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Abstract 

It is important to understand fiow characteristics and performances of sails for both sailors and 
designers who want to have efhcient thrust of yacht. In this paper the viscous fiows around sail-Hke rigid 
wings, which are similar to main and jib sails of a 30 feet sloop, are calculated using a CFD tool. Lift , 
drag and thrust forces are estimated for various conditions of gap distance between the two sails and the 
center of effort ofthe sail system are obtaiaed. Wind tunnel experiments are also caiTied out to measure 
aerodynamic forces acting on the sail system and to validate the computation. It is found that the 
combination of two sails produces the hft force larger than the sum of that produced separately by each 
sail and the gap distance between the two sails is an important factor to determine total hft and thrust. 
© 2005 Elsevier Ltd. AU rights reserved. 
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1. Introduction 

The saihng performance of a yacht depends on the balance of hydro- and aero-dynamic 

forces acting on the huU and on the sails. The sail tuning, i.e. direction of sail, sail shaping 

and gap distance between sails, etc. should be altered to meet oncoming wind in 
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Nomenclature 

I height of the upper end of the forestay above the sheer 
J horizontal distance from the forestay at the sheer to the forward side of mast 
P mainsail hoist, band to band or mainsail halyard sheave top to top of boom 
E after side of mast to boom end or mainsail clew limit band on the boom 
H height of sail from sail foot 
C chord length 

mast angle (angle between vessel centerhne and sail chord hne) 
mast angle at sail foot 

f camber of sail section 
A projected area of sail 
S surface area of sail (reference area for non-dimensionalization) 

C L l i f t coefficient ( = Lift / l /2p5C/i) 

C D drag coefficient ( = Drag/l/2p5't/i,) 
Cp pressure coefficient ( = +/l/2pC/i,) 

inflow velocity, herein the apparent wind speed 
Subscripts 
F jib sail 
M main sail 

appropriate angles to push a yacht toward a destination with best efficiency. Normally 
these tunings are performed by yacht drivers in sailing, but also designer should make the 
sails have good performance at the design stage. In order to design the efficient sail system, 
designer is forced to have information about the essential characteristics of sail system. 
This paper presents computational and experimental results for the aerodynamic forces 
acting on sail-hke wings and the characteristics of airflows around them and as well the 
aerodynamic interactions between jib and main saüs. 

In the present study, CFD techniques simulating turbulent flows around two sails are 
utihzed. It is the merit of CFD apphcation that it can provide not only global quantities hke 
sail forces and moments but also detailed flow information useful for the design of a sail 
system. CFD can also save a lot of elïorts in measuring the global quantities and detaüed 
flow information at the towing tank or in the wind tunnel, although the computed results 
may not give accurate and reliable values as in the experiment. It is beheved that CFD is 
the cost-effective tool for the performance prediction of a saihng yacht. Lee et al. (1997) 
have been studied on the sail interactions by CFD method and suggested that CFD is the 
useful tool for sail design and performance prediction of sails. 

Wind-tunnel model tests were also carried out to measure l i f t and drag of the sail 
system for the present 30 feet sloop. There found are some experimental data for sailing 
yacht with substantial lift/drag augmentation (Wilkinson, 1989; Claughton and Campbell, 
1994). On the contrary, similar studies for the sail system of relatively a small-sized sloop 
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are very rare. It is obvious the aero-elastic shape deformation ofthe sail system should be 
considered to predict the con-ect hft and drag. However, the shape deformation in general 
depends on seaming and rig tension, etc. and at present the scale, effect of aero-elastic 
deformation is not well understood. Thus, in the present study, the sail shape is fixed and 
assumed independent upon incoming wind, as a first approximation, in both the CFD 
calculation and the wind Umnel test. Using a CFD tool the viscous flows around saU-like 
ngid wings, which represent typical geometry of the main and jib saüs of a 30 feet sloop, 
are calculated. In the wind üinnel test, a scaled FRP model was used to measure tiie forces 
acting on the combined sail system. Finally, CFD calculations are compared with 
experhnental results to vahdate and explore the hft and drag changes due to various saü 
conditions. 

