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SUMMARY

In this paper a new method for the calculation
of the hydrodynamic resistance and side force of
sailing craft with an arbitrary hull {canoce
body), keel, trim tab, skeg and rudder configu-
ration is presented. The method is based on
theoretical resistance and side force formula-
ticns, in which the coefficients have been tuned
te fit the results of a significant amount of
experiments. The results of the method compare
setisfactorily with those of full-scale tests on
the 5.5 Metre Class Yacht "Antiope™. The required
calculations can be performed with relative ease
on a pocket ecaleulator or {for repeated use)} on
a small computer,

1. INTRODUCTION

At some stage during the design of a sailing
craft the hydrodynamic resistance and side force
properties have fo be determined for various
boat speeds., Usually, a method for the calcu-~
lation of the resistance and side force of the
underwater hull configuraticon constitutes one
of the most important tocols of the naval archi-
tect-designer. In some cases, speed-related as-
pects of the hull become dominating factors in
the design, often requiring a continuous series
of such calculations, culminating in a final
check of the design by means of model tests.

This paper presents a new method for the calcu-
lation of the resistance and side forece of sai-
ling craft with an arbitrary hull (canoce body),
keel, trim tab, skeg and rudder configuration.
The method is based on mainly theoretical for-
mulationg for resistance and side foree, of
which the (empirical) coefficients have been
tuned to fit the results of a significant amount
of experiments. The method was developed to pre-
dict the resistance and side force performance
of 12 Metre Class Yachts for the Americas Cup on
which subject & _paper was presented by the au-
thor in 19792 [TJ*. A comparison of the results
of this method with those of other calculation
procedures and full-scale tests, for the case of
the 5.5 Metre Class Yacht "Antiope", was carried
out by Larsson [2], who demonstrated that the
method adopted to calculate the resistance was
exceptionally good. The published comparison for
the side Torce properties of "Antiope" showed
that the author's method underestimated the side

* i . 1 = s =
Numbers in brackets refer to the list of ref-
erences given at the end of the paper.

force by 30 percent. However, an error was made
by Larsson in applylng the procedure given in
Ref. 1. When accounted for, an underestimationof
the side force of "Antiope" by 11 percent is ob-
taired instead. Since then, the procedure for
the calculation of the side forece has been
slightly modified (relative to that given in
Ref. 1) to tzke into account the increment in
side force on the hull and keel, due to hull-
keel interaction, in accordance with results of
gerodynamic wing-body studies.

A numerical example of how the method is adopted
(for "Anticpe") is included in the paper.

2. CALCULATION OF THE EYDRODYNAMIC SIDE FORCE

2.1 The Side Force on Keel and Trim Tab

2.1.1 The Basie Equaticn for the Keel

The side force or 1ift produced by the keel of a yacht,
for small yaw angles B, can be considered tobe ali-
near function of B, analogous to the 1ift of a wing as
a function of angle-of-attack. The basic expression
for the side force of a keel can be written as:

Cr

Ly = %pVB2 BBh BA, cos® {1
where L, = 1lift (side force) of keel

P = density of sea water

VB = boat speed

B = drift angle

3y,

58 lift-curve slope, i.e. the slope of
the lift coefficient curve of the
keel (CLk) against the angle-of-
attack (R)

Ak = lateral area of keel
g = angle of heel of the yacht.

For not too large angles-of-attack, the 1ift
slope of the keel can be considered as a con-
stant for a given keel geometry. The drift angle
B is the angle-of-attack at which the hull of
the yacht passes through the water. It is mea-
sured by the angle between the course and the
centre line of the yacht. The angle-of-attack
range, or drift-angle range, for which the 1ift-
curve slope is constant, depends primarily on
the aspect ratic of the keel. Pigure 1, taken
from "Fluid-Dynamic Lift" by Hoerner and Borst
13], shows the value of the lift coefficient Cr,»
as a function of angle-of-attack &, as measured
on wings of various aspect ratiocs AR. The 1ift
coefficient of the keel is defined as:
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while the geometric aspect ratic of the keel is
defined as:

b
k
AR = = (3)
geom T
where bk = span {height) of the keel
Ek = gverage chord length of the keel

When the yacht heels at an angle 6, the area of
the projection of the keel on a vertical plane
is reduced by cos 6, which results in a reduc-
tion of the side force.

2.1.2 The Effective Aspect Ratio

It can be shown theoretically that the 1ift on
a wing, protrudingfrom an infinitely long and
wide wall, can be derived by neglecting the in-
fluence of the well and by assuming that the
effective aspect ratio is doubled through re-
flection in the wall. In the case of a yacht's
keel this also holds since no loss of 1ift oc-
curs at the keel-hull interssction at moderate
angles of heel of the yacht, because the pres-
sure difference between the two sides of the
keel is maintained. Hence the effective aspect
ratio ARy can be considered to be double the
geometrie aspegt ratio, viz.:

2b 2b
AR, | =Sy ()

k k
The effect of heel on the effective aspect ratio
can be approximately accounted for by reducing
the span of the keel by multiplying by cos 6,
where § is the angle of heel, viz.:

2b2

AR, = EEE ecos B {5)
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Fig. 1 Lift coefficient of profiled, sharp-edg-
ad rectangular (and of some other) wings, as a
function of angle of attack (adjusted for zero
1ift where necessary) for varicus aspect ratios
{from Ref. 3J.

2.1.3 The Three-Dimensional Lift-Curve Slope-

It follows from Fig., 1 that for one value of the
aspect ratio the 1ift slope is constant, for all
practical purposes,up to angles—of-attack vary-
ing from about 5 degrees for an aspect ratio of
0.5, tc about 10 degrees for an aspect ratio of
1.0,and to about 15 degrees for aspect ratios
higher than 6. As the aspect ratio becomes
smaller, the non-linear component of lift be-
comes more important. The non-linear ¢ompo-
nent of 1ift for an aspect ratio egual to

0.5 becomes discernable at an angle-of-

attack of about 5 degrees. Analyses of the
performance of sailingyachts have shown that
the drift angle B usually attains maxi-

mum velues of about T degrees. In some

cases values of up to 10 degrees are found,

It follows that in the present

context the assumption of a constant 1ift slope
value is valid for values of the (effective)
aspect ratioc in excess of about 1.0, or for gec-
metric aspect ratio values in excess of about
0.5. For smaller aspect ratios the concept of a
constant lift-curve slope could lead to an under-
estimation of the side force of the keel.

Various formulations have been derived which ex-
press the value of the 3-dimensionel lift-curve
slope 25 a function of the (effective) aspect
ratio. A widely-used formulation is that derived
by Whicker and Fehlner [h]. The relation cbtain-
ed by them is valid for the lift-curve slope, at
zero angle-of-attack, of control surfaces {(rud-
ders, keels, ete.) with a taper ratio A equal to
0,45%, This value of the taper ratio nearly
leads to elliptical spanwise loading for a quar-
ter-chord, sweep-angle of zero. Also, the
Whicker and Fehiner relation is valid for square
tip shepes. For rounded planforms and rounded
lateral edges the lift-curve slope is markedly
reduced, particularly at low aspect ratios
while, according to Hoerner and Borst [j], the
lift-curve slope for differing taper ratios is
hardly affected. To acccunt for the effect of
rounded planforms and rounded lateral edges on
the lift-curve slope, the concept of an "effec-
tive span" can be adopted. This concept leads

to the possibility of deriving the lift-curve
slope of keels and rudders with rounded plan-
forms or rounded lateral edges (or beth) from
the. Whicker and Fehlner lift-curve slope equa-
tion, valid for tapered control surfaces with
square tips. The Whicker and Fehlner relation,
in the present nomenclature, is as follows:

BCLk _ 21TaOkARk
(k) =B K (g
3R ‘square /f—jg———jr————
2a0k+cc>sf\k ARk/cos Ak+h

where aok= lift-curve slope factor of the 2-dimen-
-~ sional section shape composing the
keel (a value equal to 1.0 corresponds
to the theoretical lift-curve slope
cf 2m),
Ak = sweep-angle of quarter-chord line of
keel.

* ! . . .

The taper ratic A is defined as the ratio of
the chord length at the tip to that at the root
of the rudder or keel,

%
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TABLE I Typical values for the effective span

ratio Ab/b
planform lateral edges Ab/b  (1+Ab/b)=
- Rectangular sharp 0 1.0
or tapered
- Elliptical sharp -0.0L 0.92
or rounded
- Rectangular round -0.09 .83
or tapered
~ Rounded round -0.12 0.78
- Delta type round 0,12 0.78

For round planforms and for round lateral edges:

8CLk ac

(1+80/0)2(— oKy

L7
(38 3R ‘square LT

ap round

Where Ab 15 the effective reduction of the geo-
metric span b. Hoerner and Borst [3]| list values
for Ab/b, which are presented here in Table I.

The marked reduction in Ab/b for rounded plan-
forms and rounded laterel edges listed in Table
I is due to the inward movement of the trailing
(or free) vortices near the tip, leading to a
reduction in the "vortex span” (see e.g. Fig. 10,
page 3-7 of Hoerner and Borst [3])

The symbols used here and elsewhere in this pa-
per, relative to the keel of a yacht, are de-
fined in Fig. 2.

2.1.4 The Two-Dimensional Lift-Curve Slope

For individual design calculations, after the
section profile to be used for the keel has been
selected, it is appropriate to determine the
2-dimensional lift-curve slope from the results
of tests, as tabulated e.g. by Kiegels IB] and
Abbott and Deoenhoff [6]. For parametric design
studies, however, it is often more practical to
use a relation between a, and the parameters on
which it is dependent. Besides the thickness-—
chord ratio, Hoerner and Borst [3] conclude that
the tralling-edge "wedge" angle of the section
shape is also important. Sections with cusped
contours near the trailing edge (leading to
small trailing-edge angles) such as the NACA 63
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and 6L series, have high lift-~curve slecpes.
Sections such as the NACA k-digit series, with
relative large trailing-edge angles, display

a significantly lower lift-curve slope. On the
basis of these facts the following relaticn was
obtained for the 2-dimensional lift-curve slope
factor 80

dac
(daL)u=0 0.117
‘:.-----—-—v—:+_ = —
Boy g 140,82 (t/c)y tanTTk((t/c)k
2
+ 3.2(t/c), +3.9{t/c) ) (8)
k k
where
dCL
(— 2500 2-dimensional lift-curve slope at zero
il S angle-cf-attack
{(t/c)y = thickness-chord ratio of section shape
of keel
T = half trailing-edge angle of secticn
S shape of keel.

Figure 2 shows how the angle Tp, and the ratic
(t/c)y are defined. Sometimes ~the angle Tp
not given. In that case the value of Tq,_ can be
found from the slope at the trailing edge (ETK)
by use of the following relation:

tan TT = ET 3

(t/c) : (9)
k k X

Riegels [5] has listed values for ETk for most
known section shapes.

