - S t r u c t u r e I n t e r a c t i o n (FSl) o f a yach t sai l p l a n s u b m i t t e d 

to h a r m o n i c p i t c h i n g is p resen ted to address b o t h issues o f a e r o d y n a m i c unsteadiness and s t r u c t u r a l 

d e f o r m a t i o n . T h e FSI m o d e l - V o r t e x Lattice M e t h o d f l u i d m o d e l and F in i te E l emen t s t ruc tu re m o d e l -

have been va l i da t ed w i t h fu l l - sca le measurements . I t is s h o w n t h a t t he d y n a m i c behav iou r o f a sail p l a n 

subjec t to y a c h t m o t i o n c lea r ly deviates f r o m t h e quasi-steady t h e o r y . The a e r o d y n a m i c forces presented 

as a f u n c t i o n o f t he ins tan taneous apparen t w i n d angle s h o w hysteresis loops, sugges t ing t h a t some 

energy is exchanged by the sys tem. The area inc luded i n the hysteresis l o o p increases w i t h t he m o t i o n 

reduced f r e q u e n c y and a m p l i t u d e . C o m p a r i s o n o f rigid versus s o f t s t ruc tures shows t h a t FSI increases the 

energy exchanged by t h e sys tem a n d tha t t he osci l la t ions o f a e r o d y n a m i c forces are u n d e r e s t i m a t e d 

w h e n the s t ruc tu r e d e f o r m a t i o n is n o t cons idered . D y n a m i c loads i n the f o r e and a f t r i g g i n g w i r e s are 

d o m i n a t e d b y s t r u c t u r a l and i n e r t i a l effects . This FSI m o d e l and t h e o b t a i n e d results m a y be u s e f u l f i r s t l y 

for yach t design, and also i n the f i e l d o f a u x i l i a r y w i n d assisted s h i p p r o p u l s i o n , o r t o inves t iga te o t h e r 

m a r i n e s o f t s t ruc tures . 
© 2013 Elsevier L td . A l l r igh ts reserved. 

1. Introduct ion 

I t is n o w w e l l - k n o w n that deformat ions actively or passively 

endured by aerodynamic and hydrodynamic l i f t i n g bodies have a 

s ignif icant effect on the f l o w dynamics and the per formance o f t h e 

system. A huge amoun t o f w o r k has been devoted to insects' and 

birds' flight, (Mountcasde and Daniel, 2009) or to fishes s w i m 

(Fish, 1999; Schouveiler et al., 2005), f o r example fo r applications 

i n Mic ro A i r Vehicles ( M A V ) and more generally i n the b i o -

m i m e t i c field ( fo r a review, see Shyy et al., 2010). From this 

abundant l i terature, i t has been s h o w n that the dynamic beha­

v iou r o f the flow and the s t ructural d e f o r m a t i o n mus t be con­

sidered to bet ter unders tand the mechanisms involved i n l i f t i n g 

and propuls ive performances (Combes and Daniel , 2001) . For 

example i n the field o f insect flight, Shyy et al. (2010) have 

under i ined the necessity to consider the dynamic phenomena to 

proper ty estimate aerodynamic coefficients . 

Fluid-Structure In teract ion is also o f interest fo r some c o m p l i ­

an t mar ine structures, such as wave a t tenuat ion systems (Lan and 

Lee, 2010) or i n the field o f Ocean Thermal Energy Conversion 

(OTEC) w h e r e sof t ducts made of a membrane and st i ffeners m a y 

be in teres t ing for the cold wate r pipe (Yeh et al., 2005; G r i f f i n , 

1981). To reduce fue l consumpt ion and emissions i n m a r i t i m e 
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t ransport , w i n d assisted propuls ion is more and more considered 

for ships (Wel l icome, 1985; Low et aL, 1991; Dadd et al., 2011). 

W h e n analysing the behaviour of yacht sails, an i m p o r t a n t 

d i f f i c u l t y comes f r o m the Fluid-Structure In teract ion (FSI) o f the 

air flow and the sails and r ig (Marcha j , 1996; Garrett, 1996; Fossati, 

2010). Yacht sails are sof t structures whose shapes change accord­

ing to the aerodynamic loading. The resul t ing m o d i f i e d shape 

affects the air flow and thus, the aerodynamic loading appl ied to 

the structure. This Fluid-Structure Interact ion is s t rong and n o n ­

linear, because sails are sof t and l igh t membranes w h i c h exper i ­

ence large displacements and accelerations, even fo r smal l stres­

ses. As a consequence, the actual sail's shape w h i l e sailing - the so-

called flying shape - is d i f f e r e n t f r o m the design shape def ined 

by the sail maker and is generally no t k n o w n . Recentiy, several 

authors have focused on the Fluid-Structure Interact ion (FSI) 

p r o b l e m to address the issue o f the impact o f the s t ruc tura l 

de fo rma t ion on the flow and hence the aerodynamic forces 

generated (Chapin and Heppel , 2010; Renzsh and Graf, 2010). 

Another chal lenging task i n m o d e l l i n g racing yachts is to 

consider the yacht behaviour i n a realistic env i ronmen t (Charvet 

e ta l . , 1996; Marchaj , 1996; Garrett , 1996; Fossati, 2010). Tradi t iona l 

Veloci ty Predict ion Programs (VPPs) used by yacht designers 

consider a static e q u i l i b r i u m be tween hydrodynamic and aero­

dynamic forces. Hence, the force models classically used are 

est imated in a steady state. However, i n realistic sail ing condi t ions , 

the flow around the sails is mos t o f t e n largely unsteady because o f 

w i n d variations, actions o f t h e c rew and more i m p o r t a n t l y because 
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Nomenclature 

A p i t ch ing oscil lat ion ampl i tude (deg) 

C sail p lan chord at Za ( f r o m head-sail leading edge to 

mainsail t ra i l ing edge) ( m ) 

Cx d r i v i n g force coeff ic ient (dimensionless) 

Cy heeling force coeff ic ient (dimensionless) 

f l o w reduced frequency (dimensionless) 

S total sail area (m^) 

T p i t ch ing oscil lat ion per iod (s) 

VAW apparent w i n d speed ( m s~^) 

Vjw t rue w i n d speed ( m s"^) 

Vr f l o w reduced speed (dimensionless) 

Za height o f the centre o f aerodynamic force ( m ) 

F force vector (dimensionless) 

R residual vector (dimensionless) 

u pos i t ion vector ( m ) 

[C] d a m p i n g ma t r i x (dimensionless) 

[K] st iffness ma t r i x (dimensionless) 

[JW] iner t ia m a t r i x (dimensionless) 

PAW apparent w i n d angle (deg) 

fisff effect ive w i n d angle (deg) 

/?nv t rue w i n d angle (deg) 

(p heel angle (deg) 

e t r i m angle (deg) 

p f l u i d density (kg m"^) 

T phase sh i f t (s) 

of yacht m o t i o n due to waves. To account for this dynamic 

behaviour, several Dynamic Veloci ty Predict ion Programs (DVPPs) 

have been developed, e.g. by Masuyama et al. (1993), Masuyama 

and Fukasawa (1997), Richardt et al. (2005), and Keuning et al. 

