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TLBLE CF SYNUBGLS USED

SYUBCL DEFILITICGN
M = Total circulation or intensity of circulation.
A = Displacement in 2240 1lb. tonms.

= Angle between apparent wind and boat course.

H3L

Draft loading, A

li

Angle of heel of vessel.

> ¢© o ™
I

Leeway angle (angle of attack of fin).

Angle between sail C.P. line and normal to lengitudinal

IS
l

hull axis.
ZZ;&L: Kinematic viscosity of air or water, respectively.
fh)@”: mMass density of air or water, respectively.
0~ = Sail area loading, A=f
M pw
(). = Angle between true wind and boat course.
= iildship section subumerged area.
# = Angle between sail 1ift and plane perpendicular te
rolling axis of vessel.
A = 8ail area, sqg. ft.
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TARLE CF SYMBCLS USED (continued)

SYMBEL DEFINITICN
B = Haximum beam at load water line.
Co= sail drag coefficient D = .
Py T=A

Co= Sall drag coefficient at zero lift.

. ‘o . . F
CF= Sail driving force coefficient —————e—.
: BT A
C§= Hull frictional drag ccefficient __R_g_l__ .
Ry v*=sS

Cw= Hull wave drag coefficient " R;_“’ .
VL

Cr= Total hull drag coefficient % ECS;‘é": + Cw
Sy vt W M

D = Total sail drag

F = ©Sail driving force (measured parallel toVV ).

H = #aximum draft.

H = dean draft = Projected Lateral Area .
™ Waterline length (L)

2
Heee= Effective draft for hull induced drag (R{ = P ) .
ar qw Hgg;
l. = Load waterline length.

M = Total displacement volume.

Q = Sail heeling force.
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TABLE CF SYMBCLS USED (continued)

SY}MBOL

DEFINITICN
Lateral water force.
Frictional resistance of hull,
Induced hull resistance {due to P).
Wave making resistance of hull,
Hull wetted surface.
True wind speed ft./sec.
True boat speed ft./sec. (along course, including leeway).
Apparent wind speed ft./sec. (to an observer on boat).
Distance from centroid of P to centroid of 4.
Distance of foot of sail above ¥.L.

Hoist of sail (normal to longitudinal axis).

Prismatic or longitudinal ceefficient -—-tﬁ—-—.
e
%U:; or .eze’:.v & the air or water

dynamic pressure, respectively.
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I. OSUMzARY

A general method for caleulating the performance of all
types of wind driven vessels has been developed. The method is of
such a nature that it may be used, without specific experimental
assistance, as a qualitative guide in preliminary design. To this
same procedure, data from a few simple tests of the model in guestion
may be applied to obtain good guantitative performance information.

As a result, existing yacht model testing procedure{?eference
(4)}can be considersbly simplified while at the same time obtaining
information of much broader applicability.

The use of the principles of this method, if not the letter,
should tend to rationalize the arbitrary and extremely restrictive
handicapping rules for ocean racing now in existence.

Further, the owner, in possession of a performance analysis
of his vessel, can be guided in his choice of course and sail setting
as these are fundamentsl parameters of the general performance equa-
tion. The optimum sail setting for any wind speed and boat direction
is of a necessity obtained in the process of the solution of this
eguation,

The method provides several rather surprising general con-
clusions. It is indicatéd that angle of heel, contrary to Reference
(4) is not a fundamental variable, and therefore stability only enters
the picture in so far as the designer has a "gentlemen's agreement"
not to provide more sall than will heel the vessel to a certain angle

in a given wind. It is found that only draft is a monctonic parameter

(1)



in performance; all other form and sail variables exhibit optimums,
some perhaps outside of the practical range.

Also, it is found from the experimental data of Reference (5)
that yachtunderbodies, despite their extremely low aspect ratio,
exhibi?t a polar of lateral force and induced resistance with a char-
acter in agreement with the simple Prandtl theory. The interference
effect of the surface, however, is found to be at variance with the
result obtained from a 1ifting line vortex arranged te satisfy the
water boundary condition.

It is found that the usual triangular yacht sall does not
have as bad a downwash distribution as one might first suspect on
considering the plan form and twist. The presence of the water sur-
face has the effect of providing a corrective upwash distribution.

It is found that simple static stabllity calculations with
the water surface assumed undisturbed, at the boat, lead to surpris-
ingly good agreement with the righting moments obtained experimen-

tally under dynamic conditions.
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II, INTRCDUCTIUN

As the performance problem is one of steady state, force
aﬁd moment equilibrium equations form the nucleus of the work. As
iz later shown, angle of heel has no apprecisble direct influence on
performance, therefore, the longitudinal force equilibrium carries
the responsibility for the results.

In this equation appear the net (sall and rigging) driv-
ing force, the frictional end wave making resistauces of the null,
together with the hull induced drag, (implicit in which is the heel-
ing force). WNeglected without justvification is the windage of the
hull, =lthough, intuitively, for normal vessels without excessive
freebcard this quantity seems small., The following sections discuss
in scme detail the properties of the forces involved and some ¢f the

eguations involving wind and water velocities.
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III. HULL RESISTANCE

By hull resistance 1s meani the water drag on the hull due
to velocity and angle of heel but with no leeway, that is, no induced
drag resulting from a lateral force.

