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1.0 SUMMARY 

The response of an America's Cup yacht in waves i s investigated using real-t ime data and 
tank t e s t s . The tank r e s u l t s show a s i g n i f i c a n t reduct ion of r e s i s t a n c e and motions 
response for the heeled c o n d i t i o n , w h i l s t the e f f e c t of a wing kee l conf igurat ion i s 
negl ig ible . Dynamic righting moment e f f ec t s are small. The relationship between added 
r e s i s t a n c e and wave amplitude shows cons iderab le v a r i a t i o n from a square law. The 
response curves of added r e s i s t a n c e are appl ied to an ocean wave f i e l d and the r e s u l t s 
incorporated in a modified calm-water velocity-predict ion program. 

2.0 INTRODUCTICN 

In 1985 the Centre for Marine Science & Technology 
began a research programme for the Taskforce 87 
America's Cup syndicate encompassing a wide range 
of technological areas. Part of th i s programme i s 
the i n v e s t i g a t i o n of performance of yachts in 
r e a l i s t i c wave f i e l d s , t o which t h i s paper 
addresses i t s e l f . The work i s on-going, involving 
the c o l l a b o r a t i o n o f s e v e r a l o t h e r r e s e a r c h 
c o l l e a g u e s and members o f t h e T a s k f o r c e 87 
syndicate. The aims of the project are to develop 
a method of obta in ing response curves for a yacht 
in waves and determine the speed los s in waves for 
a g i v e n ocean wave f i e l d . Three s o u r c e s o f 
response curves were or ig inal ly considered:-

(a) s t r i p theory s u i t a b l y modified for yacht 
forms, 

(b) tank t e s t experiments , and 

(c) a n a l y s i s of rea l t ime data rece ived from the 
Taskforce 87 America's Cup yachts. 

The s tr ip theory calculations were conducted by an 
a s s o c i a t e i n v e s t i g a t o r . The r e a l - t i m e d a t a 
a n a l y s i s i s s t i l l in hand, the aim having been 
m o d i f i e d from o b t a i n i n g r e s p o n s e c u r v e s t o 
determining speed loss in waves d irect ly . 

I t should be noted that motions t e s t i n g i s more 
d i f f i c u l t for yachts than for ships because: 

(a) yachts operate at l arge hee l and leeway 
angles; 

(b) the v o r t i c e s shed by a y a c h t h u l l a s a 
consequence o f s i d e f o r c e g e n e r a t i o n may 
influence the response; 

(c) the s a i l s influence damping and the sa i l forces 
w i l l in turn be affected by the motions. 

Strip theory calculations for yachts are a lso more 
d i f f i c u l t because: 

(b) length/beam and length/draught r a t i o s are 
comparat ive ly low, 

(c) a hee led shape with appendages i s d i f f i c u l t 
to model, and 

(d) the e f f e c t of dynamic water l i n e i s more 
s ign i f i cant . 

3.0 NOTATION 

B 

L 

PAG, 

PAOe = 

''add 

S ^Pe) 

^ = 

« • = 

u>. 

waterline beam (m) 

waterline length (m) 

heave airplitude/wave anplitude 

pitch amplitude/maximum wave slope 

added resistance in waves (N) 

i(«^J = added r e s i s t a n c e s p e c t r a l d e n s i t y 
(N s rad"') 

= wave a m p l i t u d e s p e c t r a l d e n s i t y 
(m s rad"') 

water density (Kg m~ ) 

added resistance coef f ic ient 

^ d 

encounter frequency (rad s~ ) 

maximum wave amplitude (m) 

(a) yachts are rarely slab-sided; 

