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ABSTRACT

A procedure is developed to pre-

dict the sailing speed of a yacht
specified characteristics for any

bination of true wind velocity and F
The method requires as input

angle.
hydrodynamic hull characteristics

rived principally from towing tank

tests and sail force coefficients
rived from full-scale tests. The

with F
com-

de-

Q

de-
pro-

cedure permits the maximum possible

generalization of these data to yachts

[

of varying size, stability and sail

area.

Results are given for a geomet-

~

rically similar family of yachts de-

veloped from a single parent hull
NOMENCLATURE

a,b,c,d Coefficients of spline-

cubic approximation to up-

right resistance

et

of

o

CF ITTC Correlation Coefficient RH
Cq Coefficient of resistance in- RI
' crease due to heel
C Sail side force coefficient R
HO n
at zero heel
Rs
CH Coefficient of linear heel
¢ ; . .
correction term to sail side
force coefficient
CI Coefficient of resistance in- RT
crease due to side force
o
CR Residuary Resistance Coeffi-
cient S
CRO Sail driving force coeffici- SA
ent
v
CR¢ Coefficient of linear heel
correction term to sail v
A Lo aw
driving force coefficient
v
Cl,c2 Coefficients in expansion of -3
C; in powers of ¢ Viw
dl—d4 Coefficients in approximation ZeE
to hull stability function
E Base of mainsail

Heeling force developed by
sails

Froude Number i

VgL
Aerodynamic driving force of
sails
Acceleration of gravity
Height of fore-triangle
Base of fore-triangle
Heeling moment

Waterline length of hull

Effective length for computa-
tion of Reynolds Number

Height of mainsail

Resistance increase of hull
due to heel at zero side force

Resistance increase of hull
due to side force

VL,
Reynolds Number —31
Total hull resistance under
sail, including influence of
heel, leeway and side force

Total upright resistance of
hull

Reefing function

Wetted surface area of hull
Sail area

Boat speed

Apparent wind velocity

Speed made good to windward
True wind velocity

Height of center of effort of
sails above waterline, mea-

sured in vertical center-
plane of yacht
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Distance of yacht center of

“c gravity below waterline
Leeway angle

Baw Apparent wind angle

Btw True wind angle

A Displacement of hull

P Mass density of water

Pa Mass density of air

¢ Heel angle

’r Maximum allowable heel angle

INTRODUCTION

The ultimate purpose of the Velo-
city Prediction Program (VPP) is to
provide a means of predicting the speed
of any yacht at any point of sailing
in any wind velocity. The average
speeds of a hypothetical or real fleet
over a prescribed course obtained by
the VPP can provide one basis for the
svaluation of existing or proposed
~ime allowance and rating formulae.

In this way, the influence of the basic
speed-producing factors of a yacht can
be studied without the disturbing in-
fluences of weather, chance and sail-
ing skill which are inevitably present
in real race data. Moreover, the VPP
can be used directly to develop a handi-
capping system. An example of such an
application may be found in [1].

In its present form, the VPP re-
quires as input the nondimensional
resistance characteristics of the hull
and the nondimensional driving and
side force characteristics of the
sails. While a large quantity of tow-
ing tank data exists, differences due
to scale effects and due to variations
in specific testing procedures at dif-
ferent facilities make such data of
guestionable value in the handicapping
problem. However, there are two types
of tank tests which are useful. The
first is simply the use of the tests
of a single model to obtain the per-
formance of a geosim family of yachts
of different sizes. In this case, the
relative performance of full-size
vachts of varying size can be pre-
dicted with far greater confidence
than the absolute performance of a
single prototype. If the model test
~overs a sufficiently wide range of
conditions, the performance of a fleet
of not only varying size, but varying
sail area and stability can be estab-
ilished.

The second type of test is a sys-
tematic series of model tests, all
done in a single facility on similar

size models using strictly controlled
test procedures. In this case, the
influence of those basic speed-pro-
ducing hull parameters which are least
subject to uncertain scale effects can
be incorporated in full-scale perfor-
mance predictions. Such parameters
include, for example, displacement/
length ratio, length/beam ratio, and
prismatic coefficient.

The design and testing of such a
series is presently underway in a coop-
erative program between the MIT/NAYRU
Ocean Race Handicapping Project and
the Shipbuilding Laboratory of the
Delft University of Technology. These
tests are being made with relatively
large models with a length overall of
7 feet and an average displacement
of 90 pounds. In addition, Panel
H-13 of the Society of Naval Archi-
tects, with the cooperation of Hydro-
nautics, Incorporated, and the Davidson
Laboratory, is sponsoring the testing
of a 22-foot and 4.8-foot model of
the parent hull of the systematic
series. When completed, these pro-
grams are expected to provide an ex-
tensive and reliable data base for the
VPP.

The prediction of yacht sailing
performance from tank tests requires
knowledge of the driving and side force
characteristics of the sails. For the
past 40 years, practically all such
predictions have been based on the
classical GIMCRACK sail coefficients
developed by Davidson [2]. These co-
efficients are limited to optimum close-
hauled apparent wind angles, so that
no information is provided for reaching
and running conditions. In addition,
the geometry of GIMCRACK's rig differs
considerably from that of a current
ocean racing yacht and, of course,
sailmaking technology has advanced
significantly since 1936.

There are three possible approaches
to determining sail force coefficients
for ocean racing yachts:

) 1 Aerodynamic Theory (3],[4]:;

2. Wwind Tunnel Tests of a Model
Rig [571,(6),[7);

s Full-Scale Sailing Trials
combined with towing tank
tests of the hull (2],[8]1,[9].

