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A SIMPLE PERFORMANCE THEORY FOR LIGHT DISPLACEMENT

MULTTHULL SATLBOATS -
By
W. S. Bradfield
Absﬁract

A simple general theory for the prediction of sailboat performance
in calm watérs is proposed. Three parameters are- shown to completely
" characterize the performance potential of boats fitting within the frame-
work of the approximations made in oBtaining the theory. |
For handicapping, the theory is useful in predicting the perfor-
maﬁce of boats of diffénent sizes, weights and rigs Within the general
category which it deécribes. For design purposes it will serve to pre-
dict the comparative performancé of different configurations of the
same boat. An example of that application is worked out in this report.
The stated limitations of the theory point up the necessity for obtaining
experimental information in several areas in order to determine the limits
of application of the theory. Reference to one such experiment is given

in the present report.
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NOMENCLATURE

area;

aspect ratioc... = b/r’ﬂ

angular momentum; 2

coefficient (force), F/Q—Y—B :

dragforce; 2

force;

1ifts

mass (total including virtual mass) accelerated;

moments about the center of gravi'by;
resultant force;

.side force perpendicular to aero-or-hydrodynamic veloc:.\t}r vector;

thrust, the component of aerodynamic force parallel to
velocity; -~
weight;

span of aero-or-hydrofoil;

chord of aerofoil or hydrofoil;

efficiency factor;
the hydrodynamic drag ratio; D +D -a.D;l/D-{._ 3
length 5

mass of boat : Y&/

dynamic pressure, QA 3

displacement of boat;

yaw angle (aerodynamc) s, the angle between the mldspan chord of the sail
and the aerodynamic wind vector Va;

yaw angle (hydrodynamic), the angle between the hull centerline and the
boat velocity vector Yb;

angular velocity;

boat velocity vector (Ub) angle to apparent wind vector (Va)...

see Flgure 2;

"drag angle" (aerodynamic), &g = DQ_/SQ,, 3

(@— 2a ), by definition;

twist angle, defined as the angle between the sail chord and the boom;
kinematic viscosity of the fluid medium;

desity of the fluild mediumg; \

sail angle relative to boat centerline, 3 =X (¢ ~- U_z,,, H

true wind angle relative to boat velocity vector (see Figure 2);

.
3

Subs crigts :

D-
L -

I

wo o s N
]

h -
i~

drag;

lift;

resultant force;

sideforce;

aerodynamicg

boat or board where appropriate;
crew; )

frictiong

hydrodynamic;

induced;
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INTRODUCTION

The mechanicé of sailboat performance involves aerodynamic as
well as hydrodynamic considerations. Both sails and hull serve as "lifting"
surfaces in the aerodynamic sense. The sail utilizes the reaction with the
apparent wind to provide thrust and the hull operates at an angle of yaw to
develop the side force which coﬁnteracts leewzy. The similarity to the
operation of aeronautical lifting surfaces is obvious; As a result, one
might expect that much aerodynamic data on wings accumulated from decades of
experience in aeronautical engineering would combine with hydrodynamic data
on hulls to permit the prediction of the performance of a specified sailing
yacht.

So far, attempts to apply such information have not met with notable
success. One reason is that the aerodynamics of the traditional sailing yacht
is quite complicated when compared to that of the average glider or subsonic
airplane. The complication is partly due to the aerodynamic interaction
among such elements as ﬁﬁltiple softsails, exposed standing and running rigging,
hulls and crew, and surface waves. The underwater lifting surfaces are also
complicated by low aspect ratlo and by the necessity for operation at or near
the air-water interface. In addition, the motion of a yacht is essentially
unsteady motion. The disturbance velocities due to gustiness and wave motion
are frequently not small relative to a characteristic velocity of the yacht.
Thus, even though steady state analyses are useful for airplane performance
predictions, there is some question, in the practical sense, concerning the

~ applicability of such analyses to yacht performance., Another diffiéulty in the
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analysis 1s due to the coupling which occurs among aerodynamic and hydro-
dynamic variables. For example, a sudden gust may increase the sail force
hydrodjnamic drag,'and 50 on. Finally; the scarcity of published results

of performance investigations and of aerodynamic investigations of sails and
hulls makes it difficult to evaluate simplifying assumptions which would

| make the problem itractable.

Although the'groundwork for systematic performance analysis has
been laid (see, for example, Davidsonl 956]), a comparison between predicted
and measured performance together with an evaluation of the methods does:not
appear to be generally available.

Tamer [1962] identified the variables in the problem, discussed
the coupling among variables, and describéd graphical solutions of general
~utility for somewhat restricted operating conditions and for plausible
physical restrictions., However, no performance data were given. Herreshoff
[196L] discussed the application of the digital computer to the solution of
the steady state equations §f motioq. Taken together with intensive model
testing and performance testing of a given yacht, this procedure would be
expected to yield a maximum of precise information useful for optimizing a
specific design as well as for predicting its performance. However, these

facilities and techniques are not generally available.
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Myers [196L] published a steady state theory for catamaran perform-
ance. A specizl effort was made to account‘for all major factors influencing
sailing performance., A comparison of the predicted performance of individual
boaés with measured résults indicated "that they do not appear to disagree
with the theory within the limits of the measurement accuracies." However,
as Myers pointed out, the measurements tended to be "an order-of-magnitude
less accurate than desired for a careful comparison of theory and experiment.”
'Furthermore, to obtain theoretical results for a specific boat requires the
solution of a rather complicated algebraic expression. For the average
yachtsman the manual labor required to obtain a solution (sans machine) is
formidable. In view of these circumstances it would séem reasonable to
sacrifice some theoretical sophistication and/or breadth of dpplication in
the hope df gaining simplicity and perspective. A simple algebraic solution
would uridoubtedly be of greater convenience. Présumably, it would provide
approximate performance information over a reasonably wide range of operating
conditions and sailing wvehicle configurations., One object of the present
investigation was to produce such a theory.

To obtain a readily usable solution required some seemingly drastic
physical simplification of the theory. In order fo gain some idea of the
range of validity of the approximations, performance data were required.
Thus, the secaid, equally important objective of this investigation was the
" development of a straightforward techniqué of performance testing. As a
result of this development, sailing performance data were obtained from a
foﬁrteen foot cétamaran over a reasonable range of conditions and configurations.
The limits of applicability of the theoretical rgsult were tﬁen examined in

terms of the experimental results.
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PART I

THEORY

The motion oi‘ a sailing vehicle can be describeci concisely by
'bwofvector eqﬁations which.provide sufficient generality to cover most
operating conditions. These are simply mathematical stateménts of the
principles of conservation of the linear momentum and the angular momentum,

respectively, of the vehicle. Thus:L

and

Co+Q, =0 +JUx | (2)

for coordinate axes fixed in the center of gravify of the vehicle. In

these equations,

Eo; represents the resultant aerodynamic force vector;
lz,g,, is the resultant hydrodynamic force vector;

is the time dependent net force resulting from

(QQ%W\\ CX

b

differences between buoyéncy and the weight of
the boat;

W i/go is the rate of change of momentum due to linear
accelerationj
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1. Definitions of the symbols used will be found in the table of nomenclature.