2. Definitions of geometry 

Fig. 1 shows tiie sail system of a 30 feet sloop for the present study, which has been 
developed by Kordi (Yoo et al. 2005a,b,c). A typical sail system of a sloop has j ib 

Gap 

Distance 

Inflow 

Fig. 1. Schematic view of sail system. 
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Fig. 2. Schematic view of the main sail. 

and main sails and a gap distance between them is defined as the distance between the 
traihng edge of the j ib and main sails at foot, which can be expressed alternatively by the 
mast angle of jib sail foot relative to the mast angle of main sail foot as shown in Fig. 1. 
This gap distance is one of the important parameter for the performance of the sail system 
as wen as interactions between two sails. In this study, the shape of sail surface is 
expressed by a zero-thickness wing section with the NACA a = 0.8 mean-line, as 
described by Abbott and Doenhoff, (1949). It is chosen mainly because of its similarity to 
modem cloth sails. The geometry of the sail system is defined by other parameters to 
reproduce reahstic and actual operating conditions. Typical close-hauled sail is 
represented by five sections for each sail as shown in Figs. 2 and 3. For the each section 
of sails, typical parameters such as chord length, camber and mast angles are selected as 
given in Table 1 and the remaining surface of the sails between the sections are 
interpolated from the information on each sections. The mast angle of each section is 

Fig. 3. Schematic view of the j i b sail. 
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Table 1 

Geometric parameters of main saü 

Foot 25% 50% 75% Top 

H{mm) 0 3000 6000 9000 11900 
C (mm) 4000 3000 2000 1000 10 
<P (deg) 0 5 10 15 20 

fIC (%) 8 10 12 14 16 

Table 2 

Geometric parameters of j i b sail 

Foot 25% 50% 75% Top 

H (mm) 0 2750 5500 8250 11000 
C ( m m ) 4680 3450 2200 1050 10 
^ (deg) c&o 1.254-0 1.54)0 1.754«o 2.04o 

fIC (%) 8 10 12 14 16 

varied to express the span-wise distribution of the sail twist. The principal dimensions of 
main sail are P = 11.9 m, £ = 4 . 0 m, and A M = 23.8 m^ with a mast of 150 mm diameter. 
Similariy the j ib sail geometry is described by three parameters, but the mast angle of jib 
sail foot can be regarded as the gap distance between two sails, so those were set as the 
variables for each case as shown in Table 2 and Fig. 3. The principal dimensions of j ib sail 
are7=3.9m, 7=11.0 m, and Ap = 21.5 m^. 

CFD calculations and wind tunnel tests are canied out for the cases of three mast 
angles, i.e. <Po = 5°, 0>o = 10° and = 15° and the overall view of three cases of combined 
the sail system can be seen in Fig. 4. 

Case 1 

())o=15deg 

Fig. 4. Geometries of saü systems for three cases (top view), (a) top view, (b) surface mesh. 
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3. Computational method 

In the present study, turbulent flows around the sail system of a sloop are simulated 
using the WAVIS code solving three-dimensional Reynolds-averaged Navier-Stokes 
(RANS) equations. The WAVIS code was developed at KRISO/KORDI to simulate 
turbulent flow around marine vehicles and extensively vahdated (Kim & Van, 2000; Kim 
et al., 2002). In the foUowings, the brief description of WAVIS is given. For more details, 
see the references. 

3.1. Governing equations 

The governing equations for turbulent flow in the present study are the Reynolds-
averaged Navier-Stokes equations for momentum transport and the continuity equation 
for mass conservation. The Cartesian coordinates are used, where {x,y,z) denotes 
downstream, starboard, and upward direction, respectively, as shown in Fig. 1. For the 
non-dimensionalization, the length of main saü foot was used ( = L ) . 

Continuity equation is 

Momentum transport equations are 

duj djUjUj) ^ dp ÖTjj 

u : / - ( M , V , W ) are the velocity components in Xi = (x,y,z) dnections and p the static pressure. 
Stress tensor Ty can be written using Boussinesq's isotropic eddy viscosity hypothesis as 
follows. 

diL dUj 2 

Here k is the turbulent kinetic energy and the effective viscosity, defined as the sum 
of turbulent eddy viscosity and kinematic viscosity v, i.e. 

