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SUMMARY

-In Lh.is paper a nelr method for Lhe ca-IcuLabion
of the hydrodynanic resistance and side force of
sait ing craft vi th an arbitrary hu1l (ca:roe
body), keel, tr in tab, skeg and rudder configu-
ra t i o : r  i s  p resenLed .  The  ne thod  i s  based  on
theoretical resisiance and side force fornufa-
t ions, in which the coeff icients hare been tuned.
to f i t  the results of a signif icant €f loutt of
experirnents. The resdts of the method cornpare
satisfactori ly with those of fuf l-scafe tests on
the  5 .5  Me t re  c l ass  Yach t  "An t i ope " .  The requ i red
calculat ions can be performed vith refat ive ease
o n  e  n o . k e i  . a  . , r l a i ^ p  ^ r  1 a ^ r  r a n a ' + a ^  , , . - l  ^ ^

a €nalf computer.

1. INTfiODUCTION

At soDe stage duri lg the design of a sai l ing
craft the hydJodyna,nic resistance and side force
properi ies have to be deternined for various
boat speeds. Usualty, a method for the calcu-
lat ion of the resistance and side force of the
undervater hufl  co4figuration conslatures one
of the most important tools of the naval archi-
tect-desigler, Tn sone cases, speed-re. lated as-
pects of the hulf become doninating factors in
the design, often requir ing a continuous sexies
o f  such  ca - I cu la t i ons ,  cuJn ina r i ng  i n  a  f i na l
check of the design by neans of model tests,

This paper paesents a new methoaL for the calcu-
fat ion of the resistance and side force of sai-
I i ng  c ra f t  w iL ,h  an  a rb i r r a r y  hu l l  ( canoe  body ) ,
keef, tr im tab, skeg and rudder configufat ion,
The rnethod 1s based on mainly theoretica.L for-
nulat ions for resistet:ce and side force, of

hich the (empir icat) coeff icients have b-/en
tuned to f i t  the results ol a signif icant anount
of experiments. The nethod vas deyefoped to pre-
dict the resistance and side force leriornance
of 12 Metre Cl-ass Yechts forthe Americas CuD on
r rh i ch  sub " : c t . , a - l a r  e r  uas  p resenLeo  oJ  L i - e  au -
r h o r  i n  l J ? i  l ' ] * .  A  c o m p a r i s o n  o t  L h c  r 6 s u l L s
of this method with those of other cciculat ion
procedures and fu11-scele tests, for the case of
the 5.5 l" letre C-Iass Yacht "Antiope", ' . ras carr ied
ou t  by  La rsson  l 2 l ,  l r ho  demons t ra ted  t ha t  t he
nethod adopted to- calculai,e the resistence .! .ras
e x c e n t i  o n s l  I  /  a o o d  T h ^  n i i n  i  i  h F . r  . ^ r h . F i  c ^ .  . ^ .

the siCe i 'orce lrope:t ies ol "Antiope" shoFed
ihat the author's method underes! ' i i tated the side

" 
I{r.r*b"a" in bracke.-s reier to the l ia l- .  of ref-
e rences  g i ven  a t  t he  end  o f  1 ,he  Fape r ,

force by 30 percenr. However, an error vas made
by Larsson in applying the procedure given in
Re f .  1 .  When  accoun ted  f o r ,  an  unde resL , i na t i ono f
' r he  s i de  f o r ce  o f  "An r i ope "  

by  11  pe rcen t  i s  ob -
rained i [stead. Since then, cl :e procealure for
the cafcutat ion of the side force has been
s l i ghc l y  mod i f i eo  ( re l a t i ve  t o  t nc t  g i ven  i n
Ref. 1) to take into account the inerenent in
sitle force olr the hu-11 and keel, due to hull-
keel interaction, in accordance vith results of
aelodyneric wing-body studies.

A numerical example of hov the nethod is ad.opted
( Io r  "Aoc iope " )  i s  i nc l uded  i n  Lhe  pape r .

2. CALCI,T,ATION OF THE HYDRODYNAMIC SIDE FORCE

2,1 The Side Force on Keel and Trin Tab

)  |  1  n h o  p a ^ : a  r ^ . . 6 + i ^ n  F ^ -  t h e  K e e l. . ' .  . . - : : jY : ' : - - - j - : :

The  s i de  f o r ce  o r  f  i f  L  p roduced  by  Lhe  kee l  o f  a  yach t ,
for snal l  yaw angles 6, can be considered to be a l i -
near function ol B, analogous to the l i f t  of a wing as
a function of an6le-of-attack. The basic enpression
for the side fo"ce of a keel can be ! ' r i t ten as i

D  " " ) , , " .

- v < r . p 1 4 " . ' r . - - - " ( 1 )

v /he r -  LL  =  l i f L  ( s i de  f o r ce )  o f  kee -L
P" = density of sea water
VR = boat speed
p = crr lr  I '  angle

-Te -  =  -L i f t - cu rve  s l ope ,  i , e ,  t he  s fope  o f
the f i f t  coeff icient, curve o: the
keer (Ctru) against the angle-of-
attacK ( l1l

At = Lateral area of keel
0- = angle of heef of the yacht.