4.0 PREVIOUS WORK 

F a c i l i t i e s for t e s t i n g sh ip models in waves have 
been a v a i l a b l e for some t ime ,but the t e s t i n g of 
yacht models has been l i m i t e d by the complex 
I*iysics of the sailing, yacht an3 the comparatively 
expensive nature of test ing in waves. A milestone 
in yacht research was l a i d by Spens e t a l (1967) 
who tackled the problem of yacht test ing in oblique 
waves. They concluded that response in ob l ique 
waves i s in general agreement with the response in 
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head s e a s of c o r r e s p o n d i n g f requency. They a l s o 
found t ha t change in leeway angle due to waves was, 
having r e ga rd for e x p e r i m e n t a l a c c u r a c y , b a r e l y 
m e a s u r a b l e . Expe r imen ta l r e s u l t s by G e r r i t s m a 
(1971) on a ' 1 / 2 - t o n ' model were compared w i t h 
t h e o r e t i c a l ca l cu la t ions . He concluded tha t s t r i p 
t h e o r y methods in t h e i r p r e s e n t form were no t 
completely adequate for ca lcu la t ing yacht motions. 
P e d r i c k (1974) ana lysed r e s u l t s of y a c h t t e s t s in 
o b l i q u e waves in a manner which enabled him t o 
q u a n t i f y t h e e f f e c t o f w a v e s on s i d e f o r c e . 
Gerritsma & Beukelman (1972) determined the e f f ec t 
of surge cons t r a in t on ship models and found i t to 
be g e n e r a l l y n e g l i g i b l e . G e r r i t s m a & Keuning 
(1986) measured the motions and added r e s i s t ance of 
d i f f e r en t yacht-keel c o n f i g u r a t i o n s , showing t h a t 
t h e wing kee l was s l i g h t l y d e t r i m e n t a l t o added 
r e s i s t a n c e a s a consequence of i t s e f f e c t on 
motions. 

Most previous work has assumed t h a t yacht motions 
a r e p r o p o r t i o n a l t o wave a m p l i t u d e . T h i s 
a s s u m p t i o n h a s b e e n l a r g e l y v e r i f i e d by 
Gerritsma(1971) and Spens(1967) bu t t h e e q u i v a l e n t 
assumption t ha t added r e s i s t ance i s propor t ional to 
wave a m p l i t u d e squared has been found t r u e o n l y 
under ce r t a in condi t ions . 

5.0 TANK TESTING EXPERIMENTS 

The o r i g i n a l aim of the tank t e s t i n g programme was 
to provide experimental v e r i f i c a t i o n of the yacht 
s t r i p - t h e o r y p r e d i c t i o n s . However, a s t e s t i n g 
p r o g r e s s e d a number of unexpected r e s u l t s were 
o b t a i n e d w h i c h l e n t t h e m s e l v e s t o f u r t h e r 
inves t iga t ion . Consequently the programme not only 
provided a data check for theory but a l s o : -

(a) highl ighted the important parameters to which 
theory should address i t s e l f and: 

(b) became self-suHX)rting as a useable data s e t 
for a f i r s t e s t i m a t e of pe r formance l o s s i n 
waves . 

The t e s t s were conducted a t the Aust ra l ian Maritime 
C o l l e g e , L a u n c e s t o n u s i n g a GRP l / 6 t h s c a l e 
America's Cup model. Two interchangeable GRP keels 
were made; one a c o n v e n t i o n a l f i n , t h e o t h e r a 
' t y p i c a l ' wing k e e l . Both k e e l s were v i r t u a l l y 
iden t i ca l in volume and mass thus al lowing t e s t s t o 
be conducted a t constant displacement and gyradius. 
The s h i f t of LCB was s e c o n d o r d e r so any 
d i f f e r e n c e s in per formance could he a t t r i b u t e d 
d i r e c t l y t o kee l shape . I t should be noted t h a t 
t h i s d i f f e r s from f u l l s i ze design condi t ions where 
the lower VCG of a wing keel increases the gyradius 
and a l s o l e n d s i t s e l f t o d e s i g n of a l i g h t e r 
displacement canoe body for a given s a i l - c a r r y i n g 
power. 