Comparisons between the values following from
equation 8 and experimental values for the NACA
00, 23, 63, 64, 65, 66 and some DVL profiles
are given in Fig. 4. The a, values for the NACA
83, 64, 65 and 66 profiles were taken from
Abbott and Doenhoff [6], who (in Fig. 57) give
a set of figures showing dCr/de (o in degrees)
as a function of thickness-chord ratio for a
Reynolds number of 6x10°. They provide a faired
curve for each type of section, for both smcoth
and rough surface conditions. The experimental
values for the NACA 00 ang 23 series were taken
from Riegels [5] for a Reynolds number of

8.2 x 100 to 8.1 x 100, At a Reynolds number of
6xlob, the lift-curve slopes of these sections
are locally about 5 to 10 percent higher. The
experimental values for the DVL profiles were
also taken from Riegels, and are valid fo
Reynolds numbers varying between 2.5 x 10° to
3.2 x 10

ﬂeometry of kee;

Fig. 3 Definition of symbols used to describe
the average (mean) section of a keel.



As follows from Fig, L4, the calculated and axpe-—
rimental values for a_ agree satisfactorily for
all practical purposes. Equation T can be used
for most types of sections for Reynolds numbers
in excess of 2x10° and fer camber-chord ratios
up to about 0.0k4.

2.1.5 The Effect of Hull-Keel Interaction on the
Hydrodynamic Side Force

The presence of the hull influences the flow
along the keel and the presence of the keel
changes the flow slong the hull. As desecribed
by Schlichting and Truckenbrodt LTJ, additional
velocities are induced along the hull by the keel
which are directed to windwerd in front of the
keel and to leeward behind the keel. The hull
is therefore in a curved flow which influences
{increases) the side force on the hull. The ef-
fect of this cross flow along the hull on the
flow about the keel is to induce additive upwash
velocities in the vieinity of the keel which
effectively increases the angle~cof-attack to a—
bout 20 just where the keel intersects the hull.
It follows that the presence of the hull in-
creases the side force on the keel. Both effects
will be accounted for in this section because
the edopted method uses the basic 1ift of the
keel, as fellows from equation 1, to calculate
the increment in side force on the hull and on
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Fig. 4 Comparison of calculated and measured
two-dimensional lift-curve slope values. The
test data for the NACA 63, 6h, 65 and 66 series
are averaged values according to Ref. &, for a
Reynolds number of é x 10° and camber to chord
ratiog of up to 0.04. The test data for the
NACA 00 {L digit) and 23 series, and for the
DVL sections, are those given in Ref. 5, for,
Reynclds nupmber values ranging from 2.5 x 10°
to 6.5 x 19°.

the keel.

In aercdynamics, the effect of interactions be-
tween a wing and the fuselage of an airplane, on
the total 1ift, poses a similar problem to that
of the keel and the hull of a sailing crafi, In
a review on this topic, Ashley and Rodden |[8]
conclude that the net effect of centering an
elongated fuselage of circular cross-section in
a wing is to slightly inerease the total 1ift of
fuselage (hull) snd wing (keel) over that of the
wing alone, for small ratios of fuselage diame-
ter to wingspan. For large fuselage diameter to
wingspan ratios the total 1lift decreases with
respect to that of the wing alcone. This can be _
seen in Fig. 5, taken from Hoerner and Borst [3],
in which the inerements in the lift-curve slope
of wing-fuselage combinations due to interaction
effects, for effective aspect ratics greater
than 3, are shown as a Tunction of the fuselage
diameter-wingspan ratioc, 0 = 4/b. From this fi-
gure it follows that the total side force pro-
duced by keel and hull, for hull draught -

keel depth ratios up to sbout C.L or 0.5 can be
calculated with reasonable accuracy by assuming
that the keel extends to the waterline and set-
ting the total hull-keel 1ift equal to the side
force of this "equivalent" keel for which o = 0.
Indesd, this procedure was first suggested by
Gerritsma [9], and has been used with success
by Beukelman and Keuning [10],and others. One
drawback of this "egquivalent" keel method,- how-
ever, is that it does not provide any insight
into the relative significance of the side force
of the hull itself or the side force increments
on hull ané keel due to interaction effects. Al~
so, for hull draught to keel depth ratios in ex-~
cess of about 0.5 and for geometric aspect ra-
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MID - WING (AT AR=6) AND WING COMPONENT DATA

Fig. 5 The lift-curve slope of wing-fuselage
combinations as a function of the diameter
ratic d/b {from Ref. 3},



tios smaller than about 1.5, the "equivalent”
keel method will overestimate the side force.
For these reasons the results derived by Flax
[11] are here preferred, who derived approximate
formulae for the separate interaction effects
mentioned above, approximately valid for small
to moderate aspect ratios, typical of yacht
keels. When applied to the hull-keel case under
consideration, these formulae are as follows:

(10)

(13}

AL}{ = ULk

AL, = g(1+0)L

h k

where:

AL, = side force increment induced on keel due
to cross flow on hull

AL, = side force increment induced on hull by
the keel

L_ = side force of exposed part of keel alone

{without keel-hull interaction) as follows

from equation 1

¢ = hull draught to keel depth ratio (=T, /T :

. il k ¥

see TFig. 2). k

The total side force produced by the keel, com-
prising the total 1ift on the keel and the 1ift
induced on the hull by the keel, then becomes:
2
= + = +
L= Ly + AL, + AL, = (1 + 0)°L or (12)

aCy, F:
= A k k.2
LTk_ ngB fin B =il +“E;) Akcos 3] (13)

Figure 6 shows a comparison between the results
of Visden |12}, valid for geometric aspect ratios
greater than about 1.5, the results of Flax [11]
as used in equations 10 and 11, and siender
wing theory ss presented by Schlichting and
Truckenbrodt iT , for the ratioc of the 1lift of

a wing =slone(without body influence) to the

sum of the lift of the wing-body configuration.
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2.1.6 The Effect of a Trim Tab on the Side Force
of the Keel

2.1.6.1 The Basic Equation

The effect of a trim tab on the side force of
the keel is analogous to the effect of s move-
able flap in a wing of an airplane. A flap de-
flection downward causes an inerease in the ef-
fective camber of the wing and hence an increase
in 1ift. The curves of 1ift coefficient against
angle-of-attack, for several flap deflection
angles, are therefore parallel tc each other.

If the angle of deflection of the trim tab is
ﬁtt, the dependence of the side force of a keel
on the drift angle B and the trim tab angle can
be written as:

1ol 3
T Lkt Ligtt
Clkté- 58 B + I étt or (14)
acy,
k 3
¢, =aet (B + 55— 6,,) (15)
®tt it

vhere the subscript ktt implies that the respse-
tive value of the combined keel and trim tab
configuration is to be adopted. The total side
force of a keel-trim tab configuraticn then be-
comes (see equation 13):

BCL Th 2
Loy =%DV§ ——E%EE (B+§%§” 5tt)(1+1f§EE)Akttc058
ktt tt ktt

{16)

The linear relations T4 and 15 are approximately
valid for trim tab angles from -10 to +10 degrees.
The coefficient 3B/064¢ is commonly referred to
as the flap effectiveness ratio. Figure 7 shows

a typical result of the effect of a flap on the
lift of a wing, while Fig. 8 shows the depen-
dency of the flap effectiveness ratio on the
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Fig. 7 Lifting characteristics of an isolated
rectangular horizontal tail surface with flap
tested in an open wind tunnel {from Ref. 3).



flap-wing chord ratio. Both figures are taken
from Hoerner and Borst [3]. When the chord length
of the trim tab is not constant over the height
of the keel, as is sometimes the case, it is
more appropriate to use the ratio of the trim
tab ares to the (totel) keel srea Art/Axtt, in-
gtead of the ratio of the trim tab chord to the
{(total) chord Cyi/Cyxet. 4 typical trim tab con-
figuration is shown in Fig. 9.

2.1.6,2 The Flap Effectiveness Ratio

For a flapped wing (keel) of infinite aspect ra-
tio_and small flep (trim tab} sngles, Clauert
[13] derived a theoretical expression for the
flap effectiveness ratio 38/384t. The derived
expressicn {valld for zero wing and zero ilap
thickness), in terms of the keel-trim tab nomen-
clature is:

o8

2
{36tt)th= T (‘/Att/kktt““Att/Aktt) S+

+ arcsin VA, /A ) (17)

tt’ ktt
The curve denoted as "theory" in Fig. 8 is that
according to equation 17. From Fig. 8 it follows
that due to viscous effscts, experimental values
for the flap effectiveness ratio are always smal-
ler than the theoretical values. Since the dif-
ferences can be of the order of 10 to 20 percent
or more for frequently used section shapes and
values of Apy/Ayt+, it is appropriate to correct
equation 17 to yleld more realistic values. The
observation that the effectiveness ratio is re-
duced by section thickness and particularly by
the trailing-edge "wedge" angle 1t . {see Heoer-
ner and Borst [3], page 9-3) led, = through ap-
plication of & trial and error procedure, to the
following equation for the flap effectiveness
ratic, corracted for the effects of viscosity:

- (28
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Fig, 8 Flap effectiveness ratio of various types
of trailing-edge control flaps (elevators,
rudders, ailerons) as & Tunction of their chord
ratio (from Ref. 3}.
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In equation 18, Tm £ is half the trailing-edge
"wedge" angle of tBE trim tab (see also equation
8). Values for the effectiveness ratio according
to equation 18 are shown in Fig. 10 together
with some measured values. Values Ffor the ratio
of the corrected to the theoretical flap effec-
tiveness value is given as a function of

tan L S for various trim tab-keel area ratios.

) Sl

5.1.6.3 Effects of Finite Aspect Ratio and

Sweep Angle

According to Hoernmer and Borst [3], the flap ef-
fectiveness ratio only slightly varies down to
aspect ratios equal to about 2. For smaller as-
pect ratios, experimental and lifting surface
theory results indicate that as the aspect ratio
decreases, the flap effectiveness increases. The
flap effectiveness approaches unity as the as-
pect ratio approaches zero.