Aerodynamic theory provides a rational
means of estimating the effect of rig
proportions on windward sailing per-
formance. However, present analytical
methods cannot be expected to provide
correct results for off-wind sailing

conditions. Wind tunnel would appear
to be the logical counterpart to tank
tests of a hull. However, there are
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important differences which severely
limit the usefulness of wind tunnel
tests, particularly from the point of
view of obtaining representative sail
force coefficients for ocean race
handicapping. While a yacht has one
hull of fixed and precisely known geo-
metry, it is likely to have twenty or
more sails set in various combina-
tions, each with infinitely varying
and generally unknown shape. These
sails cannot be reproduced by deform-
able fabric models, nor is it practi-
cal to measure and reproduce as a
rigid model the large number of geo-
metries necessary to characterize an
ocean racing yacht. Even if this were
possible, wind tunnel wall effects
introduce large errors in the measure-
ment of off-wind sailing conditions.

This therefore leaves the full-
scale sailing trial, preferably under
racing conditions, as the only practi-
cal means of obtaining the complete
characterization of the rig of an
ocean racing yacht for all points of
cailing and for all wind velocities.
Wwhile individual measurements obtained
in this way can contain large random
errors associated with non-laboratory-
controlled conditions, suitably aver-
aged data can be considered to be
reliable.

This approach was used to analyze
data recorded on BAY BEA during the
1974 SORC [7], and on STANDFAST during
the 1974 racing season in Europe [8].
THE VPP MATHEMATICAL MODEL

Hull Resistance

For a hull of specified size and
geometry the total resistance under
sail Rg and side force Fy cos ¢ are
functions of speed, V, leeway angle, 8,
and heel angle, ®.i The resistance
Rg is defined as the force in the di-
rection of the velocity of the yacht,
while Fg cos ¢ is the horizontal com-
ponent of the force, at right angles
to the velocity. In [7] the functions
Rg and FH cos ¢ were approximated
by polynomials in these three indepen-
dent variables, using the procedure
developed at M.I.T. in 1964 [9]. How-
ever, since we are principally con-
cerned with equilibrium between sail
and hull forces, it is more efficient
to eliminate leeway as a parameter and
to consider that the resistance is a

- The notation Fy cos ¢ is generally
used to denote the aerodynamic side
force developed by the sails. To sim-
plify notation, the same symbol is

used here to denote the equilibrating
hydrodynamic side force acting on the
hull.
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function of speed, side force and heel
angle. The remaining equation relating
side force to leeway angle is there-
fore unnecessary in establishing the
equilibrium speed of the yacht.

We can then consider the total
resistance Rg to consist of three addi-
tive terms:

a) Upright resistance with zero
side force; RT'

b) Resistance increase due to
heel at zero side force:; RH.

c) Resistance increase due to
side force; RI‘

Upright Resistance. Upright re-
sistance, for a tixed size, is a func-
tion of speed alone. The effect of
size for geometrically similar hulls
may be obtained in the usual way in
accordance with Froude's hypothesis:

I | 2
Rp = 30SV° [CL(R)) + C,(F )] (1)
where
o 0.075 (2)

(log,q (R ) -2)°

is the ITTC correlation coefficient
expressed as a function of the Reynolds
Number

L

Rn (3)

and Cr is the residuary resistance

coefficient which is a function of

Froude Number

Fn = V— (4)
YgL

If we take the effective length for
frictional resistance as 70% of the
waterline length

LE = 0.7L (5)

we can rewrite (2) in terms of dimen-
sional quantities immediately avail-
able for computation

_ 118223LV 2
Cp = 1o (=) -2

3302585 (6)

In this case, the waterline length L
is in feet, the speed V is in knots

and the guantity v is 102 times the

kinematic viscosity of sea water in

units of ft2/sec.

The residuary resistance coeffi-
cient, Cr, is assumed to be known at
eight values of speed-length ratio

Y - 0.4(0.2)1.8 (7

%"



where V is again in knots and L is in
feet. A program has been developed to
obtain this information from a towing
tank test by a least-squares spline
cubic curve fitting technique, and

a typical result is given in [8]. How-
ever, the choice of this form of input
makes it possible to use data from
practically any source.

For any desired size hull, we can
use (1) to compute eight values of
at speeds given by (7). Considering
the point at the origin, which is, of
course, zero, we have a total of nine
points. The resistance curve is as-
sumed to be a spline function passing
through these nine points, with a fur-
ther constraint of zero slope at the
origin. Let Vi be the "base” speeds
corresponding to speed length ratios
of 0, .4, .6, ... 1.8. A particular
speed V falls in the jth interval
where

Vj <V <V, (8)

j+1
while the last interval corresponding
to j = 8 extends from V5 to arbitrari-
ly large speeds. The resistance curve
in the jth interval is therefore a cu-
bic of the form

3 2
V) = a, (V-V. L (V=V,
RT( ) aJ( J) + bJ(V VJ) +

(V=V.) + 4.
cJ(V Vj) dj (9)
The coefficients aj,b-....dj are ob-
tained by requiring tgat the approxi-
mating cubics pass through the tabular
points and that the slopes and curva-
tures are continuous at each of their
junctures. An upright resistance
curve defined in this way is illus-
trated in Fig. 1l.

This procedure has a number of
advantages over the polynomial approxi-
mations used previously [7]. A better
fit is obtained, particularly for re-
sistance curves with the typical sud-
den turning upward at "hull speed,"
and the proper behavior both at low
and at high speeds can be obtained.

In addition, the evaluation of (9) is
very rapid once the coefficients have
been obtained. Hence, this procedure
is particularly efficient if a large
number of resistance computations are
to be made from a single curve.

Resistance Due to Heel and Side Force

The resistance increase due to
heel at zero side force is governed
principally by the alternation of hull
shape, which may or may not be large.
Presumably a narrow yacht with rela-
tively circular sections would experi-
ence practically no change in resis-
tance with heel, while a yacht with
large beam amidships and fine ends
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Figure l. Upright resistance curve.

would be expected to show a signifi-
cant resistance increase at high

speeds due to reduced section area at
the ends. 1In any event, we must resort
to a curve fitting procedure of model
resistance data, using a suitable func-
tion of heel and speed. The simplest
possible function is

B = % psv2¢2cH (10)
where the heeled resistance coeffici-
ent is independent of Froude Number,
and increases quadratically with heel
angle. Alternatively, the function

Cy could be considered to be a linear
or parabolic function of Froude Number,
with the possible addition of higher
power, of heel angle. The coefficients
of any such approximation, aswe shall
see later, can be obtained from a least-
squares fit to model test data.