(2005) w h i c h need models o f dynamic aerodynamic and hydro-

dynamic forces. W h i l e the dynamic effects on hydrodynamic 

forces have been largely studied, the unsteady aerodynamic 

behaviour o f the sails has received much less a t tent ion . Schoop 

and Bessert (2001) f i r s t developed an unsteady aeroelastic model 

in potent ia l f l o w dedicated to f lex ib le membranes but neglected 

the iner t ia . In a quasi-static approach, a f i r s t step is to add the 

veloci ty induced by the yacht's m o t i o n to the steady apparent 

w i n d to bu i ld an instantaneous apparent w i n d (see Richardt et al., 

2005; Keuning et al., 2005) and to consider the aerodynamic 

forces corresponding to this instantaneous apparent w i n d using 

force models obtained in the steady state. In a recent study, 

Gerhardt et al. (2011) developed an analyt ical mode l to predic t 

the unsteady aerodynamics o f in teract ing yacht sails i n 2D 

potent ia l f l o w and pe r fo rmed 2D w i n d t u n n e l osci l lat ion tests 

w i t h a m o t i o n range typical o f a 90- foo t (26 m ) racing yacht 

( In ternat ional America's Cup Class 33) . Recently, Fossati and 

Muggiasca (2009, 2010, 2011) studied the aerodynamics o f 

model-scale r ig id sails i n a w i n d tunnel , and showed that a 

p i t ch ing m o t i o n has a s t rong and non - t r i v i a l effect on aerody­

namic forces. They showed that the re la t ionship be tween instan­

taneous forces and apparent w i n d deviates - phase shifts, 

hysteresis - f r o m the equivalent re la t ionship obtained in a steady 

state, w h i c h one could have t h o u g h t to apply i n a quasi-static 

approach. They also investigated soft sails i n the same condi t ions 

to h igh l i gh t the effects o f the s t ructural d e f o r m a t i o n (Fossati and 

Muggiasca, 2012). 

To bet ter understand the aeroelastic behaviour, a numer ica l 

invest igat ion is achieved w i t h a s imple ha rmonic m o t i o n to 

analyse the dynamic phenomena i n a we l l - con t ro l l ed s i tuat ion. 

This paper addresses bo th issues o f the effects o f unsteadiness and 

s t ructural de fo rma t ion on a yacht sail p lan w i t h typica l parameters 

o f a 28 - foo t (8 m , J80 class) cruiser-racer i n moderate sea. A n 

unsteady FSI mode l has been developed and val idated w i t h 

exper iments in real sailing condi t ions (Augier et al., 2010, 2011, 

2012). Calculations are made on a J80 class yacht numer ica l mode l 

w i t h her standard rigging and sails designed by the sail maker 

DeltaVoiles. The dynamic results are compared w i t h the quasi-

steady assumption and the dynamic force coefficients are also 

compared w i t h the exper imenta l results obta ined by Fossati and 

Muggiasca (2011) f o r a rigid sail p lan o f a 4 8 - f o o t (14.6 m ) cruiser-

racer model . The FSI model is presented i n Section 2, and the 

exper imenta l val idat ion is presented i n Section 3. The m e t h o d o l ­

ogy o f the dynamic invest igat ion is g iven i n Section 4. The core o f 

the paper (Section 5) presents and analyses the s imula t ion results 

regarding var ia t ion of force coefficients and loads i n the rig due to 

p i tch ing . In the last section, some conclusions o f th is s tudy are 

given, w i t h ideas fo r f u t u r e work . 

2. Numerica l model 

To numer ica l ly investigate aero-elastic problems w h i c h can be 

f o u n d w i t h sails, the company K-Epsilon and the Naval Academy 

Research Ins t i tu te have developed the unsteady f lu id - s t ruc tu re 

mode l ARAVANTI made by coupl ing the invisc id flow solver 

AVANTI w i t h the s t ructura l solver ARA. The ARAVANTI code is 

able to mode l a complete sail boat rig in order to predic t forces, 

tensile, and shape of sails according to the loading i n dynamic 

condi t ions. The numer ica l models and coup l ing are b r i e f l y 

described below. For more details, the reader is re fe r red to Roux 

et al. (2002) f o r the fluid solver AVANTI and to Hauvi l l e et al . 

(2008) and Roux et al. (2008) fo r the s tructural solver ARA and the 

FSI coupl ing me thod . 

2.1. The inviscid fluid solver: AVANTI 

Flow m o d e l l i n g is based on the Vor tex Lattice M e t h o d ( V L M ) . 

This m e t h o d is suitable f o r external flows where v o r t i c i t y exists 

on ly i n the boundary layers on the l i f t i n g surface and its wake . I n 

the l i f t i n g surface model , the vo r t i c i ty is represented by a n o n -

planar double t d i s t r i bu t i on along the l i f t i n g surface and the wake 

f o r m e d by the vor tex shedding at the t r a i l i ng edge is represented 

by a vortex sheeL This me thod is basically made up o f t w o parts: a 

l i f t i n g body p r o b l e m and a wake p rob lem. These t w o problems are 

coupled by means o f a k i n d of Kut ta cond i t ion tha t has been 

der ived f r o m the k inemat ic and dynamic condi t ions a long the 

separation lines. Usually, these lines are reduced to the t r a i l i n g 

edges a l though more complicated situations have somet imes been 

considered. Except w h e n w r i t i n g this Kut ta cond i t ion , the flow is 

assumed to be invisc id . The l i f t i n g p rob lem is solved by means o f a 

boundary integral m e t h o d : the surface o f the body is represented 

using panels o f rectangular shape w h i c h are used to satisfy the 

potent ia l slip condi t ion . Specifically, a doublet s t reng th is asso­

ciated w i t h each panel, and the s t rength of the doub le t is ad jus ted 

by impos ing tha t the no rma l veloci ty component a t the surface o f 

the body mus t vanish at con t ro l points . The aerodynamic force is 

computed w i t h the double t s trength and local fluid ve loc i ty thanks 

to the doub le t /vo r t i c i ty equivalence in t roduced b y Hess (1969) 

(see also Huberson, 1986). The wake is mode l l ed by means o f 

the particles m e t h o d i t se l f developed by Rehbach (1977) and 

then Huberson (1986). According to this me thod , the v o r t i c i t y 
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d i s t r ibu t ion w i t i i i n t l i e wal<e is described by means óf v i r t u a l 

particles car ry ing vortices. The m o r i o n o f parricles is computed in 

a Lagrangian f r a m e w o r k . The vor r ic i ty on each parricle has to 

satisfy the He lmhol tz equat ion. Dissipation of the wake is m o d ­

elled by d a m p i n g the particles' in tens i ty in time - empi r ica l ly 

adjusted, see Huberson (1986) - and neighbour particles o f small 

in tensi ty are merged. In practice, there are very f e w particles 

downs t r eam a distance o f f o u r chord lengths f r o m the t r a i l i ng 

edge. 