From results compiled by Hoerner and Borst [3],
shown in Fig. 11, it is apperent that the effect
of aspect ratio is noticeable for flap effecti-
veness values, as calculated from equation 18,
larger than abvout 0.1T7 ARy, ., where ARpgg ts the
effective aspect ratio of the keel-trim tab con-
figuration, as follows from equation 5. An ap-
proximation of this influence of the aspect
ratio was found by assuming that when 3B/38.>
0.17 ARp4y, the effectiveness tends to unity as
does a 1-{sinx)9 2% function. The actual
equation obtained is:

9B _

O.1TﬂARktt 0.25
Sl )
1B

88 {
( ) Mesingreerm
o 2(86/35tt)0

(19)
Bﬁtt

> 0.7 ARktt

when (328 )O
tt

According to various authorities, the flap effec-
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Fig. 9 Definition of symbols used to describe
the geometry of a keel and trim tab con-
figuration.



tiveness ratio varies with the cosine of the
sweepback angle of the hinge line of the flap
AHtt [3]. Hence eguation 18 should be multiplied
by cos Ag % when the hinge line of the trim tab
has sweepbdck, as follows:

A
aB aB £t 0.1
(_—__) = (55— (0 7540, 25(——)
aétt 35 Aktt
Ay +t O 1
- T7.35{1=(—— Jtantq )cosAH {20)
Aktt tt tt

2,1.7 The Final Equations for the Side Force of
Keel and Trim Tab

On the basis of the results presented cn the
preceding pages, the total side force of a keel-
trim tab configuration, including the side force
on the hull induced by the keel, can be calcu-
lated as follows:

acy Ty,
Ly =hovy asktt (B+ ags 5y ) () Ay cos
ktt tt ktt
-
where: {16}
iy Oktt‘1+&b/b)
oB =
anktt+cosﬂ v ARktt/cos4ﬁ +h
(6)+{1)
EQUATION 18
NACA 0009
NACA 005
NACA 23012

NACA 66-009

NACA 66(2x15)-216(a=0.6)
MACA 745 A 317

MACA 65, - 418

DobOx+®

— tan Ty(=€y t/c)

Fig. 10 Comparison of calculated and measured
flap effectiveness ratio values. The test data
chown are from Zefs. 3 and 6, Tor pe_y'nolds
number values ranging from 1. b x 107 to

8 x WUO, for plain flaps with zsaled gaps.
Only the infinite aspect ratic case is
considerad. :

in which:

11
%ktt=1+0'82(t/c)ktt tanTTtt(m';—
kbt
+ 3.2(0/0), + 3.90b/e)5,,) (8)
and
0. 1TTAR
_9B B ktt ,0.25
36, ; = 1-{1-{zz— ) Ysin == 2(36/36 ) ) (19)
in which
A
38 . _ _iﬁ_ St 0.1
(77 =( [, (0-75+0. 25( +
36, o "6, "th Ayie
At (0.1
- 7.35(1=(7=)"" Jtanty, Jeos (20)
Aoy vt AHt
where
(“QQ—) Jh / (1-A Yo+
38, ¢ th ot/ et .
+ arcsin /htt/Aktt ) (17)

It should be noted that when (BB/Bﬁtt) <01TA%KtE
then BB/BGtt-(BB/Bﬁtt)O. The effectlve aspect
ratic of the keel-trim tab configuration ¥§

3 2
Pror o 2Pt 20T Thygy ) cOS8
ARktt — cosb= = cosf=
Cxtt ket Apet

{5)

When a trim tab is not fitted to the keel, or
when 844=0, the total side force of the keel be-
comes :

3¢, T

h
k k Akcosﬁ {13)

2
=1 =
L —ngB 38

3¢y, EﬂaCARk(1+Ab/b)2
a8 ARt T
an+cosﬂk/ ARk/COb Ak+h

)+ (7]

EXPERIMENTAL DATA

O XxXa4+ & =s

Fig. 11 Influence of the aspect ratioc upon the
flap effectiveness ratioc (from Ref. 3).



where

(Bt 4 3.2(8/0),+

1+0.82{t/cly-tant {(t/e)
k

8q = k

T+ 3.9 (t/c)i) (8)

where o

s, - 2(TK;TQQ cos@ )
k

2.2 The Side Force on Skeg and Rudder

2.2.1 8ide Force on a Combined Skeg and Rudder

Configuraticn

The total side force on a combined skeg and
rudder configuration, such as depicted in Fig.
12a, can be determined along the same lines as
presented in section 2.1 for a keel-trim tab
configuration when the entities related to the
skeg and those related to the rudder take the
place of those of the keel and the trim tab,
respectively. Two additional correcticns to the
formulas must be made, however. The first of
these corrections is for the speed of the flow
relative to the rudder. Since the rudder is lo-
cated in the wake (downwash) of the keel, it is
appropriate to assume that its effective speed
through the water is not egual to VB. Also, the
thickness of the boundary layer along the hull
at the lccation of the rudder is relatively
greater than at the location of the keel. To
correct for these effects, it is assumed that
the effective speed of the rudder through the
water 1s equal to approximately O.BVB. Secondly,
the rudder is often situated close to the trans-
om or stern of the yacht, in which case the hull-
rudder intersectlion is often sbove the water sur-
face. In this case the effective aspect ratio

i1s no longer double the gecmetric aspect ratio,
but appreciably less. It is assumed that then
the effective aspect ratio approximately equals
the geometric aspect ratio. The eguations for
the total side force of a skeg and rudder confi-
guration, such as shown in Fig. 12 a, then be-
come as follows:

aCL T
1 2 sr 98 o _sr,2
Lp -zD(O.8VB) 38 (ﬁ+36 Gr)(1+ T___) Asrcose
sr r sr
{21)
where 5
SCLsr 2FaosrARsr(1+Ab/b)
22
58 - - (22)
28 +cosh VAR fcos A +h
0 sr T sr sr
sr
in which
a = 1+0.82(t/e) _-tant (QLili—” + 3.2(t/e) _+
o : “'ar T “(t/e) : sr
sr T ST
+ 3.90t/c)% ) (23}
. ). 3
and
0.17mAR
a_ = - - &\ - s5r 0.25
ss_ - U=Ge Ll et (24)

where

9B | _,9B 0.1
(aar)o'(aar)th(°'75+°-95(Ar/Asr) -7.35(1 +
—(Ar/Asr)o']).tanTT )cosAH (25)
r r
and
(Eﬁ—) =-g(/A /A (1-A /A ) + arcsinvA_/A )
th r'sr r''sr r'sr

36
Ir
{26)

Again, when (BB/BGT)O

< 0.17 AR__, then
38/36r=(88/36r30

The effective aspect ratio follows from the
following relatiogs:
. e
2{Tsr Thsr) cosf

AR, = " for T, > 0O {27}
sT sr
and
. oo 8
ARSr= for Th <0 (28)
sr

The case of Ths < 0 ocecurs when the hull-rudder
intersection i3~ above the water surface. Then
the value of (1+#Ty_ /T )2 in equation 21 be-
comes equal to unity. In equatiocn 21 through
28 the subscript sr implies that the respective
value of the combined skeg and rudder configu-
ration is to be adopted. For example, Ag,. is
the lateral area of the combined skeg and rud-

12a

HINGE L OF RUDDER

RUDDER QUARTER-CHORD

LINE OF SKES
RUDDER CONFIGU-
RATION

SKEG; COMBINED
AREA OF SKEG
AND RUDDER = Agp

AVERAGE (MEAN)
SECTION OF SKEG-
RUDDER CONFIGURATION

SECTION AA

12b

Fig. i2 Definition of symbols used to dascribe the
geometry of a skeg and rudder configuration {Fig.
12a), and of a rudderalone (Fig. 12b), for which

the case T, <0 is drawn.
hr



der configuraticon. Similarly, the subscript r
implies that the respective value of the ruddsr
is to be, taken cnly. For example 6§, is the rud-
der angle and Tp_, is the half trailing-edge
angle of the rudﬁer section. The quantities
used in these egquations are defined in Fig. 12a.

2.2.2 Side Force on a Rudder Alone

The side force on & spade-type rudder, as de-
picted in Fig. 12b, at zeroc rudder angie, can
be determined from an equation similar to equa-
tion 13 valid for a keel without a trim tab. In
general, the side force con a rudder at any angle
§,. becomes as follows:

ac at

T h .
L 2 __r P 2
Ly, =2p(0.8V;) 78 (B+5r)(r+Tr J7A_cost  (29)
where, as befors:
8L, 2maq AR _(1+40/b)7
T (30)
2 N
/|
anr+cosﬂr1ARr/cos Ar+h
in which
= 140.82(t/c)_-tenTn (%é%l%— +3.2(t/e) _+
5 r 84 T X
2
+3.9(t/c)7) (31)
where 5
E(Tr~Thr) cos O
AR = = when Th >0 (32}
r r
and
Tr cos @
N gt when T, <0 (33)
r T

Here alsc an effective speed of the rudder
through the water of about 0.8 Vg is assumed.
Again, the case that Ty, < C corresponds to the
gituation when the top of the rudder is above
the water surface at the angle of hegel 0. Also,
the effective value of (1 + Thr/Tr) is equal
to unity in that case since no side force is
induced on the hull by the keel and no extra
side force is induced on the rudder by the hull.
The definition of the various entities in equa~
tions 25 through 33 is shown in Fig. 120b.

2.3 The Side Force on the Hull (Cance Body)

The hull also experiences a side force at non-
zero drift angles. Similarly to the procedures
followed a@bove, this side force can be written
as:

2) acL
L, = 2oy —gég « B Apeoss (3k)
Since the effective aspect rafio of the hull is
small (usually 0.30 or less), the theory of low
aspect ratio wings (see for example Weinig |14])
can be applied, which leads to the result that
the lift-curve slope of such a wing 1s equal
to 7 AR, . Un applying this theory to the hull
of & yacht it is assumed that the hull is mod-
elled by a thin flat plate with the same (late-
ral) area and profile as the hull. Hoerner and
Borst |3] show that this result is not correct
due tc the cocurraace of 2 non-ilinear 1ift com-

ponent equal to the force developed in the lift
direction by drag. They give the following re-
lation for the non-lipnear 1ift component for
bodies with an aspect ratio of about 0.2:

AC. = 1.8 sinQBcosB (35}

Ly

which, for drift angles less than about 10 de-
grees, leads to:

AC, = 1.832 {36)

*h

It follows then that the lift-curve slope of the
canoe body can be written as:

3,
LE]
Since the cance body has a round "planform" and
rounded "lateral edges" a value of -0.12 can be

adopted for Ab/b (see Tsble 1). Hence the follow-
ing expression is obtained:

(TaR_+ 1.88)(1 + Ab/b)° (37)

2°h

ac
.o o Ib = T
LLH— o B 0.78( AR + 1.88)8 {38)
and
LTh= %DVE [ o.TB(nTicose + 1.8Ah8)83055 {39}

where it is assumed that the effective aspect
ratio of the hull {canoe body),.at & heel angle
8, is approximately equal to 2T, cos8/A;, where
Ty, is the maximum draught of thé canoe body and
&, the lateral area.