The resistance increase due to
side force can be readily identified
as induced drag, which is principally
a function of the effective aspect
ratio of the hull-keel combination and
of the square of the heeling force
coefficient.

2
3. 2 H (11)
R, = p3V C (o F )
1 2 LR (% 0svV?)

P

where the coefficient Cp depends on
shape, heel and Froude Number. For
low values of the Froude Number the
free surface becomes effectively a
rigid plane so that the coefficient

Cy can be regarded as a function of
heel only. Hence the simplest possible




approximation to hull-induced drag in-
volving the effect of heel is

2 2 .
(c, + Csa ) Fu

- (12)
R % g

where the coefficients C; and C2 must
be obtained by a fit to experimental
data. A further refinement, as with
the expression for the heeled resis-
tance, would consist of replacing Cj}
and C2 by suitable functions of Froude
Number, and heel angle.

It is important to note the pres-
ence of V in the denominator of (12).
For a fixed side fcorce and heel angle,
the induced drag increases with decreas-
ing yacht speed, and, in fact, becomes
Intinite at zero speed. This charac-
teristic is well confirmed by model
tests [8].

The coefficients Cy, C1 and C2
can be obtained by a least-squares fit
to model data. At the time of writing,
this has been done for the BAYBEA hull
tested at M.I.T., for the STANDFAST 40
tested at Delft, and for the first
five models of the systematic series
underway at Delft. In all cases, the
root-mean-square deviation between the
predicted and measured model resistance
is between 3 and 5 percent. It has
been found that the addition of terms
involving Froude Number and/or higher
powers of heel angle do not result in
a significant reduction in the rms
error. We conclude, therefore, that
a significant part of the rms devia-
tion is due to inherent testing error
rather than a limitation of the mathe-
matical model. This question is studied
in somewhat more detail in (8].

Hull Stability

The hydrodynamic righting moment
of the hull taken about a specified
reference point is a function of heel
angle, speed and side force. The pri-
mary term is, of course, the linear
hydrostatic righting moment. This is
either measured directly by means of
an inclining experiment, or computed
from known geometric characteristics
of the hull and the vertical position
of the yacht's center of gravity.
However, a yacht hull form generally
displays a noticeable reduction in
stability at high speed due to a de-
crease in beam amidships caused by its
own wave profile. In addition, a non-
linear dependence of righting moment
with heel is significant at large
angles.

A satisfactory approximation to
the righting moment function with respect
to an origin at the waterline is

K(¢) = AL¢{d1+d2Fn+d3¢}+d4LFH+AzG sin ¢
(13)
where dj-d4 are nondimensional con-
stants dependent only on hull shape.
The quantity A4L¢dj is the linear hydro-
static righting moment, while djL is
the metacentric height for the yacht
with the center of gravity at the
waterline. The constants d2 and d3,
which are generally negative, provide
the speed and nonlinear heel effects
just discussed. The quantity dgL
represents the distance of the center
of effect of the heeling force below
the waterline. The last term, Azg sin ¢,
is the moment of the yacht's weight
about an axis at the waterline, when
zg is the distance of the center of
gravity below the waterline.

The unknown coefficients in (13)
may be found by least-squares from
towing tank tests, provided that the
model center of gravity and the ap-
plied heeling moment for eachrun is
recorded. If these data are not
available, it is reasonably accurate
to determine dj from the IOR inclining
test and to set d and dj equal to
zero. Since the initial static stabi-
lity in racing trim exceeds the IOR
value due to the added weight of crew,
stores and liquids, this tends to com-
pensate for the error introduced by
neglecting d2 and d3.

sail Forces

The resultant sail force is as-
sumed to consist of a driving force
Fgr acting in the direction of the velo-
city of the yacht, and a heeling force
Fg acting at right angles to the plane
formed by Fp and the vertical axis of
the yacht. The side force is therefore
Fyg cos ¢, acting at a distance 2zCE

above the waterline, measured along
the vertical axis of the yacht.

These forces can be expressed in
terms of nondimensional sail force
coefficients

i 2
Fp = 7 PaSaVaur
iy 2
FH cos ¢ = 5 DASAvawCH (14)

where pp is the density of air, Sp is
a suitably defined sail area and Vg
is the apparent wind velocity. As
indicated in the introduction, values
of Cr and Cy were first given by
Davidson [27 based on testswith the
yacht GIMCRACK. The results plotted
in Figs. 2 and 3 wereobtained from

an analysis of data recorded on BAYBEA
during the 1974 SORC (7] and may be
considered representative of a current
sloop rig. Data subsequently analyzed
from the yacht STANDFAST oktained with



more elaborate recording instrumenta-
tion combined with extensive tank tests
(8] yielded results very similar to

the BAYBEA sail coefficients.

Cr

w

n

CRIvilvo FORCE CORFHICIENT

20 40 60 80 100 120 140 160 180
APPARENT WIND ANGLE, 3,

Figure 2. Driving force coefficients for 5
degree increments of heel angle.

These coefficients are assumed to
be the product of a linear function of
heel angle and a spline-cubic function
of apparent wind angle, Baw

Cc Y[l + ¢

R = Cro‘Paw Ro®!

CH = CHO(Baw)[l + CH¢¢] (15)
The characteristic area in (14) is
taken, for simplicity, to be the area
of the fore and main triangles

s, = 7 [IxJ + PxE] (16)
which is generally less than the
actual area of the sails set. The
aeffect of actual sail area and the
nature of the particular sails set at
various wind angles is incorporated in
the sail coefficients.