^ e = ^ t + ^ (4) 

Re is Reynolds number (UooL/v). 

For turbulence closure, the reahzable k-e model (Shih et a l , 1995) is employed for the 
current study. In this turbulence model, the eddy viscosity can be usually written as 

t̂ = c . 7 (5) 
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is given as tlie foUowings. 

_ 1 

The parameters of the above equation are defined as 

(6) 

(7) 

1 f duj duj 

'•' 2 \dxj dxj^ (8) 

^ _ 1 / duj du/ 

2 \dxj dxi^ (9) 

AQ = 4.0, As = V6 cos (p. 

4> = arc cos(VóW) 

(10) 

(11) 

w (12) 

The turbulent kinetic energy k can be obtained by the solution of the foUowing transport 
equation. 

dk ^ d(Ujk) _ d 

dt dxi dx, 
V + 

^ \ dk_ 

a j dxj 
+ G~e (13) 

Here e represents the dissipation rate of turbulent kinetic energy and G is production 
term as given below. 

G = v (— + ^ 

' \ dxj dxi J dXj 

The constant cr̂ .= 1.0 in Eq. (13). 
The transport equation for dissipation rate s is written by 

(14) 

de d{Uj£) 

'I! dx, dXj 
V + 

vX ds 

a j dxj 
(15) 

For the realizable k-e model, 

= C,iSe-C e2 
k + 

(16) 
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In the above, ö-g= 1.2, C g 2 = 1.9 and 

/ 77 \ 

C £ i = m a x 0.43,—— . (17) 
\ y + 5j ^ ^ 

Here rj = Sk/e. 

It is advisory to use a near-wall turbulence model to resolve boundary layer all the 
way to the waU, but then the number of grid should be ahnost doubled. For the present 
study the so-caUed Launder and Spalding (1974)'s wall function is utihzed to bridge the 
fully turbulent region and the wall. The first grid point in the wall function approach is 
approximately 100 times off the wall compared to that in the near wall turbulence model. 
It provides the economy and robustness to a viscous flow calculation method as a design 
tool. Since the flow around yacht sails of the present interest, the so-caUed singular 
separation with flow reversal is not expected. The wall function is known to give 
good results for such a mild flow. The wall function adopted in the present calculation is 
given by 

= --ln(£«p), (18) 

K=0.4l, (19) 

E = 8.342, (20) 

Here r „ is wall shear stress, t/p and kp, respectively, the magnitude of velocity and 
hirbulent kinetic energy at the center of the first ceU off the wall. The non-
dimensionahzed normal distance from the wall np is given by 

* U„ Kp Up 

n p = . (21) 

Generation of turbulent kinetic energy at the first ceU off the wall is given as follows. 

[-3;;)p = .cl/%'W ^''^ 
The dissipation at that ceU is written by 

^ c^kl^' 
(23) 

3.2. Numerical discretization 

The ceU-centered finite-volume method is utihzed to discretize the governing 
equations, as discussed in Ferziger and Peric (1999). Governing equations are integrated 
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over a grid cell Q with boundary surface S, resulting in the foUowing equations. 

v-ndS = 0, (24) 

d 

Jt 
UjdQ + UjV'fidS Tijij'fidS — pij-ndS (25) 

ij is unit vector in x,-direction. 

The first term of momentum transport equation, temporal derivative is ignored by 
putting very big tune step, since only the steady solution is of the present interest. 
Convection terms are discretized using QUICK scheme of the thnd order. But the QUICK 
scheme requires 13-point stencil, resulting in comphcated algebraic equations. Thus, the 
so-called deferred correction is adopted, which a simple upwind scheme is used with 
lagged higher-order terms. The deferred correction makes seven point stencil with simple 
hnear equations. Rewriting the third term of stress tensor. 

Tjjij'HdS = 
dxj dxj J 

f du \ 
Vt i grad(M,) ' i i + j ^ i j ' n ) d s (26) 

^1 

Cenh-al difference scheme is utihzed for diffusion terms, while the partial terms 
stemming from grid non-orthogonahty are defened. Linear equations obtained from 
seven-point stencil are solved using sfrongly imphcit procedure (Stone, 1968). 