2.4 8Side Force Calculations for 5.5 Metre Yacht
"Antiope" and Comparisons with Results of Mea-

surements

Measurements of the resistance and side force on
the actual "Antiope" hull were carried ocut at

the David Taylor Model Basin (now the David
Taylor Naval Ship Research and Develcopment Center)
for the Technical and Research Panel H-13
{Sailing Yachts) of the Society of Naval Archi-
teets and Marine Engineers, The results of these
measurements were presented by Herreshoff and
Newman [15]. Resistance and side force measure-
ments were carried out for various combinations
of yaw angle B, rudder angle Gr, heel angle O

and speed Vg. A lines drawing of "Antiope", taken
from Letcher [16], is shown in Fig. 13. For the
calculation of the side force on the keel and
rudder (which is attached to the keel}, the rud-
der can be considered as a trim tab so that equa-
tion 16 applies. From the data given in referen-
ces 15 and 16 the following data, required for
the calculations, were derived:

e 2900

APt = 0.716 radians
S
ﬁgzt ek : ;Oéghmgadians
AFEt = 3.05 w’

The aspect ratio is:



. 2
2(1.41-0.58)cosd _
ARktt T.90 = (0.725 cosd

The theoretical flap effectiveness ratio is:
(28 - 2 5T75(1-0.72) + arcsin/0.12)=0.432

Bétt th 7.

and

8By _ 0.1

(aatt)o_ 0.h32(0.7540.25(0.12) +
-7.35(1-(0.12)0'1)tan(o.079))cos(-o.sh) =
= (3,312. Thus:

3B _ . ,0,175{0.725)cosB, ,0.25

360 1-(1-0.312) (sin{=—7 =272 ))

1-0.688{sin(0.6210058))° 2>

The two-dimensional lift-curve slope is:

a, = 1+0.82(0.07)-tan(0.079}(%L%%I*-3.2(0.07)+
ktt :

2
+ 3.9(0.07)7)=0.906
The keel has rounded lateral edges, so that
Ab/b==0.09. Hence:
Lyt _ 2n(0.906)0.725¢056(1-0.09)%

ap 2
(0.725c0s8 )}
cost(0.716) +h

2{0.906)+cos{0.T16)V

3.418 cosB
1.812+o.75h/1.622cos2e+h

The side force of keel and rudder {trim tab) is:

5 3.418co0s0(B+{1-0.688)

=1V
TR 1.812 +

(sin(0.621cosﬁ))0'25)5tt)(1+%%gg)21.90058

+ 0.754/1.622¢c0s0+L
The side force of the cance body is:
Ly, =30V5(0.78) (1(0.58)%cos8+1.8(3.05) B) Beossd
=%0V§(O.82h8c0528+h.282Becose)

The results of the measurements, as presented
by Letcher [16], are given as 1lift coefficients,
using the upright projected lateral area

{L.g5 m2) as the reference area. On following
this example the following expression for the
total side forece coefficient is obtained:

Cy, 2.613 ( B+
CL=—~—-—-—=
T . .
EPVEA-. 1.812 +
+(1—0.688{sin(0.6210056)}0'25)6tt)c0826

+ 0.754v1.622cos<8+L

+0.1665600528 + 0.865182c058

Compariscons between calculated values according
to this equation and Letcher's reduced data are
made in Table 2. Only the measured data for
which the standard deviation is less than 0.1
has been considered.

On not considering the comparisons for data
peints 5, 7, 13, 14 and 15, for which the mea-
sured values are probably subject to relatively
large errors, the average absolute difference
between measured and calculated values is about
4,9% which is sufficiently small for all prac-
tical purposes.

Fig. 13 Lines of "Antiope" showing the test waterline.



TABLE Il Comparison between calculated and mea-
sured side force values for "Antiope"

Data heel drift rudder mea- calculated
point angle angle angle sured side force
side
3 force
mﬁo 8° 6tt°.f CL100  CpLpx100
1 0 4] 0 0. 14 0
2 1.0 2,70 0 h,56 4.Lo
3 3.0 2.7h 0 e 1] L.Ls5
b 5.0 2 qigkiig 4.80 h,52
5 20.0 3.15 0 3.99 b,61
6 21.5 2o REED .ok 4,58
7 22.8 SJECDES g 5.23 4,55
8 21.L4 7.01 0 10,72 10.7L
9 23.3 7.05 0O 10.27 10.55
10 25.9 Tl [0} 10.320 10,86
11 13.0 6.82 © 11.%0 ka3
12 19.6 6. SFGE TR0 10.90
13 5.0 G 0,01 0.3%4
N 9.3 @ 1224 iy 0.50 0.35
i5 9.5 0.23 O 0.79 0.35
16 10.1 2.62 3.0 6. 34 €.12
1i7, 11.0 2.95 3.0 6.4l 6.14
18 14,6 3.03 3.0 6.66 6.11
19 10.4 2.94 6.0 7.82 7.62
20 16.1 3,07 6.0 7.68 7.53
o1 10.9 2.9k 1.6 5.G1 5.h3
22 12.3 2.98 .6 £.09 5.45
23 14.2 3.07 |.6 6.20 5. 44
2k 10.2 2.92 0© L.75 .63
25 13.8 SHONE 0 5.12 4,67
26 1143 2.95 3.0 5.89 6,13
27 LT 3.03 3.0 6.27 6.1
28 6.9 6.67T O 11.52 11.541
29 6.76 0 12.00 11,39

10.4

3. CALCULATION OF THE HYDRODYNAMIC RESISTANCE

3.1 The Viscous Resistance

3.1.1 The Basic Equation for the Viscous
Resistance i

The total hydrodynamic resistance of a flat
plate which is deeply submerged, at zero angle-
of-attack, is equal te the fricticnal resistance
RF, which ean be written as:

Ry, = Cp 30V (40)

where Cp = specific frieticnal resistance coef-
[o] 3= o E E
ficient in & two-dimensional Tlow,

V¥ = velocity of the plate through the
fluid,

S = wetted area {(of both sides) of flsat
plate.

This rejation for the frictional resisvance can
also be adopted for the calculation of the fric-
tional resistance of the hull, keel o6r rudder of
a =ailing yacht. In that case, however, Zp  is
not the total resistance, nor is it the tolal
viscols resistance necauss, 3T bhe water surlace,

wavemaking occurs. For surface ships it is cus-
tomary to divide the total resistance into a
non-viscous part and a viscous part. The viscous
resistance Ry is considered equivalent to the

sum of the frictional resistance Rp of the three-
dimensional hull (as distinet from Rp_for a

flat plate) and a pressure resistanceocomponent
of viscous origin R v The fricticnal resistance
is assoclzted with %he force required to overcome
the tangential stresses developed between the
hull end the fluid, while the viscous pressure
resistance is due to a pressure difference be-
tween the forebody and the aftbody of the hull.
The growth of the boundary layer along the hull
causes the pressure on the aftbody tc be smaller
than on the forebody leading to a resultant
pressure force on the hull, of viscous origin,
gccordingly termed the viscous pressure resis-
tance. Since R_., is usually small, the viscous
resistance is often written as:

2
Ry = cvépv 5 {41}
where
Cotis LFO(1+k) (42)
in which CV = gpecific total viscous resistance
coefficient,
k = three-dimensicnal form factcr on

flat plate friction,
8 = wetted surface of hull.

The form factor k thus accounts for the effects
of the three-dimensional form on the value of

C end for the viscous pressure resistance RPV'
From detailed boundary layer calculations
carried out by Larsson for the 5.5 Metre Yacht
"intiope" [2], it is clear that for yacht-like
hull forms, the effects of the form of the hull
on the value of Cy is very small, and that the
form factor mainly accounts for the viscous
pressure resistance. Larsson found fgr a yacht
speed of 3.05 m/sec that C=2.60x10 ~. According
to equation 46 (see section 3.1.2), the flat
plate value Cp =2.62x107° when basing the calcu~
lation of the Reynolds number on an effective
length of 0.8 Ly, (to account for the shorter
length of the keel). It is assumed, therefore,
that C =CFO and that the form factor k approxi-
mately accounts for the effect of the viscous
pressure resistance only.

In the esleulation o»f the Reynolds number, an
average hull length equal to 0.7 or 0.8 of the
waterline length is usually adopted, following
the practice of Davidson some 40 years ago [17].
In the last decade, however, the development in
the design of keels and rudders of sailing
yachts has been such that they can now be con-
sidered as appendages rather than as an integral
part of the hull. Keels and rudders are now pro-
portiocned in sccordance to their main functions,
as control surfaces. Since control surfaces be-
come more effective a5 their aspect ratio in-
ecreases, vacht keels and rudders are nowadays
appreciably shorter, Also, rudders are now no
longer placed immediately behind the keel, but
at the aftermost part of the hull, where they
are most effective. It follows that one particu-
lar value of the Frictional resistance coeffi-



cient, based on an average value of the Reynolds
number, cannot rightly reflect the considersble
variation in length with draught of the under-
water hull, keel and rudder of modern yachts.
Obviously then, the Best method to determine the
viscous resistance of a sailing yacht is to per-
form the calculation of equation L2 separately
for hull, keel and rudder, viz:

2
=1
R.=2pV,(¢C (1+kh)Sh+

e
y=2PVg! 7 (1+k )8, +(0.8) cF§1+kI)sr)

k' k
(43)

in which the subscripts h, X and r denote hull
(canoe body), keel and rudder, respectively. The
factor (0.8)° approximately accounts for the
reduced speed of the flew relative to the rudder
{see section 2.2.1).

C
e

3.1.2 The Frictional Resistance Coefficient

There 1s considerable evidence that the boundary
layer along parts of the hull, keel or rudder of
a sailing yacht can be laminar, Tanner |i8] tank
tested a full-scale International 1C Square

Metre Class Canoce, fitted with sixz different
centre-boards, from which he found that the
voundary layer over the centre-boards was domi-
nantly laminar. The Reynolds number of the centre
voards (based on the average chord length) in
the tests extended up to 9x105. Crago |[19] noted
that important extents of laminar flow exist
along the hulls of sailing yachts "up to the size
of a Dragon". It has been found that even larger
yachts can "ghost” at 1 or 2 knots in absolutely
calm conditions L20]. In & very comprehensive
study on the significance of scale effects in
resistance tests with sailing yacht models,
Kirkman and Pedrick L21] conclude that laminar
flow effects are very obgious.up to Reynolds
numbers of at least 1xi10°.

To account for the effects of laminar flow aleong
the hull, keel or rudder, it is possible to adopt
a formula for C,_ such as was devised by Pranatl
and Schlichting [22], viz:

c

c,=¢C - = (hh)
F Fturb Rn

where CF = gkin friction coefficient for a

turb +turbulent boundary layer along a
flat plate,

a constant,

Reynolds number.

