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1 INTRODUCTION

The performance of a sailing vessel is affected by
a large number of parameters, some which are con-
trollable, and others which are not. This paper
discusses the effects on the applied forces on the
vessel produced by varying some geometric sail para-
meters. These variations have been applied to a C-
Class catamaran to determine their effect on the per-
formance of a particular vessel. This type of boat
has been chosen because the hydrodynamic equations
may be formulated rather readily, see, for example
Yeh (1965) and Bradfield (1968). Also sufficient
information exists (Martin (1976) and Bradfield
(1976)) from race comparisons to distinguish some
effects of the variation of parameters. Induced
drag is shown to have a major effect on the boat's
performance particularly at low wind speeds; the
aerodynamic drag or "windage" of the hull and crew,
and of the sail planform also influence the speed.

2 NOTATION

AR aspect ratio (height?/area)

Cq section drag coefficient

Cr lift coefficient

Cy hydrodynamic sideforce coefficient

D aerodynamic drag force
ep centreboard efficiency factor
H hydrodynamic sideforce
L aerodynamic 1ift force

Lwr, load waterline length

R hydrodynamic resistance
S sail area
Sy wetted surface area

Ta total aerodynamic force

Ty total hydrodynamic force

Va relative or apparent wind speed
Vs boat speed

Vi true or absolute wind speed

A displacement (tonnes)

Ba angle between apparent wind vector and boat
velocity vector

Y angle between true wind vector and boat
velocity vector
'drag angle', €4 = tan™! EE— e =tan! X
? Cr, ° H
A leeway angle
PA density of air
Pu density of water.
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3 INDUCED DRAG

The equations of motion applied to the steady motion
of a vessel through the water lead to the following
relationships (Bradfield (1968), Apperley (1974))

FORCE DIAGRAM g, <90

FORCE DIAGRAM g, >90°

Figure 1 Definition of Parameters
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These terms are defined in the glossary and in Fig-
ure 1.

A computer programme has been used to study the
effect of the parameters in these governing equat-
ions. The sail section used in the calculations is
the one described by Apperley (1974). Figures 2 and
3 indicate the variations in boat speed caused by
changes in the induced drag component at different
aspect ratios, the induced drag being calculated
from the usual expression
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Figure 2 Effect of Induced Drag at VT = 5 knots
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Figure 3 Effect of Induced Drag at Vp = 15 knots
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An aspect ratio of 4.3 is the value for the sail
with the usual gap between the boom and the deck,
the second curve AR = 8.6 shows that by sealing this
gap an increase in speed of some 12% may be obtained
at a wind angle vy = 90° at Vg = 5 knots. The Te-
maining curve is for a two-dimensional sail, showing
the maximum effect of induced drag. Figure 3 indic-
ates that at higher wind speeds the effect of in-
duced drag is much less, as the overturning moment
limits the force that may be applied to the vessel
and consequently the 1lift coefficients are lower.

4 HULL AND CREW DRAG

Apperley (1974) shows the 1ift and drag coefficients
produced by the hulls and crew on a C-Class catam-
aran with the crew in their normal sailing positions.
Introducing these coefficients into the equations
enables the effect of these force components to be
considered. Figure 4 shows that again, as with the
induced drag, the maximum effect on speed occurs
when reaching, at y = 909, but in this case the
effect is some 7% change in speed. At higher wind
velocities the change in speed will be greater
because of the effect of this fixed drag component
on the smaller lift force. At Vp = 15 knots the
speed change is 11%.
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Figure 4 Effect of Aerodynamic Drag of
Hull and Crew
5 VELOCITY GRADIENT AND PLANFORM

The existence of a vertical velocity gradient near
the water surface is generally recognised, although
its exact nature and its effect on a sailboat are
not well defined. It is certain that the type of
gradient will vary with atmospheric conditions and
conditions of the fetch. Apperley (1974) discusses
the effect on the angle of attack of a gradient of
the form V/Vrp = (¥/ym)® where V is the velocity

at height y above the water and yp is the mast
height. The major effect of such a gradient is to
produce a change in the angle of incidence of the
approaching wind flow requiring "twist! or wash-out
of the sail for constant angle of attack and optimum
driving force at low wind speeds.

