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Summary 

The D e l f t Systematic Yacht H u l l Series 
has been extended t o a t o t a l of 39 h u l l 
form v a r i a t i o n s , covering a wide range 
of length-displacement r a t i o s and other 
form parameters. The t o t a l set of model-
experiment r e s u l t s , i n c l u d i n g u p r i g h t 
and heeled r e s i s t a n c e as w e l l as side-
f o r c e and s t a b i l i t y , has been analysed 
and polynomial expressions t o app r o x i 
mate these q u a n t i t i e s are presented. 
I n view of the c u r r e n t i n t e r e s t i n the 
performance of s a i l i n g yachts i n waves, 
the added r e s i s t a n c e i n i r r e g u l a r waves 
of 8 w i d e l y d i f f e r e n t h u l l form v a r i a 
t i o n s has been c a l c u l a t e d . A n a l y s i s of 
the r e s u l t s shows t h a t the added r e s i s 
tance i n waves s t r o n g l y depends on the 
product of displacement-length r a t i o 
and the gyradius of the p i t c h i n g motion. 
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Nomenclature 

A„ - w a t e r l i n e area 
hy- - maximum c r o s s - s e c t i o n area 
AR - aspect r a t i o 
% L " w a t e r l i n e breadth 
M̂AX ' maximum beam 

Cp - f r i c t i o n a l r e s i s t a n c e 
c o e f f i c i e n t 

Cjj - heeled r e s i s t a n c e c o e f f i c i e n t 
Cjyi - maximum cross s e c t i o n c o e f f i 

c i e n t 
Cp - p r i s m a t i c c o e f f i c i e n t 
CQ-[ - induced r e s i s t a n c e c o e f f i c i e n t 
CL - l i f t c o e f f i c i e n t 
Ffj - side f o r c e 
Fn - Froude number 
GM - metacentric h e i g h t 
g - a c c e l e r a t i o n due t o g r a v i t y 
^1/3 ' s i g n i f i c a n t wave h e i g h t 
kyy - p i t c h gyradius 
LCB - l o n g i t u d i n a l center of buoyancy 

i n % Lp̂ L of L;^L/2 
ŴL " w a t e r l i n e l e n g t h 
MN - r e s i d u a r y s t a b i l i t y 
q - s t a g n a t i o n pressure - ̂ pV^ 
R̂  - t o t a l r e s i s t a n c e w i t h heel and 

leeway 
Rrp - t o t a l r e s i s t a n c e i n u p r i g h t 

p o s i t i o n 
Rp - f r i c t i o n a l r e s i s t a n c e 
Rj^ - r e s i d u a r y r e s i s t a n c e 
Rj^ - induced r e s i s t a n c e 
Rjj - r e s i s t a n c e due t o heel 
'̂AW " added r e s i s t a n c e i n waves 
S]^ - wetted area k e e l 
S,-, - wetted area canoe body 
SJ- - wetted area rudder 
S^ - s p e c t r a l d e n s i t y 
T l - wave p e r i o d = 2 TT mg/m̂ ^ 
Tg - p e r i o d of encounter 
Tg - e f f e c t i v e draught 
T - t o t a l draught 
T,-, - draught of canoe body 
V - speed 

- wave amplitude 
(p - heel angle 
X - wave l e n g t h 
p - d e n s i t y of water 
u - c i r c u l a r frequency 

- volume of displacement 
A - weight of displacement 
/3 - leeway angle 
liyj - wave d i r e c t i o n 
f - kinematic v i s c o s i t y 

1. I n t r o d u c t i o n 

On the t e n t h Chesapeake S a i l i n g Yacht 
Symposium the r e s u l t s of an ext e n s i o n 
of the D e l f t Systematic Yacht h u l l 
s e r i e s has been presented. 



This Series I I c o n s i s t s of 6 medium- t o 
l i g h t displacement-length h u l l forms i n 
view of the t r e n d towards l i g h t e r s a i l 
i n g yachts which have a g r e a t e r speed 
p o t e n t i a l , i n p a r t i c u l a r i n ' reaching 
c o n d i t i o n s . 
The Series has been extended and com
p l e t e d w i t h model t e s t s of an a d d i t i o 
n a l Series of 11 h u l l form v a r i a t i o n s : 
Series I I I . 
The t o t a l Series now c o n s i s t s of t h i r t y 
nine models. 
Series I I I has been added t o increase 
the r e l i a b i l i t y of the u p r i g h t r e s i s 
tance p r e d i c t i o n f o r l i g h t displacement 
yachts, i n p a r t i c u l a r i n the h i g h speed 
range w i t h Fn > 0.45 [ 1 ] . 
The need f o r the extension of the Series 
w i t h the l i g h t - d i s p l a c e m e n t h u l l forms 
can be i l l u s t r a t e d by a comparison of 
the p r e d i c t e d u p r i g h t r e s i s t a n c e f o r 
model 25 according t o the expression as 
used by the IMS and by the new D e l f t 
f o r m u l a t i o n versus the experimental 
r e s u l t , see Figure 1 [ 2 ] . 
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F i g . 1: Comparison of IMS and D e l f t ap
proximations of the r e s i d u a r y 
r e s i s t a n c e w i t h experiments [ 2 ] . 

Another aspect of l i g h t displacement 
h u l l forms i s the s a i l c a r r y i n g c a p a c i t y . 
L i g h t s a i l i n g yachts w i t h a l a r g e B^i^/T,^ 

r a t i o loose 20 t o 30 % s t a b i l i t y a t h i g h 
speed compared w i t h the r e s u l t of a 
h y d r o s t a t i c s t a b i l i t y c a l c u l a t i o n . This 
seams t o be caused by more extreme d i s 
t o r t i o n of the f r e e surface when heeled 
at h i g h speeds. N e g l e c t i n g these e f f e c t s 
c o uld lead t o erroneous v e l o c i t y p r e d i c 
t i o n s . 
Therefore the systematic Series r e s u l t s 
a l s o have been used t o reanalyse the 
forw a r d speed e f f e c t s on s t a b i l i t y f o r 

a l l considered h u l l form v a r i a t i o n s . 

The u p r i g h t r e s i s t a n c e , the heeled r e 
sis t a n c e , the s i d e f o r c e and the s t a b i 
l i t y could be expressed i n simple h u l l 
form parameters: 

LWL/̂ Ĉ ''̂  % L / T C - TC/T, L „ L / B „ L , 

^w/^c^'^' LCB, Cp a t constant V//gL^. 

I n general, v e l o c i t y p r e d i c t i o n s of 
s a i l i n g yachts concern the calm water 
performance. 
However the i n f l u e n c e of seawaves on the 
re s i s t a n c e can be very s u b s t a n t i a l , i n 
p a r t i c u l a r when resonance c o n d i t i o n s f o r 
the p i t c h i n g motion are encountered. 
Also i n t h i s respect, l i g h t - d i s p l a c e m e n t 
yachts d i f f e r from medium- and heavy-
displacement yachts because the n a t u r a l 
periods of p i t c h and heave w i l l be 
smaller. Consequently, resonance condi
t i o n s w i l l occur i n a d i f f e r e n t p a r t of 
the wave spectrum r e s u l t i n g , i n many 
cases, i n lower added r e s i s t a n c e f o r the 
l i g h t displacement yacht, i n comparison 

w i t h a l a r g e r displacement yacht w i t h 
comparable main dimensions. 
The t o t a l r e s i s t a n c e , i n c l u d i n g t h i s 
added r e s i s t a n c e , could be taken i n t o 
account i n a performance c a l c u l a t i o n , 
when the r e l a t i v e m e r i t s of yachts i n a 
seaway have t o be compared, f o r instance 
i n the case of race handicapping. 
I n t h i s paper the p o s s i b i l i t i e s t o i n 
clude such an added r e s i s t a n c e i n waves 
c a l c u l a t i o n are discussed, a l s o w i t h 
regard t o the use of the systematic h u l l 
form v a r i a t i o n s of the D e l f t Series i n 
t h i s respect. 