C

I

From the results obtained by Gebers and Blasius
[23] for the skin friction of flat plates with

sharp leading edges, Prandtl concluded that la-
minar %o turbulent transition began for Bp=5x10
and that the skin friction coefficient assumed

values according to fully turbulent flow at ap-
proximately 5x10%. Accordingly, he adopted the

following formula:

o= 0.07k 1700
F (R,)9-2 7 'R

(45)
ol

whichreflects the influence of laminar flow on

Cp in the Reynclds number range between 5x10 and
5x106. On adopting the 1957 ITTC friction formu-
laticn for a turbulent boundary layer, the same

influence of laminar flow is obtained when the

following equation is used:
0.075 1800

C.= - =

(46)
(l°g10Rn‘2)2 n

Values zccording to equation 45 are shown in

Fig. 1k, For flat plates with rounded leading
edges, wieselsbergerl2hj and others have found
that the value of the skin friction coefficient
reflects the existence of a turbulent flow down
to a Reynolds number of 1x107. Subsequent gtudies
have revealed that this is caused by early trans-
ition, due to the existence of an adverse pres-
sure gradient just downstream of the rounded
leading edge. Such adverse pressure gradients do
not occur, however, so close to the leading ed-
ges of keels and rudders normally applied, at
angles-of-attack less than about 7 degrees. Ac-
cordingly, equation 46 would seem %o be appli-
cable for the calculation of realistic Cp-values
for the hull, keel and rudder of sailing craft,
when hydrodynamically smooth, for Reynolds num-
ber values in excess ol 5x105. The Reynolds num-
ber to be used in combination with eguation 46

is defined as:

V_L
L= (u7)
h —

V.c
R = ﬁk and (L8)
Ty

0.8v_¢

_ Br
R, o==5 {Lg)
r

where the factor .5 in equation L9 approximate-
1y accounts for the decreased velocity of the
flow to the rudder (see section 2.2.1). The kine-
matic visgosity v of sea water equals

1,191x10° me/sec at 15°C. For some other water
temperatures, the corresponding values are given

in Table 3 for both seawater and fresh water.

Fig. 14 Theoretical and measured values of the
fictional resistance coefficient of smooth flat
platesCFD.Theoreticalcurvesare: 1, laminar
(Blasiusy; 2, turbulent (Prandtl); 3, turbulent
(Prandtl-Schlichting); 3a, transition laminar—
turbulent {Prandtl-Schlichting); 4, turbulent
{Schultz-Grunow). Eguation 4/5 corresponds to
curves 3 and 3a (from Ref. T).



TABLE IIT Value of the kinematic viscosity v at
vaerious temperatures for sea water and
fresh water

Kinematic vis— Kinematic viscosi-

Temp. (°C) cosity fgr sea ty for fresh water
water (m /sec) (m“/sec)

5 1.565x10_6 1.519x10"6

10 1.356x10"6 1.308x10—§

15 1.191x107° 1.142x107°
20 1.056x10_6 1.007x1o'6
25 0.9h58x10—§ 0.8965x10'6
30 0.8528x107° 0.8045x%107°

3.1.3 The Form Factor of Hull, Kesl snd Rudder

The form factor, as defined in equation L2, ac-
counts for the inerease in viscous resistance of
g three-dimensional form {hull, keel or rudder)
over that of a flat plate, with the same wetted
area. In the method outlined in reference 1, the
author adopted the form factor formula derived
by Holtrop [25] for the canoe body. Larsson [2]
found that this formula resulted in a value
which was too high for "Antiope" (the formula
gives & value of 1.23, while Larsson's results
indicate a ‘value of about 1.07). Since more ac-
curate formulae for the form factor are not a-
vailable it is more appropriate nct to adopt the
form factor concept for the cance body and to
nge the flat plate approximation to the viscous
resistance. The effect of not incorporating a
form Factor for the cance body will not influ-
ence the result for the total resistance because
in the calculation of the wave resistance {see
section 3.2.1)} an approach is used based on the
residual resistance Rg, as obtained from towing
tank messurements by subtraction of the equiva—
lent flat plate frictional resistance RFo from
the total resistance R, ifter RR=RT‘RFO' It fol-
iows that the viscous pressure resistaidce R,
being the difference beiween Ry and Rp, 1s inclu-
ded in this Rg-value, as used in section 3.2.

The effect of thickness on the drag of typical
keel and rudder sections has been studied by
Hoerner [26]. He derived formulas for NACA k-
digit-type profiles (typical of rudder sections)
and for NACA 62, 6L and 65 profiles {typical of
keel sections) which, as an approximaticn, can
be adopted as expressions for tne form factor

of the rudder and keel, respectively. These for-
mulas are as follows:

It

{(50)
{51)

k

% 1.2(t/c)k + TO(t/c)g

n

z2(t/e)

r r

L
k + 60(%/c)
T

where t/c is the effective {average] “hickness-

to-chord ratic.

1.5 An Aporoximate Eauation for the Wetied
urface of the Jull

[6p] (€Y}

When the wetted surface of the canoe body is not
known, it can be approximately deduced from a
formula given by Holtrop [26], viz:

— 0.5 -
Sh-LWL(ETh+BWL)C@ (O'h530+0fhh2503h 0.28620ﬁ +

- O.003h67BWL/Th+O.3696CWP) (52)
= length of the design waterline,

where L
T""= maximum draught of canoe body,

B§L= beam of the design waterline,

Cq = meximum section coefficient .(for yacht
nulls not necessarily the midship
section coefficient) =
T

H
BWL'Th
CBh= block coefficien? ?f cance body,
CWP= waterplane coefficient =
i L)
LWL'BWL
A = area of meximum section and.

A$P= area of design waterplane.

To demonstrate the accuracy of eqguation 52 the
ealculated value for "Anticpe" can be compared
with the actual value. According to Letcher
[16], the totsl wetted surface of "Antiope" {in-
cluding the keel) is 14.80 me. On subbracting

the wetted surface of the keel, which is approxi-
mately equal to 3.8 m? (approximately 2 times

the lateral area), the wetted surface of the
cance body is found to be approximately 11.0 n°.
With Lyp= T.41 m, T,=0.58 m, Byy=1.75 m, Cg=
0.567, Cp,=0.306 and pr=0.691w%where Cg» Cp, end
Cyp were Shtained from the lines drawing provided
by Letcher in reference 16 and reproduced here

in Fig. 13), the wetted surface according to e-
quation 52 is calculated to be 10.83 m® which is
very c%ose to the actual value of approximately
11.0 m~.

3.1.5 The Final Equations for the Viscous Resis-—
tance

The final eguations for the viscous resistance
of & hull-keel-rudder configuration become as
follows:

A 2 1
RV-CthpVBSh+CFk{1+kk)2pVBSk+%%F1+kr)apm.8vﬁﬁsr

(53)

where
1800

(46)

0.075
Cp

h.k,r (log,-R -2
: 10
YhLk,r e

in which Ry % follow from equations 47, 48
and 49, respéctiveiy. If required, the wetled
surface of the cange boedy 5. .can be determined
approximately from equation 52. The form factors
kk and X, follow from equations 50 and 51, res=
pectively, while the wetted areas 5y and S, are
approximately:

Sy = E(Tk—Th )ck and (5h)

= —1& ‘e
Sl" \TI' ‘Ih ;Cr



3.3 The Induced Resistance

3.3.1 The Basic Equation for the Induced Resis-—
tance

Lift is generated by deflecting a flow over an
angle a. downward {or sidewsys) from its undis-
turbed direction. The force generated by the body
which induces {deflects) this flow is directed
at approximately right angles to the direction
of the deflected flow, as shown in Fig. 15. It
follows that the component of this force, F sin
a:, then acts against the direction of motion.
This force is called the induced drag force R,
because it is associated with the induced flow
field. From Fig. 15 it follows that RI=F sin a. =
= L tan ;. Hence Cry= C; tan a,. It can be
shown that the induced flow angie «; is related
tc the 1ift ccefficient and the sspect ratio ac-
cording to:

g.= CL
i~ 7AR 5 {60}
C
theref T {61}
erefore, RI— TAR

since for small ai—angles, Cr=C ai.Use of equa-
tion 2 {for a keel) together Wit}
RIk=%pV%CRIAkcosB, leads to:

o CLi LTi
RI =%pVB TAR. Akcose= 5 {62)
k k %pVBAkcose.ﬁARk

where Lkaollows from equation 13.

The induced resistance of a salling yacht can
then be determined on adding the induced resis-
tance of the hull, keel (and trim tab) and rudder
(and skeg), as follows:

2 .2
BR_ = _i{ ""Th + ATK 4
IT DVg WAhcose.ARh TrAkcose.ARk
2
LTr ¢
+
(0.8}2ﬂArcose.AR ) (63)
r
——F L
F=
E :‘ cos O]
II.
|
II
L
|
i
J i ”I = Fsin di
=L tandj
Fig. 15 Induced drag: s component of the 1ift
force.

where L. , LTkand Lp_, follow from equations 39,
13 and 29, respectively.

2.3.2 Effects of Plenform and Sweep Angie of
Keel and Rudder on Induped Resistance

Equation 60 is strictly only valid for an ellip-
tical lift distribution over the span of the lif-
ting surface. The planforms of present-day keels
and rudders rarely lead to an elliptical span-
wise loading, however. Appreciable increments in
induced drag are found in planforms that are
either extremely tapered or close to a rectan-
gular shape. For taper ratlios between 0.3 and
0.4, an elliptical spanwise loading is nearly
obtained. In that case the additional induced
drag is very small (about 1 or 2%). For otker
values of the taper ratic the following expres-
sion ecan be used, which fits the results given
by Hoerner [26]; the expression itself is valid
for the keel:

2
Lp
R, = -%E(FK—-J%TZE;J(1+(0.012-o.o571k "
1o 2B ST S
2 g
+ 0.095A, - O.OMOAK)ARK) (6L}
..
where A, = iy
k ¢
root
el Ctip = chord length of the keel at the tip

(bettom), and
Croot = chord length of the keel at the
huli-keel intersection.

It should be noted that whereas elliptical or
rounded planforms might be advantageous in mini-
mizing induced drag, they aiso lead to a reduc-
tion in the total 1lift. As discussed in section
2,1.3, the effective span of rounded planforms

is less than that of rectangular planforms., A
consequence of this faect is that rectangulsr plan-
forms often lead to the highest 1ift to drag
ratiocs.

The effect of sweep i1s to increase the loading
near the tip of the lifting surface. According

to Hoerner 126], e sweep-back angle of 30° re-
guires a taper ratic cf about 0.15 to cbtain
near-elliptical loading {instead of about 0.35
for zero sweep-back). Since such taper ratios are
rarely practical (except in delta configurations)
it follows that the spanwise loading of swept-
back lifting surfaces 4s not often near-ellipti-
cal, leading to somewhat higher induced drag
values, Also, the 1ift forece of each chordwise
segment of the lifting surface approaching the
tip is tilted further "backward" because of an
increasing deflection of the induced flow, lead-
ing to larger flow angles a. (see Fig, 15). It
follows that because of this the compconent of the
1ift in the direction of the undisturbed flow
becomes greater with increasing sweep back. Ac-
cording tc Hoerner [26] the induced drag increas-
es proportionally with sweep angle according to
1/cosh, where A is the sweep back (or forward)
angle of the quarter~chord line of the lifting
surface. Such an increase in induced drag, how-
aver, is pever found in experimental sailing
sacht studies. It would appear that the increass



in induced drag due to sweep is nearly comple-
tely compensated for by the favourable influ~
ence of sweep on the wave resistance |10]. The
final expression for the induced resistance
{for the keel) is therefore assumed to be
given by equation 64.