For preliminary design purposes it is desirable to be sable
to predict the hull resistance as a function of velocity without re-
course to experimental work., Taylor's Standard Series wave making
resistance contours (Reference (1), Appendix B} are used for this pur-
pcse 1n power vessel design with considerable success, while in many
phases of naval architecture the frictional resistance is calculated

from von Kérmén's logarithmic skin friction law,

, Q2_4‘,_z = LOG (.,_-V_-l:C}

/Cs D
(ﬁeferences(Z)and(j}.

The guestion of angle of heel alone affecting hull resis-

tance is rather well settled on pages 77 and 78 of Reference (1}.
Taylor, who was actually concerned with rolling resistances, showed
that =t a static angle of heel of 20° a normal nerchant vessel model
experienced little if any increase in resistance over that of 0°
heel; in the worst case noct over 3% ilncrease was experienced. As
salling vessel hulls are, in the mass, ccnsiderably more axizlly
symetric than merchant vessels, the above experiuments were taken as
Jjustification for neglecting or averaging out the effects of angle

of heel on hull resistance.
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A major difference between sailing vessels and merchant
ships lies in the extremely irregular profile of the former compared
to the almost recltangular profile of the latter; therefore, while the

—_TféL_—3 and jL paraneters appear to be representative for

(Ho0)

sailing vessels as well as merchant ships, the -%%— ratio cannot have
the same significance. Taylor's date is referred tec the maximum draft
of the ship, but for merchant vessels this value is nearly that of the
mean draft. But to use the maximum draft as a parameter would be to
ignore the difference between two sailing vessels, one with a broazd
shallow hull and a narrow keel, the other with a deep hull and brozd
keel. If these two boats had the same displecement, length, prismatic
coefficient, maximum beam, snd maxiﬁum draft (a perfectly possible
situation}, their wave making resistances wculd calculate equal using
Taylor's method directly. That this result would be in error can be
seen by observing that the former model would have most of ite dis-
turbance near the surface, while the latter, having an slmost iden—
tical volurmetric disturbance, would have this disturbance better dis-
tributed in a vértical direction so that the wave making effects would
be smaller,

From the preceding discussion it appears that, for more
general applicgbility of the Standard Series data, it is better te
employ & wean draft. As beam~draft ratio corrections are mcderate,
perhaps a mean defined as the ratioc of the projected lateral area to
the waterline length will suffice until more rational umethods are
;aVailable. This mean is practically identicgl to the maximum draft
when applied to merchant vessels.

The other major distinction between sailing vessels and

(5)



merchant ships lies in the former's flaring bow sections above water.
When the sailing boat is proceeding slowly this flare has no effect,

but when speed-length ratios over about one are reached the wave shape
above water is considerably changed. The effect is as if the prismatic
coefficient were increased (zlthough some prefer to think of it as an
increase in length). The writer at present has no ratiocnal procedure

to offer for evaluating the quantitative effects of flére or "overhang."
Terporarily it is suggested that, if =z vessel has pronounced overhang,
the prismatic coefficient be assumed to be the optimum one for speed-
length ratios over 1.0 (regardless of the actual prismatic coefficient),
while if there is any doubt as to a vessel naving good overhangs, the
normal procedure using the actusl prismatic coefficient be used in
caleculating the resistance. In any event, the differences zsre small
particulsrly in the speed range wherein lies the main interest in
performance.,

Using the methed outlined in the preceding paragraphs, the
hull resistance for the yacht shown in Figs. 1l and 2 has been calcu-~
lated and the results pletted in Fig. 3 zlong with the measured up-
right resistance as obtained at the Stevens Institute of Technology
Experimentzl Towing Tank (Reference 5)}. Also shown are Stevens
statisticél resistances for other similar hulls (Fig., 4). It will
be noted that in the medium speed range there is a discrepancy be-
tween the calculated results and the experimentzl data for hull
No., <84 —- while the siwmilar hulls do not exhibit this varisnce from

the czlculated values. It is probsble then, that some peculiarity
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of form, not accounted for by this simple method has led to high
resigtances in this region,

For calculating fricticnsl resistance it is Stevens Insti-
tute practice to use 0.7 of the Reynolds number based on waterline
length in order to take inte account the fact thal the maximum down-
stream distance along the appendage is considerably less than that on
the hull. This procedure was continued in the calculations fer Fig. 3,
but it is felt that a more general procedure would be te calculate
separate wetted surfaces and Reynolds numbers for the hull and heel
appendage and compute the frictional resistance in this manner, In
this way the investigator is not dependent upon the assumption that
the vessel in guestion is a "normal' cruiser for which the 0.7
Reynolds number friction coefficients give reasonable results.