2. V e l o c i t y p r e d i c t i o n i n calm water 

I n 1977 the r e s u l t s of model experiments 
w i t h 9 systematic v a r i a t i o n s of s a i l i n g 
yacht h u l l forms were p u b l i s h e d [ 5 ] . The 
measurements i n c l u d e d the d e t e r m i n a t i o n 
of the u p r i g h t r e s i s t a n c e , the heeled 
and induced r e s i s t a n c e , the s i d e f o r c e 
and the s t a b i l i t y . 
An extension of t h i s research w i t h 
another s e r i e s of 12 h u l l forms was 
presented i n 1981 [6] . 
A l l of the 22 h u l l form v a r i a t i o n s were 
based on the s a i l i n g yacht Standfast 43 
designed by Frans Maas. (Series I ) . 
I n view of the t r e n d towards l i g h t - d i s 
placements a f u r t h e r extension of the 
se r i e s w i t h 6 ifiodels (Series I I ) was 
completed p r o v i d i n g the same k i n d of i n 
f o r m a t i o n as f o r Series I and p u b l i s h e d 
i n 1988 [7] and 1991 [8] . These h u l l 
form v a r i a t i o n s were based on a van de 
Stadt & Partners designed parent form. 
F i n a l l y a t h i r d s e r i e s (Series I I I ) of 
eleven models has been t e s t e d , but on l y 
i n the u p r i g h t c o n d i t i o n , w i t h o u t l e e 
way. 
The speed range f o r Series I i s l i m i t e d 
t o Fn = 0.45, but f o r the Series I I and 
I I I speeds corresponding t o Fn = 0.75 



have been i n c l u d e d . With the parent mo
del of Series I three m o d i f i c a t i o n s of 
the k e e l span have been t e s t e d . 

Series I (nrs. 1 - 22) i s 1.60 meters; 
f o r the Series I I and I I I ( n r s . 23 - 28 
and n r s . 29 - 39) the w a t e r l i n e l e n g t h 
i s 2.0 meters. 

2.1. Main dimensions and form c o e f f i 
c i e n t s 

The main dimensions of the models 1¬
39, e x t r a p o l a t e d t o a w a t e r l i n e l e n g t h 
•'̂WL ° meters are given i n Table 2, 
whereas i n Table 3 the form c o e f f i c i e n t s 
and the l o n g i t u d i n a l p o s i t i o n of the 
center of buoyancy are summarized. 

I n Table 1 the ranges of some r a t i o ' s of 
main dimensions and form c o e f f i c i e n t s 
are given. 

Taüble 1 

Table 3 

Ranges o f h u l l f o r m p a r a m e t e r s 

2 . ,76 - 5 , ,00 
2 , ,46 -- 19 , , 32 
4 . ,34 • • 8 , ,50 
0 . , 0 -- -6 .0% 
0 .52 -- 0 . 60 

Table 2 
Main dimensions 

m o d e l T ' c S C A x 
n o . m m m m 

1 10 , 04 3 .67 3 .17 0 . 79 4 2 . I S 9 . 10 25 .4 1 . 62 21 8 
2 10 .04 3 .21 2 .76 0 .907 2 .28 9 .18 23 . 9 1 .62 19 1 
3 10 ,06 •1 . 25 3 .64 0 . 601 2 .05 9 .16 27 . 6 1 . 63 25 2 
4 10 .06 3 .32 2 .05 0 . 722 2 .09 7 .55 23 . 0 1 .34 19 0 

5 10 .05 4 .24 3 .64 0 .920 2 .29 12 .10 29 . 1 2 . 15 25 3 
6 10 ,00 3 .66 3 . 17 1 . 064 2 .43 12 . 24 27 .5 2 . 16 21 9 

7 10 .06 3 .68 3 . 17 0 . 640 2 .01 7 .35 24 .1 1 .31 21 8 

S 10 . 15 3 . 54 3 .05 0 . 794 2 .16 9 .18 25 .4 1 .57 22 1 

9 10 .07 3 . 01 3 .28 0 . 794 2 .16 9 .10 25 .0 1 . SO 21 5 

10 10 .00 3 . 60 3 .17 0 . 794 2 .16 9 . 19 25 . 6 1 . 62 22 0 

11 10 00 3 .68 3 . 17 0 . 794 2 .16 9 .19 25 . 3 1 .62 21 6 

12 10 00 3 .30 2 .05 0 . 724 2 .09 7 . 52 23 . 0 1 .33 19 8 

13 10 00 3 .30 2 .85 0 . 724 2 .09 7 .52 22 . 8 1 .33 19 4 

14 10 00 3 .30 2 . 05 0 . 772 2 .14 7 52 22 . 4 1 . 42 18 7 

I S 10 00 3 .67 3 .16 0 . 858 2 . 23 9 29 24 . 9 1 . 7S 20 8 

I S 10 00 3 68 3 17 1 . 128 2 . 65 12 23 27 .3 2 32 20 9 

17 10 00 3 68 3 17 0 . 747 2 .12 9 17 2G .3 1 .53 23 0 

18 10 00 3 60 3 17 0 . 747 2 . 12 9 17 2 6 .0 1 .53 2 2 6 

19 10 00 3 .68 3 17 0 845 2 .21 9 17 24 . 8 1 .73 21 0 

20 10 00 3 68 3 17 0 84S 2 .21 9 17 24 .6 1 73 20 6 

21 10 00 3 30 2 85 0 684 2 . 05 7 54 23 .6 1 25 2 0 . 5 

22 10 00 4 24 3 66 0 865 2 .23 12 2S 30 .2 2 05 26 3 

23 10 00 3 20 2 06 0 704 1 . 00 7 97 23 .3 1 46 19 3 

24 10 00 3 30 2 86 0 2 6 1 1 .36 3 00 19 9 0 55 19 0 

25 • 10 00 2 80 2 50 0 464 1 .56 4 62 19 0 0 .84 I S 7 

26 10 00 2 90 2 5 0 0 194 1 .29 1 97 17 3 0 36 16 7 

27 10 00 2 50 2 22 0 904 2 .00 7 92 21 7 1 4 4 14 9 

28 10 00 2 55 2 22 0 329 1 .42 2 92 16 2 0 54 14 S 

29 10 00 2 93 2 50 0 230 1 .33 2 37 17 5 0 43 I S 5 

30 10 00 2 93 2 50 0 350 1 45 3 C4 18 3 0 66 1 6 . 7 

31 10 00 2 9G 2 50 0 160 1 .25 1 63 17 1 0 30 14 5 

32 10 00 2 95 2 50 0 23 0 1 .33 2 37 17 8 0 43 15 5 

33 10 00 2 94 2 50 0 23 0 1 .33 2 37 17 2 0 44 I S . 3 

34 10 00 2 95 2 50 0 2 4 0 1 34 2 37 17 0 0 46 I S . 2 

35 10 00 2 95 2 50 0 2 2 0 1 32 2 3 7 18 0 0 41 17 3 

36 10 00 3 04 2 50 0 2 5 0 1 34 2 37 17 2 0 43 1 6 . 3 

37 10 00 3 22 2 50 0 2 7 0 1 3G 2 37 17 0 0 43 16 3 

38 10 00 3 92 3 33 0 1 7 0 1 27 2 37 22 6 0 43 22 2 

39 10 00 2 35 2 00 0 2 9 0 1 30 2 37 14 7 0 43 13 . 4 

Form parameters 

Model 
no. 