For no! t 'oo large angfe s -of-a Llack , the l . i fL
slope oC the keel can be considereal as a con-
stant for a gaven keel geonet"y. The drift angle
$ is the angle-of-attack at vhich the hufl  of
the yacht passes through the water. I t ,  is nea-
sured by the angle betveen the couxse antl  the
cenLre f-Lne af the yachb. The angle-o.f-attack
range, or drl f t-angle raoge, ior ! 'hich the l- i f t-
curve slope is constant, depends prinari-Ly on
ihe aspect rat io of the keel. Figure 1! taken
from t 'Fluid-Dynaric 

Lif t" by Hoerner and Borst

l 3J  ,  shows  the  va lue  o f  t he  r i f t  coe f f i c i en r  CL ,
as  a  f unc l i on  o f  ang le -o f -a t t ack  d ,  as  measu red
on r+ings of various aspect rat ios AR. The l i f t
coeff icient of the keel is defined as:



-l

Lo
C , = - - - - - -'k 

! pvuzAn"o"o

vhi le the geoeetr ic aspect rat io of the keel is
d.ef ined as:

b,,
A n  = +  ( 3 )' -?eorn, 

a-
l(

u r -F -F  h  =  "nFn  (hF ioh l - . I  n f  i he  keeL
Eil  = average chord lenglh of the keel

hrhen the yacht heels at an angle 0' the area of
the project ion ol the keef on a vert ica-L pLane

is reduced by cos 0, vhich resul-ts i I I  a reduc-
t ion of the side force.

2 .1 .2  The  E f f ec t i ve  Aspec t  Ra t i o

It ca-Ir be sho]rn i,heoretica1].y that the l1ft on
a wing, pratrud.ingfroh an inf initely long and
vide !ra-11, can be d.erj  ved by neglecting the in-
fluence of the wall and by assrning tbat the
el lect ive aspect lat io is doubled through re-
f lect i .on in the vaLt. In ihe case of a yachtrs

keel this also holds since no loss of l- i f t  oc-
curs at the keel-hu-l1 intersection at noderate
ang les  o l ' hee l  o f  t he  yach t ,  because  Lhe  p res -
sure dif ference between the tvo sides of the
keel is maintained, Hence the effect ive aspect
rat io ARk can be considered to be double the
geoEetric aspect rat io, viz. !

2h cr2- - k  - - k
\ 4 1

-k

The effect of heel on the effect ive aspect rat io
can be approximate.ly accounted for by reducing
the span of Ehe keel by mult iplying by cos 0 '
wne re  0  i s  t he  angLe  o f  hee f ,  v l z . :

zo-
A R  = : -  c o s  0 ( t )

F ig .  1  L . i l r -  coe -c f i c i en !  o f  p ro f . i l ed .  sha rp -eqg -
-o  reccangu la r  ( and  o f  some  o lne r )  w ings ,  as  a
1 . ,  - ^ i  i ^ h  ^ f  a r r o - ;  f . . r i , , . ' a d  f ^ ,  ' 6 ' ^

I  i r ,  , ! h 6 r a  ^ - " - . " " - . , 1  r a r  r r a r i n r r c  q " . - n r  r a r  i n .

2 .1 .3  The  Th ree -D  imen  s i  ona .L  L i f b - cu rve  S tope -

It fo1lo1rs fron Fig. 1 that for one value of the
aspect rat io the ] i f t  slope is constant '  for al l
practice.l  purposesr up to angles-of-attack va!y-
ing from about t  degrees for an aspect rat io of

0.5, to about 10 deg: 'ees fot an aspect rat io of
1 ,O .and  t o  abou t  l 5  deg rees  f o r  aspecL  ra t i os

higirer than 6. As tne aspect rat io becones

sna.11er, the non-l inear eomponent of l i f t  be-
comes more irnportant. The non--inear conpo-

nent of l i f t  for an aspect rat l-o eqLal to
0 .5  becones  d i sce rnab le  a !  a ,n  ang le -o f -
aLLack  o l  abou r  ,  deg rees .  Ana -Lyses  o f  Lhe
performance of sai l ingyachts hs,ve shovn that

the drift a.ng1e B usually attains naxi-
oum values of about T alegrees. In some

cases vafues of up to 10 degrees are founal '
I t  fot lows that u the Present
context the assumption of a constant l i f t  slope
vaLue is val- id for val-ues of the (effect. ive)

aspect rat io in excess of about 1.0' or for geo-

metric aspect rat io val-ues in excess of about
0.5. For smafler aspect rat ios the concept of a
constant 1j. f t-curve slope could lead to an uni ler-
estination of the side force of the keeL.