A8 %

,,Q X VYZB{& is the rate of change of linear momentun due to
combined pitching, heeling, and jram.ng motions,

In eguation (2), a S

Q{'& is the couple about the c.g. due to action of the aero-
dynamic resultant force;

is the couple due to the hydrodynamic force; .

IO
e

is the rate of change of angular momentum resulting from

}

net couple action;

)(C { 1is the rate of change of angular momentum due to combined

P

e

pitching, heeling, and yawing motions.

These equations are quite general in‘their applicationl. They have not yet
been solved in this generality as appiied to sailing vehicles nor will a
general solution be attempted here. Névertheless , they are useful in the
present context as g framework in which.to exhibit the various physical
factors. entering the problem in its utmost generality. Furthermore, com-
parison of the drastically simplified version of fhe equations to be solved
below with equations (1) and (2) will keep the approximate natﬁre of the
present solution clearly in pefspective. A

Herreshoff [198l] expressed the cartesian components of the time
dependent motion equations (1) and (2) in expanded form. However, no

discussion of a pessible solution of the complete equations was attenpted.
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1. For details of their development for application to the analysis of
the motion of aircraft see, for example, Milne-Thomsen[1947].



Tanner [1962] had previously suggested several physical restrictions which
simplify the problem. The first of these is the assumption of steady sail-~
ing conditions. This is tantamount to the éssumption that time averagéd
quarfi;ities characterizing the perfbrmance can be defined over a limited
pgriod of time ‘»-- This hypothesis of a "quasi-steady" character of flow fields
has béen successfully employed for many years in-other areas of fluid
mechanics and it is upon this justification that the a_séumption rests.

‘Thereby, equations (1) and (2) reduce irmediztely to

Qa - g;& = O oy

e

A problem in static equilibrium results. The rénge of velidity of a solution
based on this restriction may be smsll in view of the well known unsteadiness
of the moticn. However; it greatly simplifies the problem and in the absence
of contradictory data it will be assumed valid. The range of validity may be
determined empirically.

Several other suggestions by Tammer will also be adopted. Disrsgarded
- are: i) heel angle; ii) vertical components of the resultant forces Ega
and E_QL 3 "1ii) pitch (or trim) angle; and, iv) changes in attitude due to
changes in pitchi_ng and heeling moments. These approximations seem especially

appropriate for application to the catamaran. For normal operation, heel



angles are restricted to less than ten degrees. In view of this, assumptions
i) and il) are plausible. The catamaran attitude is compératively sensitive
tolchanges in pitching mement because of the fime bows. However, for normal
operation the pitch angle and heel angle are of the same order of magnitude.
furthermore, for daysailing and racing catamarans the crew weight is usually
of the same order as the weight of the boat. Thﬁs, changes in heel and pitch
can be compensated by shifts in crew position. On these gfounds, the pitch
angle'is assumed negligible and the neglect of chénges in attitude with
changes in magnitude of pitching and heeling moments is likewise justified.
Other vehicles which seem frequently to operate within these restrictions are
the trimaran and planing monohulls equipped with trapeze for heel control.

The foregoing restrictions reduce the problem to the consideration of
equilibrium in the plane of the wéter’s surface.l In view of the neglect of
effects of changes in hesling and pitching moments, it is of Interest to
considgr the plausibility of neglecting changes in yawing moment.

Figure 1 is a diagram illustrating the forces remaining in the simplified
problem. Body axes are chosen with the origin in the center of gravity of
the vehicle. The x-axls lies in the plane of symmetry of the hulls, parallel
to the plane of the load waterline, and measured positive forward. The y-axis
is perpendicular to the plane of symmetry and positive to starboard. The |
z-axis is perpendicular to the plane containing the load waterline and is
measured positive downward. "The components of the aerodynamic and hydro-

dynamic resultants are shown in the figure.



The remaining components of equations (3) and (L) may be written

Yzc\_ﬁ 'l" TZ- 2 o, = O - (5 )

Lo ~ ! = { 6
(< 5 4 i?g%%_ C}~ | (.)
Moz + My, =0 (7)

The vertical component of the force equation is automatically satisfied for
the steady state condition¥* |

If it is assumed that the rudder force is zero, equation (7) is also
automatically satisfied? Attaining this condition is like trimming for
neutral static stability in an airplane. In the case of a sailboat, it is
usually possible to achieve balance over a large portion of tﬁe éperating
range by tuning within the limitations of adjustment of the aerodynamic and
hydrodynamic surfaces. Hence, the assumption thét equation (7) is automatically
satisfied is justified to the degree that neutral static stability ("balance™)
about the 2 axis can be maintained over a range of headings to the wind.

In summary, equafions (1) and (2) are simplified by the following
restrictions:

1) the floﬁ is regarded as steady and the water
surface as "flat"l;

2) vertical components of the aero-and-hydrodynamic

resultant forces are neglected;

- Tt B 2 e e okt S S ———— ———

% This implies that only hydrostatic buoyancy is effective; i.e., the
hydrodynamic lifting force which leads to planing is ignored.

1. "Flat" is defined by the condition that a characteristic wavelength is
small compared to the waterline lenwtl of the hull.

2. Implicit is the asoumpt*on that R and Rh act at the same distance from
Ca g. (Figs. 1 and 2), ~2
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 3) the rudder normal force is assumed zero;
L) all noments are neglected;
5) heel and pitch angles are assumed zero;.‘
L ' 6) variations in sail shape with dynamic pressure are
neglected.

. The last assumption is based partly on the comﬁon use of fully battened
or othef "hard" rhainsails'by catamarans. Variations in the shape of foresails
are simply ignored and this assumption remains to be mvéstigated.

It is obviously desirable to express the performance in terms of the
boat velocity vector and the wind velocity vector. This is more conveniently
done in tenﬁs of the aerodynamic and hydrodynamic quantities defined on
Figure. 2. In this figure, axes are fixed in fhe boat and velocities are as
+the helmsman sees them; i.e., the veiocity of the wétef relative to the boat
is «\;,/-‘?w (‘—1 - Yb\ | and the:wind veiocity is the apparent (or aero-
dynamic) wind ){’ e&. o Considering componenﬂs of force parallel and perpsn-

dicular to the hydrodynamic velocity ylelds for equiliibrium that
Ra_ Ak (G - SOJ = .D_,e\/ (8)

and

Re con(@-5a) = Sg, (9)

3 1.e., thrust equals drag and the aerodynamic resultant force component
perpendicular to the hydrodynamic wvelocity vector equals the hydrodynamic
sideforce.

The hydrodynamic drag can be expressed in terms of its elements as
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| - - ) E
Dy =10, Do +DL ! + D0 (10)

and, following Myers [1960], the profile, friction, and wave drags are
lumped together with only the hydrodynamic induced drag being considered

separately. Next, it Ls assumed that

[:QN;: -ég YD% '*IXZDh | (1)

satisfactorily‘approximates equation (10) over the operating range
anticipated., The plausibility of this assumption is based on towing tank
data for high fineness ratio, light displacement hulls (Eggers [1955];
Gluntz [1957]; Havelock [1951]; Henry L1955] 5 Marchaj [196L, p.2L2l;
Mehaffy [1960]; Wehausen [1956]; Wigley [19&9])?6 In equation (11), the

cogfficient

=1 &+ D.tr Dus (12)
Os

is evaluated from tank data.