It zppears then that, for preliminary design purposes, a
method is availsble for computing approximately the hull resistance.
¥hen the design is reasonsbly well settled in major proporticns, it
is o simple matter (if the facilities are availsble) to obtzin very
good values by the usual procedures for testing upright, small towing

tank models.
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Iv. THE LATERAL PLANE

If one is satisfied thet an angle of heel in itself pro-
duces no apprecisble increase in resistance over the upright case,
then the increase in resistance experienced by a real sailing vessel
when heeled down by the wind must come froaw an induced drag effect.
Uf course, the aspect ratio of the usual keel-hull combination is
extremely low, averaging from 0.2 te 0.4, but rather than beccming
involved in the complicated but theoretically sound methods for calcu-~
lating the properties of low aspect ratio airfoils, an atlempt was
made to fit the Prandtl equations to this case. Fig. 5 shows the
result of calculating the usual polar for an elliptical plan form
airfoil of the same aspect ratic in an infinite fluid. Also plotted
on the same axes are the mezsured induced drags obtained by subtract-
ing from the inclined resistance the upright resistance at the same
speed. The third curve shown is that of lifting line airfoil per-
pendicular tc and with one tip vortex absorbed in a solid boundary.
The image effect necessary to satisfy the boundary condition has the
result of producing an induced drag of roughly one-half that of the
infinite fluid case.

In order to observe the effect of higher aspect ratio to-
gether with an absence of angle of heel, data from Reference (1},
page 39, is plotted in Fig. 6 against the Prandtl theory. In this
case an aspect ratio,of 1.C and a rectangular plan form is invelved,

A very similar curve is shown, and the comparison with the two Prandtl
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cases is surprisingly like that of the lower aspect ratio case. It
is clear that in both cases the measured curve has the character of
a parabols and coulc be fitted very closely by the usuel aerodynsmic
methods. By this curve-fitting procedure an induced drag parameter,
the effective draft (corresponding to the effective span), will be ’
obtained.

However, for preliminary design purposes, it 1g felt that
it is better to take the conservative view and calculate the induced

resistance from:
v ﬁ;’/V" H*

The error can be fairly large in R ; itself, and still be only a

R

minor fraction cof the totsl resistance. As more experimentzl and
thecreticsl work is done there will undocubtely be occasion to improve
this rough assumption. Naturally, for the final performance calcu-—
lation, there can be made availsble sufficient experimentesl informa-
tion to obtein an accurate value of the particular effective draft.

A suggested procedure would be tc plot polars for the hull in ques-
tion for the upright case and one or two fixed angles of heel. The
parabola should then be fitted to a good average of the fawmily. It
is anticipated that the curves for the various heel angles will fall
very clese together, but if this were not the case a good average
could be tzken by fitting to the small angle of heel curve at the
small lateral force end and to the large angle curve for large lateral

forces.
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V. HULL STABILITY

¥hile angle of heel in itself does not appear to be of
prime importance in the calculation of the performance of a given
sailing vessel, the choice of the proper amcunt of sail area in the
preliminary design stage depends almost entirely on some particular
restriction as to angle of heel in some standard wind., And too, as
will be shown later, it is conly correct to say that angle of heel is
not important if in normsl winds the angle of heel of the vessel
does not exceed about 30°.

To czlculate the angle of heel of a given vessel for a
given lateral force, Q , it is necessary to make several assump-
tions. First, it is assumed that the 1ift distribution on the sails
is similar to the plan form. This choice is gualitatively justified
in a following section.

Second, it is assumed that the laterzl force distribution
is similar to the projected lateral shape. This assumption, while
very arbitrary, is considered good enough in as wmuch as the distance
between the centroid of P and the centroid of Q (calledX) is
the lever arm of the heeling moment; and any reasonable assumption
as to P's location will have little effect on X..

Third, containing these iwo assumptions two methods for
calculating the dynamic stability of hull No. 284 were tried and
compared with experiment. In these two methods it was assumed that
the static stability of the hull was identical to the dynanic stabi-

lity (stability in motion with a disturbed water surface). The two
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methods were the usual two used in merchant vessel work, Une, the
righting moment is taken equal w0 A (GM) sIN & where ( GM )
is the initial metacentric heighty and two, the righting zoment is
cbtained by direct graphical integration for the righting arm for

various angles of heel. The comparison with experiment is shown in

Table I:
TABLE I
& Qe QX W (6M) SN wW{RA)

10° 1250 lbs. 34,200 ft.lbs. 35,700 ft.lbs. 32,600 ft.lbs.
20° 2250 1lbs. 64,000 ft.lbs. 69,000 ft.lbs. 60,000 ft.lbs.
30° 3170 1bs. 90,000 ft.lbs. 104,000 ft.lbs. 85,000 ft.lbs.

It is seen that either assumption is surprisingly well
justified and that the dynamic stability can be calculated with good
accuracy even by the simple eguation method. This method then should
satisfy the requirements of preliminary design while the more exact
integration can be used as a check on the final design to aveid any
possibility of a serious loss in stability due to peculiarities of

form which might tend to invalidate the simple eguation.
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VI. SAIL FGRCES

In the calculation of the sail forces, one of the primary

guestions is, the downwash distribution on a sail. The plan form

of most modern yacht sails is triangular which in itself leads to a

peculiar downwash distribution, but in addition the yacht sall has

a twist in it of decreasing angle of attack toward the head. This

twist will have the effect of aggravating the non-uniform downwash

distribution due to plan form, and is a variable depending upon the

wind velocity.