Various fo"mu-lations have been d.erived which ex-
h r - ce  1 l ^6  w" -1 rF  n f  t l ^e  r - . i : nens iona l  L i f ! - cu rve
c l ^ n a  ' c  e  f , , n . + i ^ n  ^ f  r h F  l c f f c . t i w e l  e s n e c r

rat io. A r idely-used foxnulat ion is that derived
by Whicker and Fehlner L4.l  .  The relat ion obtain-

ed by then is val id for the l i f t-curve slope, at
zero angl e-of-atr ack, of contro.L surfaces (rud-

ders, keels, etc.) vi th a taper rat io I  equal to
0.L5*. This va-Lue of tne taper rat io nearly
leads to el l ipt ical spanvise loading for a quar-

ter-choral,  sweep-ang1e of zero. A].so, the
khicker and Fehfner relaLion is val id for square

tip shapes. For rounaled planforns and rormd.ed

lateral edges the .Lift-curve slope is narkedly
reduced, part icularly a! -Low aspecL ral ios
vhi le, according to Hoerner and Borst l3j ,  the
l i f t-cuive sLope for dif fering taper rat ios is

hardly affected. To accouot for the effect of
rounded plauforrns and. rounaled fateral edge5 on
+ h a  l i f + - ^ , r F w c  c l ^ n c  f h .  . ^ n n F n l  6 f  A n  r r a f f a . -

t ive span" can be adopbed. This concept leads
to the possibi. l i ty of deriving the l i f t-curve
slope of kee-Ls and rudders vi lh rounded pLan-
forms or rounded fateral edges (or bo!h) from
the. Whicker and Fehlner l i f t-curve sfope equa-
t ion, vafid for tapered conirol surfaces vith
square Lips. The h/hicker and Fehlner relat ion,
in the preseDt nonencfature, is as fol loars:

r  " K r
\ -dd-'"qlru""-

2?TrokMk

,.oo*"o"nnfid/"*\*,,
- 1 - ^ '  ' a c l o r  o f  t he  2 -d imen -w r r s i  c  4 o r . -  t r r  ! - u u r  v e  . f v l J c  l

"  
s i ona l  sec t i on  shape  compos ing  rhe
kee-L (a value equa.L I 'o ] .0 corresponds
Lo  Lhe  Lheo re t i ca f  l i f L - c r - r ve  s l ope
of 21t),

A  =  e r , r aen -p r r ' l -  o '  n r i a r l e r - cho rd  l i ne  o f' ' L
- -  

kee l .
' t * . * -

" - -  t o  t ha t  a t  t he  rooLr c r r S ! r r  a u  L L r r  L f P

of the fuddei or keel.

t 9 l

( 6 )

+ NACA , t /c = 12./.  lN 2- DtM 'L TUNNEL
o NACA TAPEFEO AR:6 AND:12
. NACA ANO ARC, OOI2. AR;6
. NACA, CLARK Y,\ARIOUS A RATIOS
o AvA. SHARP-€DGED RECTANG WINGS
e aRUNSWICK. AR:3 INVESTIGATION
^ ARc, RECTANGULAR, AR:O.5 AND 2
x ScHoLZ, RECTANGULAR, AR:O.5
O NACA. RECTANGULAR PLATE
. wlNTeR STRIP WITH AR: l / lo



pla-rlfolrn -LaLera.I edges Ab/b ( l+Ab/b)r

T A R - . |  T  T v h i . . l  r r  , ' a c  i - ^ r  r n -  a a e A . r  i v a  c n e n

ratio Ab/b
and 6L series, have high I i  fr-curve slopes.
Sections such as the NACA \-digit  series, vi th
re-Lative large Lrai l ing-edge angfes, display
a  s i gn i f i can t l y  - Lower  I i f l - cu rve  s l ope .  0n  t he
basis of these facts the foLlovlng relat ion tras
oo ta ined  f o r  t he  2 -o inens ionaL  l i f t - cu rve  s l ope
factor a^- :

,  
* ' L ,

' d 0 '  ' u = 0  , 0 .  1  1 7
%k=  

- -7 ,T  = r+u .o r  t ! / c , r k -Lan . l k t ( t / " L  *

3 .2 ( r  / c )  k+3 .g f t /  c )? )

l lhere:
dC,

' dalr 
'0=0

( t / c ) r  =

) - d j  mFns  i .  a "  I  s l . ' ) e  a t  ze ro
angle-of-aitack
thickness-chord rat io of section shape
of keel
h a l  f  r  r , ;  r i h , - a . r o ^  r h d r  a  ^ f  c A ^ r  i ^ r

^  snape  o r  Kee r ,

E i a , ! r a  ?  c h ^ u c  h ^ u  r h a  r h r ' ] F  r -  a n . r  r h a  r a t i ^