I f the pressure field is known a priori, momentum equations wil l give correct 
velocity field. However, those velocity components wiU not satisfy the continuity 
equation. To ensure divergence-free velocity field, the SIMPLEC method (Van Doormal 
and Raithby, 1984) is employed. Since the collocated grid arrangement is chosen, the 
artificial dissipation term in pressure coiTection equation is added, as discussed in Rhie 
and Chow (1983). The resulting hnear equations for pressure correction are solved 
using strongly hnphcit procedure until the equation residual drops by an order of 
magnitude in iteration. 

With a generated grid system, a flow calculation is initiated startmg from uniform 
stream. With the grids and initial guess for flow field ready, iteration begins for coupled 
partial differential equations. After three momentum-transport equations ai'e solved 
sequentially to obtain preliminary velocity components, the pressure correction equations 
are solved to get pressure field. Then, velocity components are corrected using new 
pressure values. Next turbulence equations are solved and eddy viscosity is updated. 
Iteration continues until total residuals of each momentum equation become less than 
10~ , which is about five orders less than the initial residuals. 
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4. CFD calculations 

4.1. Assumptions and conditions 

CFD calculations are earned out with the assumptions as follows: 

(1) The mast and boom is not deformed. 

(2) The vessel and sail system are not heeled but in upright condition. 
(3) The surface of saü is not deformed and rigid membrane. 

(4) The incident angle of appai-ent wind is set to 20° with respect to the mast, and the 
speed of wind assumed 20 knots. A l l forces and flow simulations are computed at the 
Reynolds number of 2.84 X 10 ,̂ which corresponds to the wind speed of 20 knots and 
reference length is of main sail foot (4.0 m). 

4.2. Grid generation 

The grid system for CFD calculation is generated by using GridGen Package. Fig. 5 
displays the grid system used for those calculations, consisting of 13 blocks with 1,796, 
770 grid points. C-H type grid topology is used and the distance of the first adjacent grid 
from the saü surface is adjusted to y"^ =50-230. 

5. Experimental method 

The experiments are carried out in the wind tunnel of the Chungnam National University 
of Korea. The test section dhnension is 5.2 m X 1.8 m X 1.8 m and the wind speed is 45 m/s 
at maximum. The geometry of sails is the same as that selected for the CFD calculations. The 
saü model is made of fiber-glass reinforced plastics (FRP) with the scale of 1/9 and is 
constituted by some rigs as a boom, side shrouds, fore and after stays, which are not 
considered into the CFD calculations. It may be considered more accurately as saü-shaped 
membrane wings. Fig. 6 shows the equipped model sails in the wind tunnel. A three-
component load ceU is installed under the saü model with a deck-sized flat plate and some 
rigs as shown in Fig. 7. The experiments are carried out for wind speeds 7,10,12 m/s, which 
coiTespond to Reynolds numbers, 2.1 X10^ 3.0X10^ 3.6 X10^ respectively. 

6. Results and discussions 

6.1. Sails without interactions 

Before considering the interaction between two saüs, the flow computations for each 
saü standing separately were carried out. Figs. 8 and 9 show hunting streamlines on the 
main and the jib sail surfaces with pressure coefficient Cp contours, respectively. 
Streanüines around sails over the section of 25% height of E (the plane to view 
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Fig. 5. Generated grid system (1,796,770 points, 13 blocks). 

the streamhnes on field is displayed in Fig. 1) are shown in Figs. 10 and 11. There is found 
no flow separation except a smaU region near the leech of the main sail on leeward side 
where the camber reduces very quickly as close to the traihng edge. 