The coefficients in Figs. 2 and
3 were developed from data taken prin-
cipally in light and moderate winds
with the maximum sail area set and
trimmed optimally for these conditions.
In actual practice, once the wind velo-
city increases above some minimum
value, sail force coefficients are con-
tinually reduced with increasing wind
strength through sail shape control,
reefing and sail changes.

In the present program, this
phenomenon is idealized by defining a
reefing function, r, such that

.
)effective - Ry AT}

= r(zcg+d4L) (18)

(SA

(ZCE+d4L)effective

Since sail forces are proportional
to the product of the sail coefficient
and the sail area, it obviously does

- not matter whether one considers that

COEFFIiCIENT Cy

n

SIDE FORCE

20 40 60 30 i00 20 140 60 180
APPARENT WIND ANGLE, Bcw

Figure 3. Side force coefficients for 5
degree increments of heel angle.

the sail coefficient is reduced by

sail shape control or that area is ac-
tually reduced by reefing. We are
making the assumption, however, that
the driving and side forces are being
affected in the same way. If the

sails are uniformly flattened to reduce
their lift coefficient, their induced
drag will decrease, thus increasing

the ratio of driving to side force.
However, if the upper part of the sails
are unloaded to reduce heeling moment,
or if the span of the sails is reduced
by reefing, induced drag will increase
and the ratio of driving to side force
will decrease. It therefore does not
seem unreasonable to consider that, on
an average, the two effects will cancel.

The height of the center of effort
also depends on the particular details
of the method of reducing sail forces.
Since the distance from the center of
effort of the keel to the lowest part
of the sails certainly does not de-
crease with reefing, the guantity
7cg + d4L probably decreases at a
slower rate than r. It is planned,
therefore, to modify (18) in the future,
possibly replacing r by rl/2,

The degree of reefing is deter-
mined in such a way as to maximize
speed, with the constraint that the heel
angle does not exceed 30 degrees. The
details of this optimization procedure
are given subsequently.




ITERATIVE PROCEDURE TO OBTAIN
EQUILIBRIUM SAILING CONDITION

To obtain the equilibrium condi -
tion for a given value of true wind
speed Viw, and true wind direction,
Byws We must solve a coupled set of
four nonlinear algebraic equations.
The first three,

a) Hull resistance
b) Hull stability
c) Sail forces,

have been developed in the preceding
sections. The fourth equation is
simply the wind triangle, relating
apparent and true wind velocities and
directions.

It is essential for the iterative

procedure for the solution of these
equations to be as efficient as pos-
sible since it is anticipated that
enormous numbers of such calculations
will be necessary during the course of
analysis of handicapping systems. It
is also important for the yacht speed
to converge to a fine tolerance.
Speed differences resulting from small
changes in yacht characteristics must
be predicted with sufficient precision
to enable comparison with handicapping
system expectations.

A simplified flow diagram for the
jterative solution is given ina Fig. 4.
The outermost loop consists of computa-
tion of performance for true wind velo-
cities of 5, 10, 12, 15, 20 and 30
knots. For each true wind velocity,
computations are made for 17 true wind
angles starting with a dead run and
ending with the angle for maximum
speed made good to windward. For each
+rue wind angle, the guantities
Vew Sin Bgy and Vi cos By, are com-
puted for use later in the wind trd=
angle expression. Since these are un-
changed in the iterative steps to fol-
low, this saves some computer time.

The iteration begins with an ini-
tial guess for boat speed. For the
dead run, this is taken to be either
half the true wind velocity or a speed/
length ratio of 1.5, whichever is
less. For all subsequent wind angles
at the same wind speed, the initial
quess for boat speed is the final equi-
librium speed obtained for the pre-
ceding wind angle. In this way, use
is made of preceding information to
minimize the number of iterations.

With an assumed boat speed, we
can solve the wind triangle

7-7

2 g 2 2
L) (v,cw sin Btw) + (V,,, cos Btw+V)
v sin B !

B, = tan 1w W (19)
aw
-

F’RUE WIND VELOCITY LOOi]

. |

1
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I
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[
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DRIVING FORCE

v CONVERGED ?
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NO
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MORE WIND ANGLES
NO
YES
MORE WIND VELOCITIES

NEXTBOAT)
OR STOP

Figure 4. VPP simplified flow diagram.

The inevitable ambiguity of guadrants
in the inverse tangent function enters
in here, so that we must increase Baw
by 180° if (Vgy COS Bgy + v) < 0.
Finally, to avoid an overflow if the
latter function is equal to zero, the
arc tangent computation 1is |.sk:‘Lpped and
B is set equal to 90° if |V, cos 8
+V| < 0.001. % o

With Baw known, we can now obtain
the upright sail coefficients Cgrp and
Cyg- To save time, these are o ;ained
by linear interpolation from an input
array tabulated at one degree inter-
vals of apparent wind angle starting
with twenty degrees. The tabular




values bracketing any given B,y may be
found directly by an index defined as
the largest integer < (Bay~-19). This
avoids a table search which is always
computationally inefficient.