(t /c)k are defined, Sornetimes 
"the 

angle rqo is
- ^ !  d i v a r  T n  + h o F  n r c a  l h F  \ r r l | a  a f  r -  a a n ' \ -

f ^ , , h d  f F ^ m  i . h F  s l ^ n a  a t  ' h .  t r a i l  n q  e , l i i e  l c -  )

by use of rhe fofloUing relation:

t , a n  r -  =  c -  ( t / c ) .  ( 9 )
K K

-  i - t  _
v o  1 ! o c  C ^ F  c  f ^ '  F ^ c +"Tk  ' " '  - " " "

k n ^ f f i  e F . t  i  ^ r  c h q h a c

Conparisons between the vs-lues fol loving fron
equation I and experimental values for the NACA
00 ,  23 ,  53 ,  O r ,  6 r ,  66  ano  sone  DVL  p ro f i - Les
are g-Lven rn Frg. 4. Ihe a^ values for lhe NACA
8, 6\, 6, and 66 profi les-were taken fron
Abbo - - t  ano  Doenno f f  16 l  ,  uno  ( i n  F ig .  5 l )  g i ve
a set of f igures shoving dcl/ds (o in degrees)
as a lunction ol thickness-chord rat io for a

.  ^  /  , ^ a  - .
Heyno_Los  numoe . r  01  ox tuv .  i neJ  p rov l c te  a  l a l r eo
cu rve  f o r  each  l ype  o f  sec l i on ,  f o r  bo th  smoo fh
ancl rough surface condit. ions, The experinentaf
va-Lues for the NACA 00 and 23 sefies vere taken

.  i - I  ^
from Fregels l5l tor g ReJmo-Los nunber of
8,2 . i ' .  l0o Lo 8. L x l0o . A! a Reyno.Ids number of
6xto6, the f i f t-curve s-lopes of these sectiols
a re  l oca l l y  abou r  ,  ! o  10  pe l - cenc  h lgne r .  The
experiment"al va-[ues for the DVL p"ofj les \. /ere
also taken from Fiege-Ls, and are va-Lici fo}:
Reyno.Lds<numbers varying betveen 2.5 x 10o to
3 . 2  x  1 0 " .

Rect a[gu1ar

or rounaleal
Rectangufar

Round.ed
De.Lta type

sharp

sharp

rourltd

founaL
rou.nd

0

-0 .  0 )+

- 0 . 0 9

- 0 . 1 2
- 0 .  1 2

1 . 0

a  . 9 2

0 . 8 3

0 .  7 8
( 8 )

For round planforms and for rouxd tateraf edges:

1 - - - i 5 1  =  t r * , r ^ r ^ t / , - i l )  ? r'  38  
' r ound  

?0  
' sq :a re

Where  l b  - s  t he  e f f ec r , i ve  reouc l j >n  o l  L l . e  geo -
me t r i c  span  L .  Hoe rne r  and  Bo rs l  : . ]  1 i s r ,  va -ues
fo r  Ab /b ,  vh i ch  a - re  p resen red  he re  i x  Tac le  I .

r n h o  m a f l . a  I  r F , l . , . f  :  . F  i -  . 1 l r / h  f . f  r ^  n d F d  r t  r r -

forrns €.nd rounded -IaLera_ eoges -Listed " in lablc
I 1s due to r 'he inward movamenl of the Lrai_Ling
(or free) vori ices near the t ip, feading to a
reduc t i on  i n  t he  " vo r tex  span "_ (see  e .g .  i i g ,  lO ,
r r c a  4 - 1  ^ a  H ^ a , h a ?  6 - ;  a ^ . . r  l r i )a v t  - ,  

l , l  I ,

' f h F  s \ m h o l  q  r q c d  h 6 ? F  a n ^  6 r e F r . r h a r a  i .  r h ; .  - " -

n F r -  r e l E h ; w e  t .  r h a  k F F l  n f  a  v a ^ h i  D r c  n a -

f i ned  i n  F ig .  2 .

2 .1 .L  The  l \ " - o -D lnens ion31  L i f L -Cu rve  S lope

Fo r  i nd i v i dua l -  des ign  ca f cu laL ions ,  a f l e r  Lhe
sec r i cn  l r o f i l -  Lo  be  used  f o r  ' - he  kee l  has  bean
seLected, i t  is appropriate to detemine the
2 -d imens iona f  l i f L - cu rve  s -Lope  f r on  Lhe  resu -L rs
o f  Les t s ,  as  Labu - Ia ted_e ,g .  Oy  r i ege rs  

I 5 ]  an r l
,  ^ -  1 . 1Abb .Lb  and  t oeDho f f  l b l  .  Fo r  pa raneL r i c  i l es i gn

s !uo ies ,  hovevs r ,  j ' u  i s  o f t en  more  p rac t i ca .L  i o
r r q F  a  f F l  r f  i ^ r  ^ a + a r a A h  ,  q - d  I  } l A

which i t  is dependent. Besides the thickltess-
cho rd  raL io ,  Ho . r l - e r  and  Bo rJ i  J3 l  conc -uoe  t ha r
tne  u ra i J i ng -edge  "weoge"  ang le  o0  r - r . e  secL ion
< h a h 6  i e  i l  s . ,  i n 6 ^ . r r . t  s a ^ t i ^ n  L r i r h  ^ , , . ^ - ^

contours near the trai l ing edge ( leading to
snalf trai l ing-edge angles) such as the NACA 63

l r ] 1 : . j i ! l ! v ! :

J  h F  r . ^ n a i - - l r  ^ r -  .  L - a a i  . -  . - - - . - -  /  - - . -  \
^ f  c l , - } ' ^ 1 c  r l c a / l  + ^  ' l a < . r i l \ F

sec t i on  o f  a  kee f .