In a later paper déaling with cruising catamarans, Myers [196L] discarded
this assumption in favor of a more sophisticated approach. However, the
present paper is concerned solely with hulls that have the capability of semi-
planlngt‘ With this in mind and in view of the experimental uncertainties of
existing performance data,'the use of equation (12) is considered justified.
Its incorporation into the analysis adds considerably to the ease of practical
application of the final result. |

After the last term of equation (11) is expressed in terms of the ratio

~

IDR / E_&' and force coefficients are defined ( .= tf / ( \/- Z\>
/

using appropriate areas and velocities, equations (8), (9), and (11) can be

#* See als&, Savitoky, 196L, Marine Tech., Vol. 1, No, 1, Oct., 1964, p. 71,
(eqn. 25). : '

st - . o | \ 3 V < 4?
** Hulils of displacement form (such as cats) where loads are (()iL)3 .



combined to yield

v T, /0o0) \ |
Vi l= Qo N?CZ%.,, As M,M»\((—;»i‘q\)m f&;@;;: coel - oﬂ‘( (13)
Voo S Ao P 1 Cs /4?&
Cwhere C R, = 2 1<a 4 Q% = ;..Z_:_E{i}_.w
GO‘ Voo Py 7 | Qur Vy Ag

Sun:‘ 0"“\ ( "‘“/‘S

Equation (13) expresses the ratio of boat speed to apparent wind speed as a
function of he_ading to the apparent wind Q (3\\, and other measurables of the
problem. Of the latter, the air and water densities are thermophysical
properties and can be obtained from tabulated values when the temperature
and pressure are known. The air density can easily vary as much as 10% under
normally encountered operating conditions. Therefore, this x.'atio should not
arbitrarily be assumed invariant.

The;sail area (As) can be taken as a parameter 1f it is assumed that the
"effective" sail area is equal to the geemetric saill area of a given con-
figuration. Accordingly, it will be assumed hereafter that As is the total
geometric sail area in ﬁse.

For lightweight planing hulls, the friction (or weited) area ( (‘\%\
depends on hull shape, boat weight, crew weight, board and rudder design, and
dynamic 1ift. The latter has been assumed negligible for the present purpose.
With this restriction, A-E— becomes a paramster. It canm be determined in
an individual case from the lines and knowledge of the boat weight, crew
weight, and boafd‘and. rudder areas at a given heading. An example .of an
erpirical equation for P\.g for the DQ\A* - P is given in Appendix A,

As previously mentionsd, the coefficient /Q\ must be determined from

towing data at zero yaw. Naturally, equation (11) is or'lly an approximation
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and the &dccuracy of the result will vary for individual hull forms. However,
given ﬁowing tank data, the error in Eh\-’/“:‘» ;’?\jo.z due to the approximation
can be determined. For example, in' the case of-the Intermnational Canoé -
(Marchaj [1961.1_'], p. 2l2), equation (11) over-estimates the zero ‘yaw drag
between zero and five and ; half knots hull speed. Between f.ive and & half
and 10 knots, the drag is undersstimated by eqﬁation (11). The maximum error
is appréximately 25%. The mean error in drag is roughly 10%. Howsver, in

" view of the primitive presan*E state of the art with respect to understanding
sall aerodynamics and in predicting hull induced drag characteristics,
equation (11) will be accepted becauss of the generality that this assumption
br:’mgé to the analysis.

- The skin friction coefficient( QI‘}\} - for smooth surfaces depends on the
boat velocity \I % ‘(through' the Reynolds number v \Ji-,/ﬁw ) as is well known
(see, for example, Marchaj [196L], Part III, §1; or Schlicting [1955]).
However, for "rough' surfaces, the friction coefficient is approximately
constant over most of the opera’cingvrange of the configurations considered

1
here (Schlicting [1955], p. LL8).  Specifically, it will be assumed that

PR
- -/ﬂlf.}

Co=ltes + 162 9_0,‘3\0(2,/,@?531 (11)

where ,Qq e \/\)O,L\"Q‘(‘L.\V\Q \ng“"\:‘f\, ;

! .
2P N RV AR U R < ST S S R 2N LN w B
~ S ~ ,,,}\,_. Ay (: N s 4

Typical values of practical surface roughnesses are found in Hoerner [1965],

et e e s ot I, o G Bt S Mk i At i ok T . T o T, M s Y e e . S

1, For convenience , a plot of Q_x; versus W 9 for parameters of roughness
is shown in Appendix A as Figure A-Z.
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p. 5-3. For boats of 12 feet and up and for a surface roughness equivalent

s e 2 2

to or greater than that of smooth marine paint, equation (1L) is applicable

for boat speeds greater than about two knots. Details of a calculation of

this quantity for a fcurteen foot catamaran are given in Appendix A.

From the foregoing discussion it sppears reasonable to regard Qm / c'\z RN ?‘;3.} A.r;.:‘

o —y -

[ s T
/«‘Q)& Q; as paramaters of the performance equation within the framework of
1Y

T

S

physical restrictions specified. It remains to supply auxilliary equations
for [CD‘, @]2‘, So. and Cry, .

The ratio of hydrodynamic induced drag to hydrodynamic sideforce
(Figure 2) depends mainly on the magnitude of the hydrodynamic sideforce
(equation (9)) and the geometry of the hull below the waterline (see, for
example, Marchaj [1964], p. 270). Letcher [1965] suggested the application
of the lifting line theory from aeroﬁautics to the evalua'tion of [’_};! N 3
in terms of the hydrodymamic sideforce: and hull geometric and hydrodynamic
parameters. Applying this theory to the present case and expressing the hydro-

dynamic sideforce in terms of the aerodynamic resultant force through equation

(9) yields

- IS Qr\’_a oo (\5‘ (<9 \/& ' (15)
C$ ‘2\‘ .W ?fJ put e\g Q\ [ V’@
where [:\1; - projected hull and board area effective in
producing sideforce;
R -~ effective draft to chord ratio of the hydrodynamic
| surface which produces sideforce;

e\o - efficiency factor.
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More detailed discussion is provided in Appendix A.
. Clearly, the hydrodynamic induced drag to sideforce ratio varies
considerably‘with heading to the apparent wind and with the relative boat
speed. Furthermore, the induced drag may vary from zero to a magnitude
Aseveral times that of the unyawed hull drag over :bhe normal operatj_ng range .
Finally, there is an addltlonaj mpllclt dependence of [QD / “sjy on @
through the functions \GJ and a(‘ 5) which remain to
be considered. Hence, there is no obv:.ous Justification for assuming para-
metric values for the hull induced drag to sideforce ratio. The ratio [C, oL/ Clk
must be regarded as a dependent wvariable of the problem. The
remaining variables are the‘aerodynamic drzg to sideforce ratio ( E‘J) and
the aerodynamic resultant force coefficient- (C r(c\). Although these quané
tities ar'!-e known to vary with Q) (at least), no. general theory exists at
present for predicting this dependence for a given configuration.
The strong similarity between sails and the 1ifting surfaces employed
in aeronautical enginesring is commonly recognized. However, the average sail-
boat rig is very complicated, aerodynamically speaking, by the presence of |
multiple soft sails of odd shapes, variable gaps, standing and running rigging,
crew, and hull(s). Furthermore, present day rigs are operated in a partially
or completely stalled condition most of the time, As a reshlt; the average
.aerodynarru_clst is appalled at the prospect of having to attempt a prediction of
~ the aerodynamic resultant force vector for all possible headings to the apparent
wind. If it were possible to do so, both o R%(G) and ga(\g\ would be de-
termined and the prediction of performance within the present physical restrictions

would be accomplished. However, such is not the case. Although attempts at



a semi-empirical theory are being made, progress in this direction is slow.