For the i n c o m i n g f l o w , the true w i n d is def ined w i t h the 

veloci ty at 10 m he ight and an atmospheric w i n d gradient is 

considered. Boat speed and m o t i o n are then considered to deter­

mine the apparent w i n d . This f l u i d mode l has been largely used 

and val idated (Charvet et al., 1996). As the f l u i d is supposed to be 

inviscid, the va l id i ty o f the mode l is obviously l i m i t e d to mos t ly 

attached f lows , as i t is the case fo r a sail ing yacht on a close hauled 

course, w h e r e the sails' curvature and incidence are moderate. The 

viscous drag is no t considered i n the simulations. 

2.2. The structural software: ARA 

The s t ructural mode l is a f i n i t e e lement mode l composed o f 

beams (spars and battens), cables (wires and r u n n i n g r igging) and 

membranes (sails). The sail mode l is based on CST (Constant Strain 

Triangles) membrane mode l elements extended i n 3 dimensions. 

Despite its s impl ic i ty , this choice has proven to give a good rat io o f 

accuracy to c o m p u t i n g p o w e r The assumptions imposed inside 

this e lement are constant stresses, constant strains, and u n i f o r m 

stiffness o f the mater ia l . Non-l inear i t ies coming f r o m the geome­

t ry and compression are taken in to account The non-l inear f in i te 

e lement f o r m u l a t i o n based on the v i r t ua l w o r k equat ion l inks the 

var ia t ion of forces to the var ia t ion of d isp lacement The N e w m a r k -

Bossak Interact ion scheme ( tempora l discretisation) is based on a 

pred ic t ion-cor rec t ion i terat ive me thod . 

^i-inertial + ILdamping Ijtiffness^ liexterml ~— 

Der iv ing these as a f u n c t i o n of posi t ion, speed, and acceleration 

results i n a Newton- type scheme: 

[M]ii+[C]u+[K]u=R (2) 

The N e w m a r k scheme puts posi t ion, speed, and acceleration i n 

the f o l l o w i n g re la t ion: 

[ /C*]u=R (3) 

temporal loop 
i Initialisation 

(4) 

where [ M ] is the iner t ia m a t r i x (mass and added mass), [C] is the 

damping mat r ix , and [/<"] is the stiffness mat r ix . I n the stress-strain 

relat ionship of the sail fabric, an anisotropic composite mater ia l is 

considered and the propert ies o f several layers may be super­

imposed i n the ma t r i x [K] ( f i lms and strings fo r example). 

The sail s tructure and panel l ing are i m p o r t e d f r o m the sail 

designer sof tware Sailpack w h i c h was used to make the sails, and 

the s t ructural mesh is b u i l t according to the sail design. Mechan­

ical properties o f every componen t of the structure have been 

measured exper imental ly . 

2.3. AVANTI/ARA coupling 

The effects o f the in terac t ion are translated in to a coupl ing o f 

the k inemat ic equat ion ( con t inu i ty o f the- no rma l componen t o f 

the ve loc i ty at the interface be tween f l u i d and structure geome­

tr ical domains) and dynamic equations (con t inu i ty o f the n o r m a l 

component o f the external force, pressure forces, on the contact 

surface o f the sail w i t h the f l u i d ) . A n imp l i c i t i terat ive a l g o r i t h m 

FSI loop 

mesh deformation 

boundary condition 

AVANTI solver 
(one non-linear Iteration) 

Convergence test 
on fluid residuals 

Fig. 1. Implicit FSI coupling diagram. 

(see Fig. 1) is used to coordinate the data exchanges be tween the 

f l u i d and structure solvers and to obta in a stable coupl ing . T w o 

d i f f e ren t meshes are used to satisfy the qua l i ty cr i ter ia o f f l u i d 

mesh on one side and s t ructural mesh o n the o ther side. The 

de fo rma t ion f r o m the s t ructural compu ta t i on is in t roduced in to 

the f l u i d mesh. Then, new forces f r o m the f l u i d compu ta t i on are 

in terpola ted i n the s t ructural code by a consistent me thod . In a 

previous study, m u c h at tent ion was devoted to va l ida t ion of this 

FSI mode l w i t h respect to ful l-scale exper iments (Augier et al., 

2012). A summary o f the va l ida t ion results is presented below. 

3. Exper imental validation 

Numer ica l and exper imenta l comparisons w i t h the mode l 

ARAVANTI are based on measurements at f u l l scale o n an in s t ru ­

men ted 28 - foo t yacht {]80 class, 8 m ) . The time-resolved sails' 

f l y i n g shape, loads i n the rig, yacht's m o t i o n , and apparent w i n d 

have been measured in both sai l ing condi t ions o f f l a t sea and 

moderate head waves. The comparisons are l i m i t e d to u p w i n d 

sail ing condit ions, as the f l o w mode l va l i d i t y is l i m i t e d to most ly 

attached f lows . A t f i r s t the compu ted sail f l y i n g shape and loads In 

the rig were compared w i t h the measurements i n a steady state 

corresponding to f l a t sea. The predicted f l y i n g shape is i n very 

good agreement w i t h the measured one, as s h o w n on Fig. 2. 

Comparison of the computed and exper imenta l ly measured para­

meters o f the aerodynamic profi les - namely camber, d r a f t t w i s t 

angle - shows a mean relative error of 2.5% and a m a x i m u m error 

o f 6% i n the w o r s t case. The loads i n the rig are also w e l l predicted 

w i t h less than 8% discrepancy fo r side stays and backstay, and 

10% for the forestay (see Fig. 3 ) . More detai led descr ip t ion of the 

exper imenta l system and methods and the quant i ta t ive compar­

ison are g iven i n Augier et al. (2010, 2011, 2012). 