The next step is to solve for the
heel angle, ¢, subject to the con-
straint that it not exceed a specified
maximum, which is initially taken to
be 22 degrees. Two possibilities
exist:

a) The heel angle with full sail,
r = 1, is less than the assumed opti-
mum heel angle. In this case, the heel
angle is obtained by a recursive solu-
tion of the moment equilibrium equa-
tion

o =

: 3 2
fﬂAr sAvaw(zCE+d4L){cHO(Baw)[l+cH0¢]}

Eig—z)cos ¢

AL(d,+d,F_+d o+d5 )

172" n 3
(20)

starting with an initial value of % = 0.
5ince the influence of ¢ on the right-
hand side of (20) is very weak, conver-
gence to a specified tolerance of 0.1
degrees is very rapid. The reefing
ratio, r, appearing in (20) is, by
definition, unity in this case.

b) The heel angle with full sail
would exceed the assumed optimum heel
angle. In this case, the heel angle
is set equal to the reefing angle bne
and (20) is solved directly for the
reefing ratio

r = o
[ALQR(d1+d2Pn+d3¢R)+AzG sin wR]cos on
1 2
30aSaVaw (Zegtdal) [Cyo (1+Cy,9p) ]
(21)

We now have values for the rela-
tive wind strength, V5, relative wind
angle, Bayw. and heel angle, ¢. The
sail driving and side forces are there-
fore known

Sy 3
F, COs ¢ =r zoAVawSACHO[l+CH¢®]
2 1 2
FR r fOAvawSACRO[1+CR¢¢] (22}

These expressions are valid wheth-
er or not reefing is present as a con-
sequence of the definition of the reef-
ing ratio r.

We are now ready to enter the
forces from (22) and the heel angle
into the hull drag function in order
to obtain the equilibrium speed. This
is still not the final solution since
the quantities obtained at this stage

are dependent on the initial guess of
boat speed, which will not generally be

. the same as the speed found for hull

drag equilibrium. Hence, once we com-
plete the next iteration, it will

still be necessary to repeat the entire
process a number of times until the as-
sumed boat speed used in obtaining the
apparent wind agrees with the boat
speed obtained from equilibrium of

sail and hull forces.

The solution for boat speed for
a given drag can be seen in graphical
form in Fig. (5). It is important to

STARTING POINT

V=184T
=f |_-Rg FOR ¢ =CONST 4
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< | /
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= Fr . Rg=Fg [_
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——————— Tk— ——l et e o —
iIMPOSSIBLE Fgi e AL
ERROR - % <07 ‘
SPEED
Figure 5. Schematic of iterative solu-

tion for boad speed.

note that in general there are two
solutions, one corresponding to an
efficient sailing condition and one
characterized by a low speed accom-
panied by excessive induced drag.

Both are physically valid solutions,

and even a good helmsman might find
himself temporarilv in the low speed
condition. The remedy, of course, is
first to bear off, ease sheets and get
moving, and then to "converge" to the
high speed solution. The computer pro-
gram must have the same characteristics,
arrd this requires a built-in method of
avoiding the wrong solution.

Since the hull drag function is
approximated in each speed interval
by a function which can be readily
differentiated, the very efficient
Newton-Raphson iterative method is
employed :




(23)

where FrR-Rg; is the difference between
the known sail driving force, FRr, and
the computed hull resistance correspon-
ding to the i-th trial value of boat
speed, ' The derivative in (22) is
the sum 6f the slope of the upright
resistance curve

2
= - -V. L (V,.=V., .
avi— 3aJ (Vi VJ) + 2b]( & ]) + CJ
(24)

and the slopes of the heeled and in-
‘duced resistance components

|

‘dRH dRI 2(RH-RI)
I, A, T T, (25
i s p 8

| We begin the hull resistance itera-
‘tion, not at the current boat speed,
but at an artificially high speed/
length ratio of 1.8. 1In this way we
are sure to be on the right side of the
resistance curve. We then obtain the
first correction to speed from (23).
Repeated application of (23) will gen-
erally lead to rapid convergence to the
specified tolerance of 0.001 knots. If,
for some reason, the iteration has not
converged in 25 tries, an error flag is
generated and the computation proceeds
as though it had converged.

It is possible that the available
driving force may be less than the mini-
mum drag for the heel angle specified,
as illustrated in Fig. (5). In this
case, the iteration will move rapidly
toward zero velocity, and would con-
tinue to negative velocities, if uncon-
strained. A test is therefore made
which completes the iteration if either
a negative velocity or a negative value
of dRg/dV is encountered. No addition-
al message is printed since it will be
obvious from the printout that the im-
posed conditions are unrealistic. This
condition is generally encountered only
for relative wind angles substantially
less than the optimum value for speed
made good to windward.

Once the speed has converged for
the prescribed driving force, we must
repeat the entire process with a cor-
rected initial assumed value of boat
speed. If the apparent wind is forward
of abeam, it has been found that the
iteration converges rapidly if the as-
sumed speed in the next trial is the
speed which resulted from the driving
force iteration. On the other hand,
if the apparent wind is aft of abeam,
this procedure diverges. The reason
for this is that boat speed is more

- The real world counterpart is
"getting in irons.”

critical, of course, when running in
light air. This convergence problem

is solved by adding some damping to

the iteration. If Ba, > 90°, the next
assumed speed is the average of the in-
put and output speeds of the preceding
iteration. If Bay < 90°, damping

would unnecessarily slow down the con-
vergence, and is therefore omitted. In
either case, the complete iteration is
terminated when the input and output
speeds differ by less than 0.001 knots.

This iteration is also limited to
25 trials to prevent a costly computer
run in the event of a diverging condi-
tion. Again, an error flag is gene-=
rated and the computation continues.

If the heel angle obtained at this
stage is less than the specified reef-
ing angle, the computation of this
sailing condition is now complete. How-
ever, if the converse is true, the en-
tire computation is repeated with the
reefing angle increased in one-degree
increments until either

a) the reefing ratio becomes unity

b) the boat speed begins to
decrease.

In the latter case, the optimum
reefing angle is obtained from a para-
bolic fit to the three preceding com-
putations

1
Op)j-1 ¥ 7 75,720, 1495
(26)

(¢R)opt =

when v._z, V. _, and V. are the equili-
brium s&eeds abéained in the last three
computations with one-degree increments
in reefing angle. One final computa-
tion is then made with this value of
the reefing angle. It should be noted
that for apparent wind angles < 48 de-
grees, the speed used in the optimiza-
tion in (26) is the speed made good to
windward. The actual boat speed is
optimized for all apparent wind angles
greater than 48 degrees.