3,3,3 The Final Equations for the Induced
Resistance

For a keel-trim tab and skeg-rudder configura-
tion, the total induced resistance can be writ-
ten as:

R. =R + R + R (65}
T L e T
where LT2
2 ktt
R = = 1{(1+(0.012 +
Tett pvg Thy 0080 ARy,
2 3
- 0.osTAktt+0.0951ktt—0.0h01ktt)ARktt) { 66)
2 LTir
R = { 1(1+{0.012 +
Isr p{O.SVB}E ﬁAsrcosB.ARsr _
2 3
= O.OSTAsr+O.O95Asr—O.OhOAST)ARSr) (67)
and 2
25 s 22 = ciig R (68)
b pVg h oS

In the induced resistance calculation for the
hull (i.e. the cance body), the effects of taper
are neglected. The values for LTkt 5

Lp,. and Ly follow from equation ts, 21

and’39. When a trim tab is not fitted to the keel,
or when 644=0, the induced resistance of the

keel beccomes as given by equation 64. For the
case of a rudder =zlone (without a skeg), the
induced resistance of the rudder is:

L2
2 Ty
R, = ( J(1+(0.012 +
Ir p(O.BVB)2 nArcose.ARr

2 3
- 0.057A,*+0.095A - 0.040A7)AR ) (€9}

3.4 Resistance Calculations for 5.5 Metre Yacht
"Antiope" and Comparisons with Results of Mea-
surements

From the data given in references 15 and 16 the
following values, required for the calculations,
were derived:

LT D B LI e ety
By, =?J5M§ Bm4ﬂﬂ=3ﬂg
Th = 0,58 m WL "h

Cp, = 0.306

V. =2.30m

A, = 2.3x1025x9.81N= 23127 §
Ca = 0.567

Cpp = 0.5k

Cwp = 0.691

LCB = 2.2

iE = 200', CWL= 20 x !4-.23 = 814.6
A = 3.05 me

2

By = 14.80 = 3.80 = 11.0 m
A = 1.90 m

ktt 2

Sktt = 3-80 m

Tktt = 1.4 m

T, = {3.03+1.61)/2 = 2.32 m
(t/C kttz 0.16/2.32 = (0.07

At = 1,61/3.03 = 0.531

6 .2
v = 1.003x107° m“/sec

The values. of the Froude and Reynolds numbers,
based on the waterline length of 7.41 m, for
speeds of 2, 3, 4, 5, 6, and 6,5 knots {at which
the measurements were carried out) have been cal-
culated by Letcher [16]. Using these Rp-values,

the frictional resistance
hull can be calculated by
The frictional resistance

coefficients of the
means of equation 46.
coefficlents of the

keel, based on an average length of the keel of
2,32 m, can be calculated in the same manner.

The form factor of the keel and rudder configu-
ration {(the rudder is agein considered to be a

trim tab) is: h
LI 2(0.07) + 60(0,07) = 0.1414 =0 that
2
R_=3pV_“(C_ x11 + C x1,141hx3.8)
F g e

The results of the calculationsforCFh, Cp t and
Rp are given in Table V. The calculation o% %he
wave resistance can best be started by first de-
termining the values of Cq, Cs, C; and Cﬁ in
equation 56. This is carried out %y multiplying
the values of the coefficients &, through a,,
{given ir Table IV) by the values of LCB, LCB2,
Cpy,» ete., as prescri?edlby §quation 5@. Thg
results of these multiplications apre given 1in

Table VI. Alsc, m=0.1435(0.54)2- 198 = 0,5560.
R =
Hence,-—g = O.OOBTDQe—O'O61TTFn +
A
h
~0.556F 2
+ 0.55052ke 7" n +

-2
2)8-0.556Fn .

0.1822525in(F
° -2
e—0.556Fn

+

0.037332cos(F;2)

For the Froude mumber values corresponding to

the boat speeds already used Tor the frictional
resistance calculations (see Table V) the corres-—
ponding values of Rg/A, have been calculated and
are given in Table VII, together with the values

of Rp/zpVg. Note that:
R _ (EB) 23z e (fg) 45.126
I e

Tc calculate the induced resistance it is neces-
sary to first determine the side force on the
cance body and on the keel-trim tab configuration.
In Table II only the combined side force is

given. In section 2.4 the side force of the keel
and trim tab confliguration was calculated to be:

o
2 12.936 cos @ (B +
B’ 1.812 +

L =3pV
Tyt 20

0.25
)8,,)

+(1-0.688{=in(0.621cosh))

+0.,754v1.622 cos<B + 4



TABLE V Results of frictional resistance calculsastions for

"Anticpe”

VB(knots} 6.5
Va (m/sec) 1.029 1.543 2.058 2.572 3.086  3.34h
Rnhx1o' 7.60 11.h4 15.2 16.0 22.8 24,7
Cth103 2.91 2.77 2.67 2.60 2.53 2.51
Fapo X100 2.3 3.57 b6 5.95 T T.73
chttx1o3 3.16 3. 11 3.05 2.99 2.93 2.91

R

gg%% 0.0457 0.0440 o0.0426 0.0L16 0.0L05 0.0k02

TABLE VI Values of the terms in equation 58

for "Antiope"

Tarm C1x103 ng103
e, 79.321 6714 .9 -908.
a,LCB 0.20k - Lk3.626 -~ 5.
a2L032 - 0.010 12.923 - 1
a,Cp, -133.088 -10617.480  LOT.
2,,Cp2 5k . 569 Li11.560 - 1L
asTyL/ By - 6.0lk 580.948 b1
a6(LWL/BwL)2 B loom _ D320 B!
aTCWL‘ 13.305 - 380.573 320.
aSCWLQ - L.58 150.300 -13L.
angL/Th - 7.636 653.679 - 27.
8o (Byy /T,)° L6317 - 319.907 11
a,1Cq 0.923 - 72.95C jhe
3.709 524 -182

550.

Ll 3012.1

559 - 5.972
.T32 1.235
803 -L967.352
271 2008,133
.Th5 - 676.504
8ol 290.509
651 - 69.384
h83 16,10k
917 713.868
.726 - ho2.921
. 119 117.516
.252 37.332

TABLE VII Results of residual resistance calculations for "Antiope"

VB(knots) 6.5
VB(m/sec) 1,029 1.543 2.058 2.572 3.086 3-34L
F “0.121 0.181 0.241 0.301 0.361 0.392
Rp/Ay 0.0001 0.0006 0.0014 0.0027 0.0076 0.0171
;pvg 5h2,7 1220.2 2170.6 ' 3390.3 4880.7 5730.9
RR/%QVE 0.0006 0.0106 0.0133 0.0182 0.0361 0.0692




TABLE IX Comparison between calculated and measured resistance for "Antiope"

Data speed heel drift rudder RF RIT RT RT x102
point (kgots) aggle aggle agglg %pViA %png %pvgﬁ %DVEA %DVEA
B Tt CALCULATED (x102) MEASURED
1" 5 o 0 0 0.840 06.368 © .21 .28
2 b 1.0 2.0 0 0.861 0.2690 0.156 .29 .26
3 5 3.0 2.7 0© 0.840 0.369 0.160 .37 A
4 6 5.0 2.79 0 0.818 0.734 0.166 .72 .85
5 2 20.0 3.15 O 0.923 0,014 0.19% 1.13 L1
6 5 21.5 3.19 O 0.840 0.h25 D0.19% 1.46 1.44
7 6 .e2.8 3.22 D 0.818 0.857 0.196 1.87 el
8 3 21.4 7.01 O 0.88¢ 0.247  .036 2.17 .86
9 N 23.3 7.05 0 0.861 0.319 .030 2.21 .83
10 5 25.9 7.11 0 0.840 0.455  .012 2.3 .96
11 ) 13.0 6.82 0 0.861 0.283 .091 2.19 . .8k
12 6 19.6 6.97 0 0.818 ©.827 1,0kk 2.68 2.63
13 2 9.0 0.22 0 0.923 0.013 0.002 0.9k 1.20
14 5 9.3 .23 © 0.840 0.378 0.002 1.22 1.31
15 6 9.5 0.23 0 0.818 0.7h0 0.00k 1.57 1.68
16 -3 10.1 2.92 3.0 0.889 0.221 0.331 1,bk .30
17 o 11.0 2.95 3.0 0.861 0.279 0.333 1.47 .36
18 6 14.6 3.03 3.0 0.818 0.778 0.341 1.9k .95
15 -3 10.4 2,94 6.0 0.88¢ o0.222 0.537 1.65 It
20 6 16.1 - 3.07T 6.0 0.818 0.780 0,54 2.15 2.08
21 b 10.9 2.6h 1.6 0.861 0.279 0.255 1.39 1.33
22 5 12.3 2.98 1.6 0.850 0.385 0.261 1.49 1.51
23 & k.2 3.02 1.6 0.818 0.775 0.263 1.86 1.93
24 3 10.2 2.92 0 0.889 0.221 0.178 1.29 1.20
285 6 13.8 3.0t 3.0 0,818 0.772 0©.186 1.78 1.86
26 - b 11.3 2.95 3.0 0.861 0.280 0.333 .47 1.32
27 6 " 1b.7 3.03 0 0.818 0.779 0.341 1.94 1.94
28 . 5 6.9. &6.6T 0 0.840 0.373 1.030 2.24 1.99
29 6 10.4 6.76 0.818 0.753 1.0L7 2.62 2.53
TABLE X Comparison between calculated and measured resistance for
"Antiope" for zero heel, drift and rudder angles
Data speed héel drift rudder Rp RW RIT Ry RT x102
point (kﬁgts) agéle aggle agfig %QVEA %png %png %ong %DVEA
CALCULATED (x10°)
30 2 0 c 0 0.923 0.013 0 .Gk .06
31 3 0 0 0 0.889 0.214 0 .10 .0k
32 in 0 0 0 0.861 .0.269 ¢ .13 .12
33 5 0 o} 0 0.8%50 0.368 0 .21 .28
3k 6 0 4] 0 0.818 0.728 0 .55 .67
35 6.5 0.1 0 ¢ 0.812 1.397 0 .21 .23



TABLE VIII Calculation of the induced resistance for "Antiope"

Data
point angle
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¢.0483

0.0491 -

0.0499
0.0522
0.0521
0.0518
0. 1471
0. 1451
0.1421
0.1522
0. 1487
0.0031
0.0033
0.0033
0.0517
0.0520
0.052k4

0.0520 -

0.0526
0.0518

0.0522
0.052Y4 -
0.0516
0.0523 --

0.0519
0.0524
0.1521

0.1527

0.0066
0.0068
0.0070
0.0081
0.0081
0.0082
0.0395
0.0391
0.0383
0.0L05
0.0399
0.0001
0.0001
0.0001
0.0151
0.0152
0.0155

0.0253

0.0256

10,0113

0.011%
0.0116

"0.0075
0.0078 ..