The h u l l was f i t t e d w i t h t u r b u l a t i n g s t u d s in 
accordance with standard tank p r ac t i c e . The keels 
and wings were a lso f i t t e d with s tuds , not so much 
t o s i m u l a t e f u l l - s c a l e f low c o n d i t i o n s a s t o 
improve r e l i a b i l i t y of comparisons between the two 
kee l s . 

The model was at tached to the dynamometer by th ree 
p o s t s . S i d e f o r c e i s measured on t h e forward and 
a f t p o s t s , r e s i s t a n c e on t h e forward p o s t . The 
middle post i s strain-gauged v ia a t ransverse arm 
t o o b t a i n r i g h t i n g moment d a t a . Mot ions a r e 
measured by l i nea r vol tage displacement t ransducers 
on t h e forward and a f t p o s t s . Wave f requency and 
a m p l i t u d e a r e measured by a c a p a c i t a n c e probe a t 
one p o i n t i n t h e t a n k . A f u r t h e r p r o b e was 
at tached to the ca r r i age for measuring wave phase 
ang les . 

The model p i t c h g y r a d i u s was d e t e r m i n e d by t h e 
b i f i l a r suspension method. This method assumes the 
moment of i n e r t i a in p i t ch and yaw to be the same, 
which i s r e a s o n a b l e for a y a c h t model w i t h o u t 
b a l l a s t in the keel. 

T e s t s were conducted head on i n t o r e g u l a r waves 
over a range of a m p l i t u d e s and s t e e p n e s s r a t i o s . 
Heel a n g l e s of 0 and 15 d e g r e e s were i n v e s t i g a t e d 
a t a Froude number of 0.38, w i th t h e u p r i g h t c a s e 
a l s o t e s t e d a t Froude number of 0.34. A t o t a l of 
143 runs were conducted. 

6.0 COMMENTS ON RESULTS 

R.M.S. e r r o r s in t h e t e s t s a r e 4% for mot ions and 
9% for added r e s i s t a n c e . The r e s u l t s show two 
p a r t i c u l a r l y i n t e r e s t i n g phenomena. F i r s t , t h e 
wing kee l has l i t t l e e f f e c t on t h e r e s p o n s e s 
(F igu res 1, 2, 3 ) . 

Froude Number 0.38 
QO Heel 

RAO, 

1.0 . 

0.5 

D Conventional 

^ Wing 

a 

Figure 1. 

Conventional and Wing Keel Heave Amplitude. 

(rad s'l) 

Froude Number 0.38 
15° Heel 

RAO„ 

1.0 

D Conventional 
J Wing 

0.5 • 

& 

(rad s" i ) 

Figure 2. 

Conventional and Wing Keel P i tch Airplitude. 
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Froude Number 0.38 
0° Heel 

"AW 

6.0 . 

4.0 

2.0 . 

D Conventional 
A W1 ng 

J' 

°/^ 

\ 

y 

Froude Number 0.38 
Wing Keel 

RAO3 

1.0 

0.5 

A 0° Heel 

A 15° Heel 

(rad s"i) (rad s"i) 

Figure 3 . 

Conventional and Wing Keel Added Resistance. 

Second, the e f f e c t of hee l angle on added 
res i s t ance i s to halve i t , ra ther l e s s so for 
motion amplitudes (Figures 4, 5, 6). 

Froude Number 0.38 
Wing Keel 

A 0" Heel 
A 15° Heel 

RAO^ 

1.0 H 

0.5 

Figure 5. 

Heeled and Upright Pitch Arnplitude. 

" A W 
6.0 

4.0 

2.0 

A 0" Heel 
^315° Heel 
O Spens 20° Heel 

(rad s"i) 

Figure 6. 

Heeled and Upright Added Resistance. 

Figure 4. 

Heeled and Upright Heave Ainplitude. 