BWL/TC ^ 3 

1 3 1 7 2 7 3 3 9 9 0 5 6 8 4 7 8 - 2 . 3 

2 3 6 4 3 1 2 3 0 4 0 3 6 9 4 7 8 - 2 . 3 

3 7 6 2 3 5 5 3 3 0 S 6 5 4 7 8 - 2 . 3 

4 3 5 3 3 0 1 3 9 5 0 5 6 4 5 1 0 - 2 . 3 

S 2 7 6 2 3 6 3 9 6 0 5 7 4 4 3 6 - 2 . 4 

6 3 1 3 2 7 3 2 9 8 0 5 6 8 4 3 4 - 2 . 4 

7 3 1 7 2 7 2 4 9 3 0 5 6 2 5 1 4 - 2 . 3 

S 3 3 2 2 8 2 3 0 4 0 5 8 5 4 7 8 - 2 . 4 

9 3 0 7 2 6 2 4 1 3 0 5 4 6 4 7 9 -2.1 

1 0 3 I S 2 7 2 3 9 9 0 3 6 5 4 7 7 0 . 0 

1 1 3 1 5 2 7 2 3 9 9 0 5 6 5 4 7 7 - S . 0 

1 2 3 5 1 3 0 3 3 9 4 0 S 6 S 5 1 0 0 . 0 

1 3 3 5 1 3 0 3 3 9 4 0 5 6 5 5 1 0 - 5 . 0 

1 4 3 5 1 3 0 3 3 6 9 0 3 3 0 5 1 1 - 2 . 3 

I S 3 1 6 2 7 2 3 6 8 0 5 3 0 4 7 6 - 2 . 3 

1 6 3 1 5 2 7 2 2 8 1 0 5 3 0 4 3 4 - 2 . 3 

1 7 3 1 3 2 7 2 4 2 4 0 6 0 0 4 7 8 0 . 0 

18 3 1 3 2 7 2 4 2 4 0 6 0 0 4 7 8 - 5 . 0 

1 9 3 I S 2 7 2 3 7 5 0 3 3 0 4 7 0 0 . 0 

2 0 3 1 5 2 7 2 3 7 5 0 S 3 0 4 7 8 - 5 . 0 

2 1 3 5 1 3 0 3 4 1 7 0 6 0 0 3 1 0 - 2 . 3 

22 2 7 3 2 3 6 4 2 3 0 6 0 0 4 3 4 - 2 . 3 

2 3 3 S O 3 U 4 0 6 0 5 4 8 5 0 0 - 1 . 9 

2 4 3 S O 3 0 3 1 0 9 6 0 5 4 8 6 9 3 - 2 . 1 

2 5 4 0 0 3 5 7 3 3 9 0 5 4 8 6 0 1 - 1 . 9 

2 6 4 0 0 3 4 3 1 2 8 9 0 5 4 3 7 9 7 - 2 . 1 

2 7 4 S O 4 0 0 2 4 6 • 0 3 4 8 5 0 2 - 1 . 9 

2 8 4 S O 3 9 2 6 7 5 0 5 4 6 6 9 9 - 1 . 9 

2 9 4 0 0 3 4 1 1 0 8 7 0 3 4 9 7 5 0 - 4 . 4 

3 0 4 0 0 3 4 1 7 0 7 0 3 4 9 6 5 0 - 4 . 4 

3 1 4 0 0 3 3 8 I S 8 2 0 3 4 9 8 5 0 - 4 . 4 

3 2 4 0 0 3 3 9 1 0 8 6 0 5 5 1 7 S O - 2 . 1 

3 3 4 0 0 3 4 0 1 0 8 7 0 5 4 5 7 S O - 6 . 6 

3 4 4 0 0 3 3 9 1 0 3 7 0 5 2 0 7 SO - 4 . 4 

3 S 4 0 0 3 3 9 1 1 4 7 0 3 7 9 7 S O - 4 . 4 

3 6 4 0 0 3 2 9 1 0 1 6 0 S 5 0 7 5 0 - 4 . 3 

3 7 4 0 0 3 1 1 9 4 5 0 5 5 1 7 5 0 - 4 . 3 

3 8 3 0 0 2 5 5 1 9 3 2 0 5 4 9 7 5 0 - 4 . 4 

3 9 5 0 0 4 2 5 6 9 6 0 5 4 9 7 S O - 4 . 4 

PARENT MODEL ( n r s . 1 - 2 2 ) 

PARENT MODEL (nr s . 23 - 39) 

The parent body plans f o r models 1 - 22 
and 29 - 39 are d e p i c t e d i n Figure 2. 
The w a t e r l i n e l e n g t h of a l l models of 

Fig. 2: Parent models f o r the D e l f t Sys
tematic Yacht H u l l S eries. 



A l l models were t e s t e d w i t h the same 
keel and rudder and consequently w i t h 
the u n i f o r m e x t r a p o l a t i o n t o % L = '̂̂  
meters the r e i s a d i f f e r e n c e .in k e e l 
span f o r the Series I on the one hand 
and the Series I I and I I I on the oth e r 
hand. 
For Series I the keel span i s 1.37 me
t e r s and f o r Series I I and I I I t h i s i s 
1.10 meters f o r the corresponding wa
t e r l i n e l e n g t h L^^^ = 10 meters. 
The k e e l and rudder l o c a t i o n i s g i v e n i n 
Figure 3. 
For the a d d i t i o n a l k e e l span v a r i a t i o n s 
of model 1 the f o l l o w i n g cases have been 
considered f o r the models l a , l b and I c 
r e s p e c t i v e l y : 1.25,1.45 and 0.69 meters. 

2.2. Determination of the hydrodynamic 
r e s i s t a n c e 

The t o t a l hydrodynamic r e s i s t a n c e of a 
s a i l i n g yacht i n calm water may be s p l i t 
up i n three components: 

= RT + Ri + RH (1) 

Where: R-j. - u p r i g h t r e s i s t a n c e (no lee
way) 

- induced r e s i s t a n c e due t o 
the ge n e r a t i o n of side f o r c e 

Rjj - r e s i s t a n c e due t o heel (no 
side force) 

MODELS 1 - 22 

O l i n . O O R D . 5 O R D . I O 

ORD 6h 
0 . 2 2 j n 

L 
/ 

-11 ACA 0 0 1 2 - l l A C A 6 3 , A 0 1 5 

MODELS 23 - 39 

om 

J J 1 L 
- I I A C A 6 3 , A 0 1 5 

Geometry o f k e e l and rudder 

volume 

m3 

wetted 
area 

r o o t c h o r d 

m 

Keel 
Rudder 

0.00262 
0.00023 

0.1539 
0.0550 

0 . 414 
0 .124 

t i p c h o r d 

m 

span 

m t 

sv;eep back 
angle 

degrees 

Keel 
Rudder 

0.262 
0 . 096 

0.219 
0.266 

45 
5.4 

2.2.1. U p r i g h t r e s i s t a n c e 

The u p r i g h t r e s i s t a n c e i s s p l i t up i n 
f r i c t i o n a l r e s i s t a n c e Rp and r e s i d u a r y 
r e s i s t a n c e Rj^. 
The f r i c t i o n a l r e s i s t a n c e i s c a l c u l a t e d 
u s i n g the 1957 ITTC e x t r a p o l a t o r : 

Cp = 
0 . 075 VL 

(l o g Rji - 2): 
(2) 

where the Reynolds number f o r the 
h u l l i s based on L = 0.7 L^j^. For Iceel 
and rudder the mean chord lengths have 
been used. 
I t has been considered t o use the so 
c a l l e d Prohaslca form f a c t o r s i n the ex
t r a p o l a t i o n procedure, but the d i f f e r 
ence i n the f i n a l r e s u l t i s not s i g n i f i 
cant . 