For the dynamic regime, a yacht sail ing u p w i n d i n a short swel l 

w i t h a constant t rue w i n d o f 7 m s " ' (14 kts) is considered. 
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Fig. 2. Superposition o f the f lying shape of the experimental sails and the numerical result on a yacht sailing upwind in a steady state. The picture and grey visualisation 

stnpes show the measured f lying shape; the blue thick lines show the computed posidon of the beams in the model (mast, boom, spreaders, battens); the light blue lines 

show the computed sail oudine and the visualisadon stripes, (For interpretadon o f t h e references to color in this figure capdon, the reader is referred to the web version o f 

this article.) 
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Fig. 3. Experimental and numerical comparison on loads at steady state. Compar­

ison is shown for the fore, aft, and three windward side stays holding the mast, and 

for the mainsail sheet. V I is the outer and longer side stay running f rom the mast 

top down to the yacht's deck ; V2 is the intermediate side stay running f r o m two 

thirds of the mast height down to the yacht's deck ; D l is the inner and shorter side 

stay running f rom one third of the mast height down to the yacht's deck. 

The apparent w i n d variadons are assumed to come on ly f r o m the 

boat's m o t i o n . Recorded att i tudes, f r o m the m o t i o n sensors, are 

imp lemen ted as inputs i n the s imula t ion . Time series o f some 

exper imenta l and calculated loads are represented for a 20 s 

recording i n Fig. 4. The s imula t ion resolves the dynamic behaviour 

o f the loads consistently w i t h the exper imenta l measurements. 

The mean load value is s l igh t ly overestimated in the backstay and 

underest imated in the forestay, bu t the oscillations are reproduced 

w e l l . The normal ised in ter-corre la t ion f u n c t i o n be tween the mea­

sured and the computed time series shows a m a x i m u m value 

higher than 0.8 w i t h a phase sh i f t l ower than 0.1 s. For more 

details on the mode l va l ida t ion w i t h full-scale experiments , the 

reader is referred t o Augier et al. (2012). 

The code has s h o w n its ab i l i ty to s imulate the rig's response to 

yacht m o t i o n forc ing , and to correctly estimate the loads. The 

small observed discrepancies were main ly a t t r ibuted to d i f f i cu l t i es 

to de te rmine precisely the env i ronmenta l condit ions and some 

inaccuracies in the mechanical properties of the s t ructura l ele­

ments. Thereby ARAVANTI is a reliable too l to s tudy the dynamic 

behaviour o f a sail plan subject to p i t ch ing mo t ion . 
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time in s 

Fig. 4. Comparison of load variations in forestay (a), backstay (b), and main sheet 

(c) due to pitch forcing between the measured (Ex-thin line) and calculated (Num-

bold line) signals. 

4. Simulat ion procedure 

The yacht m o t i o n in waves induces unsteady effects in the sails' 

aerodynamics. In this paper w e w i l l s tudy separately one degree 

of f reedom, by app ly ing s imple harmonic p i t ch ing . The reference 

f rame and the coordinate system attached to the yacht are 

i l lus t ra ted in Fig. 5. 
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, pitch 

heel 

<P 

X 

Fig. 5. Coordinate, angle, and motion references for the yacht. 

4.3. Reference steady case 

First, t l i e reference steady case is computed w i t h the f o l l o w i n g 

parameters: t rue w i n d speed at 10 m he ight V T W = 6 . 7 m.s"' (a 

logar i thmic vert ical w i n d p rof i l e is imposed w i t h a roughness 

length o f 0.2 m m (Flay, 1996)), t rue w i n d angle ^^^ = 40", boat 

speed V B S = 2 . 6 m s"\ heel angle 0 = 20° and t r i m angle ö = 0° . This 

first computa t ion yields the converged steady flow, the r i g and 

sails' flying shape, and enables the steady state aerodynamic forces 

and centre o f e f fo r t to be de te rmined . This converged steady state 

is used as the in i t i a l condi t ion for the computa t ions w i t h p i tch ing 

forc ing . The height Za o f the centre o f aerodynamic forces is used 

to def lne the flow characteristic quanti t ies: apparent w i n d speed 

VAW, apparent w i n d angle PAW and sail p lan chord C def lned as the 

distance f r o m the head-sail leading edge and the mainsai l t r a i l i ng 

edge at z^. Corrections of the apparent w i n d angle PAW due to 

constant heel ip ( f i r s t in t roduced by Marcha j , 1996) and t r i m 0 are 

considered th rough the use o f the effect ive apparent w i n d angle 

p^jf (see Jackson, 2001 for heel effect, and Fossati and Muggiasca, 

2011 f o r p i t ch effect) : 

1 /tan PAVJ 
% = t a n - M ^ ; f ^ c o s ^ 

COS0 

4.2. Harmonic pitching 

(5) 

The unsteady computa t ions consist o f a 20 s run , w i t h forced 

harmonic p i t ch ing being imposed on the r ig , characterised by the 

osci l la t ion ampl i tude A and per iod T (Eq. (6)) . o ther parameters 

being constant and equal to those o f the reference state, 

e(t) = AcosR^t (6) 

To avoid discontinui t ies i n the accelerations, the beginning o f 

m o t i o n is gradually imposed by apply ing a ramp w h i c h increases 

smooth ly f r o m 0 to 1 du r ing the first 3 s of imposed m o t i o n (see 

first pe r iod i n Fig. 7). 

The invest igat ion has been made w i t h variables in the range 

A = 3°-6°, and r = 1.5-6 s, corresponding to the typica l env i ron ­

men ta l condit ions encountered, as s h o w n i n the exper iment o f 

Augier et al. (2012). The unsteady character of a flow is charac­

terised by a dimensionless parameter de f ined by the rat io of the 

mo t ion period T to the fluid advection time along the total sail plan 

chord C. Similarly to the closely related literature (Fossati and 

Muggiasca, 2012; Gerhardt et al., 2011), this parameter is called the 

flow reduced velocity Vr (or the inverse: the reduced frequency fr) 

def ined by 

The case W > 1 (/r ^ 1) corresponds to quasi-steady aerody­

namic condit ions. The p i t ch ing per iod values investigated corre­

spond to a reduced veloci ty Vr f r o m 2 to 8.5 (reduced f r equency / r 

f r o m 0.12 to 0.47), w h i c h positions this numer ica l study in a 

s imi lar dynamic range to the experiments o f Fossari and 

Muggiasca (2011) where Vr was f r o m 2.3 to 56 (reduced frequency 

fr f r o m 0.02 to 0.43) corresponding to typica l condi t ions encoun­

tered by a 4 8 - f o o t yacht (14.6 m ) . The compu ted cases are 

summarised i n Table 1. 