(rad s ̂ ) The extent to which the wing will increase added 
resistance depends on the relationship between the 
wing trajectory and the local streamlines. It may 
be that for these tests the wing is contouring the 
flow, with no consequent influence an the response. 
However this seems unlikely to hold true for both 
the upright and the heeled condition. 
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I t is frequently suggested by yacht designers that 
the p a r a s i t i c drag of a wing keel in waves i s 
of f se t by the ef fec t of increased p i tch and heave 
damping diminishing the added r e s i s t ance , and 
reducing the airf low o s c i l l a t i o n over the s a i l s . 
The lack of effect of the wing on motions and phase 
a n g l e s in t he se t e s t s weighs a g a i n s t t he se 
arguments. 

The effect of heel on added res i s t ance i s more 
open to avenues of explanat ion, as a heeled shape 
wil l exhibit quite different added mass and damping 
c h a r a c t e r i s t i c s . The importance of the heeled 
r e s u l t s cannot be overestimated: upright yacht 
t e s t ing alone i s inadequate for the predic t ion of 
speed loss due to waves. 

The shape of the added res i s t ance curves might 
suggest tha t waves of very high frequency make a 
significant contribution to resistance. However i t 
can be seen from Figure 7 that the peak in the wave 
encounter spectrum l i e s well to the l e f t of the 
peak in the response curve, ^^'^^""ff.^^ f ^ ^ i l J ! 
hand tail-off of the response curve is fair ly well 
defined. 

' 'AW 
Wave Encounter Spectrum 
Response Spectrum 

• M model 7.6 rad s"^ 

• 0) model 6.3 rad s'^ 

20 . 

Model 

"̂ add 
(N) 

10 

(cm2) 

(rad s"i) 

Figure 7. 

Formation of Response Spectrum. 

The a s s u m p t i o n t h a t mot ion ampl i tude i s 
proportional to wave amplitude was found to be well 
suK»rted whilst the square law for wave amplitude 
and added res i s tance i s not r e l i a b l e for a l l 
frequencies (Figure 8). The behaviour a t wave 
amplitudes greater than 5.5 cm is indeterminate. 

Figure 8. 
a 

Added Resistance v. (wave anplitude) 

rtie increase in righting moment between s t a t i c and 
calm-water-dynamic conditions was measured at 5% , 
though the measurement i s heavily obscured by the 
presence of slight sideforce due to imperfect zero-
leeway alignment (+ 0.1 deg). The mean rough-water 
r igh t ing moment i's the same as the calm-water-
dynamic value, with a superimposed amplitude 
fluctuation of the order 3%. of calm water righting 
moment. 

7.0 CCMPARISONS WITH CTHER WORK 

Added resistance for a similar shaped hull (Spens) 
a t 20 degrees heel and s imi la r Froude number i s 
plotted in Figure 6, indicating comparable results . 
Unfortunately no results are known to the authors 
on a s i m i l a r h u l l in the u p r i g h t c o n d i t i o n . 
Gerritsma (1971) found tha t heel angle had only a 
slight effect on added resistance but this was for 
a radically different hull form. 

The negl ig ib le effect of the wing keel d isagrees 
with Gerritsma & Keuning (1986) who found a 9% 
increase in added res i s tance for a wing keel.This 
may be due to differences in keel geometry. 

8.0 VELOCITY PREDICTICN PPDGRflM 

The rough water performance has been determined by 
al ter i rq a calm water VPP to include wave effects 
on added resistance. The effects of waves on sai l 
force have not yet been included. 
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The c a l m w a t e r VPP e s t i m a t e s s t r a i g h t l i n e 
r e s i s t a n c e by m o d i f i c a t i o n of t h e D e l f t s t a n d a r d 
s e r i e s d a t a (Ger r i t sma e t a l (1981)) for improved 
a c c u r a c y o u t s i d e t h e s e r i e s t e s t c o n d i t i o n s . 
Leeway e f f e c t s a r e d e t e r m i n e d from van Oossanen 
(1981) with modifications.The wing keel i s modelled 
by assuming an optimum configurat ion and a l t e r i n g 
t h e e f f e c t i v e k e e l span in a c c o r d a n c e w i t h 
p u b l i s h e d f i n d i n g s (Mi lg ram (1984 ) , H o e r n e r 
(1975)). W h i l s t t h i s does not p e r m i t t h e VPP to 
p r o v i d e a kee l d e s i g n f a c i l i t y i t i s a p p r o p r i a t e 
for p r e d i c t i o n from a p r e - o p t i m i s e d kee l shape . 
S a i l f o r c e c o e f f i c i e n t s a r e based on Hazen (1982) 
w i th e m p i r i c a l m o d i f i c a t i o n s . A r e e f i n g f u n c t i o n 
has been adopted s imi la r to t ha t of Kerwin (1976). 