For the a n a l y s i s of the model experiment 
r e s u l t s the kinematic v i s c o s i t y v, cor
responding t o the measured tank water 
temperature, has been used i n a l l cases. 
For r e s i s t a n c e p r e d i c t i o n purposes: 

f o r f r e s h water and seawater r e s p e c t i v e 
l y a t 15 degrees Celsius may be used. 

The wetted surface of the canoe body, 
w i t h o u t }teel and rudder can be appr o x i 
mated by: 

S„= [1.97-10.171 — ] * [ - ^ ^ l ^ / ^ * [ V C * L W L ] ^ 

(3) 

w i t h : 
'WL * Tc * Cp 

Figure 3: P o s i t i o n of keel and rudder. 

LWL * 

The f r i c t i o n a l r e s i s t a n c e f o l l o w s from: 

Rp = ^pV2(Sc Cpc + S)^ Cp]^ + SJ. Cpj-) (4) 

where the i n d i c e s c, k and r r e f e r t o 
r e s p e c t i v e l y the canoe body, the Iceel 
and the rudder. 

Using a l e a s t squares method the r e s i d u 
ary r e s i s t a n c e of a l l t e s t e d models i s 
expressed i n a polynomial expression, 



using h u l l form parameters as v a r i a b l e s . 
For the speed range Fn = 0.125 (0.025) 
0.450 the parameters Cp, '^^y,/'^ c ' ^ , LCB 
and B^L/T,-, have been used: 

— * 10' = ao+a, C„+a2(LCB)+a3(B„L/Tc) + 

+a,(L„L/^c''')+a5 Cp2+a, Cp* (L„L/^C''') + 

+3^ (LCB) 2+a8 (L„L/VC'/') 2+a9 (L„L/VC^'^) ' 

(5) 

For the speed range Fn = 0.4 75 (0.025) 
0.750 the polynomial f i t i s as f o l l o w s : 

^ * 10^ = CO+C,(LWL/%L)-^CzlA^/Vc^/^)^ 

+C3(LCB)+C^(L„L/B„L)2+ 

+ C5(L„L/BWL)*(AW/VC''')' (6) 

The c o e f f i c i e n t s a and c are give n i n 
the Tables 4 and 5. 

Table 4 
Residuary r e s i s t a n c e polynomial c o e f f i 
c i e n t s 

Table 5 
Residuary r e s i s t a n c e polynomial c o e f f i 
c i e n t s 

Fn CO cl C2 C3 c4 c5 

.475 ISO .1004 -31 .50257 -7. 451141 2 195042 2 689623 0 006400 

.500 243 .9994 -44 .52551 -11 .15456 2 179046 3 857403 0 009676 

.535 282 .9073 -51 .51953 -12 .97310 2 274505 4 343662 0 011066 

.550 313 .4109 -56 .58257 -14 . 41970 2 326117 4 690432 0 012147 

.575 337 .0038 -59 .19029 -16 .06975 2 419156 4 766793 0 014147 

.600 356 .4572 -62 .85395 -16 . 05112 2 437056 5 078760 0 014980 

.625 324 .7357 -51 .31252 -15 .34595 2 334146 3 055360 0 013695 

.650 301 .1268 -39 .79631 -15 .02299 2 059657 2 545676 0 013508 

.675 292 . 0571 -31 .85303 -15 .58540 1 847926 1 569917 0 014014 

.700 284 .4641 -25 14558 -16 .15423 1 703981 0 817912 0 014575 

.725 256 .6367 -19 .31922 -13 .00450 2 152024 0 340305 0 011343 

.750 304 .1003 -30 11512 -15 .85429 2 863173 1 524379 0 014031 

2.2.2. Induced r e s i s t a n c e 

The induced r e s i s t a n c e c o e f f i c i e n t f o r a 
l i f t i n g surface w i t h an e f f e c t i v e aspect 
r a t i o ARg i s given by: 

Fn aO 
a5 

a l 
a6 

a2 
a7 

a3 
a8 

a4 
a9 

0.125 -6.735654 

-38.860B1 
+38.36031 
+0.956591 

-0.000193 
- 0 . 0 0 2 1 7 1 

+0.055234 

+0.272895 
- 1 . 9 9 7 2 4 2 
- 0 . 0 1 7 5 1 6 

0 . 150 -0.3B2870 

-39 .55032 
+38.17290 

+1.219563 

+0.007243 
+0.000052 

+0.026644 

+0.624568 

- 5 . 2 9 5 3 3 2 

- 0 . 0 4 7 8 4 2 

0.175 - 1 . 5 0 3 5 2 6 

- 3 1 . 9 1 3 7 0 

+24.40003 

+2.216098 
+0.012200 
+0,000074 

+0.067221 

+0.244345 
- 2 , 4 4 8 5 8 2 
- 0 . 0 1 5 8 8 7 

0.200 +11.29218 

- 1 1 . 4 1 8 1 9 

-14.51947 

+5.654065 

+0.047102 

+0.007021 
+ 0 . 0 8 5 1 7 6 
-0.094934 

- 2 . 6 7 3 0 1 6 

+0.006325 

0.225 +22.17867 
+7.167049 

-49.16784 
+8.600272 

+0,085998 

+0.012981 
+0,150725 
- 0 . 3 2 7 0 8 5 

- 2 . 0 7 0 6 8 4 
+ 0 . 0 1 8 2 7 1 

0.250 +25.90867 

+24.12137 
-74.75668 

+10.48516 

+0,153521 

+0.025348 
+0,108568 
- 0 , 8 5 4 9 4 0 

- 0 . 8 8 9 4 6 7 

+0.048449 

0.27S +40.97559 
+ 53 . 01570 

-114.2655 

+13.02177 

+0.207226 
+0.035934 

+0,250827 

- 0 . 7 1 5 4 5 7 

- 3 . 0 7 2 6 6 2 

+ 0.039874 

0.300 +45.83759 
+132.2568 

-104.7646 
+10.06054 

+0.357031 
+0.066809 

+0.338343 
- 1 , 7 1 9 2 1 5 

+3.871658 
+ 0 . 0 9 5 9 7 7 

0.32S +89.20382 
+331.1197 

-393.0127 
+8.598136 

+0.617466 
+0.104073 

+0,460472 

- 2 , 0 1 5 2 0 3 
+11.54327 
+0.155960 

0.350 +212.6780 

+667.6445 

-801.7908 

+12.39815 

+1.007307 

+0.166473 

+0.539938 

- 3 , 0 2 6 1 3 1 

+ 1 0.80273 

+ 0 . 1 6 5 0 5 5 

0.375 +336.2354 

+831.1445 

-1085.134 

+26.18321 
+1,644191 

+0.238795 

+0,532702 

- 2 . 4 5 0 4 7 0 

- 1 . 2 2 4 1 7 3 

+0.139154 

0 . 400 +5 6 6 , 5 4 7 6 

+ 1 1 5 4 . 0 9 1 

-1609.632 

+51.46175 

+2.016090 

+0.288046 
+0.265722 
- 0 . 1 7 8 3 5 4 

- 2 9 . 2 4 4 1 2 
+ 0 . 0 1 8 4 4 6 

0.425 +743.4107 
+937,4014 

-1708.263 

+115.6006 
+2.435809 
+0.365071 

+0.013553 
+1.838967 

- 8 1 . 1 6 1 8 9 

- 0 . 0 6 2 0 2 3 

0 . 450 +1200.620 
+1489,269 

- 2 7 5 1 . 7 1 5 
+196.3406 

+3.208577 
+0.528225 

+0.254920 
+1,379102 

- 1 3 2 . 0 4 2 4 
+ 0 . 0 1 3 5 7 7 

c 

I t should be noted t h a t A,-, i s the weight 
of displacement of the canoe body, w i t h 
out k e e l and rudder, i s the corres
ponding volume of displacement. 
The waterplane area A„ may be approxi
mated w i t h s u f f i c i e n t accuracy by: 