W h e n the yacht is subjected to p i t ch ing mo t ion , the apparent 

w i n d is per iodical ly m o d i f i e d as the ro ta t ion adds a n e w compo­

nent o f apparent w i n d w h i c h varies w i t h height . Fo l lowing the 

analysis o f Fossati and Muggiasca (2011), the apparent w i n d and 

p i tch- induced ve loc i ty are considered at the centre o f aerody­

namic force he ight This centre of e f f o r t is actually m o v i n g due 

to p i t ch oscil lat ion, bu t variat ions are small enough to be ignored, 

and the reference he ight computed i n the steady state is used. This 

yields time dependent apparent w i n d speed and angle, given by 

VAw{t) = (iVTwsmPTw)^ 

-t-CVjw cos Pnv + VBS + Z a é ( t ) ) 2 ) i / 2 

• sin^Tw 

A n d hence the t ime-dependent effective w i n d angle: 

(8) 

(9) 

Fig. 6 il lustrates the dynamic vector compos i t ion fo r p i t ch ing 

velocities 0 = 9„,ax. 0, and ö^,„, and Fig. 7 shows the resul t ing 

dynamic apparent w i n d veloci ty and angle compu ted w i t h 

Table 1 

Reduced velocity Vr, reduced frequency f^. phase delay r, and hysteresis loop area 

f|.C, dp.jj for C, and apparent wind angle % corresponding to the different tested 

pitch amplitudes A and periods T, 

r ( s ) A (deg) Vr fr t ( S ) Inr/T (rad) Loop area (deg) 

1,5 5 2.13 0.47 0.1 0.42 2.12 

3 5 4.27 0.23 0.3 0.63 0.82 

5 5 7.11 0.14 0.6 0.75 0.42 

6 5 8.53 0.12 0.75 0.79 0.36 

5 3 7.11 0.14 0.6 0.75 0.15 

5 5 7.11 0.14 0,6 0.75 0.42 

5 6 7.11 0.14 0.6 0.75 0.61 

( 7 ) 

;z.e>o 

Fig. 6. Dynamic effect of pitching on the w ind triangle (top view) . V is the w i n d 

velocity, BS is the boat speed, z is the height of the aerodynamic centre of effort, 0 is 

the pitching velocity, p is the apparent w ind angle, and subscnpts T W and AW 

stand for true and apparent wind . 
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Fig. 7. Time dependent apparent w i n d speed V^w (a) ; apparent w ind angle p^v 
and effective wind angle p^jj (b) resulting f r o m pitching oscillation w i t h penod 

T = 3 s and amplitude A = 5 ° . Letters on the signals refer to the snapshots of Fig. 8. 

(The reader is referred to the web version of this article for the interpretation of 

colors.) 

Eqs. (8 ) and (9). As s h o w n i n Fig. 7, the apparent w i n d angle 

variations are in phase oppos i t ion w i t h the apparent w i n d speed. 

4.3. Heeling anil driving force coefficients 

Aerodynamic forces are calculated by the code at the sail plan's 

centre o f ef for t . Forces are w r i t t e n i n the inerdal reference f rame, 

i n order to get Fx and Fy, the d r i v i n g and the heeling forces. 

D r i v i n g and heeling force coefficients are obta ined by the n o r m a l ­

isation w i t h the product o f the instantaneous apparent dynamic 

pressure and the total sail area S: 

Q ( t ) = 

Cy(t) = 

0.5pVj,^(t)S 

0.5pV'Aw(t)S 

(10) 

(11) 

5. Results 

From the unsteady FSI s imulat ions, the aerodynamic forces and 

loads i n the r ig are de te rmined and the i r dynamic evo lu t ion is 

analysed w i t h respect to the instantaneous effective w i n d angle 

PejfiO and p i t ch ing veloci ty ö( t ) . Fig. 8 shows an example o f the 

computed results, w i t h snapshots o f the pressure d i s t r ibu t ion 

and the particles mode l l i ng the wake fo r a p i t ch ing osci l la t ion 

ampl i tude y l = 5 ° and a per iod r = 3 s. The unsteady behaviour 

is i l lustrated by the evolut ion of the pressure d i s t r i bu t ion on sails 

and the emit ted particles' streaklines. The pressure f ie ld is presented 

in Fig. 8b and d for the extreme values of apparent w i n d angle PejfiO, 

i.e. at t r i m angle 9 = 0°, increasing and decreasing. Note also in Fig. 8a 

and c the di f ferent pressure distributions observed for the same value 

o f apparent w i n d angle p^ffit) but w i t h opposite t r i m angles. 

5.7. Simulation with different reduced velocities Vr and amplitudes A 

Calculations are made w i t h a fixed p i t ch ing ampl i tude A = 5° 

and d i f f e r en t periods, and w i t h d i f f e ren t ampl i tudes fo r a given 

per iod as i l lustrated in Table 1. Fig. 9 shows the evo lu t ion o f 

aerodynamic coefficients Cx{t) and Cy(t) w i t h the instantaneous 

apparent w i n d angle Pejjit) f o r d i f f e ren t values o f the reduced 

veloci ty. From the in i t i a l condi t ion corresponding to the reference 

steady state at /?ej(0) = 27.8'', the system oscillates under the 

forced p i t c h i n g w i t h a periodic behaviour as s h o w n by the 

quasi-el l ipt ic l i m i t cycle d rawn i n the figure. The in i t i a l peak at 

the beg inn ing of the r u n is due to impe r f ec t i on i n the restart by 

the dynamic computa t ion scheme f r o m the reference steady state. 

I t is noticeable tha t the periodic behaviour is obta ined af te r a short 

t ransient time o f the order of the smooth ing r amp appl ied on the 

m o t i o n in i t i a t i on . The evolut ion o f Cx and Cy w i t h p^g- i n a steady 

case, obta ined f r o m steady computat ions f o r d i f f e r e n t p^g is also 

s h o w n fo r comparison. 

The per iodic osci l lat ion of the aerodynamic forces p lo t ted as a 

f u n c t i o n o f the instantaneous effective w i n d angle is loop-shaped 

i n the plane (Cxyit), Pe/fit))- To better unders tand this behaviour 

and the o r i g i n of these loops, the phase sh i f t r be tween the signals 

was de te rmined by cross-correlation, and the aerodynamic coe f f i ­

cients Cxyit) were p lot ted versus the t ime-delayed w i n d angle 

Pf,ff(t + T ) . I n these new plots, the area enclosed inside the loops is 

l o w e r than in the f o r m e r plots bu t does no t vanish, and the loops 

do no t collapse in to a single l ine as w o u l d be the case fo r s imply 

phase-shif ted signals. Hence, this behaviour is the signature o f 

an hysteresis phenomenon be tween the dynamic forces and the 

apparent w i n d angle. The phase delay and the hysteresis loop area 

are tabulated i n Table 1. The phase delay increases w i t h the 

reduced veloci ty ( w i t h the m o t i o n per iod) bu t is no t affected by 

the osci l la t ion ampl i tude . 