Early attempts at a two dimensionszl theor.;y for inviscid flow (Thwaites
[ 19%1]) have been followed by the application of finite wing theory to
(unstalled) "soft" sail wings of Ffinite aspect ratio. (Nielsen et al [1‘%‘6’5]).'
The appliecation of the fin;'Lte wing thzory was to paragliders a comparatively
clean asrodynamic configuration cémpared to the average sailboat. Thus, the
direct uée of these results even in the unstalled regime of sail operation is
- probably not justified in thé absence of experimental results, such as wind
tunnel tests on sailboat configurations. A comparlson of Nielson's predictions
with existing sail test data has not yet been attempted to the present author's
knowledge.

Prior to 1960, most of the available sail data consisted of wind tunnel
tests at very smell scale on sheet metal wings. Since that time, a certain
amount of sail data has been published in the open 1i£eréture. Marchaj [196L]
summarized much of the existing data on metal models of single sails. In
addition, he included in his book dé'ba obtained from wind tunnel tests on
larger scale cloth sails at the University of Southampton. Results of 1/L
s;:ale tests of hull, mainsail, and genoa in combination cal;ried out by Marcha]
and Tanner were reporbted in the open literature by Richards [1965]. These
data were limited to the close hauled condition. Full scale serodynamics tests
of an International 12 dinghy have been reported by Bruce [1962]. The data
were obtained from measurements in the full scale boat tethered to a mooring
with a suitable force measuring device. There is an obvious advantage in
testing at full scale in the natural wind so far as "modelling" is concerned.

Inclusion of studies of effects of hull, helmsman and crew, and rigging is no

great problem, Finélly, such tests permit the investigation to range over
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all possible values of heading to the relative wind ( & ). However, the

‘t—.
inherent experimental uncertainty is much greater than for wind tunnel tests

at present.

¢

Altnough the empi :u.c*al 1*esults Just described are necessarily limited
in scope, they can be used to establish some realistic bounds on the functions
Q,rg«((,\ and gg{ (\g . With this much help, sufficiently realistic sample
functions can be postulated_ to permit esta'blishing some estimates of physical
limits on performance.‘ This will be attempted in the following paragraphs.

Combining equations (13 and (15) yields
"/Z .

QQ ak@\j, e \,-«H« ;: (@-3a) - &l coa™( -5
[\/Jy 7 1M < - TR

t\. F)\s Q'&’.o

AN Kol L1 .Q-_.. _.‘m_—m‘:-{ repre'sen’cs the ratio of availasble aerc-
Z. ZL{\Q\.«J P\% Q‘?’

dynamic force to the zero yaw hull drag, (for
brevity this will be referred to as the "thrust
index" in what follows;

4% ( }’C,J:P\s

iy i, T iin § —— w ._.....-.—«_,...,.‘M

1w YT \_ﬁ 'S 5"4\ l

represents the product of the zero yaw hull drag
and the hull induced drag; (this will, hereafter,

be termed "hydrodynamic drag product';

({’ - go: \“\i ) = Y is the difference between the heading to the
apparent wind and the aerodynamic drag angle;
note that ({0-~7%) is the angle betweenc Re. and

Vi, .

-

e . —

*
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In equation (16) a choice of the negative root implies that decreasing the
drag results in a decrease of apparent boat speed ratio which is physically
unreélistic. Therefore, the positive root was selected.

A,limif on the solution is imposed by the fact that the quantity under
the radical is negative for & certain range of (ﬁl_gj. regardless of the
magnitude of &)3'(} « Physically speaking, the.appearance of the imaginary
root implies that the fundamental hypothesis is no longer applicable; i.e.,
static equilibrium is no longer possible. Intuitively, this situation
correspohds to pinching to the'point where the boat speed is no longer great
enough to. develop the sideforce reﬁuired to balance the leewsy component of
the aerodynamic resultant force-and the boat "falls off"; i.e., acceleratiaﬁ

occurs. This condition can be expressed in terms of the ratio of aerodynamic

thrust to hydrodynamic sideforce; viz; when
[

v < 4Q1Q$A;Ldg(®-?&3 (17)
Sy T e, R A | '

static eéuilibrium in the balanced condition (which was postulated) can no
longer be maintained. Thus, a "pointing" limit is represented by equation
(17). To improve pointing, equation (17) indicates that it is necessary to
minimize the aerodynamic drag to 1lift ratio as well as the zero yaw hull
drag and the hydrodynamic induced drag. Although not a revolutionary idea,
" this is in qualitative agreement with practical experience and lends credence
to the theory.

In order to obtain a complete picture of the performance, it is nec-
essary to transform equation (16) to earth fixed axes. This can easily be

done by referring to Figure 2. According to the velocity triangle, the
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heading with respect to the true wind can be written as

- -1 :
el e ) )
T G, - (.\/ v / va.) _ ’

which is the expression of the heading with respect to the true wind in terms

of the apparent wind direction and the apparent boat speed ratio. Similar con-

. . . . } LI
siderations yield (since 1?5b§ = ijvo

Vo _ ! (19)

—~—
pay e e ot e et i S

TJ; ﬂ{~QYa \f;yfgfz;°<97:*:1q~; Cea T

the true boat speed ratio in terms of the apparent boat speed ratio and the

" heading to the true wind direction.

Predicted Performance for the Cantilevefed Unirig. With the help of
) postulated functions CJ2%1<$3 | and §§@<<§) , equations
(16), (18), and (19) provide the desired performance prediction. For the
prgsent investigation two such functions were formulated based on possibie but
simplified operating configurations. The first assumed a balanced cantilevered
unirig with circular mainsheet tracks. With this arrangemént, a constant angle
of the sall to the apparent wind as well as constant sail shape could be main-
tained for all headings. Therefore, <2f?a, and %o, are independent
of (% . The second case was chosen to approximate the stay limited operation
of conventional rigs.

Sketchesbof the first configuration are shown on Figure 3. The aero-
dynamically balanced sail pivots about its chordwise center of pressure. Thus,

when trim for neutral helm is established on one heading it is maintained on

all headings assuming negligible hydrodynamic center of bressure travel with

T S

B i e ]
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hull yaw.l Constant aerodynamic yaw angle (""?&) is maintained regardless of
heading.‘ Therefore, Q’F«Z& and %o. are constant.