Di AR 
(8) 

E 

S i m i l a r l y , f o r the h u l l , k e e l and rudder 
combination, the induced r e s i s t a n c e re
s u l t i n g from the generated s i d e f o r c e Fjj 
can be w r i t t e n as: 

AR E qSc 
(9) 

where ARg i s the e f f e c t i v e aspect r a t i o 
of the h u l l , k e e l and rudder combina
t i o n , and g = MpVz. Using the r e s u l t s of 
the r e s i s t a n c e measurements w i t h heel 
angle and leeway, the induced r e s i s t a n c e 
could be expressed by: 

Ri = (Co ^ v ^ ) 
qSc 

(10) 

where Cg and Cj depend on the geometry 
of the h u l l , k e e l and rudder combina
t i o n . 
The expression(10) works w e l l f o r Series 
I (nrs. 1 - 22) but f o r the Series I I 
and I I I ( n r s . 23 - 39 an a d d i t i o n a l term 
w i t h the Froude number Fn was necessary 
to cope w i t h a s i g n i f i c a n t f r e e surface 
i n f l u e n c e on the ,induced r e s i s t a n c e . 
Thus: 

(Co + Cj + Cj Fn) 
qSc 

(11) 

For Series I a f a i r agreement between 
(10) and (11) e x i s t s f o r Fn = 0.325. 
With (9) and (10) we f i n d : 

-•WL 'WL 
1.313Cp + 0.0371 (L„L/VC^^^)-1 

0.0857Cn * ( L W L / V p ^ ^ ^ ) (7) 
ARr 

n (C(, -I- C2 cp2 

(12) 



We now d e f i n e an e f f e c t i v e draught Tg 
w i t h : 

ARr 

T p Z = 

and: 

, than: 

n (Co + Cp <p2 ) 

^ Tg^ q 

(13) 

:i4) 

the i n f l u e n c e of deck immersion. 
By analogy w i t h the IMS f o r m u l a t i o n the 
f o l l o w i n g expression i s used f o r v e l o c i 
t y p r e d i c t i o n s : 

R R,. rp ~ ",po [1 + 0.0004(,p 

'P i n degrees. 

30 )2 ] (19) 

This r e s u l t s i n a r e s i s t a n c e increase of 
1% and 4% f o r r e s p e c t i v e l y .p = 35 de
grees and (p = 40 degrees. 

With the measured values f o r models 1 
- 2 8 and model l a , model l b and model I c 
the e f f e c t i v e draughts Tg have been 
determined f o r heel angles 0, 10, 20 and 
30 degrees. 
The r e l a t i v e e f f e c t i v e draught Tg/T ap
pears t o be s t r o n g l y dependent on T^/T, 
% L / T C and <p . 

A s a t i s f a c t o r y f i t t o the experimental 
data i s give n by: 

T T 
= A, (—^) + Aj (- ' 

T ' T T 
+ A,(- (15) 

w i t h : A, = 4.080 + 0.0370 ip - 4.9830 ip^ 

Aj = -4.179 - 0.8090 q, + 9.9670 (p̂  

Aj = 0.055 - 0.0339 <p - 0.0522 q,^ 

<P i n rad i a n s . 

2.2.3. Resistance due t o h e e l 

2.3. Side f o r c e as a f u n c t i o n of hee l 
and leeway 

For the models 1 - 22 (Series I ) and 
model I c ( h a l f )ceel span) the r e l a t i o n 
between leeway and side f o r c e i s approx
imated by: 

FTT COS w 
P = — (Bo + B, ¥ , 2 ) 

p and <p i n radians 

(20) 

Due t o l a r g e r B^L/T^ an a d d i t i o n a l term 
depending of the heel angle and the 
Froude number i s necessary f o r the mo
dels 23 - 28 (Series I I ) t o s a t i s f y the 
experimental evidence which i n d i c a t e s 
f r e e surface e f f e c t s . 
Thus: 

FTT COS <P 
P = ( B 0 + B 2 <p^)+Bj (p2 Fn (21) 

For each of the models 1 -28 the r e s i s 
tance due t o he e l , Rjj, has been deter
mined . 
I t was found t h a t a reasonable approxi
mation of Rfj i s given by: 

= CH F n 2 
qSc 

(p i n radians . 

(16) 

I f the combination of h u l l , k e e l and 
rudder i s considered as a side f o r c e 
( l i f t ) g e n e r a t i n g element, the " l i f t " 
slope w i l l be given by the f i r s t two 
terms of (21): 

FJJ cos (p 

P qSc Bo + B^<p^ 
(22) 

The CJJ was expressed i n the k e e l and 
h u l l parameters T^/T and B^i^/T^. 

T B 
CH * 10^ = 6.747(—^ + 2 . 5 1 7 ( — ^ + 

T T^ 

B 
I- 3.710(- WL ) * { — ) (17) 

The r e s i s t a n c e due t o heel and side 
f o r c e , the heeled r e s i s t a n c e , i s given 
by: 

+ (CH F n 2 <p)qSc (18) 
n TgZ q 

w i t h Tg and CH as shown i n (15) and (17) 

For ip > 30 degrees an e x t r a r e s i s t a n c e 
increase can be i n c l u d e d t o a l l o w f o r 

The slope depends on the e f f e c t i v e as
pect r a t i o of the underwater p a r t of the 
h u l l , k e e l and rudder, v/hich i n t h i s 
case i s r e l a t e d t o side f o r c e genera
t i o n . 

I t was found t h a t the " l i f t " slope can 
be expressed w i t h s u f f i c i e n t accuracy 
by: Tc/T and T^/S^: 

•H cos 

P q 

w i t h : 

= b i ( — ) + b 2 ( — ) ^ + b 3 ( ^ ) + 

T p T 2 
b4 (-^) * (—) (23) 



<p = 0° <p = 10° (p = 20° <p = 30° 

b2 
b3 
b4 

+ 2.025 
+ 9.551 
+ 0.631 
- 6.575 

+ 1.989 
+ 6.729 
+ 0.494 
- 4.745 

+ 1.980 
+ 0.633 
+ 0.194 
- 0.792 

+ 1.762 
• - 4.957 
- 0.087 
+ 2 . 766 

The c o e f f i c i e n t Bj i n (21) has been de
termined w i t h the experimental r e s u l t s 
of models 23 - 28 (Series I I ) : 

B, = 0 . 0 0 9 2 ( — ^ * ( ) ( 2 4 ) 

Tc Tc 

The c o n t r i b u t i o n of the Bj i s r e l a t i v e l y 
s mall, except i n the case of very l a r g e 
^WL/TC and T/Tc, such as models 2 4 and 
2 6 . Then there i s a c e r t a i n heel angle 
at which no side f o r c e i s generated, 
which f o l l o w s from: 

/3 = BJ Fn. 