This process is repeated for 16
values of true wind angle, ending with
34 degrees. The 17th computation is
for the value of B¢, yielding the opti-
mum speed made good to windward. This
angle is also obtained by a parabolic
fit to the three apparent wind angles
bracketing the optimum, with an equation
very similar to (26).

It is fortunate that this itera-
tive process takes far longer to de~-
scribe than to compute. The average
computing time to obtain the converged
solution with optimum reefing for a
given true wind velocity and angle is
approximately seven-thousandths of a
second on the IBM 370/168 at M.I.T.




This computing time would easily be
increased by a factor of a hundred
without the time-saving algorithms con-
tained in the VPP.

RATING DIFFERENCES

In the evaluation of handicapping
systems, it is frequently helpful to
convert speed differences to rating
differences. For example, it is a
simple matter to cbtain from the VPP
the difference in speed resulting from
a small change in stability. However,
this speed difference cannot be com-
pared directly with the corresponding
rating difference which a given rule
would assign to this change in stabi-
lity.

We can define a "performance
rating difference" as the rating dif-
ference relative to a selected scratch
boat which results in equal corrected
time according to a specified time
allowance system. This performance
rating difference will, in general, de-
pend on wind velocity and direction,
as well as on the time allowance sys-
tem and the choice of the base rating.

For the NAYRU time-on-distance
formula, used almost exclusively for
ocean race handicapping in the United
States, the corrected time, C, is ob-
tained from the elapsed time, E, and
the race distance, D, from the equation
(10]

-1/2
SC

where Rgc is the scratch boat rating
and R is the rating of the boat in
question. If we set the corrected
time equal to that of the scratch boat,
and replace elapsed time by D/V we

C=E+ 0.6 (R - r2%)4 (27)

obtain the result 2
- 0.6 2
R8s “[V—I_v-l R R—l/Z] e
sC : SC

(28)
If a time-on-time system is used,
the result will be different. For ex-
ample, the NAYRU time-on-time formula
used in England for the 1975 Admiral's
Cup [10] yields the result 2

1 1.0 X
BRse “|o T - oL & o172 ] Rsc
¥sc ™ Fge (29)

Both (28) and (29) have been incor-
porated in the VPP. The first boat
computed in any run is, by definition,
the scratch boat whose rating Rg must
be specified. The velocities for all
points of sailing for this boat are
saved and are subsequently entered as
Vsc when (28) and (29) are evaluated
for all later boats. As in the deter-
mination of optimum reefing, speeds
are interpreted as speeds made good to
windward for B¢y < 48 degrees, and ac-

tual speeds for 8., > 48. This causes I
a noticeable discontinuity in rating
difference at 48 degrees, which is
intentional. This does point out,

however, the need to be careful in
distinguishing between a dead beat and

a close-hauled course for handicapping
purposes.

ILLUSTRATIVE EXAMPLES

Calculations are given for several
hypothetical yachts derived from the
original lines 49-foot length overall
sloop BAYBEA. The hull data are based
on tank tests of a 4.7-foot model run
at M.I.T. in 1967. Rig and inclining
experiment data have been extracted
from subsequent IOR certificates. The
Table 1.
Table 1. Principal Characteristics
of Sample Yacht Based on

principal characteristics are given in
BAYBEA
Length overall 49,09 ft
Test waterline length, L 35.92
Wetted surface, S 427.6 3 =
Test displacement, A 31.381 1bs
IOR Righting Moment 2129.5 ft-1lbs/
degree
Fore triangle height, I 61.42 ft
Fore triangle base, J 20.50 - £t
Main triangle base, P 55.0« ft
Main triangle base, E 14.50 ft
Assumed center of effort 42% of mast
height

The resistance function as repre-
sented by equations (9) (10) and (12)
is plotted in Fig. 6 for the BAYBEA hull
scaled down, for convenience, to an even
35-foot waterline length. The simplified
form of (13) using the IOR inclining re-
sult is used for stability since test
data were not available to compute d
and d,. The position of the center
of ef?ort of the side force, 4,L, was
taken to be 35% of the dratft bélow the
waterline in accordance with results
obtained experimentally for other hulls
(8], [11]. This plot shows the resis-
tance as a function of speed for one-
degree increments of heel angle corre-
sponding to values of stability and
sail area scaled geometrically from the
data of Table 1.

The same hull is shown in Fig. 7
with the stability reduced to 60% of
the base value. While the upright
resistance is obviously unchanged, the
heeled resistance is much less, and
takes on a completely different charac-
ter. In particular, the minimum drag
speed at each heel angle is considerably
lower. One would expect, therefore,
that the helmsman of the less stable
boat would be not as likely to be trapped
on the wrong side of the resistance
curve. Conversely, an increase of
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stability increases the minimum drag
speed, and tends to narrow the speed
difference between the two solutions
for constant resistance. Hence, a
“lead mine" is much more demanding on
the helmsman than the less stable
boat in this particular respect.

Figure 8 shows the same hull
again, but scaled down to a waterline
length of 20 feet. The plot is made to
the same scale in order to illustrate
the effect of size on resistance at
equal speeds.

Sample output from the VPP is
shown in Table 2 for the 35-foot yacht
with base stability for true wind
velocities of 5, 10 and 20 knots. This
output gives in great detail the final
equilibrium values for each combina-
tion of wind speed and angle. The
printed values of hull resistance can
be compared with the data plotted in

Fig. 6 for all sailing conditions
where no reeding is present. If the
reefing ratio, r, is less than one,
the height of the center of effort of
the rig is reduccd so that Fig. 6 is
no longer applicable.