The determinat ion of added r e s i s t ance employs the 
t a n k - d e r i v e d r e sponse cu rves and a wave spec t rum 
s u p p l i e d by an a s s o c i a t e r e s e a r c h e r . The ocean 
wave f i e ld i s computer-modelled from a chosen wind 
f i e l d and o u t p u t a s a t w o - d i m e n s i o n a l sea a t t h e 
d e s i r e d g e o g r a p h i c a l p o s i t i o n . I n o r d e r t o 
min imize computer s t o r a g e space the spec t rum i s 
c o n v e r t e d t o a o n e - d i m e n s i o n a l sea . I t i s t hen 
applied to the response curves in the usual manner: 

Sradd (tZ )̂ = 5^{\) * * 

The mean added resistance is determined from the 
area under the response spectrum. This is a 
function of boat heading,' boatspeed and heel 
angle. When incorporated in the VPP therefore it 
increases computing time considerably. In order to 
keep this under control the program is provided 
with limiting values of sailing condition which 
restrict the calculation to typical windward 
sailing. 

9.0 REAL-TIME DATA 

The r e a l - t i m e da ta serves two purposes wi th in t h i s 
p r o j e c t : f i r s t t o d e t e r m i n e the speed l o s s due t o 
s e a s t a t e ; second to p r o v i d e an e s t i m a t e of t h e 
accuracy of the VPP. 

D e t e r m i n a t i o n of s p e e d l o s s from o n - b o a r d 
measurement f i r s t r e q u i r e s a knowledge of calm 
w a t e r s p e e d . T h e r e f o l l o w s a m u l t i - v a r i a t e 
a n a l y s i s of per formance f a c t o r s which i s then 
r e g r e s s e d w i th b o a t s p e e d . The r e s u l t can be used 
t o check t h e accu racy of t h e speed l o s s p r e d i c t e d 
by t h e VPP, b u t i n c l u d e s s e v e r a l f a c t o r s n o t 
considered by the VPP and var ious sources of noise . 
To da te the r e a l - t i m e da ta has pred ic ted speed l o s s 
no more r e l i a b l y than t h e VPP. However i t does 

provide a bas i s boatspeed a t which t o aim the VPP, 
ana calm-water data provides a d i r e c t check on the 
calm water VPP. Fur ther , i f r e a l - t i m e performance 
for two d i f f e r en t boats i s compared with t h e i r VPP 
o u t p u t , t h e n t h e a c c u r a c y o f t h e VPP f o r 
c o m p a r a t i v e s t u d i e s can be a s s e s s e d . This work i s 
i n hand . 

10.0 CaiCLUSICfNS 

U p r i g h t y a c h t t e s t i n g a l o n e i s i n a d e q u a t e for t h e 
p red ic t ion of speed lo s s due to waves. 

The wing kee l t e s t e d has no s i g n i f i c a n t e f f e c t on 
motions or added r e s i s t ance . 

The r e l a t i o n s h i p between added r e s i s t ance and wave 
amplitude i s frequency dependent. 

Response amplitude opera tors for head seas applied 
to a one-dimensional sea provide useful p r ed i c t i ons 
of pe r fo rmance change due t o waves when s a i l i n g 
c lose-hauled . 

There i s l i t t l e e f f e c t of waves on mean r i g h t i n g 
moment for the the t e s t ed condi t ions . 
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