2.4. S t a b i l i t y 

The data r e d u c t i o n of the experimental 
s t a b i l i t y data has been c a r r i e d out as 
f o l l o w s (see Figure 4 ) : 

GN s i n (p = GM s i n + MN s i n <p (25) 

where GM i s the c a l c u l a t e d h y d r o s t a t i c 
value a t V = 0. 
The r e s i d u a r y s t a b i l i t y l e v e r can be ex
pressed i n : <p, Fn and Bj^^/Tc: 

MN s i n (p , , 
= (Dj * .p * Fri + Dj <p2 ) (26) 

LWL 

w i t h : 

Dp = -0.0406 + 0.0109 (^^-0.00105 { - ^ ^ ^ 
2 Tc Tc 

D , = + 0.0636 - 0.0196 ( — ^ 
T -̂ C 

<P i n radians 

F i n a l l y the d i s t a n c e of the center of 
l a t e r a l r e s i s t a n c e t o the w a t e r l i n e i s 
given by: 

* T (27) 

w i t h : 

Ta 
D , = 0.414 - 0.165 (—^ 

T 

Apparently f o r Tc/T — » • 0 D̂  approaches 
the value f o r an e l l i p t i c d i s t r i b u t i o n 
of the s i d e f o r c e from the t i p of the 
keel t o the w a t e r l i n e . 

GN s i n <p = (GM + MN) s i n <p 

F i g . 4: D e f i n i t i o n of r e s i d u a l s t a b i l i t y 
l e v e r MN s i n tp . 

To show the goodness of f i t of the v a r i 
ous polynomials as given f o r r e s i s t a n c e , 
side f o r c e , and s t a b i l i t y , some r e s u l t s 
are given i n the Figures 5 - 8. 
I n Figure 5 the measured and p r e d i c t e d 
u p - r i g h t r e s i s t a n c e f o r the models 16 
and 37 (a heavy- and l i g h t - d i s p l a c e m e n t 
h u l l ) are compared. The t y p i c a l d i f f e r 
ence i n ch a r a c t e r of the r e s i s t a n c e 
curve f o r speeds e x c l u d i n g Fn = 0.45 i s 
c l e a r l y shown. 
I n Figure 6 the heeled r e s i s t a n c e , pre
d i c t e d w i t h equation (18) i s compared 
w i t h the experimental r e s u l t s f o r models 
16 and 28, and i n Figure 7 the generated 
side f o r c e as a f u n c t i o n of leeway and 
heel angle p r e d i c t e d according t o equa
t i o n (21) i s compared w i t h the measure
ments . 
F i n a l l y a s i m i l a r comparison has been 
made f o r the s t a b i l i t y l e v e r a t 10, 20 
and 3 0 degrees as a f u n c t i o n of the 
Froude number us i n g equations (25) and 
(26). 
The examples i n c l u d e some r a t h e r extreme 
h u l l forms, but the p r e d i c t i o n i n a l l 
considered cases i s s a t i s f a c t o r y . The 
importance of the length-displacement 
r a t i o L(^L/VC^'^ and the beam t o draught 
r a t i o BJ^L/TC i s c l e a r l y shown i n the 
Figures 5 - 8. 
I n p a r t i c u l a r the a t t e n t i o n i s drawn t o 
the l o s s of s t a b i l i t y a t forward speed 
f o r the wide beam models 31 and 33 as 
d e p i c t e d i n Figure 8. 

3. P r e d i c t i o n o f added r e s i s t a n c e i n 
waves 

To estimate the added r e s i s t a n c e i n 
waves the r a d i a t e d damping energy of the 
v e r t i c a l motions (heave and p i t c h ) i s 
r e l a t e d t o the work done by the e x t r a 
r e s i s t a n c e R/̂ ŵ as described i n [7] : 
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As shown i n [7] and [9] c a l c u l a t e d added 
r e s i s t a n c e i n general agrees q u i t e w e l l 
w i t h the r e s u l t s of model r e s i s t a n c e ex
periments i n r e g u l a r waves. I t i s shown 
t h a t the added r e s i s t a n c e i s p r o p o r t i o 
n a l t o the wave h e i g h t squared f o r con
s t a n t wave-length and forward speed. 
The added r e s i s t a n c e on a base of wave
l e n g t h or wave p e r i o d f o r a c e r t a i n 
yacht speed ( p r e f e r a b l y i n dimensionless 
q u a n t i t i e s ) i s the added wave r e s i s t a n c e 
response operator. 
I n combination w i t h a giv e n wave spec
trum Sf, which could be the r e s u l t of a 
wave buoy measurement, or a f o r m u l a t i o n 
based on observed wave p e r i o d and s i g 
n i f i c a n t wave h e i g h t , the mean added 
r e s i s t a n c e i n the considered wave spec
trum can be obtained by s u p e r p o s i t i o n : 

RAW 
RAW = 2 ~ * ((Je)da)e (29) 

o f a 
I n general the added r e s i s t a n c e operator 
^Aw/fa^ or a corresponding dimensionless 
p r e s e n t a t i o n , depends on the h u l l geome
t r y , the l o n g i t u d i n a l p i t c h gyradius, 
the wave p e r i o d or frequency and the 
wave d i r e c t i o n 
For e i g h t models of the D e l f t Systematic 
Yacht H u l l Series, n r s : 1, 5, 6, 22, 25, 
26, 30 and 31, which c o n s t i t u t e a very 
l a r g e range of h u l l form v a r i a t i o n s , the 
added r e s i s t a n c e response operators have 
been c a l c u l a t e d f o r wave d i r e c t i o n s / i ^ , , = 
100, 115, 125 and 135 degrees, forward 
speeds corresponding t o Fn = 0.15(0.10) 
0.45 and 0.60 and p i t c h gyradius kyv/^WL 
= 0.25, 0.27, and 0.31. 
The c a l c u l a t i o n s concern the u p r i g h t 
c o n d i t i o n s . Based on the model t e s t s i n 
[7] t h i s i s a reasonable estimate a l s o 
f o r c o n d i t i o n s when heeled. 

Fig . 9: Added r e s i s t a n c e operators f o r 
models 1 and 25. 

1 rljTATT, rTpi 
RAW = 7 J„ I , b'v^^ dx^dt (28) 

A U 0 
where: 

A 
t 
b' 

•̂e 
^b 

wave l e n g t h 
time 
cross s e c t i o n a l damping coef
f i c i e n t , c o r r e c t e d f o r the 
forward speed 
r e l a t i v e v e r t i c a l v e l o c i t y of 
the considered cross - s e c t i o n 
w i t h respect t o the water, 
p e r i o d of wave encounter 
l e n g t h o r d i n a t e of the h u l l . 

The v e r t i c a l r e l a t i v e motion depends 
on the v e r t i c a l motions heave and p i t c h 
and the v e r t i c a l component of the i n c i 
dent wave v e l o c i t y . The c a l c u l a t i o n of 

can be c a r r i e d out by a simple s t r i p 
theory, i g n o r i n g 3-dimensional e f f e c t s . 

The added r e s i s t a n c e operators have been 
used t o estimate the mean added r e s i s 
tance i n a Bretschneider spectrum 
d e f i n e d by the s i g n i f i c a n t wave h e i g h t 
H,̂ 3 and the mean wave p e r i o d T,,: 

Aw'5 exp ( -Bü)" ' ' ) (30) 

w i t h : A = 173 Hi/j/T^'' and B = 691/5/ 

Using equation (29) the mean added 
r e s i s t a n c e R;̂ ^ has been c a l c u l a t e d f o r 
Hi/3 = 1 meter, T, = 2 (0.5) 6 seconds 
and the same wave d i r e c t i o n s as f o r the 
r e g u l a r wave cas?, assuming u n i d i r e c 
t i o n a l waves. 
I n p a r t i c u l a r the gyradius range i s v e r y 
wide, and presumably exceeds the p r a c t i 
c a l p o s s i b i l i t i e s . For s i g n i f i c a n t wave 
heights d i f f e r i n g from H. 

1/3 = 1 meter 
the added r e s i s t a n c e has t o be m u l t i 
p l i e d by the square of the considered 
wave h e i g h t . 