P R O J E C T E O  ( U P R I 6 H T )  L A T E R A L  A R E A :  A 1

use . i  t a  c l esc r i be



As folfows fron Fig. 4, the calcu-lated and expe-
r.inental values for a^ agree satisfactorily for
a-11 pracl ica-l  purposeE, Eqdalion ? can be used
for nost types of.sections fo} Reynolds nlmbers
in excess of 2xlOo anal for ca.nber-chord rat ios
up  t o  abou t  0 .0 \ .

2. ' l  .5 The Effect of Hufl-Keel- Interactio4 on the
j51_::-::t-i.::-:__::-::-_

The presence of the hu-l-L inf.Luences the f lov
al.ong the keeL al ld the presence of the keel
changes the f low al"ong the hu-U. As described
by Sch-Lichring and Truckenbrodt l?l-,  aaait ionar
velocit ies are induced along t 'he hul l  by the keel
vhj. ch are directed to vindvard in front of the
keel and to leeva.rd behind the keef. The hu11
is therefore in a curved f low vhich inffuences
(increases) the side force on the hu-11. The ef-
fect of thas cross f lov along the hu1l on the
flov about the keel" is to induce additive upvash
velocit ies in the vicinity of the keel uhich
eflect i .vely increases bhe ang-L e-o f-atr ack !o a-
bout 20 just vhere the keef intersects the huU.
It follows that the presence of the hu-l1 in-
creases ihe side force on ihe keel, Both effects
wil f  be accounted for in this section becalrse
the edopted methoal uses the basic f i f t  of the
keel, as fol lous -from equation 1, to calculate
the increnent in side force on the huI1 and on

.f ig. !  Comparison of cafcuiated and neaslrred
lwo-dinensional l i f l -curve slope vafues. The
LesL  da ta  f o r  Lhe  NACA 63 ,  o l t , 65  and  66  se r i es
are averaged values according to Ref. 6, for a
Reynolds nu,.nber of 6 x 10o and canber to chord
ra t ros  o f  up  t o  0 .04 ,  The  t es t  da ta  f o r  t he
I I A C A  0 0  ( l r  d i g i r , )  a n d  2 3  s e r i e s ,  a n d  f o r  r h e
Dr,rL sections, are those given in Ref. 5, forl
Reynolds nuuber values ranging r 'rom 2.5 x too
t o  d . 5  x  1 C " .

the kee1.

In aerodynamics, the effect of interactions be-
t 'veen a ving and the fuse-Lage of an airplane, on
the total l i f t ,  poses a sini lar problen to that
of the keel and the hul l  of a sai l ing craft._In
a revieu on this topic, Ashley and Rodden l8_l
concluale that the net effect of centering an
- 1 ^ n p r t F . i  o F . i - . r ) - a r  c r o s s - s e c l i o n  i n
a ving is to sl ightly increase the total l i f t  of
fusel"aAe (huU) and wing (keel) over that of the
w.ing alone, for smal.L -cal ios of fusefage diane-
ter to vingspan. For farge fusefage diameter to
wingspan rat ios the total f i f t  decreases vith
respect to that of the wing a1one, This can be _
. - 6 h  i n  F i a  q  t r k a h  f r ^ m  H ^ a r h F ?  ^ n d  R ^ r c t  l ? l

in which the incrernents in the l i f t-cuive slope
of wing-fuselage combinations due to interaction
o l . { . o - r c  f ^ F  a l - f a . l  i v a  q < h a . t  r o t i n <  - r - q r  - "

than 3, are shorn as a funcLion of Lhe fuse-Lage
dia. l ieter-vingspan rat io, o = d/b. Fron this f i-
gure iL fot lows thaE the lota-L side force pro-
duced by keef and hu-lf , fo. hul-f oraught -

keel depth rat ios up to about C.l+ or 0.5 can be
calculated vlth reasonabfe accuracy by assumang
!ha! the keel exrends Lo the valer.Line and se!-
t ing the t 'ota-L hu-L-L-keel f . i f t  equa.L to the side
f ^ , . a  ^ t  i h i c  r r a . , . i r , , r a n , "  t , e e L  f o r  v h i c h  o  =  0 ,
I ndeed ,  l h i s_p rocedu re  was  f i r s t  sugges ted  by
Gerri tsna LSl ,  aJra has be_eo used vith success
by Beukelrnan'and feuning -to] ,  a.nd others, one
dravback of this "equivalent" keel laethod, 'hov-
eve r ,  i s  t ha t  j t  does  no t  p rov ide  any  i ns i gh t
into the relat ive signif icance of the side force
of the hulf i tself  or the side force increnelts
on hul- l  and keef due to interaction effects. Af-
so, for hu-l l  draught to keel depLh }at ios in ex-
cess  o f  abouL  0 . ,  and  f o r  geome t r i c  aspec !  r a -

dcL/dct
(dcl/dd).
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r i n c  c n c ) 1 o n  r n . n  o h ^ r , t  1  \  + h a  r r 6 ^ , , i " . r - - + r l

keel method wil f  overestimate the side force.