As the reduced veloci ty decreases (shorter per iod) , the area o f 

the hysteresis loop increases impor t an t l y (Table 1), as the range o f 

w i n d angles swept under p i tch ing {APejj) gets wider , and the slope 

o f the hysteresis loop decreases. 

Fig. 10 shows the evolut ion o f the aerodynamic coefficients 

Cx(t) and Cy(t) w i t h the instantaneous effect ive w i n d angle Pejfit) 

f o r d i f f e r e n t values o f the p i tch ing ampl i tude . The area o f the 

hysteresis loop is increased noticeably by the h igher p i t ch ing 

ampl i tude . A l though the reduced veloci ty is no t changed, the 

ampl i tude has a s t rong effect on the unsteady character o f the 

system as the ro ta t ion velocity is d i rec t ly l i nked t o the osci l lat ion 

ampl i tude . 

Tables 2 and 3 show the mean value and var ia t ion range for each 

variable du r ing one period of pi tching. I t may be noticed that the 

average effective w i n d angle varies w i t h the p i t ch ing ampl i tude and 

per iod, even i f the yacht is p i tch ing around the same mean t r i m 

0 = 0 ° , because o f the non-l inear i ty of Eq. (9) . The p i tch ing per iod 

also has an inf luence on the hysteresis loop thickness and its centre, 

as i l lustrated i n Table 2. 

Increasing the p i t ch period moves the ell ipse centre s l ight ly 

towards l o w e r values of Pegit) and force coeff ic ients ( i n absolute 

value) . The p i t ch ampl i tude also has a great inf luence on the 

hysteresis loop's enclosed area. W h e n the p i t c h i n g ampl i tude is 

increased, the var ia t ion range of aerodynamic forces, the var ia t ion 

range o f /?e//(0 and the mean value o f Pejjit) increase, as tabulated 

i n Table 3. 
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P e f f = 2 8 ° 9 =+5° P e f f = 3 2 . r 9 = 0 ° 

O O O o O O 

(\f <o O ^ CO Pa 

Fig. 8. Pressure j u m p distribution and wal<e due to a pitching oscillation w i t h 5 ' amplitude and 3 s period. The dme of each snapshot is indicated on Fig. 7. Arrows represent 

the pitching direcdon. 9 is the t r im angle. Ó is the pitching velocity, % is the effective w i n d angle. (The reader is referred to the web version of this ardcle for the 

interpretation of colors.) 

These results are very s imilar to the exper imenta l results 

obtained by Fossati and Muggiasca (2011). L i m i t cycles show the 

same trends, centred o n the steady state t rend, w i t h an increasing 

d r i v i n g force and an increasing heel ing force in absolute value 

(Cy < 0) w h e n Peffit) is increasing. 

5.2. Effect of the stmctural deformation 

To assess the con t r i bu t i on o f the s t ructural behaviour o n 

the system's response, results computed w i t h the Fluid-Structure 

Interacr ion (FSI) s imulat ions presented above have been compared 

to f l u i d - o n l y s imulat ions considering a rigid s tructure. 

The rigid s tructure (sails and r ig) is the converged f l y i n g shape 

calculated f r o m the FSI steady s imula t ion (Section 4.1), f rozen i n to 

a f ixed geomet ry for the unsteady f l u i d - o n l y s imula t ion w i t h 

p i t ch ing forc ing. Fig. 11 shows the evolu t ion o f the calculated 

d r i v i n g force coeff ic ient C^it) f o r bo th FSI and r i g i d s imulat ions. 

The enclosed area is smaller and the loop axis slope is s l igh t ly 

lower i n the rigid s tructure case. Rigid s t ructure calculations 

underest imate the hysteresis phenomenon and the stress var ia­

tion. The same behaviour is observed fo r the side force coeff ic ient 

Cy(t) (no t shown here). Table. 4 summarises the mean values and 

the range o f force coefficients and effect ive w i n d angle for several 

values o f the p i t ch ing period. The var ia t ion range o f the aero­

dynamic coefficients is underest imated by the f l u i d - o n l y calcula­

tion, h igh l igh t ing the impor tance o f FSI s imula t ion i n the case 

o f sails. 

5.3. Loads in the rig 

The ARAVANTI code simulates the f u l l r igg ing and gives access 

to the load experienced by the r i g wires and sail vertices. Fig. 12 

shows the variations o f load i n the forestay, backstay, and m a i n 

sheet due to the p i t ch ing osci l la t ion fo r various reduced velocities, 

tuned by the p i t ch ing period, as a f u n c t i o n o f effect ive w i n d angle 

Pejfit). A hysteresis loop is observed, as fo r the aerodynamic 
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Fig. 9. Driving (a) and heeling (b) force coefficients vs. the effecdve w ind angle 

/Jej(t) at different pitching penods T=1.5, 3. 5, and 6 s w i t h a 5° amplitude. The 

rotation direction is shown by the arrows. The steady state variation w i t h fiejjU) is 

also shown (dashed line). (The reader is referred to the web version of this ardcle 

for the interpretadon of colors.) 

coeff icients . Tlie steady state t r end is also s h o w n fo r comparison, 

c o m p u t e d f r o m steady simulat ions w i t h d i f f e r e n t values o f Pg^. 

The steady state t r end is easily explained by the increase in 

loading o f the r ig w i t h increase i n the static angle o f attack. In a 

quasi-static approach the same t r end could be expected f o r the 

dynamic loads w i t h fieffit)- However, the general t rend s h o w n by 

the m a i n axis o f the hysteresis loop is the opposite for the forestay 

and the m a i n sheet: the load decreases fo r increasing PeffiO w h i c h 

shows a phase opposi t ion. 

Actual ly, i t is w o r t h no t i c ing that Pe/fiO is i tself i n phase 

oppos i t ion to the p i t ch ing veloci ty è(t) (see Fig. 7). In other words , 

the p i t c h i n g velocity is m a x i m a l w h e n /Jejj-(t) is m i n i m a l . Hence, 

the general t rend o f load i n the forestay is an increase w i t h 

increasing 0(t) as shown on Fig. 13. This observat ion suggests that 

the variat ions in the forestay load are governed by s t ructural 

behaviour f r o m the inert ia o f the rigging, ra ther than by the 

aerodynamic behaviour Indeed, the m o t i o n is imposed on the 

h u l l by the effect o f waves and w h e n the yacht's b o w is d iv ing 

(ö( f ) > 0), the forestay pulls the mast f o r w a r d and the load 

increases. The opposite holds fo r the backstay, w h i c h explains 

the general t rend observed i n Fig. 13: the backstay load increases 

w i t h the negative o f the p i tch ing ve loc i ty ( - 0 ( t ) : s tern d iv ing) . The 

Ps«(deg) 

Fig. 10. Driving (a) and heeling (b) force coefficients vs. the effective w ind angle 

^5j ( t ) at different pitching amplitudes A = 3 , 5 and 6' w i t h a 5 s period T. The 

rotation direcdon is shown by the arrows. The steady state variation w i t h % ( t ) is 

also shown (dashed line). (The reader is referred to the web version of this ardcle 

for the interpretadon of colors.) 