However, the presence of the water surface has the tendency

to neutralize these unfavorsble effects. The problem here is very

similar to that of z longitudinally slotted wing, or that of a for-

mation flight. In order te satisfy the boundary condition of &

water surface, an image vertex system must be placed directly below

the water surface as shown. As the result reguired is only guali-

c .
3 00

T - tative, a simple horseshoe vortex
b = o stem was chosen

- 7AW arx)@arbidY .
L JC.* & - 00 Lpplying the Biot-bavart

\ ol
a
W.S. 14w for semi-infinite vortices,

a
TI"—‘(“ - — oo CB_ = —4~1'\'|'\ (the bound image ver-

!
!
6 |

LIRS

tex mekes no contribution} the upwash
distributicn is found t¢ be hyperbolic,

. Hotice that near X = 0 the

plan form downwash is too large, but this is just where the correction
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upwash has its large values. To obtain an idea of the coverall im~

proverent of the induced drag from such an upwash a mean was taken

over the span;j b
. b dx
4T o (za+x)(zat+b+X) .
which yields f_r b
’ w'= 2= 2m (1 +m3

If now, contrary to the previous assumption, the sail is taken tc
have uniform downwash -- the downwash angle will be from the Prandtl

theory:
7 w L

T qa b

The average upwash angle correction will bes

T:IM_ - (om*b‘q»"rr{’q”‘( 4—«+‘+ﬂb>}

Therefore, the net average downwash is approximately given bys

()% a1t £ ol

If in this epproximate expression @Q is set egual te
BT P 3

. H

0.15 f} (an average value for medium-sized sailing vessels}, the
coerrection part of this expression amounts to 11%. It can be seen
from the sbove that a considerable loss in efficiency due to the
unfavo?able plan form and twist is offset bty the presence of the
water surface.

As it seemed very difficult to calculate the actual down-
wash distributicn of a yacht sail, the next step was tc see by cou—
parison with experiment if the favorable correction noted above was
good enough te maxé the Prandtl expression for the wing with uniform
downwash a sufficiently good representation. As the available ex-

perimental results were consicdered a function of angle of heel, it

(13)



was next necessary to investigate this parameter as to its effect
on the sail forces.
Une way in which angle of heel could csuse a chenge in
the sail forces is by an effective loss in aspect ratio. It is
considered good aeronaulliczl procedure to calculste the effect of
sweepback as high as thirty degrees by projecting the line of aero-
dynamic centers inte a plane perpendicular to the wind at infinity
and considering this as the effective span (see for instance Refer-
ence 6.). By considering angle of heel as a sort of variable sweep-
back, an expression can be obtained for the loss in effective span
or aspect ratio.
In Fig. 9 the line of szerodynamic centers is assumed to

be a straight line, of length b s inclined at an éngle rk. to the
perpendicular to the longitudinal axis of the vessel. The apparent
wind is taken along the negative OC direction with the vessel's
course, V¥ , in the XY plane in a positive direction at an angle

63 to fhe XY plane. The vessel is heeled an angle e . Itis
seen that the component of the lifting line in the TK direction is

b cos SNeSING — SEIINIVE cos@
énd the reguired component which is in the b‘I'plane perpendicular to
™ is b 4/ 1- (Cospsmesmwp — SN CosBY>
2

Therefore, if we define AR = _éi— , then the effective

aspect ratic czn be calculated:

ARerr= Ao {l - (cospswe SEM@; — SINM Qosﬁ)z}

Yor practical calculations, until more is known of the position of

(14}



the aerodynamic center line for sail combinations, it is probably

best to take M as zero. This leads 0 the siwmpler expression:
Reee = Ro {1— SN0 sw"-(s}

However, it is noteworthy that if the sagil 1ifting line position
M . .
is calculable that there is an idealpfor every @ and © ., This
is obtained by setting the correction to AR, = O which gives:
TAN ’J. = SIN© TAN@
For instance, if © = 15° and B = 30%, then (M)ipga= 8.5°
forward rake.

In the second, simpler expression for ARegg, it can be
seen readily thet this correction is always very small. Unly at
small @ are large © encountered in practice, with © rarely
exceeding 30°. If @ is teken equal to 30° and @ likewise equal
to 30° the ARgee= 0.938 AR,. For aversge conditions this
correction is much less. It seems therefore justified to neglect
the aspect ratio correction for angle of heel. The error involved
will be less than that indicated above, for the forces of interest
include components of both the sail induced dreg and the 1ift, and
the aspect ratio appears conly in the induced drage.

The forces of ilnterest coming from the sails are not
really the 1ift and drag but the driving force, ¥ , and the heeling
force, Q . Defining the drag as the cowponent of the resultant
sail force parallel to the apparent wind, and defining the 1ift as
the component perpendicular tc the plane of the apparent wind and

normal to the vessel's rolling axis, expressions are obtsined for



E

and Q . For the upright case:

F= Lsng - Deosp
Q = LCosp+ Ds'm@

but for the inclined case the 1ift compconents will be functions of

ﬁ) and @ both. Here is another situation where the sail forces

are functions of the angle of heel.