Eor-these reasons the results derived by Pfax

l l l l  are here preferred, l .rho der-veo approximate
fornu-ae for Lhe separate interaction et l-ects
inenr-ioneo above, approxinale]y val:d lor sma]l
f ^  m ^ . 6 r a f F  r e b F ^ T  r i t i ^ <  t v n i . r l  ^ f  , r a . ' , +

kee1s. lJhen applied to the hul-f-keef case unaler
cons ioe ra t i on ,  l hese  f o rmuaae  a re  as  f o l l o \ i s :

2 .1 .b  The  E - l ' f ec t  o f  a  T r lm  Tab  on  Lhe  S id .e  Fo rce

2 -  t . o .  I  t n e  E a s t c  ] l o u a t l o n

rr';-;rii;-;il # the side force of
the keef is analogous to the effect of a nove-
ab.Ie f . Iap in a wing of an airplane. A f lap de-
l lect ion clown{aral causes an increase in the ef-
fect ive ca!0ber of the wing aoal hence an increase
in l i f t ,  The curves of l i f t  coeff icient against
q n d  c - ^ f - ' r r  a ^ L  f ^ F  c a v A F q l  f l ' n  d o e l a ^ + i ^ -

ang ]es ,  a re  Lhe re fo re  pa - ra l l e l  ! o  each  oLhe r ,

vhere:

A T .  =  s i . t e  f o r . c  : r . - ^ i - n t .  i n d u c e o  o n  k e e l  d u e_-l-
- -  

to cross f low on hul l l
A T ,  =  e i d c  f n r n a  i r n r > r r o n r  i r d , ' . ^ d  ^ h  h , , 1  I  l . -_-h

--  
the keel

I  =  s i d F  f . r . F  d f  F v n ^ s F .  n a r f  ^ f  k a a r  e l ^ n a
, '  

{vi !hour kee-L-huI-L inr,eractior.) as fol l  o." is
fron equation 1

r a r i  ^  l = n  / ru r  o u 6 r L U  u u

s e e  f i g .  2 ) ,  K  "

T h F  r ^ r . l  < i , l A  f ^ r . a  h r ^ / 1 1 , ^ a , r ! J  L L r c  ^ c c ! !  f u n r _

prising the total l i f t  on the keel a.r ld the l i f i l
' i F d r r ^ F . l  . h  i h a  h r r  

' l  
] . w  i L a  L F A  + h a h  r a - ^ n a c

I f  Lhe  ang le  o f  de f l ec t j on  o f  t he  t r im  tab
A I h- ' tonF.rFr.6 ^. + r-- .r ' .de force o f a
oi"tne ari f t  angle B and the tr in tab angle
be  r r i t t en  as :

L' = .'.:;- p + --;._ o' or
1 r  d E ,  d o . .  t !

K lE  -L t

ac, .
l r  d l l  d O .  ! l

i { t !  tE

ALk = olk

ALh =  o(  l+o) lk

K K

r.- = lnrrc ---15- I k  ' -  B  a B

+ A l .  =  ( t  +  o )2L .  o r
N K

T. , ,  ^
.  B  ( t  + t ' ) ' 4cos  o

(  t 0 l

( 1 r )

(  1 2 )

(  1 3 )

1 S

kee l
can

Figure 6 sho?! a compariscn beLveen rhe resu-lts
of Vladen L12l ,  va-f id lor geometric aspect rat io_s
g l e a L e r  t h a " n  a b o r L  l , ) ,  L h e  r e s u l r s  o f  _ . l a x  l l l l
a s  u s e o  i n  e . l u a L i o n s  I O  a n o  l  ,  a n d  s . e r q e r
v i ng  r . heo ry  as  p resenLeo  by  Sch "L : chLLng  and
Truckenbrodt l7l  ,  for the rat io of the f i f t  of

\ '  a  v i n s  a l o n e ( w  r h n r r r  t i . d v  i n r ' l 1 , F r ^ F  r ^  r h o

su.m of the l i f t  of the ving-body configuration,

vhere the subscript ktt  inpl ies that the respec-
t ive va.lue of the conbined keel and t l . in iab
configuration is to be adopted. The total side
force ol a kee-L-tr in tab conf. iguration t l-en Le-
. ^ - - "  I  " - -  a . , , , + i ^ n  r ? 1 .

^  d C r .  T r " .  )
,  _ 1  - , , /  " K r r  / ^ _  d 5  .  r r . .  . . { L t i ,

- 2 p v -  - - - - ; -  \  p ' ^ = - -  0 ,  _ / \  r + - - l A , _ ! - c o s  u, L i t  r r  d 6  d o L L  r !  l k t t  K ! !