Wood (1976) has shown that at higher wind speeds
where overturning is a limiting factor, reverse in-
cidence of the upper sail area would be beneficial
in increasing the driving force.

The existence of a velocity gradient will influence



the planform of the sail chosen. Those parts of the
sail high above the water will produce larger forces
than equal areas lower down. At higher wind speeds
the angle of attack of the upper sail will have to
be reduced to reduce the capsizing moment, and under
these conditions larger sail areas closer to the
water will be more suitable.

Figure 5 shows the effect of sail planform on the
performance of a C-Class catamaran both with and
without a velocity gradient at a wind speed

Vr = 15 knots. The sail shapes used have equal
areas, are of equal height (span), one being rect-
angular in shape and the second triangular. The
reversal of sail incidence, as suggested by Wood,
has not been considered in the determination of the
results shown in Figure 5. For the case of uniform
wind velocity (no gradient) the triangular sail is
superior to the rectangular one, because of the re-
duced moment arm, to Y = 130°, where stability is no
longer critical and the two planforms produce equal
forces.
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Figure 5 Speed Variations Due to Sail Planform

With a velocity gradient, the triangular sail shape
is superior to y = 1159, where again stability is

no longer critical and here the rectangular sail,
with a larger area exposed to the higher wind speeds,
is dominant. At lower wind speeds, where the over-
turning moment produced is sufficiently small, the
rectangular sail is superior for all wind direct-
ions.

6 SPEED - MOMENT RELATIONSHIP

In Figure 6 the variation of capsizing moment and
speed with wind angle, Yy, is shown. The capsizing
moment here has been calculated using the total
aerodynamic force Tp, rather than the heeling com-
ponent, H, as most catamarans have stability curves
which are relatively insensitive to direction, in
fact diagonal capsizes are common., Figure 6 shows
that the maximum capsizing moment occurs at y % 65°,
whereas maximum speed is at y = 85°. Thus it can be
seen that when sailing near maximum speed, ''bearing
away' in gusts is desirable as this will reduce

the capsizing moment rapidly, whereas "rounding up"
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Figure 6 Variation of Speed and Capsizing Moment
with Wind Angle

will increase the moment and probably cause a
capsize.

7 CONCLUSIONS

Induced drag produced by high 1lift coefficients at
low wind speeds has a significant effect on speed,
and may be reduced by increasing the aspect ratio

of the sail, which may be effected by sealing the

gap between the deck and boom.

Hull and crew windage also reduce the boat's speed,
having greater effects in stronger winds.

The effect of the velocity gradient over the water
is to give an advantage to a sail of a rectangular
planform in light winds, whereas a triangular sail
is superior in stronger winds.

8 ACKNOWLEDGMENTS

The author wishes to thank Dr. A. G. Davenport,
Director of the Boundary Layer Wind Tunnel Laborat-
ory, University of Western Ontario, Canada, for the
use of the Laboratory's computing facilities which
were used to prepare the data presented in this

paper.
9 REFERENCES

APPERLEY, L.W. (1974). On the improved aerodynamic
efficiency of a sailing vessel. Proc. Fifth Aust-
ralasian Conf. on Hydraulics and Fluid Mechanics,
pPp.285-294.

BRADFIELD, W.S. (1968). Predicted and measured per-
formance of a day-sailing catamaran. S.U.Y.R. ieport
No. 25, University of Southampton.

BRADFIELD, W.S. and MADHAVAN, S. (1976). Wing Sail
v. Soft Rig: An analysis of the successful little
america's cup challenge of 1976. Report No.279,
Department of Mechanical Engineering, State Univer-
sity of New York, Stony Brook.

MARTIN, H.R. (1976). The catamaran miss nylex.
Journal of the Soc. of Automotive Engineers - Aust-
ralasia, Sept. - Oct., pp.198-207.

WOOD, C.J. and TAN, S.H. (1976). Towards an optimum
yacht sail. Report No.1164/76 Department of Engg.
Science, University of Oxford.

YEH, H.Y.H. (1965). Series 64 resistance experiments
on high speed displacement forms. Marine Technology,
Vol.2, No.3, p.248.

296