Considering Fig. 10, 1t is seen that the vessel's course
is chosen, in this instance, along the X axis; UL is at an angle

‘3 to the course in the )(y plane; the 1ift is shown as defined
previously.

If the 1ift is te be projected along and perpendicular
toc the vessel's longitudinal axis the angle g must be known. By
projecting the 1ift into the X _y plane and calling this component

I it is seen from the geometry thats

Lcosq cose = [! cosp

. ]
LeiNg = L g
Solving these two expressions for L' and a s it is found that:
TAN g = TAN@ oS ®©

However, the functions of q in which interest lies are

the sine and cosine since for the inclined case:
E = Lsmq — Deosp
Q = L_C.OS% -+ DS‘N@

Simple trigonometric identities produce the followings

SIN = SIN {» cos e
d‘ ® A/ Cos*Rp + SINB cos?e }

\
c_os%‘ = s {\/Cos’(s +

(16)

SN‘@ cos*Q }



So again expressions are oblained waich are in the form
of corrections to the upright case. For p =30°, © =30°%
SlNé = 0.895 sn\)@

COS% = ‘05 Q_Oﬁ@

while for /6 =30°, © = 20°%
SN% = 0.953 SiING

cosg = 1o Cos@

It is seen, then, that the correction to c_osF for the
heeling force is always very swmall but with such a sign as to aug-
ment the small correction for angle of heel due to the loss in Ao
in the draz components. Cn the other hand, the correction to sin@a

is somewhat larger. It too is in the same direction as the
drag correctiocn.

However, offsetting this effect is the fact that as the
vessel heels down the lmage vortex system ccmes closer te the true
vortex system, and the favorable upwash 1s thereby increased.

By now it can be seen thal a great deal of responsibility
is being placed on the water surface and without a rigorous analysis
such assumptions are hard to justify. The cnly alternative would
be a careful and complete experimental program designed to settle
this question. Unfortunately, neither is availsble. The only com-
prehensive experiments on sails published are the "Gimcrack" tests
wilch form the foundation for the model testing procedure at the
Stevens Institute of Technology (Reference 4). In these tests a

competent helmsman sailed the boat, "Gimerack", close hauled and
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measurements of © , 63 s and V were made. From tank tests of
the "Gimerack! hull the sail driving and heeling force coefficients
could be calculated. These are shavn in Fig. 8. Also shown are the

CL and Cp curves corresponding. The Cr and Cp curves are
plotted in two ways: one, no angle of heel correction either to

g (P) or AR, is applied; second, all angle of heel corrections
are applied except for any change in the image vortex effects. Then
from the four curves of CL_ and CD , two Cp vs Cp polars
were plotted. It is seen that at the low C:L end of the corrected
curves considerable irregularity zppears, This corresponds te the
larger angles of heel. It is felt then thalt since the measured curves
( Crand Cq ) were fzired that the physical phenomenon associated
with angle of heel is approximately as described; i.e., the angle of
heel corrections should not be applied.

Turthermore, taking the faired C.vs Co npolar, it

is easy to fit a good parabola to the curve by usual aerodynamic
methods, obtaining A< (which will be referred to hereafter as AR )

and Cp,_ . The values obtained for "Gimcrack" are:

Co, = ©.038
AR = 3.4
"Gimerack" was a <0' W.L. boat with a sail area of approxi-
mately 450 square feet and a sall heist of about 40 feel., Defining
the aspect ratio, AL , as the sail hoist squared divided by the
sail zrea the calculated AR = 3.54, indicating very good downwash

distribution.
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For these reasons, considering tne limited amount of experi-
mental information and despite the speculative neture of some of the
physical reasoning involved, it is felt that good performance calcu-
lations msy be made neglecting entirely the angle of heel. CUnly the

major factor, mast height, is taken into account by this approach,

&

d it is felt that unconventional sall plans could not be accurately
aporaised under Uthese assumptions, but if the person maxing the per-
furmance analyses exercises some judgement the result should be
within the accuracy regquired. It should be pointed cut that on the
completion of the performance analysis a check should be made to
determine the angle of heel at the larger wind velocities and at the
small yﬂﬁs . At angles of heel wmuch over 30° the method must be
considered insccurate and performance curves should be so noted.

L noteworthy fact is the low value of CbDe obtained for

"Gimerack"., As sails are inveriszbly operated at comparatively large

Co

:

much of the time near (3L,4A* » 1t is seen that the
value of (Cp, has little significance. In cther words, a Cp, of
0.038 could be chosen for any sail plan without introducing a serious
error.

It, therefore, can be sald that eliminsting the windage
of Uhe spsrs, rigging and even the hull of "Gimecrack" would not have
changed her performance appreciably. (The windage of the hull must
have been taken into account by the nature of the tests performed

and the method of arriving at the force ccefficients.)