An obvious infe:_'ence from equation (16) is that for maximum performance
on ail headings a gifren configuration sh:;;Lg‘I;e operated at maximim aero-
dynamic reéultant force ((x,. way) and at minimum aerodynamic drag angle
( 5@.\“\“). However, it will be shown in what follows that this is not always
the case. In any event, since for practical configurations these two values
do not occur at the same aerodynamic yaw angle, a compromise is necessary.
For the present example, average values were chosen from the aerodynamic data
previously referenced. Specifically, ranges <\‘O < Q Q&—kaaxe \l%\) and
(So‘f; §le-m 220 are possible. In the latter case, the So Timit |
represents the aerodynamic drag angle for a complete airplane of wvintage 1940
(Wood [1955], p. 14-20). The 20° upper limit is approximately that measured
by Bruce [1962] in his tether testing of the International 12 Dinghy.

It was desired to compare the predicted performance of a boat of the
configuration just postulated (Figure 3) with the measured performance of the
boat of the present investigation. Therefore, the geometric characteristics
of the measured boat were used in determining a range of values for parameters
"a" and "b" of equation (16). The boat data are found in Table I and also in
Appendix A where more detail is provided. _I'b was necessary to prgvide a range
for C.&} (depending on wetted surface roughness) and for €\ , the hydro-
foil efficiency factor. A reasonable range for th; based on equation (1l)
was specified as0. 0225 < C_g <0O.0050 . In the absence of hydrodynamic
data, a rough estimate of C\y was obtained from aerodynamic data (Wood

[1955], p. 9-15). The range selected was O ¢ £,¢0 Y,

R e R e e e
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These approximations together with the geomstry of the experimental

boat gave the following ranges: for thrust index, ,\(\ < aCr?,C\< 59 3

c, - A -
for hydrodynamic drag product, ,03 . 4h <. .13 5 and for acrodynamic
X .

drag angle, 5 < a4 20 .
Values of the performance parameters outside this range may be

obtained in practice by variation of the sail area. to wetted area ratio

(AS / & -?-) 5 the ratio of wetted area to effective hydrodynamic sideforce
producing area ( ﬁ‘.g: / ey At 5 the ratio of zero yaw hull drag to
friction drag (k); and the hydrodynamic aspect ratio (&), A maximum

possible value for the thrust index based on "best guesses" for these values H

was chosen as Q. Crzc:k - \.S o Similarly, limiting values of the f

hydrodynamic product were chosen as 0.02 and O.2C_). The aerodynamic drag
- angle range of the preceding paragraph would appear to cover a sufficiently
wide range of configurations.

Performance calculations tased on these ranges of the three performance
parameters are shown as Figures L through 8. Physically, these cur%res repre-—
sent the possible variafions in performance of the configuration of Figure 3 ‘
by changing performance parameters. The results hold for all boats of the i IJ'
general configuration of Figure 3 regardless of size as long as they operate
within the physical restrictions placed on the theory. The most important
of these conditions in probable order of difficul’r,y of attainment over a wide
range are: a parabolic hydro&ynamic drag curve; balance on all headings; and
approximately zero heel. Further conjecture about the limits of applicability
of the theory is useless in the absence of experimental results. However, a
detailed discussion of the physical significance of the plotted results is in

order.,
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Figure L is a plot of equation (16) over the range of performance
parameters specified above. Shown is the apparent boat speed ratio [V, /V,]
versus ¢ _ . Note that (f2-%) is the angle between the aerodynamic

5

. e
resultant force coefficilent vector .o, and the boat velocity vector

-

-~

\/\o (see Figure 2). Thus, when € = Q0 , the aerodynamic resultant
force is parallel to the boat velocity vect'or; tir.le hydrodynamic induced drag
is zero; and IK\['Q / \fn\\ - is a maximun for all values of performance para-
meters. This condition is showﬁ sc'hematically as ‘Figure 3¢). As QO ,

the aerodynamic resultant becomes nearly perpendicular.to ,\\/‘b , the hydro-
dynamic induced drag effect becomes maximum and the pinching 1imi‘t previously
discussed is reached. This condition is shown as Figure 3a). As Y->1S0 ,
for a boat of this configuration the induced drag again becomes large and a
downwind pinching limit is reached. That this should be true is obvious from
Figure 3e).

It is reasonable on the basis of experience that parasite aerodynamic
drag should be minimized going to windward and maximized running downwind.
Note that if the results of Figure L are expressed as [V“’/ Va ] versus @ s
increasing the aerodynafaic drag angle %o_ is harmful to performance upwind
but beneficial to downwind performance for this configuration as would be
expected. Experience would indicate that the best procedure for best all

~around performance would be to minimize Ea except when broad reaching or
running when the sail should be stalled (thereby increasing ga) for best
performance. It will be shown later that this procedure is not necessarily

valid with the configuration of Figure 3.

\
Figure ) shows that the maximum apparent boat speed ratio [/b/V&]

depends solely on the thrust index; i.e., it is independent of the hydrodynamic

drag product as well as the aerodynamic drag angle. However, such is not the

i
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case so far as the true boat spesed ratio is concé:med.

This can be seen on Figure 5 where the true boat speed ratio \/), / \/i,
versus the angle T between the boaf velocity and the true wind vectors
is plotted. Only one value of aerodynamic drag angle _ 30\3 V89 is
shc‘mn. From this presentation it is clear that the maximum true boat
speed fatio does depend on the hydrodynamic induced drag. Calculations

show that it also depends on the aerodynamic drag angle as would be expected.

The sensitivity to aero~-and-hydrodynamic cleanliness is greater the greater

O —
the maximum speed of the boat. Thus a very "powerful" boat ( O 2R 2 s ?So‘«é}
' 4 : : : oY
with a very "dirty" hull (f.‘%— = O-'Z) and a fairly "dirty" rig ( 'f;.,\ = \S °>

reaches her pinching limit at ®> . Whereas, if the induced drag of

i / M
the hull could be sufficiently reduced \-—ﬁ—\k’ = O, 0'25 s the pinching

limit wouldnot be encountered until < = S 30, a L0 degree improvement. The
attendant improvement in true boat speed ratio is foughly 20%. TFor the least
"powerful" boat ‘@ig‘é{fﬁ = O»'Z) , the pinching limit is decreased by only
2Ly degrees and the maximum boat speed ratio by just 3.3%.

Note that the piqchjng limit does not imply the limit of progress of a
given boat to windward. It simply means that in order to maintain steady
progress along a more weatherly course, the aerodynamic leeway force‘ component
must be reduced. This may be done by reducing k%)o\(t[tﬁv@“o‘«j 3 C?\& ‘?‘; OQ§>
On Figure 5, such a "pinching line" is shown for the case where do = 0.0 S
and 2&: \S° |, By following the pinching line fromQ/b/\/Q):-\x o 0.3 s
it can be seen that the more powerful boat of given cleanliness will sail just

as close to the true wind as the less powerful equally clean boat. However,

it is necessary to reduce QQ& in order to do so. Of course, operable

&
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alternatives in the small boat are reducing f“:> by increasing At or