Figs. 9 and 10 are examples of
the type of analysis which can be per-
formed with the VPP, using the rating
difference output. In Fig. 9, we have
plotted the performance rating differ-
ence of the 35-foot yacht resulting
from a 20% change in sail area as a
function of wind speed. The three
solid curves represent the results for
a boat, for a 100° true wind angle
reach, and for a 170° true wind angle
run. The horizontal dashed line repre-
sents the 2.7-foot rating increase in
IOR rating which would result from this
change in sail area. One can see from
Fig. 9, for example, that in a 15-knot
wind the yacht with more sail area can

TABLE 2
Sample VPP output for 35 ft. base yacht based on BAYBEA.

differences. Note that these only

k& 4 =T VA E=AW VB VG PRI RPEP FR RI¢RH PFReCOS(D) CRyCV ~0D RTG DIP® TNAT PTG DIPP
5.C 1R0.0 2.67 180.00 2.327 -2.227 ).C 1.000 25.8 0.0 92.C 23.0 5.4 3.9
5.0 150.9 2.36 133.56 3.071 -2.888 .4 1,000 46.0 h.1 25.4 39.5 1.6 21
5.5 140.0 3.23 AR8.87 4,119 -3.155 1.4 1.0%0 44,5 152 19,7 42,6 7.8 5.2
5.0 126.0 5.16 57.08 5.303 -2.652 5.2 1.000  160.5 7.1 362.2 .3 6.9 1.3
5.0 10,9 7.13 43,29 6.C95 -1.€5A . O | 1.630 R3S 4.3 q40.13 hU.S V'Y 2 St
S.C  #%.0 B8.62 36,83 £.209 1.C78 9.3 1,000 236.2 19.0 621.9 68.5 12.¢ 6.2
5.0 60.0 7.12  289.36  5.530 2.765 1.0 1.000 191.1 21,3 h07. 2 56.6 %7 4.1
5.0 5C.0 .02 25.14 4.94us 3. 180 4.9 1.000 150.5 2242 567.9 $9a1 a.6 S
5.7 4.0 9.36 26.50 4.808 3.217  R.2 1,000 141.A 22.5 559.8 su.7 19.4 9.2
5.6  46.0 E.88 23.89 4.se8  3.22d 2.2 1.000 132.5 22.9 su7.2 4R. A 19,0 P2
5.0  44.9  A4.78  23.29 4.471  3.216 4.0 1.006 123.2 29,3 534. 3 42.6 18.9 )
S.C  42.0 8.66 22.72  4.27¢  3.176 7.7 1.C00 114,10 23.8 520.7 6.4 17.9 3.6
5.0 40.0 A.51 22.19  4.C48  3.1C1 7.5 1.C00  104.8 2u.5 502.7 1.4 16.0 7.9
S+0 15.0 B.32 21.70 1.795 2.990 7.2 1.000 35.17 25.4 4Al.C 28.7 le. b T2
.0 3.0 .11 21.25 3.517 2.846 $.8 1,200 46.9 26.6 wh1.9 19,9 phouihi e "inin0.8
5.0 .0 4.03  20.39 2,712 2,209  A.T 1.9C0 77.9 u2.6 4s 3. -4.5 “vess tumes
5.0 6.0 .48 23.90 “.650 1.228 A2 1.0n0 132.6 22.8 547.2 48.9 19.3 1.2
10.C 189.0 5.4 1A0.0C 4.585 -6.585  ).0 1.000 106.1 9.0 1.0 55.5 4.0 23
0.0 160.3 .32 135.98 5,853 =5.510 1.5 1.700  194.1 2.5 192,09 AR5 5.2 2.9
10.0 140 .0 holb 95.33 7.061 -5.409 S.4 t1.0c0 1315.6 3 3R9.7 226 .4 12.4 LT ¢
10.¢ 120.C  4.06 73,32 7.595 =-3.798 13.2 1.000 533.8 b25 3 A74.9 421,93 16,2 T8
12.0  16C.0  11.55  SB.4m 7,777 -1.350 20.2 1.000 070.2 41,8 1231.2 498.9 15.5 1.6
10.C 4C.07 13.69 46,01 T TN 1. 349  23.13 V.000 702.5 119.6 1851.3 4RY. " 16.9 %2
10.0  §0.0 15.26  34.58  T.54S 3,783 2.7 1.000  604.3  115.4 141,27 1ae, 17,2 “.u
"m0 b L ) 0 2%. 18 7.287 w.6AU 237 1.700 “a7.7 7.4 1365,.7 294.13 17,2 3.4
12.C 4A.C 15.76 29.14 7.202 B I9  21.5  1.000 (% 176, € 1393. 6 1S Y} 1.4 14.n
0.0 un.n 15.74 27, b2 T=13t a,5313 2Ve Y 1.320 4uS,.13 106,727 DRI | TEse X V2o 1, =
10.0  48.9 15.78 26,12 4,972 5,008 29,0 1.600 - 86,5 195.2 432%.0 M1,5 1.2 13.7
I [P 42.0 1S5.74 2%-17% 65.6811 S.062 22.7 1.000 187.4 ISR 1303 S 139,.6 2T.R 12.2
19...C 40.0 15.63 24,28 6.591 S.Nu9 20.4 1.0CO 157.6 TA5.6 1292.8 3%,k e.9 11.2
10.0  18.0 15.43  23.52 6.268  4.539 19.9 1.000  324.4  107.2  1266.1 52.9 2140 9.4
10,0 6.7 15. 14 22.80 S T TH 4.hT2 19.3 1.0M0 INC. 4 113.0 1232..2 33,13 ol g i
0.6 6.0 15.97  z0.50 -3.Cu3 =-0.Cuf 20.7 1.C00 256.5 169.2 1315.7 1.1 -20.0 -2000
1.0 41,6 15.72 28.90 8,757 5.066 1.6 1.000 179.1 195.1 1309.C 126.9 25.4 1.3
20.0 132.0 12.30 180.00 7.093 <-7.€58 0.0 1.C00  547.3 3.0 2.0 u71.9 10.2 5.4
20.C 10.0 12.40 146.52 R,451 =-7.941 5.5 1.000 1059.9 h.4 412.1 4A1.1 9.2 4.9
20.0 14C.0 14.38  116.65 B.EB69 -6.794 15.1 1.070 1u93.) 39.3 396.6 1023.1 Ae¥ 4.7
20.9 s [ 17.35 93.27 7,811 -4.S06 27.3 1.€00 1756.) 153.8 16413.7 10364,.7 1.1 8.4
2%.C 160.0 29.19 75.04 w.736 =1.517 30.0 C.¥ol 1568.2 247.4 2050.4 Gh2.4 13.3 2 b
20.0 A6.C 23.%3 5A.79 A kN 1,469 30.0 0.774 13646,1 304.5 224%.3 RI{ 1 2 [ b
20.0 80.2 25«19 43.52 4.2137 g, 118 30,0 C,27S 1190.8 14,9 22717.4 707.6 1S .5
iC.C £3.C 25.9% 16.20 B.075 5. 1910 30.0 0.801 1765, 5 nu.7 2197, 9 Al 1 179 Nef
Toen RALD 26026  10.T7  A4.026  5.371 30.C S.EN0  031.) 302,99 2179.2 SRR 7.4 15. 2
20,9 4n.d 26,17 13.3% 7.969 S5.536 1.0 0.817 994,84 101,46 2 NEW.2 5% T 6.9 4.4
J0.6 4.0 26,26  31.9%  7.900  5.6A3 30.C 0,826 95).31 109.5 i16.1 SR, 4 2.7 13,4
2000 8.0 2k.de  310.56  7.310  S5.311 0.0 C.932  90R.4 o 400.3  2122.5 a7k, 1.0 1.2
20.¢C 40.C 26.38 29.1h T.739 9e Y 30.0 C.4719 RSA.9 tN.3 2104, 2 427,2 19,5 12.8
2005 33.0 26.4G  27.80  7.595  5.585 0.0 2.846  405.3  103.9  lUMn.b 164, 2 28,3 1.4
5000 leud 2Malw  sb.wd  F.e3)  6edrd 9.0 [ $.853 - TAT.L2 3TUCY V069 196.8 7.3 1259
230.0 w.0 2.3 75 %S F.2%8 3.999 24.2 J.765 400,71 225.2 1955.9 23A.0 V6D 11.4
Do i5.T 267 26025 7.403 A0l 27.6 Y.A16 TN 1 J73.5 2039. 2 bl P AL R [
NOTE: If solution has not converged, the symbol ***** js printed in place of rating