Table 2 

Mean value and variadon range of force coefficients and / ^ ( t ) for a pitching period 

variadon. 

A5T1.5 A5T3 A5T5 A5T6 

Cx 0.38 0.36 0.36 0.36 

ACx 0.39 0.21 0.16 0.15 

Cy -1.21 -1.16 -1.14 -1.14 

ACy 0.93 0.46 0.37 0.35 

28.84 28.03 27.81 27.79 

A f t j ( ') 16.22 7.77 4.62 3.84 

forces o f iner t ia f r o m the mast were estimated f r o m the mast 

m o m e n t o f iner t ia and angular acceleration, and pro jec ted a long 

the forestay and the backstay. The resul t ing ampl i t ude o f iner t i a l 

loads is the same order o f magni tude as the load var ia t ions 

obtained f r o m the FSI s imula t ion for the forestay and the backstay. 

I t may be concluded tha t the s tructural effect on t h e forestay and 

backstay loads is p redominan t i n p i t ch ing mo t ion . The inf luence o f 

p i t ch ing veloci ty dominates the inf luence o f the angle o f attack. 

The m a i n sheet's loop axis slope has the same t r end as tha t o f 

the forestay, whereas the m a i n sheet pulls the mast backwards as 
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Table 3 

Mean value and variation range of force coefficients and % ( t ) for a pitcfi ing 

amplitude variadon. 

A3T5 A5T5 A6T5 

Cx 0.36 0,36 0.36 

AO( 0.13 0.16 0.19 

Cy -1.14 -1.14 -1.14 

ACy 0.30 0.37 0.40 

Pen (deg) 27.7 27.8 27.8 

Aft / r (deg) 2.8 4.6 5.6 

Table 4 
Comparison between mean value and range of force coefficients and Pegit) f rom 

Fluid only (rigid structure) and FSI (flexible structure) calculations. 

A5T1.5 A5T1.5 A5T5 A5T5 

Rigid FSl Rigid FSI 

Cx 0.38 0.38 0.37 0.36 

ACx 0.31 0.39 0.13 0.16 

Cy -1.22 -1.21 -1.16 -1.14 

ACy 0.76 0.93 0.32 0.37 

fi.ff (deg) 28.8 28.8 27.8 27.8 

A % (deg) 16.2 16.2 4.6 4,6 

-PltchA5T1.5Rigld 

PitchA5T1.5 FSI 
• steady 

26 28 30 32 34 36 38 

• PitchA5T3 Rigid 

PitchA5T3 FSI 

- - steady 

22 24 26 28 30 32 34 36 38 

Peff(deg) 

• PitchA5T5 Rigid 

PitchA5T5 FSI 

steady 

22 24 26 28 30 32 

Peff(deg) 

34 36 38 

Fig. 11. Comparison of force coefficients for rigid (blue line) and flexible (red line) 
structures: driving force coefficient vs. the effecdve w ind angle p^fit) at different 
pitching periods T=1.5 s (a). r = 3 s (b), and T = 5 s (c) at 5 ' amplitude. The steady 
state variation w i t h Pfjftt) is also shown (dashed line). (For interpretadon of the 
references to color in this figure caption, the reader is referred to the web version of 
this arricle.) 
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Fig. 12. Loads in rigging, forestay (a), backstay (b), and main sheet (c), vs. the 
effecdve w i n d angle /^ejCt) at different pitching periods T=1 .5 . 3, 5, and 6 s w i t h a 
5° amplitude A. The steady state variation w i t h /J^^Ct) is also shown (dashed line), 
(The reader is referred to the web version of this article for the interpretation of 
colors,) 

the backstay does. The load does no t increase w i t h Peff(0. bu t 

increases w i t h p i t ch ing ve loc i ty è(t). A possible explanat ion 

may be tha t load variat ions i n the m a i n sheet are governed by 

the apparent w i n d speed V/,w(t) . Variadons of the apparent w i n d 

speed are due to p i tch ing , so are i n phase oppos i t ion w i t h Peff(0-

A m a x i m u m ö(t) > 0 - and m i n i m u m ö( t ) < 0 - corresponds to a 

m a x i m u m - and m i n i m u m - o f V/,w(f)- The a m p l i t u d e o f iner t ia l 

forces f r o m the b o o m is one order o f magn i tude l o w e r than the 

var iadons i n m a i n sheet load. Therefore, the b o o m iner t i a is n o t 

p r edominan t i n the m a i n sheet load variations, and the effects o f 

the w h o l e r ig iner t ia and apparent w i n d speed V^wit) may play a 

s igni f icant role. 
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Fig. 13. Loads in rigging, forestay (a), backstay (b), and main sheet (c), vs, pi tching 

velocity fl(t) at different pitching periods T = l , 5 , 3, 5 and 6 s w i t h a 5° amplitude A. 

(The reader is referred to the web version o f this article for the interpretation o f 

colors,) 

5.4. Loads in the rig measured in full-scale experiments 

The ftill-scale experiment described in Secrion 3 enabled the loads 

in the rig to be measured. Fig. 14 presents the experimental load 

variations versus the pitching velocity è(t) recorded at sea w i t h the 

instmmented boat. The pi tching period is 1.3 s (one period is shown) 

and the amplitude is around 2°. Even when the pitching is perturbed 

by the general boat mot ion i n these real conditions (more complex 

than a pure harmonic pi tching only), a hysteresis loop can be 

observed. The loop axis slopes for the forestay, backstay, and ma in 

sheet con f i rm the trends observed in the simulation results, w h i c h 

supports the analysis put fo r th in the previous section. The enclosed 

area is smaller in the experimental set because the pitching ampli tude 

is smaller than in the simulation. 