)
. < . s . s -,
reducing ¢, by "streamhnlng" the ciew at ‘«\,{{qk 3 il.e., there are
. - I"'\C‘)“\

several ways to move along a locus of pinching lines. However, the present
calqulations assume’ that the hydrodynamic drag product and the aerodynamic
drag angle are held constant as the pinching limit is approached. Pinching
is then accompiiéhed by reducing Qt{o\ as described above. |
Figur—e 5 shows the broad reaching and I’UI].‘LliIlg perfbrma’nce of the Figure
'3 configuration to be relatively poor. That this is reasonable can be seen by
reference to Figure 3d), e). In broad reaching, the configuration develops aﬁ
aerodynamic force component to- windward. In addition to producing a heeling
moment to windward, this windward aerodynamic componént must be resisted hydro-
dynamically, and induced drag results. Also, the thrust component of the
aerodynamic resultant is reduced because of its windward angie and, finally,
the apparent wind speed is small relative to the true wind speed in this quarter.
fhis last mentioned effect is shown on Figure 6 where the ratio Vo / Vi
is shown versus the true wind angle. Tl . For clarity, only two values of thrust
index and one value of hydrodynamic drag product and aerodynamic drag angle are
shown. Shown, also, are corresponding plots of apparent wind angle (3 versus
true wind angle T . The general characteristics of the curves for O <-—T < \30
are in accord with experience. From t4é pinching limit, the apparent wind
increases to a maximum as the boat heads off. The maximum apparent wind is
attained close reaching. As the true wind comes abeam, the apparent wind speed
. decreases continuously. The variation is greater with the faster boat. The
apparent wind speed equals true wind speed at roughly U= \WO° . The "hook"
in V&/\-/-';l for V30 < T« V80O  is explained in terms of Figure 3d), e).

It comes as a result of the disadvantages previously discussed of attenpting to

S P P E——
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operate with the aerodynamic resultant force pointing out to windward as

shown in the diagrams of Figure 3. As the true wind anglé T. , ranges

froﬁ about 150O to 180o the performance with this configuration simply

falls off so rapidly that a net gain in appazent‘wind speed resulfs.

Figure 7 shows that this is a region of operatién to be avolded with this con-
figuration even with a slow boat. |

Figure 7 is the polar répresentation of the results plotted in Figure
5. The direction of the true wind and the sense of thé boat velocity wvector
are shown on the diagram. The component of{éaiﬁiﬁl‘parallel to the true
wind directlion is the speed made good to windward or downwind depending on
the sense of the projection. Thus, continuing the discussion of the previous
paragraph, for |S0O < T < { S0  the best speed downwind will be made by
bearing up and tacking downwind with this configuration for even the slowest
boat. The course angles for best speed downwind range from thO for the
slowest boat to 1320 for the fastest boat.

For tacking to windward with the two sloéz%r boats, it can be seen from
Figure 7 that the best'speed to windward is attained at headings prior to
onset of the pinching limit. However, with a very fast boat the indication is
that the maximum windward performance would be cobtained in the pinchgd con-
dition; that is, with an aerodynamic resultant force coefficient less than
that actually attainable with the rig.

Possible effects on pérformance of variations of thrust index and drag
product were illustrated on Figures 5 through 7. However, the aerodynamic
drag angle was held constant at &a ::‘%CLV:\\F%k/<S;l= 15 degrees.

On Figure 8, the effect of varying 39\ between 5 and 20 degrees is

shown for the intermediate values of thrust index and drag product. Since

T ——
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small E\J is associated with aerodynamic "cleanliness", it is clear that

the cleaner boat is faster on 211 headings (when tacked downwind).

0

me present calculations indicate the Possibility of approaching a
maximum truv.e boat speed ratlo of ',".': with an éxceptionally fast boat of the
configuration of Figure 3. '"Fast" in this context implies limiting values of
thrust index, drag product, and aerodynamic drag angle which are "best guesses"
based on the limited data available. The results shewn on Figure 7 and Figure
8 indicate that for all boa;ts the true wﬁnd diréction for maximum boat speed
- moves aft for "dirtier" and for faster boats. For a boat of this sail con-
figuration having the geometric and hull characteristics given in Table I
performance would be expected to fall on a polar somewhere between the
Cr.= ©.46 and Q..;gm = 0.20  curves on Figure 7.

Predicted Performance of the Stay Limited Unirig. | A sail configura-

tion frequently encountered among current racing catamarans of all sizes is the
"stay limited" unirig configuration previously mentioned. The configuraticn
sketched on Figure 9 was assumed for comparison wifh the previous example as
well as with the boat of Table I. Figure 9a) illustrates the assumed geometry.
For G <. S0° it is assumed that the sail is vang controlled. Thus, with a
pivoting mast, the sail shape is unchanged with rotation and the optimum aero-
dynamic yaw angle ‘Q)q may be maintained. In other words, for the first 50
degrees of apparent wind range, the sail performance is identical to that of
Figure 3a) and 3b). For SO <<3< s (between the vang limit and stay
limit) the shape is assumed to change although S.= W= lSo*is assumed
maintained by sheeting. As the sail shape changes beyond the vang limit,

¢ Ro. 1is assumed to decrease linearly to a value Q;’aa m;:\-z which was

taken from available measurements. Thus, for SO < QQ\ 80 3

Cp =02~ @:)%(ﬂ(sm 50) | (20)

* This results from assuming R, sail chord (see Figs 3 and 10 for example)
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as shown in Pigure 9b). Also, for G w15 degreas, it is assumed

that
; \%2:-,:" (3 ——Ist&xj‘ \'\\M.\J(\:‘-’\CE o;wc-:\_\e:wﬁ | (21)
where the stay limiting angle was assumed to be 60 degrees in this example.
If C',mfg o is assumed perpendicular to the mea;n sall chord,
’\‘*1‘)0\ wo oS a | (22)

and for the assumed configuration equation (21) can be written

for 1G5 < (é Z V% . This information is given on Fiéure 9b). A
diagram of the operation of this rig for comparison with Figure 3 is shown
as Figuil'e 10.

With CY{AG\, and goﬂ@ known, the performance for the configu-
ration of Figure 10 was evaluated from equations (16, (18), and (19) .- The
plotted results are given as Figures 11 through 1L for comparison with
Figures L through 7.

The performance for both rigs is obviously identical for(< <3< S0,
This can be seen by comparing Figures L and 11 (bearing in mind that
(5 = 1S for the comparison). ForO <Q<T S -, the apparent boat
speed ratio falls off slightly due to the decrease in Q Ra, over this inter-
val. Therefore, the performance for . &) 1\&5 <718 is affected ver
little.

Figure 12 shows that this range of apparent wind angle covers the

closehauled, close reaching, and beam reaching condltions for all values of
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the threec performance parameters. To emphasize this point, valves of (‘; = 507

o

and (% T are shown on Figure 13.

[4Y

It is obvious by comparing

Figures 5 and 13 that there is little difference between the performance :of

the configuration of Figure 3 and that of Figures 9 and 10 through the beam

reach,

The comparative performance broad reaching and running is the comparison
‘between the dashed and solid lines on Figure 13. The dashed lines are the
results of Figure 5. Except for 1634 7 Z 180 |, the cantilevered unirig is.

superior according to this comparison. Furthermore, the polar comparison on

Figure 1l shows that by bearing up and tacking downwind with the cantilevered

- - 4/
wirig superior performance is obtained even for 3T < \30 . Thus, aero-

dynamic superiority is indicated for the most efficient rig (cantilevered

unirig) on all points of sailing. However, it should be recognized that overall
superiority. of a practical rig will depend on attaining this serodynamic effi--

ciency together with a minimum weight to strength ratio and maximum simplicity

of operation.