6.2. Sails with interactions 

hi case that two sails are set in close proximity, it is expected the interaction between 
two saüs resuhs in two prominent flow aflerations: (a) there wil l be a pattern of downwash 
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w f ^ ^ ' -

Fig. 6. Model sails i n wind tunnel. 

or upwash generated by each sail, which will operate in an aktiow modified by the 
presence of the other sail and (b) when the gap between two sails is sufiiciently small, the 
fore sail guides the flow on to the leading edge ofthe traihng sail and modifies the pattern 
of flow separation on the trailing sail, which is similar to the nozzle flow or Venturi effect 
(Claughton et al., 1998). Fig. 12 shows the streamlines around the sail on the section of 
25% height of £. As the gap distance reduces, the angle of attack of the j ib saü increases 
and the flow separation on leeward side of the j ib sail occurs or becomes distinct. It is 

Fig. 7. 3-Component load cell to measure the forces on model sail. 
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Fig. 8. Cp contours and l imit ing streamlines on main sail wi th no interactions. 

mainly due to the downwash induced by the main sail close to the traihng edge of the jib 
sail. Such the flow separation could be observed on the windward side of the main sail due 
to the upwash under the existence of the jib sail as the mast angle reduces. For the extreme 
case of $0 = 5°, the upwash makes the effective inflow angle to the main sail negative, thus 
relatively large area of flow separation on the main sail occurs. The limiting streamlines on 
the sail surfaces are shown in Fig. 13, the peculiar pattern due to the phenomena of three-
dimensional flow separation could be easily identified and the hues of detachment on the 
surface are more obvious as the gap distance reduces. 

The l i f t and drag are computed for the above three cases. Fig. 14 shows the calculated 
and measured values of the hft coefficient. Due to downwash or upwash of each sail, the 
l i f t force changes from the case that the sails stand separately without any interactions. The 
l i f t force of the main saü reduces due to the upwash from sail interaction and this reduction 
becomes more sigiuficant as the gap distance decreases. But the change of the drag force is 
reversed in tendency as shown in Fig. 15. As the gap distance reduces, the drag ofthe main 
sail reduces, while the drag of the jib sail increases. However, the drag force for the 
combined main and jib sails and the sum of the drag forces for the two separate sails has 
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Fig. 9. Cp contours and l imit ing streamlines on j i b sail wi th no interactions ( ^ o = 10°). 

nearly the same value. The experimental results show reasonably good agreement with the 
calculations in tendency, although the values are not very close. The reason for the 
discrepancy in aerodynamic force between the calculation and the measurement can be 
explained as foUows: (a) In the experhnents some rigs including a boom and shrouds to 

Fig. 10. Streamhnes over main sail with no interactions (on the section of 25% height). 
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Fig. 11. Streamlines over j i b sail wi th no interactions (on the section of 25% height, ^ o = 1 0 ° ) . 

support mast and sails are arranged to süpport the mast and the sails, but they are not in the 
present CFD calculation. It could provide an additional drag in experiments, (b) The scale 
effect exists due to the difference of Reynolds number betvi'een the calculation and the 
experiment. The Reynolds number for the model testing is much lower than that for the 
calculation and it could make the l i f t and drag of the model higher than the calculation, (c) 
The experiment must be performed in different environments for model sails compared to 
the case of the calculation in regarding sail-bottom and sail-model deck plate interaction 
and restricted v^all effect in wind tuimel. 

Fig. 16 shows the estimated fu l l scale thrust force, i.e. the force component in the 
direction of vessel running. It is easily found that total thrust of sails increases when two 
sails combined properly than when they stand separately. 

6.3. Center of effort (CE) 

The location of CE is calculated to find the center of aerodynamic force acting on the 
sail surface. For the initial stage of yacht design, designer has to verify the location of 
center of sail force, center of effort (CE), and the center of hydrodynamic force on wetted 
body, which is normally called the center of lateral resistance (CLR), which is determined 
by the hull form and the arrangements and shapes of keel and other appendages. I f it is 
failed, the yacht on saihng has to be experienced the undesirable helm forces by the 
moment due to the unbalance arm by discrepancy of two locations. NormaUy, most of 
designers use the empirical method to obtain the CE location, which is based upon the 
assumption that the center of aerodynamic force is the same as the center of projected area 
of the sail. A typical method for determining the location of CE is: One first determines the 
geometric centers of area of the main and jib saUs. Then the line joining these two points is 
divided into two parts, by a simple geometrical construction, in proportion to the areas of 
each sail (Marchaj, 1996). 
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Fig. 12. Streamlines according to gap distance (on the section of 25% height) (a) ^0= 15° (b) <Po= 10 (c) ^'o = 5°-