0.0152
G.0155
0.0399
0.040k

.0

0.0011
0.0011
C.0012
.0015
0.0C15
0.0015
0.0118
0.0119

.0.0118

0.0115
0.0118
0

0

0.0001
0.0013
0.0013
0.00tL
£.0013
0.0014
0.0013
0.001k
0.001h
0.6013
0.001k
0.0013
0.001k
0.0111
0.011k

%pV§

0

0.0077
0.0079
0,0082
0.0096
0.0096
0.0097
0.0513
0.0510
0.0501%
0.0520
¢.0517
0.0001
0,0001
0.0002
0.0164
0.0165
0.0169
0.0266
0.0270
0.0126
0.0129
0.0130
0.0088
0..0092
0.0165
C.0169
0.0510
0.0518



TABLE IX Comparison between calculated and measured resistance for "Antiope"

Data  speed heel drift rudder _°F Ry Bip  Bp By 168
point (k:}ots) . aggle a.récg)le agglg %pViA %pVﬁA %DVEA %DVEA %DVEA
B tt GALCULATED (x102) MEASURED

1 -5 o 0 0 0.8 0.368 0 W21 .28
2 L 1.0 2,70 0 0.861 0.269 0,156 .29 .26
3 5 3.0 2.7 0 0.840 ©.369 0.160 .37 Ay
L é 5.0 2.79 0 0.818 0.73k 0.166 .72 .85
5 "2 20.0 3.15 0 0.923 0.01%  0.194 130 L1
6 5 21.5 3.19 © 0.850 0,4k25 0.19L .46 Ak
7 6 22.8  3.22 O 0.818 0.857 0.19%6 .87 .97
8 3 21.k 7.01 DO 0.88¢ 0.247 1.036 2.17 .86
G 4 23.3 7.05 0 0.861 0.319 1.030 2.21 ..83
10 5 25.9 T.11 0O 0,80 0.455 1.012 2.31 1.96
11 N 13.0 6.82 0 0.861 0.283 1.051 2.19 1,84
12 6 19.6 6£.97T O 0.818 0.821 1,084 2.68 2.63
13 2 9.0 0.22 0. 0.923 0.013 0.002 0.94 .20
il 5 9.3 0.23 0 0.850 0.378 0.002 .22 .31
15 [ 9.5 0g.23 0 0.818 ©.7h9 0.00k4 .57 .68
16 3 10..1 2.92 3.0 0.88¢ 0©.221 0.331 Ly .30
17 4 1.0 = 2,95 3.0  0.861 0.279 0.333 .L7 .36
18 6 1.6 3.03 3.0 0.818 ©.778 0.3kt 1.9L 1.95
19 3 10.4 2.94 6.0 0.889 0.222 0.537 1.65 1.46
20 6 16.1 3.07 6.0 0.818 0.789 0.546 2.15 2,08
21 -l 10.9 2.94 1,6 0.861 0.279 0.255 .39 1.33
22 5 12.3 2,98 1.6 0.8:0 90.385 0.261 .L9 1.51
23 6 1.2 3.02 1.6 0.818 0.775 0.263 .86 1.93
24 3 10.2 2.92 0 - ¢c.88¢ 0.221 0.178 .29 1.20
25 -6 13.8 3.01 3.0 0.818 0.772 0.186 .78 .86
26 in 11.3 2.95  3.C 0.861 ©.280 0.333 .bLT .32
27 6 1h.7 3.03 0D 0.818 0.779 0.341 ..9h .04
=8 5 6.9 6.67 0 0.850 0.373 1.030 2.2 .99
29 6 10.4 6.76 0.818 0.753 1.047 2.62 2.53

TABLE X Comparison between calculated and measured resistance for
"Antiope" for zero heel, drift and rudder angles

R Ry R

Data  speed heel drift rudder OF W it T T8
oint (knots) angle le angl 2 2 2 P 2 =

P (VB ) a5 S TRET PSS Bovph doVph BOVRA JoVAA doVpA

tt e ———
CALCULATED (x10°)

30 2 0 0 o 0.923 0.013 0 .9k .06
31 3 0 0 0 0.889 0.2iL 0 .10 .0b
30 b 0 0 o 0.861 -0.269 0 RE 12
33 5 o 0 o 0.840 0.368 © Lo .28
34 6 0 0 0 0.818 o0.728 0 .55 Ny
35 6.5 c.1 0 0 0.812 1.397 0 .21 .23



5. LIST OF SYMBOLS

Ayp

ig

ktt

ALy,

AL

Projected lateral area (one side only)
Area of design waterplane

Area of maximum section

Effective aspect ratio (=2b"cosé/A)
Ceometric aspect ratio (=b%/A)
Two-dimensicnal lift-curve slope factor

“Beam or breadth

Beam of design waterline

Span (or depth) of a 1lifting surface
Effective reduction of span of a lifting
surface due to a rounded planform and/or
rounded lateral edges
Block coefficient (¥y/(
Frictional resistance coe
(three-dimensicnal) hull
Frictional resistance coefficient of flat
plate in turbulent boundary layer
Frictional resistance coefficient of
equivalent flat plate

Lift coefficient

Non~-linear side force component on the
canoce body

Lift coefficient of total hydrodynamic
side forece on yacht

Midship section coefficient

Prismetic coefficient(vh/(AﬂLwL))
Residuary upright resistance coefficient
Induced resistance coefficient

Viscous resistance coefficient

Half angle of entrance of waterline
coefficient (=i. LNL/BW
Waterplane coefficient %AWP/ { Lugy, - BWL )
Maximum section coefficient (Ag/{(Byp.T ))
Chord of a lifting surface

Average {mean) chord of a lifting surface
Chord length of root secticn of a lifting
surface

Chord length of tip section of a lifting
surface

Froude number based on waterline length
(=V/velyy,)

Acceleration due to gravity (=9.81 m/secZ)
Subscript denoting base hull (alsc termed
"canoe body')

Helf angle of entrance of design water-
line in degrees

Form factor accounting for effect of
three-dimensional form on viscous resis-~
tance,and subscript dencting keel
Subscript denoting combined keel and trim
tab ceonfiguration

Length,and 1ift {or side force) of a
lifting surface

Side foree increment induced on canoe
body by keel

Side force induced on keel due to cross
flow on the hull

Total 1ift or side force on a lifting
surface {including so~called wing- body
effects)

Longitudinal centre of buoyancy relative
to amidship in percent of Lyp {(positive
for positions in front of amidship )
Length of waterline

Pesistance force

Frictional resistance of (three-dimen-
sional) hull

Frictional resistance of equivalent [lat
plate

-BWL'Th))
Ticient of

= D

Induced resistance {due to side force)
Total induced resistance
Reynclds number (=V LWL/U for hull)
Viscous pressure res;stance (=Ry-Rp)
Residuary resistance in upright condition
Total hydrodynamic resistance
Viscous resistance (=R +R..)
Wave resistance in heeled condition
Subscript denoting rudder
Subscript denoting combined skeg and rud-
der configuration
Wetted surface area {both sides}
Draught
Maximum draught of canoe bedy
Average draught of canoe body at the lo-
cation of the keel
Average draught of canoe body at the lo-
cation of the keel-trim tab configuration
Average draught of canoe body at the lo-
cation of the rudder
Average draught of canoe body at the lo-
cation of the skeg-rudder configuration
Average (mean) thickness to chord ratio
of lifting surface
Subscript denoting trim tab
Velocity or speed
Velocity of yacht through the water in
the directicn of heading
Angle-of-attack
Induced angle-of-attack
Drift or leeway angle (also termed yaw angle]
Displacement weight
Velume of displacement
Rudder deflection angle
Trim tab deflection angle
Slope at the trailing edge of the average
(mean) section of a lifting surface

tan T
(= —F

- tfe
Heel angle
Taper ratio of a 1ifting surface
Sweep angle of quarter-chord line of =&
lifting surface
Sweep angle of hinge line of trim tab or
rudder
Kinematic viscosity of water
Density of water (= 1000 kg/m3 for fresh
water and 1025 kg/m for sea water)
Half angle of trailing edge of the average
{mean) section of a lifting surface
Hull draught to keel (or rudder) draught
ratio (=Thk/Tk for keel}
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A METHOD FOR THE CALCULATION OF RESISTANCE AND SIDE FORCE OF SAILING YACHTS

by Dr. P. Van Qossanen

DISCUSSION

S. NOUCHI {ENSM - Lab. D'Hydro Navale): I was
surprised to see that you have used small
boat formuiae of the 1371 Qortmerssen paper.
Why do you not use the systematic series of
Gerritsma to get the co-efficients?

My second question is: is there a link bet-
ween your theory and the MIT theory that was
applied in the VVP prediction programme?

P. VAN OOSSANEN: The Delft series of model
yachts are now nearing complietion. As a matter
of fact at a symposium in Amsterdam in August
Professor Gerritsma will present the results
of 16 systematic series of models, and the
first nine are ready for publishing. However,
these are typically IRR rates. In other words,
the results will be very valid to use in IRR
design. The hydrodynamics in this particular
velocity prediction programme have to be a
little more universal. We have had to come up
with proper hydrodynamic modelling to cover
the 10 low aspect ratio keel performance.
However, we have ensured that the hydrodyna-
mic model which we have used and derived fits
closely the Delf results. There are a number
of co-efficients in the formulae which have
been tuned to fit a large amount of data,
amongst which is this particular Delft series.

The programme adopts the MIT sail co-effici-
ents . As a matter of fact we are now in the
process of changing those co-efficients be-
cause at the New England symposium recently
there was a paper in which the sail co-effici
ents were changed and are now more accurate.
We have always used the Coleman and Newman
sail co-efficients. However, the hydrodynamic
modeiling in the MIT velocity prediction pro-
gramme is, in our opinion, a little inferior
in that it only uses a number of results of

a small number of model tests. They use the
nine models of the Deift series and very
Tittle else. We were very concerned with the
fact that the hydrodynamics involved there
would not be sufficient to cover, for example,
12 metres, so we had to come up with some-
thing hetter. I feel that the programme we
have is in a hydrodynamic sense a better one.

S. NQUCHI : The accuracy of your method you
say 15 4 per cent. Do you think this is en-
ough for a 12 metre yacht?

P. VAN OQSSANEN: In this particular paper the

results of full scale test with Antiope are
used to give some hard numbers as to the ship
method. The 4 per cent might disturb you becau-
se when you are dealing with 12 metres you are
concerned about 1 per cent or 3 per cent, be-
cause that in itself will give you a major lead
over your opponent. However, we use the pro-
gramme only to ascertain in a qualitative sense
the way in which the design should go. Then we
do model tests to actually come down on a par-
ticular design with very specific numbers. 5o
we use it in a gualitative sense for 12 metres.
We use it in a qualitative sense for other types
of yachts. We use it in a qualitative sense for
12 metres because there you are really looking
at very minute details in performance.