Summary and Conclusions ‘

The present simple theory for the prediction of sailboat performénce :t_n

calm waters depends mainly on the validity of the following assumed approxima-

tions to reality: 1) that a quasi-steady fluid flow exists; 2) that the zero 1

conditions exist on every hea&ing; i) that the friction drag coefficlent is

independent of Reynolds number; 5) that the hull induced drag can be predicted

cient and the aerodynamic: drag angle depend only on the heading to the relative

I_
by 1ifting line theory; and, 6) that the aerodynamic resultant force coeffi- | E '
‘

e, M

B —
K =

f
|
|
{
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yaw hull drag curve is parabolic in form; 3) that the zero helm and zero heel ML
!

i
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wind. Within these restrictions L\/b/,/%_ —1 is independent of the true wind
speed V‘t .
Three paramsters serve to describe the performance potential of boats

‘ fitting within the framework of the approximastions listed above. These

parame’oers are: a "thrust index" [F&G:X:Tﬁ,c]. a "hydrodynamic drag product",

&?b /f;f"q ] 3 and the aerodynamic drag angle, [S a-]. Of these quantities,
. Cpga” and 88 may exhibit at least piecewise dependence upon /8 and may be
regarded as psuedopafameters. 'fhe remaining quantities depend (within the
restrictions stated) solely on the geometry and construction of hull and
rig and so are true paxjarreters. Given the necessary parametric values, the
performance for any boat may be calculated on every heading to the true
wind as is shown by Figures 7 and 1h.

For design purposes the theory is useful :_in predicfi.ng comparative
. performance of different configurations of the sams boat. This gpplication
- was illustrated in detail (Figures 3 through 13) in the preceding sections.
As a result of the comparison, it was concluded that a cantilevered, balanced
unirig was superior to a stay limited, balanced unirig on all headings if the
cantilevered rig was taciced downwind.

The stated limitations of the theory point up the necessity for ob-
taining experimental information in several areas in order to determine the
limits of application of the theory. First of all, it rust be experimentally
determined whether K_\/b /\/;] is in reality independent of \;{t. Secondly,
the functions CE’&( \63 and SQCP) mist be measured over a broader range of
conditions and configurations than has been covered at the present writing.
Values of Gb and \{ must be collected from existing literature and made
‘generally available. Finally, the same service should be rendered with
respect to the expression of wetted area Q& in terms of the total séiling

weight of the hull types discussed here. .

-
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APPENDIX A

Evaluation of Performance Parameters

(Adapted from Bradfield [1968])

« In order to predict the performance of the boat of the present investiga-
tion, it was obviously necessary to assign numbers to the parameters Ag, Ap, k,
Ces CRras Sz, and Dj/Sp of equation (13). For convehience, we may rewrite the

performance equations

| A
-}1{‘1 = g“'- (_&_,Q«‘Rg.:__ aé(\‘AA:«A'\ .;*%c) - D;, La’a/@——&ﬂ) (13)
-\ Smad Be) wdn(g8a) = B e
oo Q .\/-Q. N - Px_‘, S..Q,__ i ‘
and
Ve = o (19).

Ve \il Q/& /\/b\j’-% Contr-l -0l

where symbols are defined in the table of nomenclature.

The Density Ratio and Geometric Parameters. The density ratio

= 1/835 for seawater. The sail area and the wetted area are geometric parameters
taken from the design data of the DC-1LP class boat. Table I contains data on the
boat used in the present investigation. The area of the main is 100 fﬁz, The
area of the jab is LO ftz. The area of the spinnaker is 115 12,

Wetted Area as a Function of Loading. A curve of wetted arsa versus dis-

placement is shown as Figure A-1. The areas were obtained by numerical
integration of the lines., The boat weighed 431 pounds rigged for salling with
racing equipment and without crew. Crew weight parametric lines are shown on the

curve. The racing crew is two.




The integration was performed for two conditions of trim. The first was

. for trim parallel to the design water line. The present. boat was over her lines

due to excess weight. Therefore, the secoqé;fggéition investigated was for trim

by the ﬁéws sO as to maintain the deéign waterline at the sterns. The boat was

normally sailed in this attitude to minimize profile drag due to separation at

the sterns. The difference in hull wetted area is +5-3/L% trimmed by the head.

Note that the difference betwesen 200 and LOO pounds of crew weight is + 20%. The

total wetted area of the béards was U ftz. The rudder wetted avea was L fte.
From these data the total wetted area may be expressed in terms of boat

weight and crew weight. Specifically, from Figure A-1, and including the pro-

jected area of boards and rudders, the empirical equation

A; - 060572 \Nl*u + . 040 \/\)Q A 'qub +- 212\\.\,\3'1"‘\0 (P\‘\\

is useful to describe the variation of Ay ‘over the practical range of displace-

ments. For the configurations tested,

A.g, = 403 L 04N : (A-2)

A valus of k = 2 was chosen for the present boat. This factor was obtained

from the published data in full scale towing basin tests of the International
Canoce (?anner [}960:Dthe geometric characteristics of which are similar to those
of the present hulls. No attempt was made to account for mutual interference of
the hulls. |

The Friction Factor. The skin frictlon coefficient Cp is presumed to vary

with the boat speed Vb through its dependence on Reynolds number defined by
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A-3

RVl /o | (4-3)

where {ﬁ is taken as the sailing waterline length for computing the hull skin
frictipn. For boérds and rudders, the hydrodynamic chord is taken as the char-
acteristic length. Assuming that the friction drag of boards apd rudders is not
negligible and since the ratio of characteristic lengths is of the order (20/1),
thé'different surfaces may coperate in different friction drag regions. There-
.fore, GCp 1is a weighted mean coefficient defined by

v

0 o
VT -AL; {A&Mm\ “paan By Coy + A*\*_c\- C&mé} | G

when individual friction coefficients are determined according to Reynolds number.
A Fandom sample of 35 runs of the preseﬁt experimental investigatioﬂ (out
of a one hundred eighty-six run total) indicates an arithmetic mean valge of boat
speed 175 ﬁ:c:.%ym\PLL .. The minimum value recorded was 2.7 mph and the maximum
value was 13.5 mph.. The corresponding hydrodynamic Reynolds number per foot for
this range is roughly 3.2 x 105 <(Ra/2) < 1.6 x 106. If it is assumed that the
sailing waterline léngth is approximately the saﬁe as the design waterline
length (12.5 feet), the corresponding hull Reynolds number range is L.0 x 106 <

Rdwl < 20 x 106. The mean value of hull Reynolds number is

e ° _ Q - ¢ . ~
qu\wﬂ. = ,"\s><\o_ ,4 (A-5)

The corresponding value for boards is

e

— . - .
{pgg =OSTXAOT | (a-¢)
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based on a mean chord of 0.79 fenst. The rudders are represented by
Rous = 0.4% 10" | (a-7)

based on a mean chord of 0,66 feet. The hull roughness is judged approximately
that of smooth marine paint (Marchaj Ll%[ﬂ, p. 2L41)+. Therefore, the roughness
is. A mils and (L/k)= 7.5 x th. The variation of Cr with R, for parameters
of roﬁghness is shown for convenience as Figure A-2. Accordingly, C¢ vy =
0.0033; Cg¢ pg = Cf yug = 0-0018. With a 300 pound crew, Ay = 52.5 £t° from

equation (A-2). Thus, from equation (A-L),

Crp=_1 Ll x 0033 + 8.5 x .0018;] = 0.0031 (4-8)
)2‘ ;
Furthermore, examination of the data (and comparison witthigure A-2) show that

with mll roughness ratios of (L/k) < 105, the hull skin friction coefficient is

evssentially independent of Reymolds number (; ie, of boat speed) for speeds
greater than about six miles per hour. Therefore, the assumption of constant Cp
appears valid over a reasonable portion of the spéed range.