( 1 6 )

The linear relations lL ard 15 are approximately
va1id for trim tab angles fron -10 tc +lOdeglees.
The coe-Clicient 3S/06;1 is conmonly referretl to
as che f-Lap effecciveness raLio. f igure 7 shovs
a typical resu-lt of the effect of a flap oo the
lift of a ving, while Fig. 8 shows the depen-
dency of the flap effectiveness ratio on lne

! L

t.o ,,.;:'^,
' / ' _ - - .
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Fig. rr lat io of side iorce on -"he keef a.1.one (1ri th-
ou ' ,  i n t : r ac t i Jn )  ' uo  r -he  sum o r ' t : t e  Lo+ -a i  3 iCe  l o r ce
on  t he  kee l  ( ' . i t h  i n r : . r ac t i on )  G .nd . , i i . -  t i ee l - i n . t uced
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F i g .  7  L i f t i ng  cha rec te r i s t i c s  o f  an  i so la ted
rec tangu la r  l o r i zon la - I  t a i f  sL r l ace  v i t h  i l ap
res tec  i n  an  op -n  r , i , i  nd  +unne -L  I f r om Re f .  . ) .
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fls.p-ving chord re.tio. Both figuxes are ta.hen

frolt Hoerner and Borst l:1 . Wir.n the chord lengtb

of the tr in tah is noc consl,El l t  over the height

of the keel, as is sonetimes the case, i t  is

nore appropriate to use the rat io of the tr lm

tab area to the (tota.I) keel area A11/A111, rn-

stead of the rat io of the tr in tab chord to the
( to ta -L )  cho rd .  C1g /C1s1 .  A  t yp i ca l  t r iB  t ab  con -

f ieuration is shovn in Fig. ! .

2 .1 .5 .2  The  F rap  E f f ec t i veness  Ra t i o

For a f lapped ving (keet) of inf ini te aspect ra-

t io and snatl  f lap (tr ira tab) angles, Glauert

i t 3 l  ae r i vea  a  t heo re t i ca -L  exp ress ion  f o r  Lhe

i lap ettect iveness rat io aB/adtt,  The derived

expressioD (vatid fo::  zero ving and zero f lap

thickness)'  in terns of the keel-tr in tab nonen-

cfature is:

X A  )  -(#1)"0= ; (4;i\trfr-\y'\rJ .
-E!

+ arcsin 'ttl t- I
T I  K I I

(  1 7 )

The curve d.enoted as "theory" in Fig. I is that

according to equation 17. Fron Fig. 8 i t  fol lovs

that due to viscous effects, experirnentaL val 'ues

for the flap effectiveness ratio are alvays sloaf-

ler than the theoretical vaLues. Since the d1f-

ferences ca.n oe of the order ol '  l0 to 20 percent

or more for frequentfy used section shapes a.nd

values of A11/A11g, i t  is appropriate to correct

equation 17 io yie. ld nore real ist ic vafues. The

observation that the effect iveness rat io is re-

duced by section thickness and part icularly by

the trai l ing-ede-e 
'hedge" angle TT++ (see Hoer-

ner and Borst L3l ,  pae. 9-3) ]ed, 
" "through 

ap-
pl icat ion of a Lria-L and error procedure, to the

fol lor.r ing equation for lhe ffap effecLiveness
ratio, corrected for the effects of viscosity:

1 4  ) R  . A t r  , 0 .  t( ; i g )  =  ( ; ; 4 ) - , -  ( 0 .  T5+0 .2 r \ ; - )  +
ou r t  '  ou tL  L r r  ' k l t

FLAP/CHORD RATIO 9l .  OR a l

F i .  q  r ' - -  - . + , i o  o f l  v a r i o u s  t y p e s
o f  t r a i - i ng -edge  con l ro ]  f . l aps  (e l eva to rs ,

rudders, ai lerons ) as a fr inct ion of their chord
ra t i o  ( f r on  Re f .  3 ) .

-  7 . 3 5  |  1 - ( ; - e ) " '  ) r a n  t -  )  (  r d )
^ttt _ 

tt,�

In equation tB, try-- is hslf  the traif ing-edge
"wed!e" angle or ih8 tr im tab (see also equation

8). Values for the effect iveness rat io accordj 'ng

to equarion 18 are shown in Fig. 10 Logether

with sone neasured values. VaLues lor the rat io

of the correcteal to Lhe lheoretjca-I f- Iap effec-

l iveness va-tue is given as a function of

1an Tftt ,  for various tr in tab-keel area rat ios'

2 .1 ,6 .3  E f l ec t s  o f  F in i t e  Aspec t  Ra t i o  and

Sweep Angle
According !o Hoerner and Borst LJI '  the t--Lap er-

fectiveness ratio onfy sl"ightly varies alown to

aspect rat ios equal to about 2. For snalfel as-

pect rat ios' experinental end l i f t ing surface

iheory results indicate that as the aspect rat lo

decreases, the f lap effect iveness increases. fhe

flap effect iveness approaches unity as the as-

pect rat io approaches zero.