In this paper, it is tried to calculate the location of the center of aerodynamic forces 
through the CFD. The location of CE can be obtained by finding the center of integrated 
aerodynamic forces on the sail surface. Table 3 shows the result of CE finding by the 
present CFD calculation with comparison of that by the empiiical method. The calculation 
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is earned out for the condition of ^ o = 10° for jib sail. These two methods give some 
different result, which is thought to be not so significant in the reason that the errors in 
fixing the CE are partly compensated with similar- errors arising in determination of the 
CLR. TypicaUy, the location of CLR is also determined by simple geometrical center of 

Fig. 13. Cp contours and l imi t ing streamlines according to gap distance. 
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WindH'ard Side 
with Jib *„= 5 de? 

Fig. 13 (continued) 
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Fig. 14. L i f t coefficients according to gap distance. 

J I 



1340 /. Yoo, H.T. Kim / Ocean Engineering 33 (2006) 1322-1342 

0.6 

0.5 

Q.'\ 

Cp Main, no interaction 
Cjj Jib, no interaction 
CJ, Total, no interaction 
Cp Main, with interaction 
Cp Jib, with interaction 
Cp Total, with interaction 
Cp Total, Experiment (V=7m/s) 
Cp Total, Experiment (V=10m/s) 
Cp Total, Experiment (V=12m/s) 

Mast angle o f j i b sail f o o t 

Fig. 15. Drag coefficients according to gap distance. 
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Fig. 16. Thrust according to gap distance. 
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Table 3 

Calculated location of CE's 

Present (nun) Empirical (mm) Difference 

Longitudinal - 3 4 1 . 6 - 1 3 0 . 9 
Vertical q T O I O T 

•^^^-^•^ 3312.7 280.2 

CE locations are measured based on origin (tag o f main sail). 

area of under water body. It can be suggested that CFD technique can be a most useful 
method for findmg CE and it could be a better way for finding CLR in near future. 

7. Summary and conclusions 

The finite volume based multi-block RANS code, is apphed to simulate turbulent flows 
around the sail system of a 30 feet sloop. For the apphcation, the viscous flow phenomena 
and aerodynamrc forces are predicted for practical saü-hke wings at the real-scale 
Reynolds number. The computed results show reasonably good agreement in tendency 
with the experimental data obtained from the wmd tunnel test using FRP saü models. 

It is found that when the two sails are combined appropriately, larger l i f t forces can be 
produced than the case that two saüs stands sepai-ately. By interaction between two sails 
particularly the main and jib sails, it is found certain that most of the effective thrust comes 
from the jib saü. Broadly, there are two schools of thought: those who maintain that the j ib 
saü accelerates the an past the leeward side of the main saü increasing the suction; those 
who argue that the function of the fore sail is as a sail in its own right and a very efiicient 
one at that (Marchaj, 1996). Just with the results of the studies on this paper the later 
opimon seems to be more reasonable. Whidden and Levitt, (1990) has been shown the j ib 
sail IS more effective than the main sail. It is because the cnculations of main and j ib sails 
tend to oppose and cancel each other in the area between the two sails and therefore more 
air is forced over the lee side of the j ib. It is a kind of downwash on jib saü, which makes 
the angle of attack of apparent inflow to the j ib sail be increased. Also one more reason is 
that the jib causes the stagnation point of the main saü to shift toward the leading edge of 
the mast, placing the main sail in a header due to downwash, but it is thought less effective 
to total thrust increment. 

It is noteworthy that the cost effectiveness and the level of flow detaüs provided by CFD 
tools are drawing much attention for the shape design of sail system and control guidance, 
considering that ah the computations for the present study are carried out in a PC and the 
CPU time required for 1.8 milhon grids is about 16 h to get fully converged solution It is 
quite certain that CFD can be a very powerful and useful tool for the aero- and hydro-
dynanuc performance prediction of saihng yacht in basic design stage. 
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