6. Conclusions 

The unsteady Fluid-Structure Interact ion of the sails and r i g o f 

a 28- foo t (8 m ) yacht under harmonic p i t ch ing m o t i o n has been 
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Fig. 14. Experimental loads in rigging, forestay (a), backstay (b), and main sheet (c), 

vs. pitching velocity 0(f) for a 1.3 s period head swell. The markers represent the 

load measured on the instrumented boat for a single period. 

investigated i n order to h igh l igh t b o t h con t r ibu t ions o f the 

dynamic behaviour and the Fluid-Structure Interact ion on a sail 

p l an i n realistic condi t ions. The ARAVANTI mode l is based o n an 

i m p l i c i t unsteady coupl ing be tween a vor tex lat t ice f l u i d mode l 

and a finite e lement s t ructural mode l , and has been val idated w i t h 

full-scale experiments in u p w i n d real condi t ions (Augier et al., 

2012). The con t r ibu t ion o f p i t ch ing to the apparent w i n d has been 

analysed and the time-dependent apparent w i n d speed and angle 

we re derived, in the f r a m e w o r k o f the effect ive w i n d angle 

(Jackson, 2001) and the sail p lan centre o f e f f o r t ve loc i ty induced 

by p i t ch ing (Fossati and Muggiasca, 2011). S imi la r to the exper i ­

men ta l results o f Fossati and Muggiasca (2011) obta ined i n a w i n d 

tunne l on the rigid sail p lan mode l o f a 4 8 - f o o t (14.6 m ) yacht, the 

aerodynaniic coefficients p lo t ted against the instantaneous appar­

ent w i n d angle show an hysteresis loop, w h i c h indicates tha t 

unsteady condit ions lead to aerodynamic equivalent d a m p i n g and 

s t i f f en ing effects. Further s imulat ions and analysis are underway 

to in te rpre t this phenomenon in te rms o f energy exchanged by the 

aeroelastic system. 

These results c o n f i r m t h a t the d y n a m i c b e h a v i o u r o f a sail 

p l a n subjected to yach t m o t i o n deviates f r o m quasi-steady 

theory . Osci l la t ions o f the ae rodynamic forces s h o w phase sh i f t s 

and hysteresis loops w h i c h increase w i t h the reduced f r equency 
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and a m p l i t u d e o f t l i e m o t i o n . Tiiese conclus ions d i f f e r f r o m the 

resul ts o f Gerhard t et a l . (2011) w h o conc luded to smal l 

uns teady l i f t ampl i tudes fo r the sails o f a 9 0 - f o o t (26 m ) 

I n t e r n a d o n a l America 's Cup Class yacht . Besides d i f fe rences i n 

the models , the h igher var ia t ions s h o w n here i n the case o f a 28 -

f o o t (8 m ) cruiser-racer i n a modera te sea are m a i n l y due to a 

h ighe r f o r c i n g a m p l i t u d e . The p i t c h i n g m o t i o n induces an 

apparen t w i n d ve loc i ty re la t ive a m p l i t u d e up t o 30%, compared 

to less t h a n 7% i n Gerhard t et al. (2011), a n d a w i n d - n o r m a l 

m o t i o n o f the sails at the centre o f e f f o r t h e i g h t up to 10% o f the 

t o t a l cho rd l e n g t h at the same height , compared to less t h a n 1% 

i n Gerha rd t e t a l . (2011). 

Thanks to s imula t ions w i t h bo th r i g i d and f l ex ib l e s t ructures 

(sails and rig), t he pa r t i cu la r e f f ec t o f the F lu id -S t ruc tu re 

I n t e r a c t i o n has been h i g h l i g h t e d . In teres t ingly , the ae rodynamic 

force am p l i t u d es are greater i n the case o f the f l ex ib l e s t ruc tu re 

cons idered here t h a n fo r a rigid s t ruc ture . For f u r t h e r w o r k , i t 

w o u l d be i n t e r e s t i ng to address this issue f o r d i f f e r e n t s t ruc tu re 

s t i f fness characterist ics . Indeed, the d y n a m i c FSl m o d e l m a y be 

used to s tudy the e f fec t o f d i f f e r e n t tensions i n the r i g f o r 

var ious d y n a m i c sa i l ing condi t ions , w h i c h may prove to be very 

u se fu l f o r r i g des ign and r i g t u n i n g purposes. The s i m u l a t i o n 

t o o l deve loped and the results o f th i s w o r k can be used by r i g 

and sail designers to es t imate the d y n a m i c loads i n the s t ruc­

tu re . The imp l i ca t i ons , towards pe r fo rmance p r e d i c t i o n and 

p e r f o r m a n c e enhancemen t o f yachts are no t s t r a i g h t f o r w a r d 

and a t h o r o u g h analysis w i t h an exper t des igner w o u l d be o f 

great i n t e r e s t 

As the f l u i d model is an inviscid VLM, the f l o w is assumed to be 

attached over the whole sail. However, there may be some non-

negligible f l o w separation w h e n soft sails are submit ted to a pi tching 

mot ion , as suggested by Fossati and Muggiasca (2012). This issue 

needs more investigation, and fiirther developments are in progress 

to couple the structural model ARA w i t h a RANSE solver. 

The load osci l la t ions i n the r i g u n d e r f o r ced p i t c h i n g have 

been analysed. A s imi l a r hysteresis loop has been f o u n d b u t the 

general t r e n d f o r the forestay and backstay is re la ted be t te r to 

the p i t c h i n g ve loc i ty than to the d y n a m i c apparen t w i n d . This 

suggests t h a t the dynamic tensions i n the r i g are d o m i n a t e d by 

the ef fec ts o f s t ruc tu ra l dynamics and r i g ine r t i a , compared to 

the ae rodynamic effects . Unde r s t and ing the behav iour o f the 

load i n the m a i n sheet is less i n t u i t i v e and requires more 

i nves t i ga t i on . Bo th s t ruc tu ra l and ae rodynamic behaviours 

m a y p lay s ign i f i can t roles. 

This s tudy opens up a large area for f u r t h e r w o r k to bet ter 

unders tand the FSl dynamics o f yacht sails and rigs. In par t i cu la r 

more s imulat ions and exper imental w o r k are needed to inves t i ­

gate the relative contr ibut ions of aerodynamics and s t ructural 

dynamics i n more detai l . Furthermore, i t w o u l d be interes t ing to 

explore a w i d e r range of forced osci l lat ion periods and ampli tudes , 

as w e l l as other excitations such as ro l l and yaw m o t i o n . 

Th is w o r k has s h o w n the i m p o r t a n c e o f a c c o u n t i n g f o r the 

F l u i d - S t r u c t u r e I n t e r a c t i o n and d y n a m i c b e h a v i o u r o f a s o f t 

s t r u c t u r e i n an o sc i l l a to ry f l o w i n genera l . The m o d e l d e v e l ­

oped and the ou tcomes o f th i s w o r k m a y be u s e f u l f o r sh ip 

a u x i l i a r y w ind -a s s i s t ed p r o p u l s i o n and to inves t iga te o t h e r 

m a r i n e s o f t s t ruc tures . 
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