(19)



VII., THFE WINDWARD TRIANGLE

The sasiling vessel, because i1t moves in the glready moving
air, experiences a wind which is the vector sum of the boat velocity
and the wind velocity relative to fixed space. This geometrical
relationship in itself explains several phenomena.

The diagram shown indicates the vector
addition. By the nature of triangles the ratiocs
of any two of the velocities can be expressed in

terms of the angles 63 and ?V only. These

relationships are of importance in perforumance
i calculations.

From the law of sines:

T _ _sw 7
T SIN ‘3

By projecting UL and T on the course direction it is found that:

Tcos +—V='Dicosf3>

™ _ sSNUY s
T ° %\N(S ’

Dividing this eguation by | and substituting

second important relationship is obteined:

V _ sy
T T Tanp T %Y

A third equation may be derived from the relationships
oL _ sny T
VA SNF v

which becomes of importance when the reciprocal of the second result

18 SURSTITUTED!:

1:{ '
SIN
v Leesp = (53

(20)



It is seen that if @ and ;U are specified it is simple
to obtain the relative velocities between the vessel and the wind.

liuch of the time a sailing boat is able to sail in the
direction desired, that is at arbitrary #/ , but on many occasions
it is desired to go directly into the wind. In this case the vessel
‘must bear off or tack, and the speed made good in a windward direc-
tion is only V COs W .

For a given p , and T there is a SIJ which will pro-
duce a maximum V COS W . Said in another way, for a given
angle to the apparent wind, the boat speed should not exceed some
fraction of the apparent wind if the best speed mzde good to wind-
ward is to be obtained. It is easier to solve the problem as first
stated, and then apply the previously obtained ratios to obtain the

resull as stated secondly:

Veosy = Tsﬁ‘('_iﬁ c(;ostp — T cos?y

Differentiating the expression and setting the derivative equal to
zero gives the equation for ;ﬂopr :
CoT 2.y = TAaNE
or finally:
‘f)oPr 4 2

This is clearly a maximum as when }0=O , V=0 ;
theref V =0 ; : =T =0
therefore, cos 5”-—- O ; and when 5”- Z Veos SU .
In between must lie a maximum as V COS Sl) must have positive

values.

(21)



Now the helusman is only able to observe WL , B , and
v 3 therefore, it is desirable to express the result in terms of
these quantities:
\4 SN
— = COS5Pp —
™ P TAN @

and applying Wopr = —E—; + % the preceeding equation be-

4 v _ __sng
o )Vcoswmx— cosp TaN (L +£)

which can be simplified by trigonometric identities to:
(L ) _ cos B
(28 oPT | — SIN ﬁ

This interesting sidelight of the performance problem

comes:

should be of value Tc a helmsman, giving him a sbrt of ideal to

shoot for at large UL and a value to stay down to at smgll L .

(22)



VIII., DOWNWIND PERFCRUMANCE

Downwind performance is arbitrarily defined for this paper
as being the directions of sailing relative to the ﬁrue wind which
require that the sail be operated at an sngle of attack greater
than that for  Cipga, - In this region of sailing ( @ Z= about
100°), it is custcmary to set innumerable types of light balléon
Jibs and spinnakers, therefore any attempt to predict performance in
this region would have to involve the type and area of light sails
set. As airfoils or scoops operated beyond the stall are not subject
to theoretical analysis even if their geometry is known, the task
appears hopeless.

However, very good comparative downwind characteristics
can be obtained by considering the relative upright resistance versus
velocity curves of the vessels in question., If any question of rela-
tive sail area arises, some arbitrary figure of merit such as the
ratio.of the resistance to the mast height squared or‘the reaching
sall area should be adopted. Very little interest settles in down—
wind performance except for special applications as this is somewhat

of a Yprute force" situztion at best.

(23)



IX. 'REACHING PERFCRIUANCE

By reaching performance is meant all directions of sailing
in which the beat course is the one desired and on which the sails
can be operated at CLga, or less without structural interference.
Thus, @’s from 10° or 20° to 100° are included. The only distinc-
tion from windward perférmance is that in that case it is desired to
travel closer t¢ the wind than the course chosen.

For the reaching case, all important forces and parameters
have been investigated. It is only necessary to write the longitu-
dinal force egquilibrium equation and consider its solution. In words
this equation states that the sail driving force is equal to the hull
resistance including induced hull drag due to lateral sail forces.
Literally:

F=Rg+Rwt Ri
or rearranging and expressing this in coefficient form (see "defini-

tion of symbols used"):

Jhwar® o M
Parrza — € Lz. 'J = Lay?[ee S + Cw
CFZTIA A_“.e_:_.v-z Hoes 2 [55 l—-]

Dividing both sides by .éh—'V"z , the equation becomes:
C[i]z
[T v*"] Tl'He,-_;[ [)= 2l 3

R
&7 I

Defining C}% +Chas Cr=

a further

simplification is cbtained:

[ 4% R e 4= o

(24}



Now, calling the sail area loading,

fa AL
and the draft loading,
§ = Wee L
M

the eguation reduces to:
T 2 2 G__z oV 1
CE:U_(F—-) — .EEL——— (f@f) = Cr
v/ w8
It was shown from the geometry of the apparent wind that:

(%--{mp_' (3—%%}

so that the dimensionless performance equation finally beccmes:

_ Ce o Cq 0 ¢
Cr =

{ cos@ - §‘—"i-@’—} ‘\TS{ _smg

TAN L/)

In this equation is contained all the mejor independent
variables involved in reaching performance, The nelmsman has at
hig choice the ccurse in space, 9U , and the sail setting {?on—
tained in Cg and C@ since Cr = Cr(Cq,8) . Implicit

Cr is the boat velocity, while (B expresses the relation be-
tween Y and T for an arbitrary y/ .

| For perfermence purposes it is only necessary 1o assume
that the vessel is being sailed by the ideal helusmen who sets the
sails at the angle of attack which will produce a maximum YV for a
given Sﬂ and | . All other sail settings are not of interest as
the best sail setting costs nothing. Since Cr vs. V (see Fig. 11)

is practically always a single valued function in the speed range of




interest, maximizing Cr in the dimensionless performance eguation
will maxiwmize the boat velocity for a given Y/ and ﬁ .
Calling Cgq the independent variable, the performance equa-

tion can be differentiated:

é_@l’ — aCF{ } .‘ Z,CQ_'G—L
% - 9 (cosp '\"ANLP> ™E (cosp~ .,_AN({,)

and by setting oCr

—_— =0 to obtain a maximum, it is found
o
that:
G 2 Cq T
>2Co SIN@®
° & (cosp— 23 9))

This is an equation for (Cq) opr 1in terms of the independent
variables p and (/)
?_g.f. can be expressed as a function of Cg and@

2 Ce

alone by recalling that:

Ce= CLSING — (Coo )QOSP
Ce= CL cosp +(C°°+T$‘ER)5‘N@

CL can be eliminated from the above pair of eguations to obtain:

TR 4¢TANB FCo —
CF=—2$'@1/H' TR \siNG CD‘D !}

fu + WM+ TETE (Gas = Con) - 1] F

Fron this,

o _ I- C"sz@’\/' + AT (S — o)
2Cq S\N@mé ’\ﬂ*—- . ?r':;bj (sn\)p_cp")

(26)



Theoretically this expression could be set egual tos

2 Ca o
T (cosp— i)

and the equation sclved for Caq , but the result would be a high
degree algebraic equation which for practical purpeoses would require
graphical or successive approximation wethods for its sclution. It

is much more convenient to solve graphically the eqguation:
Cr 2 Cq o
= = : 2
C v (cOs - SIS
§ (6 - Tany)

This, has been done in Fig. 12 for hull No. 284 using a Cp, of 0.038

and a A = 3.44. The choice of "Gimcrack's" sail parameters instead
of the true ones for hull No. 284 was made in urder to test this per-
formance method against the Stevens experimental results. (At the
fiobocken tank all vessels are assumed to have a sail plan similar to

that of "Gimcrack" varying only in area and center of pressure loca-

tion. ) ‘
The curves of 22‘; Cq were first plotted for iines
of constant @ . Then as:
2 C I
vs C
SINE N
T (cosp - %)

are straight lines through the origin it was only necessary to plot

one point for each QU and @ , Obtaining with & siraight edge the

_D-Q-E- Curve.
ocq

It is necessary to carry out this entire plot for every

intersection with a given

vessel analysed, but for preliminary design purposes, once the AR is
settled the —%%E- ‘curves sre fixed and much of the work is simplified,
Sail setting having been eliminated as a variable, CT can

now be solved for in the dimensionless performaence eguation. A value

(27)



of G+ will be obtained for every pair of values of { and @ chosen.
A tabular form makes this calculaticn simple. The work is facilitated
by making a plot of Cg vs. Cq for lines of constant @ . This
curve for the "Gimerack" sail proportions is shown in Fig. 13. It is
more convenient to calculate this curve parametrically than to use
the explicit expression given previously.

The real values of (4 cover only a small range of values
- for a given vessel so that an intermediate ploet of Cv vs. @ for
lines of constant (/J is convenient. This plot is shown in Fig. 14.

Because Cg decreases with velocity monotonically and Cw
increases almost always monotonically, there will be a minimum value
of Ct . Physically this means that the right hand side of the di-
mensionless performance eguation mus?{ be above a certain value or the
vessel will not sail. Lower velocities than correspond te this value
of CT are possible but correspond to an unstable equiliﬁrimn. A
small disturbance will cause the vessel to increase speed to the
min, value or sbove. For purposes of curve fairing the final perfor-
mance curves are plotted through the origin as this situation cculd
oceur hypothetically with a vessel having a decreasing wetted surface
with decreasing velocity.

Having Cv as a function of B and ¢ , the curve of

Cr vs. V can be entered and the corresponding velocity obtained.

The true wind speed can be cbteined from the relationship:

T = 2NV ey

T  TAaN g

se that the final reaching performsnce curves VY~ vs. | for an

(28)



arbitrary direction in space, {/ , can be plotted. This plot for
hull No., 284 is shown in Fig. 15.