A systematic a n a l y s i s of the r e s u l t s of 
t h i s c a l c u l a t i o n showed t h a t f o r con
s t a n t wave d i r e c t i o n , wave h e i g h t , wave 
p e r i o d and forward speed the added 



r e s i s t a n c e depends f o r the g r e a t e r p a r t 
on: 

See Figure 1 0 f o r = 4 seconds, Hy^ = 
1 . 5 0 meters, Fn = 0 . 3 5 and % L = 1 ° 
meters, as an example. 
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F i g . 10: Added r e s i s t a n c e . 

The data may be used t o analyse the i n 
f l u e n c e of the p i t c h gyradius on the 
added r e s i s t a n c e . Also, as an example, 
t h i s i s shown i n Figure 11a where R̂ ^̂  i s 
p l o t t e d on a base of T, f o r model no. 1 
w i t h = 1 0 meters and g y r a d i i k v v / L w r 

= 0.23, 0.27 and 0.31. yy VMU 

A s i m i l a r p i c t u r e i s given i n Figure l i b 
f o r model no 26, the parent model of the 
l i g h t - d i s p l a c e m e n t models. 
The t o t a l r e s u l t of t h i s added r e s i s 
tance c a l c u l a t i o n i n dimensionless form 
can be summarized by: 

RAW * 1 0 ^ 

/ ' 9 % L H I / 3 ^ 
1 0 2 

V „ l/3 k 

-•WL --WL 

(31) 

where a and b are g i v e n i n Table 7. 
The goodness of f i t i s shown i n 
Figure 12a, b f o r T, = 2.476 and 4 
seconds and Fn = 0.3. 
This set of data have been used i n the 
D e l f t V e l o c i t y P r e d i c t i o n Program t o 
estimate the yacht speed i n a g i v e n wave 
c o n d i t i o n . The e x t r a i n p u t i s no more 
than the s i g n i f i _ c a n t wave h e i g h t H^^j, 
the wave p e r i o d T, and the p i t c h gyra
dius of the considered yacht. 

the 
457 
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( i^ • 135 degxeeg 
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Figure 11a: Added resistance versus mean 
wave period Model Nö.1. 
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Figure l i b : Added, resistance versus mean 
wave period Model No.26. 

I t should be noted t h a t the a n a l y s i s i s 
r e s t r i c t e d t o wave d i r e c t i o n s forward of 
the beam. For waves a f t of the beam the 
c a l c u l a t i o n of the e x t r a r e s i s t a n c e i n a 
given wave spectrum according t o the 
s t r i p t h e o r y i s not r e l i a b l e . However, 
i n general, the added r e s i s t a n c e i n t h i s 
r e g i o n i s r e l a t i v e l y s m a l l . Also, e f 
f e c t s of s u r f i n g are not i n c l u d e d . 



Table 7 
Added r e s i s t a n c e c o e f f i c i e n t s a and b 
(see equation (31)) 

Fn a b 

.15 1 .981 135 0 .649 0 .440 

.15 1 .981 125 0 .352 0 .593 

.15 1 .981 115 0 .127 0 .841 

.15 1 .981 100 0 .0011 2 .455 

.15 2 .476 135 0 .209 0 .904 

.15 2 .476 125 0 .114 1 .027 

.15 2 .476 115 0 . 040 1 .247 

.15 2 .476 100 0 .00032 2 .863 

.15 2 .971 135 0 . 089 1 .124 

.15 2 .971 125 0 .048 1 .229 

.15 2 .971 115 0 .017 1 .437 

.15 2 .971 100 0 .00014 3 .005 

.15 3 .467 135 0 .045 1 .232 

.15 3 .467 125 0 . 024 1 .329 

.15 3 .467 115 0 .008 1 .532. 