occur for wind angles less than the optimum.
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Figure 9. Influence of sail area on
performance rating using NAYRU time-
on distance time allowance formula
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Figure 10. Influence of stability on
performance rating using NAYRU time-
on distance time allowance formula.

afford to rate 4.8 feet higher on a
run, but only 0.1 feet higher on a
boat. Hence, the IOR rule increase of
2.7 ' feet would be too little to account
for the increased running speed, too
much to account for the increased wind-
ward performance, and just about right
on the average for a windward-leeward
race. On the other hand, in a light
5-knot breeze the performance rating
increase far exceeds the rule increase
on all points of sailing, and the con-
verse is true in winds of 20 knots or
higher. This illustrates the impossi-
bility of characterizing the speed of

a yacht under varying wind speeds and
points of sailing by a single rating
and time allowance system. Rating in-
equities for a particular point of
sail far exceed the differences between
existing or proposed rating rule for-
mulation.

Another example of performance
rating differences is given in Fig. 10.
In this case, the sail area has been
kept constant and the stabilitv bhas
been increased by 20%. As would be
expected, the performance on a boat
exceeds the IOR expectation, while on
a run it is essentially unchanged.
what is surprising is that the wind-
ward performance rating increase is.
greater in a l0-knot than ina 20-knot
wind. The explanation can be found,
in part, from a comparison of Figs. 9
and 10. In very light air, small speed
differences generate late time differences
due to the fact that speeds are low and
elapsed times are large. In that case,
anything that increases speed will ex-
ceed the expectation of the rating rule.
On the other hand, in heavy air speed
increases are harder to develop owing to
the steep rise in the hull resistance
curve at high speeds. Consequently,
performance ratings, both due to sail
area and stability, tend to become less
at higher speeds. As we approach low
wind velocities, both performance ratings
increase. However, when heel angles
become sufficiently small, the influence
of speed on stability disappears so that
the performance rating due to stability
starts to go back down again. This is,
of course, not true with the sail area
so that the curves in Fig. 9 rise con-
tinually with decreasing wind velocity.

Figures 11-13 show the results of
the calculation of a geometrically simi-
lar fleet of yachts derived from BAYBEA,
with waterline lengths varying from 20
to 70 feet. The plots show the perfor-
mance rating difference relative to the
20-foot "scratch" boat for three differ-
ent points of sailing. Separate plots
are made for three different wind velo-
cities.

These graphs show the extent to
which the effect os size is dependent on
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the particular sailing conditions
encountered in a race. In these graphs
the run is a dead run chosen to empha-
size the plight of the large yacht run-
ning out of apparent wind. If we had
plotted instead the performance rating
corresponding to maximum speed made
good to leeward achieved by tacking
downwind, the large yacht would not
look quite as bad. The situation is
reversed going to windward where the
large yacht is at a gread disadvantage.

In studying these results, it is
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Figure 13. Effect of size cn performance
rating in 20 knot wind.

important to keep in mind that perfor-
mance rating differences are not abso-
lute, but depend on the scratch rating,
as is evident from (28). The trends,
however, are the same regaraless of
the choice of scratch rating.

These results are provided strictly
as examples of the kind of information
which can be provided by the VPP. More
extensive plots of VPP speed prediction
for yachts of varying size and sail area
may be found in [12], and a comprehen-
sive study of the influence of the major
speed-producing characteristics of a
yacht is now underway.
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