It should be pointed out that these curves are all over
and above the information obtained by the Stevens Tank testing pro-
cedure where only windward perfofmance is considered. Also it should
be said that while only the direct performance plots‘are discussed
here, the allied problems of angle of heel, best sail setting and

others can be obtained readily as the method is entirely analytic.

(29)



X. WINDWARD PERFCRHANCE

Having the reaching performance curves, obtaining any wind-
ward performence curve is a matter of simple cross pletting. In
practice, one might wish to sail at any swmall angle to the true wind
and should then make use of the procedure indicated in the following
paragraphs., Often a navigator or helmsman in an important ccean
race comes up against the problem of what course tc sail to make the
best speed in a direction closer to the wind than the vessel can
sail.

For present purposes, only the performance in the directien
of the true wind will be cénsidered. A1l other similar directions
can be computed in the same way. Lt is desired to make v cosqj a
meximum for a given T and cross plots from the reaching performance
curves for this arrangement of the varisbles can be made. Those for
hull No. 284 are shown in Fig. 16. The expected maximums appear and
are plotted on the windward performance curve, Fig. 17, (V'cos 7)) )Mm
vs. 1 .

It is here thal the comparison with the Stevens experimen-
tal results is obtained. Shown alse on Fig. 17 are the measured
values for ('V—COSQJ)W vs. T . It should be remembered that
these points,while obtained experimentally, contain in them the assump-
tion that the sails were set, at a given angle of heel, ‘the same as
"Gimcrack's" helmsman set his sails. As has been show, the sail set-
ting for best speed is a function of the underwater geometry ( & )

and the sail area loading (@ ) so that even if one allows the common

(30}



AR and Cop, implied by the "Gimcrack" sail coefficients it should not
be taken to indicate some error in the calculations if the experimental
and calculated curves do notl coincide., Actually, the character of the
experimental curve is that to be expected of a smaller boat. At the
high speeds a greater proportional wind veloeity is measured to be
required than is calculated, a result tc be expected if hull Nd. 284
were constréined by a small boat's ideal sgll settings. The discre-~
pancy in sail settings is shown.

However, the agreement is rather good, and this should be
expected 1f the calculations are to be correct since the comparison
of Stevens tests with a few full-scale vessel performances showed

reasonable good values for all sizes of vessels.



£I. -DESIGN PRUBLEMS

From the positien of the preliminary designer the dimen-
sionless performance equation offers much of interest. By inspec-
tion of the equation it is seen fhat only Hegee Can be increased
indefinitely to improve the performance.

In Cx are found the two components Cg, §l.,—‘\'and Cw where

Cg is a function only of Reynolds number, and Cyw a function
primarily of -—A——); , L , and _E_n . S is mainly sensitive te

100
o )—5 and B ., For a given speed and underwater volume, oR A ,
100, '

(7 Hr

Hn
it is then possible to calculate an ideal L. to minimize Cr .

This can best be done graphically as S must be obtained from lines
drawings. However, if a family of similar lines varying only in length
or displacement is being investigated, Taylors approximate equation

S=CAfAL (Reference 1) can be used to redﬁce this problem to
an anglytic one,

The sall area parameter O~ likewise exhibits an optimum for

a given sail setting, § , P , and (,V . This is easily obtained
by differentiating (v with respect to O . The equation in Ugpr

can, by inspection, be seen to give a maximum. This equation is:

CF"T’S (COSG— __?__’ﬁ’.&)?—
2 CqQ

While Qopr , is a function of all the independent var-

Coer =

iables, the designer can emphasize one particular type of performance .
at will or choose for a good average. To test that Tger was

not cut of a practical range,it was calculated for hull No. 284 with

(32)



B =30, Y =45° Cr=0.5and Cq =1.5. The sail area cb-
tained was 1300 square feet, by coinéidence very close to the actual
design sail area.

If the designer restricts himself to a given heeling moument,
the product of the,\/"p_?: and Q" % is fixed, and for this constant value
again the righthand side of the performance equation can be maximized
for given conditions. This problem is more complicated than the pre-
ceding ones but should certainly be carried cut for a few vessels to
give an idea of the proper sail geométry.

The fact that these optimums occur as funciions of the
independent variables tends to explain why vessels are spoken of as
having a point of sailing or a kind of weather particularly to their
liking. iGiven a boat with a geod clean hull and enough effective
draft, there must almost always be some situation where she is well

proportiocned throughout.
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r DIMENSIONS OF SAILS

I
/ |
i
| NAME TUFF | Foot | LEACH
1 AN 5500 | 2340 | 6
/ ! STAYSAIL | 36,20 | 14.857 | 3540
~o I sie | eooo | 3100 | a7.50
No2 B | 4775 | 27.90 | z9.80
3450 | 17.95 | 2175

!
Lw MAN | 5506 | 2460

i !
I L NO3 B
| GENOA 6325 | 3725 | sv.es
TRYSAL | 20.20 | 12.00 | 2700
8500
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ASPECT RATIO CORRECTION DIAGRA
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