.15 3 .467 100 0 . 00004 3 .391 

.15 3 .962 135 0 . 026 1 .293 

.15 3 .9 62 125 0 .014 1 .385 

.15 3 .962 115 0 .005 1 .590 

.15 3 .962 100 0 .00003 3 .259 

.15 4 .457 135 0 .016 1 .329 

.15 4 .457 125 0 .008 1 .417 

.15 4 .457 115 0 .003 1 .601 

.15 4 .457 100 0 .00004 2 .863 

.15 4 .952 13 5 0 . 010 1 .345 

.15 4 .952 125 0 .005 1 .428 

.15 4 .952 115 0 .0019 1 .617 

.15 4 .952 100 0 .00004 2 .618 

.15 5 .447 13 5 0 .007 1 .364 

.15 5 .447 125 0 .004 1 .445 

.15 5 .447 115 0 .0012 1 .650 

.15 5 .447 100 0 .00004 2 .414 

.15 5 .943 135 0 .005 1 .371 

.15 5 .943 125 0 .003 1 .441 

.15 5 .943 115 0 .0009 1 .643 

.15 5 .943 100 0 .00005 ' 2 .220 

Fn a b 

.25 1. 981 135 0. .669 0. ,416 

.25 1. 981 125 0 . .380 0, .583 

.25 1. 981 115 0 . ,148 0 . 832 

.25 1. 981 100 0 . 0021 2 . .195 

.25 2 . 476 13 5 0 . 219 0 . 9 63 

.25 2 . 476 125 0 . 124 1. 078 

.25 2 . 476 115 0 . 048 1. 275 

.25 2 . 476 100 0 . 0007 2 . 565 

.25 2 . 971 135 0 . 095 1. 221 

.25 2 . 971 125 0 . 053 1. 308 

.25 2 . 971 115 0 . 020 1. 478 

.25 2 . 971 100 0 . 00025 2. 789 

.25 3 . 467 135 0 . 048 1. 349 

.25 3 .467 125 0 . 027 1 .424 

.25 3 .467 115 0 .010 1 .580 

.25 3 .467 100 0 .00011 2 .949 

.25 3 .962 135 0 . 028 1 .418 

.25 3 .962 125 0 . 015 1 .483 

.25 3 .962 115 0 . 006 1 .636 

.25 3 .962 100 0 .00006 3 .053 

.25 4 .457 135 0 . 017 1 .456 

.25 4 .457 125 0 .009 1 .519 

.25 4 .457 115 0 . 004 1 .663 

.25 4 .457 100 0 .00005 2 .905 

.25 4 .952 135 0 . O i l 1 .482 

.25 4 .952 125 0 .006 1 .540 

.25 4 .952 115 0 . 0023 1 .686 

.25 4 .952 100 0 . 00005 2 .675 

.25 5 .447 135 0 .007 1 .501 

.25 5 .447 125 0 .004 1 .548 

.25 5 .447 115 0 .0015 1 .707 

.25 5 .447 100 0 .00005 2 .397 

.25 5 .943 13 5 0 .005 1 .516 

.25 5 .943 125 0 . 003 1 .564 

.25 5 .943 115 0 . 0011 1 .692 

.25 5 .943 100 0 .0010 1 .000 

Fn Mw a : D 

.35 .981 135 0 . 843 0 .241 

.35 1 .981 125 0 .487 0 .435 

.35 1 .981 115 0 . 195 0 .710 

.35 1 .981 100 0 . 004 1 .929 

.35 2 .476 13 5 0 .283 0 .856 

.35 2 .476 125 0 .162 0 .984 

.35 2 . .476 115 0 .065 1 .182 

.35 2 . .476 100 0 .0012 2 .283 

.35 2 ,971 135 0 .014 1 .146 

.35 2 , .971 125 0 . 071 1 .235 

.35 2 . .971 115 0 . 028 1 .396 

.35 2 , ,971 100 0 .0005 2 .445 

.35 3 , .467 13 5 0 .064 1 .289 

.35 3 . ,467 125 0 .036 1 .362 

.35 3 , .467 115 0 . 014 1 .504 

.35 3 . ,467 100 0 .00027 2 .519 

.35 3 . .962 135 0 . 037 1 .367 

.35 3 . .9 62 125 0 . 021 1 .43 0 

.35 3 , ,9 62 115 0 . 008 1 .558 

.35 3 . ,962 100 0 .00016 2 .548 

.35 4 . ,457 135 0 . 023 1 .411 

.35 4 . ,457 125 0 . 013 1 .465 

.35 4. ,457 115 0 . 005 1 .586 

.35 4 . ,457 10 0 0 .00008 2 . 691 

.35 4 , ,952 135 0 . 015 1 .439 

.35 4 . .952 125 0 . 008 1 .493 

.35 4 . ,952 115 0 .003 1 .599 

.35 4 . ,952 100 0 . 00005 2 .557 

.35 5 . .447 135 0 . 010 1 .448 

.35 5 . .447 125 0 , . 006 1 .513 

.35 5 . 447 115 0 , . 0022 1 . 637 

.35 5 . 447 100 0 ,00007 2 .293 

.35 5 . 943 135 0 , ,007 1 .462 

.35 5 . 943 125 0 , , 004 1 .513 



.35 5 .943 115 0 . . 0015 1. .631 

.35 5 .943 100 0 .00006 2. .228 

Fn (HT a b 

.45 1 .981 135 1 .117 0 .004 

.45 1 .981 125 0 . 647 0 .232 

.45 1 .981 115 0 .262 0 .543 

.45 1 .981 100 0 .006 1 .657 

.45 2 .476 13 5 0 .376 0 .693 

.45 2 .476 125 0 .217 0 . 840 

.45 2 .476 115 0 . 088 1 .050 

.45 2 .476 100 0 .0022 2 .005 

.45 2 .971 135 0 .166 1 .016 

.45 2 .971 125 0 .096 1 .115 

.45 2 .971 115 0 .039 1 .272 

.45 2 .971 100 0 .0009 2 .173 

.45 3 .467 13 5 0 .086 1 .172 

.45 3 .467 125 0 .050 1 .247 

.45 3 .467 115 0 .020 1 .382 

.45 3 .467 100 0 .0005 2 .232 

.45 3 .962 135 0 . 050 1 .254 

.45 3 .962 125 0 . 029 1 .317 

.45 3 .962 115 0 . 012 1 .436 

.45 3 .962 100 0 .00029 2 .247 

.45 4 .457 135 0 .031 1 .302 

.45 4 .457 125 0 .018 1 .356 

.45 4 .457 115 0 .007 1 .476 

.45 4 .457 100 0 .00020 2 .196 

.45 4 .952 135 0 .020 1 .327 

.45 4 .952 125 0 .011 1 .382 

.45 4 .952 115 0 .0046 . 1 .494 

.45 4 .952 100 0 .00008 2 .49 8 

.45 5 .447 13 5 0 . 014 1 .347 

.45 5 .447 125 0 .008 1 .399 

.45 5 .447 115 0 .003 1 .508 

.45 5 .447 100 0 .00008 2 .318 

.45 5 .943 13 5 0 .010 1 .358 

.45 5 .943 125 0 .006 1 .405 

. 45 5 .943 115 0 .0022 1 .514 

.45 5 .943 100 0 .00011 1 .896 

Fn Mw a b 

.60 1. 981 135 1. 677 -0 . 386 

. 60 1. 981 125 0 . 975 -0 . 109 

.60 1. 981 115 0 . 394 0 . 263 

.60 1. 981 100 0 . 013 1. 294 

.60 2 . 476 135 0. 552 0 . 421 

.60 2 . 476 125 0 . 315 0 . 603 

.60 2 . 476 115 0 . 129 0 . 842 

. 60 2. 476 100 0 . 004 1. 641 

.60 2 . 971 13 5 0 . 235 0 . 811 

.60 2 . 971 125 0 . 137 0 . 925 

. 60 2 . 971 115 0 . 057 1. 087 

.60 2 . 971 100 0 . 0020 1. 790 

.60 3 . 467 135 0 . 122 0 . 995 

. 60 3 . 467 125 0 . 071 1. 076 

.60 3 . 467 115 0 . 030 1. 201 

60 3 .467 100 0 , .0010 1. ,871 

60 3 .962 135 0 . 071 1. .087 

60 3 .962 125 0 . .041 1. ,148 

60 3 .962 115 0 .0017 1, .258 

60 3 .962 100 0 .00056 1. .929 

60 4 .457 135 0 .044 1, .134 

60 4 .457 125 0 . 026 1. ,189 
60 4 .457 115 0 .0107 1, .286 
60 4 . 457 100 0 .00034 1. . 891 
60 4 .952 135 0 . 029 1. .163 

60 4 .952 125 0 .017 1 .210 
60 4 .952 115 0 .007 1 .308 
60 4 .952 100 0 .00027 1 . 837 
60 5 .447 135 0 . 020 1 .176 
60 5 .447 125 0 .012 1 .222 
60 5 .447 115 0 .005 1, .323 
60 5 .447 100 0 .00013 2. .046 
60 5 .943 135 0 . 014 1, ,187 
60 5 .943 125 0 .008 1. ,238 
60 5 .943 115 0 .0034 1. ,315 
60 5 .943 100 0 .00011 1. .921 

O I 

F i g . 12a: Mean added wave r e s i s t a n c e f o r 
T/g/%L = 2.475 and Fn = 0.3 5 

When measured wave spe c t r a are a v a i l a b l e 
a d i f f e r e n t approach t o the e s t i m a t i o n 
of the added r e s i s t a n c e i n waves i s 
r e q u i r e d . 
I n t h i s case the added r e s i s t a n c e r e 
sponse ope r a t o r of the considered yacht 
has t o be known. 
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F i g . 12b: Mean added wave r e s i s t a n c e f o r 
T/g/LwL = 4.457 and Fn = 0.35 

With the computational c a p a c i t y of t o 
day's personal computers the added re 
s i s t a n c e response op e r a t o r of a yacht 
can be e a s i l y determined when the l i n e s -
p l a n and the l o n g i t u d i n a l d i s t r i b u t i o n 
of mass are g i v e n as shown i n [7] and 
[ 9 ] . The mean added . r e s i s t a n c e then 
f o l l o w s from equation (29). 
Another approach f o r t h i s case, by 
Reumer [ 3 ] , uses an approximation of the 
added r e s i s t a n c e response operator. For 
a l l 39 models of the D e l f t Systematic 
Series the o p e r a t o r has been c a l c u l a t e d 
f o r a range of Froude numbers, wave 
frequencies, wave d i r e c t i o n s and p i t c h 
g y r a d i i . 
Using a l e a s t squares procedure the r e 
s u l t i n g added r e s i s t a n c e operators could 
be expressed i n one polynomial expres
s i o n : 

R AW 
a,(L„L/Vc^'^) + aj(L„L/Vc^^')^ + 

+ a3(L„L/Vcl/3)3 + a,(%L/BwL) 

+ a 5 ( % L / B „ L ) 2 + a^(B„L/Tc) + 

<-p (32) •f a^ Cp + aa Cp^ + 

The c o e f f i c i e n t s aj^ to ag are a f u n c t i o n 
of the wave d i r e c t i o n , wave frequency 
and the Froude number. 
I n Fig. 9 the r e s u l t of (32) i s compared 
w i t h a d i r e c t computation f o r the models 
1 and 25, assuming a w a t e r l i n e l e n g t h 
ŴL = 1° meters, = 165 degrees (15 

degrees o f f the bow) and Fn = 0.25. 

The methods described above may be used 
to analyse the r e l a t i v e importance of 
the mean added r e s i s t a n c e of a s a i l i n g 
yacht i n _ a seaway by i n c l u d i n g the c a l 
c u l a t e d Rp^i^ i n a v e l o c i t y p r e d i c t i o n . 
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