P.J. BOLLEN {Bruntons Propellers Ltd); I do not
know whether this is allowed under the 12 metre
rule, but I would be interested to hear if any
work is being done on the effect of filling

gut the ballast keel of a vessel of this nature
to form a sort of analogy whith the wing fins
on an aircraft.

P, VAN COSSANEN: That I think would be allowed.
Yoy are certainly allowed to thicken the tip of
the keel to a certain extent. However, you are
talking about a yacht with displacement of 25
to 30 tons, ©f which the height of the keel is
1 metre to 1.2 metre. To be able to get in en-
ough lead which would make a significant diffe-
rence in that sense you would have to virtually
go to a cylinder of something like 0.5 metre
diameter, virtually covering up all the keel by
the thickening which would do detriment, if it
is sufficiently large, to its performance. In
other words, simply bringing down the centre of
gravity in this way will not give you that much
benefit.

P.J, BOLLEN: I was thinking more of the possi-
bility of putting a steel plate in this to re-
duce any loss of pressure.

P. VAN OOSSANEN: You are talking about hydro-
dynamic performance. The optimum shape of Tow
aspect ratio keel configurations have been ad-
dressed in quite considerable detail. Unfortu-
nately, most of the results are proprietary and
will not be released. It would seem though that
it is not the way to go. Any plate at the keel
extremities would in itseif have induced resis-
tance, :

P.G. SPENS: On that point, there have been mo-
del tests on various occasions at the Davidson



taboratory trying end plates on the keel. It has
never paid off. It has always put up the resis-
tance.

DAYID MACKVCRTH: Asyou probably know, there are a
number of projects being bandied about for ships
of between 200 and 600 tons having essentially
commercial hull forms. Would it be reasonable
to apply Yarequations to that sort of hull form

P. VAN ODSSANEN: Yes, by all means, particularly
because with those sort of vessels you want to
restrict draught to reasonable proportions so
you have a very low aspect ratio under water
appendages to the huil. The hydrodgynamic equa-
tions in this particular computer model are ap-
plicable to this sort of vessel. As a matter of
fact, we have used them to come up with perfor-
mance predictions of a commercial sail type hull

A DELEGATE: I am not familiar with the hull
forms used in your paper. Do they cover some
form of block co-efficients in the commercial
range.

P. VAN OOSSANEN: Very much so. As a matter of
fact, that is what is so handsome about this
particular model. The data population used to
derive this particular equation is so very wide
that you cannot go wrong uniess you do very
strange things.

A DELEGATE: To follow on from that, the addi-
tional residual resistance due to heel, I can
see that as reasonable on basically a very round
cance body, but that seems a little optimistic
for a commercial type vessel with hard bilaes.

P. YAN DOSSANEN: That is a valid point. Admitte-
dly the co-sign sguare heel angle expression 1s
one which was derived from racing hulltype forms
We have done very little work on the effect of
heel on the residual resistance of commercial
type vessels. You are right. There would be a
difference, This is something to be looked into.
Mind you, I doubt whether the heel anales of
commercial sailing vessels would be as big as
those on racing craft, but the effect is still
important enough to be looked at again.

A DELEGATE: You also deal with prediction of
side force. Where you have residual heels the
side force prediction is likely to fall within
the same sort of percentage?

P. VAN O0SSANEN: Yes, there is a study we did.
We did model tests as well which indicated that
that was the case.

A DELEGATE: I have three auestions. Have you any
pians to include appendage drag on commercial
sailine vessels, brackets, and so on.

Secondly, i3 there any exverimental data to jus-
tify your assumption that the flow in the rudder
was 0.87

Thirdly, have you writften a proaramme to do this
particular oprediction. [ iz, 15 it available
commerciaily?

ENMIRE TGN Sh e

G S e h:

ot of data on apﬁendage drag on commercial
yeraels, Even though the paper does not des-

cribe a foermula or an equation which you can use
to account for that I am sure we could come up
with something handscme. The model presented in
the paper does not account for appendage drag
other than skeg, rudders, keels etc.

We did a number of wake surveys on yachts at the
location of the rudder to find out what sort of
flow comes intc the rudder. These were done on
some very big models. We found that there are
differences. It depends very much on drift angle
The down wash, of course, increases as the drift
angle increases, But on average, the 0.8 factor
on 12 metres is quite good.

The programme is available without charge. It is
on Algon and Fortran, and right now we are
having someone writing it intc Basic. It can be
done on a pocket calculator in about three hours.
For repeated use and in optimisation it has to
be used time and time again. Hundreds of runs
have to be made and a very small computer will
suffice.

8.A. MORLEY (Australian Department of Defence
[MNavy]); Your estimations of trends in perfor-
mdnce assume calm water, How valid is that for
a wind speed of ---

P.VAN OOSSANEN: This is all calm water work. Da-
ta in seakeeping has not been released, but I
would like to point out that the seakeeping work
would indicate that if you are not looking at

6 inch. waterline but something like a foot,
then the smaller boat has the best performance,

Let me just get that remark straight, You have

to bear in mind the weather conditions and the
sea conditions at Newport at the time. That is
very difficult, You can find very little wave
data around. As a matter of fact, the small

boats around and the chop that they cause is a
bigger preoblem. You are dealing with a lot of
smail waves, a sort of slapping type resisiance
phenomena, We did some modelling work on that

and we feel that the so-called defraction effects
which we had not accounted for might make the
whole thing different. In other words, the work
we did would seem to indicate that the results
remained valid but it could be that some of the
second order ship motion effects could change

the results. Certainly, some pecple would sSupport
the idez that 44 feet waterline was too small
because of this very effect.

B.A, MORLEY: You say you have done seakeeping
calculations on 12 metres yachts and model fests.
How good 15 the correlation?

P. VAN OO0SSANEN: In motion it is pretty good. In
added resistance we would have hoped the corre-
tation was a Tittle better. But in motions,
Jnich s Amportant to see what sort of sail per-
formance vou can aet, it was gquite good.

I have a small point to add on the
12 merre, 1 owas heaviiy involved in writing the
ples for the Allov 12 caveral years ago, One of



the greatest difficulties was obtaining accu-
rate data on previous 12s. The data published
is very much different from the boats built.

P. VAN OOSSANEN: That is true, unfortunately.

WRITTEN DISCUSSION

Further contributions by Dr. P. Van Oossanen

S. NQUCHI: I was surprised to see the author
use the small boat formuiae of the 1971 Van
Oortmerssen paper. I wish to ask him why he
didn't use the results of the systematic series
tested by Gerritsma. I would also 1ike to en-
quire whether there is a Tink between the theo-
ry developed by the author and that developed
at MIT for the so-called velocity prediction
programme.

Is the accuracy of the method sufficient for
predicting the performance of 12 Metre class
yachts?

P. VAN OOSSANEN: Mr, Nouchi's comments relative
to the use of Professor Gerritsma's systematic
series results Ref. (1), in Tieu of Van Oort-
merssen's formulations are very valid.

At the coming HISWA symposium Ref (2) Professor
Gerritsma will be presenting the results of the
total series consisting of 22 yacht hull forms.
These forms have all been developed from the
"Standfast 43"designed by Frans Maas. The range
of main dimensions of this series are as follows

2.73 < LWL/BNL< 3.64

2.81 < By /Te ¢ 5,35

Corresponding values for yachts designed under
the International Class Rule (5.5, 6 and 12
Metres) are: LNL/BHL= 4.0 and BWL/E: = 2,40,

It follows that the Delft series cannot be di-
rectly applied to the design and analysis of
these yachts, for which the author has a special
interest. The data base used by Van Qortmerssen,
however, does include forms of comparable di-
mensions.

There is no link between the author's work and
the so-called velocity prediction programme de-
veloped at M.I.T. The approach adopted by the
author for the calculation of resistance and
side force is essentially different, while at
the present time also the adopted sail coeffi-
cient values are different, It is the inten-
tion, at a later stage perhaps, to adopt the
sail coefficients as recently published by
Hazen Ref. (3)

The results of the calculations for "Antiope"
show that the author's method is not sufficien-
tly accurate to predict resistance and side
force to within about a 4 to 6 percent error.
For 12 Metre Class Yachts, where performance
differences of as much as 1 percent are signi-
ficant, the method can oniy be used-in a qua-

litative sense, for example for the prediction
of the influence of a change in dimensions.

P. BOLLEN: I do not know whether this s allowed
under the 12 Metre Class Rule, but I would be
interested to hear if any work is being done on
the effect of filling out the ballast keel of a
vessel of this nature to form a sort of analogy
with the wing fins on an aircraft to reduce any
loss of pressure.

P. VAN OOSSANEN: The optimum shape of Tow aspect
ratio keel configurations has been addressed in
quite considerable detail. Unfortunately, most
of the results are proprietary and cannot be re-
leased.

P.SPENS: On that point, there have been model
tests on various occasions at the Davidson Labo-
ratory trying end pTates on the keel.It has
never paid off. It has always put up the resis-
tance.

D.MACKWORTH: As you probably know,there are a
number of projects being bandied about for ships
of between 200 and 600 tons having essentially
commercial hull forms. Would it be reasonable to
apply your equations to that sort of hull form?

P. VAN OOSSANEN: The data base, comprising some
1000 data points on which the used upright re-
sistance formulations are based comprises a sig-
nificant number of commercial hull forms. The
formulations are valid for the following range
of parameters,

3.4 < LNL/BNL 6.2
1.8 < BNL/TC < 3.6

0.5¢< CP < 0.72

0.7 < CM < 0.9

[ 1 k=
—8.U£LWL<IECB <2 Ly
A recent comparison of the author's upright re-

sistance formulations with those of Gerritsma
Ref(2) has shown that for LWL TC/BNLZ < 1.0

(which is the case for most types of yachts de-
signed to the International Offshore Rule (IGOR)
the author's formulations are in error.

The resistance due to heel is assumed to vary
with 1/Cos @, where 6 is the angle of heel. This
seems to hold reasonably well for canoce bodies
with basically a rounded shape.

The assumption is probably Tless valid for a com-
mercial type vessel with hard bilges. It should
be remembered, however, that the heel angle of
commercial sailing ships will be much less than
that of cruising and racing yachts.

The formulations for side force are also perhaps
less valid for this type of hull form. No exten-
sive study has yet been carried out into this
subject, At present the drag and side force
formulations developed by the author do not ac-
count for any other "appendages" than keel, skeg
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and rudder.

B. MORLEY: Your estimations of trends in per-

formance of 12 Metre Yachts assume calm water.
How valid are the results for a wind speed in

excess of about 14 knots in which case the sea
conditions can be described as quite rough.

P. VAN OOSSANEN: No account is given in the
paper concerning the effect of waves. Calcula-
tions of the added resistance in waves have
shown, however, that generally added resistance
increases with displacement. The main conclu-
sion of the author's study on the optimum size
of 12 Metre Class.Yachts for the America's Cup
wouid, on this basis, not be incorrect. There
are a number of additional factors to be consi-
dered when dealing with the performance in wa-
ves, however, which have not yet been addressed.
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