The Hydrodynamic Induced Drag Rat:Lo. In evaluating the hydrodynamic

SLOQ'.H [SR R it . .
induced drag to hydrodynemic /\ratlo Letcher 5_9657 suggested the application of

lifting line theory to the boat underbody which was reflected into the water

surface to satisfy the boundary condition in that plane. It- was assumed that

the water surface is approximateZ_Ly flat. Such a comstruction of the present boat

is showm as Figure A-3. The effective aspect ratio of the boards so reflected is
R\O'—u €.0 in this case. For the rudders, MR«= 4.5 as reflected.

However, in the preéent ‘case where the rudder is hung from the transom, it berforms

as a surface piercing hydrofoil and the effective aspect ratio is roughly 2.




A5

According to 1lifting line theory (see, for example, Prandtl and Tietiens [}93&7
Chapter VI), the drag for hydrofoil surfaces such as the boards shown in Figure

A-3 can be expressed N o

Q/b = QD,,! '"!\"‘th)r\

N (4-9)

whenz
CDob is the profile or "gero 1ift" drag coefficient of the boards which
includes pressure drag and skin friction;
and
Q;L
Qo;b = S Lo
wR ey

is the induced drag oy drag due to sideforce of the boards. In the present case,

the total drag due to sideforce has been charged to the boards and, hence

Q’DQ‘ - CS-L. (4-10)

C-'S_,Q_V “'FD‘\Q\Q

where
Q’SJ;» = SJZ\_,/%&'A

and MU is defined on Figure A-3.

The empirical 'efficiency factor"™ €4 ‘provides a means for evaluating various
shapes (such as those of Figure A-3) relative to the elliptic shape (gee, for
-example, Wood [}955] Chapter 9). The calculation of drag due to sideforce in
the case of the boards should include effects of "sidewash" of the body and

"slot" effects at the daggerboard well (see, for example, Wood [19557 Chapter

)., In the present case, these were naglected.




Wherever lateral trim is a consideration (Letcher [1965}) the rudders
will perform as sideforce producing surfaces with attendant induced drag. Alir-

water interface effects and ventilation (for example, Hoerner El%h_fp. 11-29)

become a consideration under these circumstances. In the present case, the

rudders were assumed to operate at zero 1ift for gll headings. Performance
testing led to the conclusion that this is a reasonable approinﬁation except
vhen running with the main only (for the boat of the present investigation).

From previous considerations (equation (9))

S‘Q\":‘ CQQCAS:} (C.)'-%o:\ (9)

which can be expressed in terms of coefficients by

Con= Co B Cop con (-5 (Vo - (a-11)
& h _

and, substituting into A-10,

igigl: oo M Cﬁaom%Q*€;3XY§1w (A-12)

C»ca "21 wf D‘L T\T QR e.b \/\B

=

for streamlined shapes. Clearly, the hydrodynamic induced drag to sideforce ratio

is not constant. It is a function of the ’\re.ma‘t:»lesQ‘2 Q(\., “‘m\\“% m\ X\/G 8 \/]

ie, to thls approximation \Q / Qc 0—1 is a function of the aerodynamic
wind angle g , the veloc:.ty ratio KLV‘Q \j&\ , and quantities which are

parameters in the problem. The statement that CQk and E’;c». depend only

on (? will be justified in the following section.




The hydrodynamic 1ift required is greatest for the close hauled condition
for a given value of true wind. Therefors, the maximim value of drag due to
1ift should occur at this heading. This may be seen by equation (A-12) from

which may be fored the ratio

l

Q_Q__KS) Lf’da‘"v'\:\g\f)v\\\{\‘:‘/ai

SRe ConMerTedh LR, (4-13)

(O /s2)aee \\C'f‘“ e Q\\ iR i

Q.IO.:Q
waulaed

o \ad.

For illustration, this was calculated for the boat of the present investigation

V
using measured values of [ f/<f5f1 at different headings.

The foregoing discussion applies to streamlined sections as was previously
stated. For the present investigation, stock DC - 1l boards were used for most of
ﬁhe runs. The section and planform are shown on Figure A-3. It was concluded
that the 1ift and drag characteristics of such a configuration would be more
nearly approximated‘by flat plate data than by lifting line theory. Therefore,
~an empirical equation describing the dependence of drag on 1ift was fitted to NACA

data (Bruce [;962 ﬁ]). It results that

2/%

S:D: ~ ©0.3%] Q.S& | (A-1))
CS.L.
- : - _ E PR NS
for the rectangular flat plate of ?Ei: S « Assuming <LT{Q "'C:Rod“o<'u b 4
j::3Q°;&:@& "3 and (Va/Vb) = Z¢ correspondingly,
G o AN = WS b .

.Qsjl = 0,447 (4-15)

YA Y




and the leeway angle is

a(/)J =8.5° 4 (4-16) -

A famex

; o} 4
which is well above the 6  attack angle for minimum drag to 1lift ratio of the

_ board. The maximum induced drag to sideforce ratio is

e q : ) . (A-l?)

Co

s s .

C/S,Q,\, va oy,

——
e

according to this estimate. However, for a streamlined section of the same plan-

form and aspect ratio and the same conditions,

QDQ

2 PO 03 g ' . (A-—l&)
QS‘A_ WA G 3

from equation (A-12) at an angle of yaW'(leeway) of 70 which is doubly advantageous.
In summary, it is well known that the induced drag to sideforce ratio varies
with heading to the apparent wind. A measure of the nature and degree of its
dependence on heading for a boat trimmed for zero hélm on all headings can be
obtained from Figure A—h.' An expliclt expression of its dependence on Q? and
\)Ao//«/ATX is given by equation (A-12). Equation (A-12) when combined with
equation (13), pagé A-1, yields equation (16), page 16, the performance equation

in terms of the apparent speed ratio.
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TABLE I

GEOMETRIC PARAMETERS OF DC - 14 P

Ab board total wetted area = ELQ_it.Q;

AF (equation A-2) = [45.5 + .04 (crew weight)], ft.Q;

Ai "induced drag area" = 3,44 ft.?

A 3ib avea = 40 ft.2;

Am mainsail area = 100 f*t.2;

Arud rudder tofal wetted area = U4 ft.2;

Aspin spinnaker area = llSIft.z;
Ag.b “board aspect ratip reflected (Fig. A-3) = 5;
AR.rud rudder aspect ratio reflected (Fig. A-3) = 4.5,

kS hydrodynamic roughness = ,002 inches; °

characteristic hull length (page A-3) = 12.5 ft.;

Wb boat weight (sans crew) rigged for racing = 430 1lbs,
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1. Resultant Forcs Components for the Sim‘plified Problem.




2. Definition of Terms in Body Fixed "Wind Axes".
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