From results conpi-ed by Hoerner ano aorst i3l  ,
shown in I ' ie. 11, i i  is apparent that the effect

of aspecL rario is noLiceable Por f .Lap effect l-

venes_s values, as calculated fron equation 18,

laiger than about 0. '17 ARktt '  vhere Anktt is the

effect ive aspect rat io of the keef-txin tab con-

f igural ion, as fofLovs fron equation 5. An ap-

proximaLion of lhis inf luence of the aspect

rat io vas found by assuning i that arhen 3B/06tt>

o .17  A f i , . ++ '  t he  e f f : ' c l i veness  t ends  t o  un l t y  as

,1o .=  a  
^ " "  

t - ( s i nx )u ' z )  - f unc t i on .  The  ac tua l "

equation obtained. is;

,ft =,-r,-r*ftr.rt"i"ffi, ro''5 (1e)

vhen (T i i )o  ;  9 .17 ARsl t
T I

According to vaxious authorit ies, the f lap effec-
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, i . r .n""" rat io varies vith the cosine of the

sweepback angle of Lhe h.inge -Line of the f-Lap

As - .  l l l  .  Hence  equac ion  l 8  shou ld  be  mu-L t i p -L ieo
l y "8os  46 , *  vhen  t he  h inge  l i ne  o -c  Lhe  L r im  Eab

has sweepbeck, as fof lovs:
A * ,  n  r( " f _ ) ^ =  i i ^ s s  / ,  -  ( u . 7 ) + 0 . ) 5 ( ; s - J " ' '  +

o u r t  "  o u t t  r u  ^ t l t

A , .
-  ? .  j . ( 1 - ( + ) t ' ' ) t " n r 1 | . . ) c o s A B , *  { 2 0  )

K t L

2 . 1 . 7  T h e  F i n a l  E q u a t i o n s  f o r  t h e  S i d e  F o r c e  o f

K e e - L  a n o  l r l m . i a o

O r  . l . a  h a s i e . c  I . h a  n o c r l ' s  D r e s e n L e d  o n  t h e

preceding pages,  the tota l  s lde force of  a keel-
+ , i m  r u h  . ^ n f i d , , r ' i i ^ r  ' i n n  , , r l i n r  r h c  < i d F  f . r . c

on the hu-I l  ind.uced by the keel '  can be cafcu-

i n  vh ich :

k t t=  
1+0.82(  t / c  )h t r

+  3 . 2 (  t / c  ) k t t +

_tu.n.r'" (9 1{_ *' l l  (  l /  c . /  
k t t

3.  e  ( t / "  ) i t t  )

lated as fol lorts:
^  a c r .  .  .

,  \  - - Z  " K I !  ? ^  o P
- 2 v Y D  

x o  \ P  : A
l(rt ]]t

and

0.17 ]TAR,_- ,  ̂ ^ .d 6  , "  ,  d l 5  r  ' i  _  - _ j I !  r u . z )  r , ^ r
a o r . .  

=  t - t  r - 1  
a 6 t t r o / t s l n  Z T - a e z { } /  \  r v '

in vhich
i o  1 0  

A

t jLt^=rt 'L l*"r  6."5+e. 251-! ! -10'  I  . '
Ktt

A

-  T . 3 t ( 1 - ( ; s ) " ' ' ) r a n r , " . . ) c o s A -  ( 2 0 )
^kr-L "tt

where

I| l:"-----i-:--- 
--:------i-:---

(56l l r . r t= i \  n^rt / \ut \  ' -^r t l^kt t /  *

+ arcsin AJt.. t (  1 7 )

IL  shou ld  be  no ted  thaL vhen (JB/a6r t )o<0.1TA\+p
then aB la6++=(  aB lA6 i+  )^ .  The e f fec t i ve  aspec t " - '
ratio of t i6 keel-ti jm-r"ab configuration i-s:

2bp" ,  2b ' t r ,  -  
2 (Tu, ;  Tnnaf '  coso

Ati.^" 'kt L "krr 'ktt

( 5 )

whe! a triro tab is not f itted io the keeL, or
vhen 6tt=0, the total siaie fo?ce of the keel be-
cones :

^  acr .  T r .  ^
r,  =Jov( -# B (rr+)z\coso

- k  - k

2ra^ARk( i +Ab/b )2

( 8 )

( 1 3 )

( 6 ) +  ( ? )

vhere:

"ktt

a B  
-

,n .onr - ( t+Ab, /b )2

. ;--t=---)-------1i--
2 to t r t 1 , * "o "1 \ . t /  ARk ;  

b / cos * l k '  L+L

( 5 ) + ( 7 )

+  t a n  t T ( = € T  r / c )

r i  o  .  f  r r  I  r ,  t , . t c d  a n d  m e a s u r e d
F r ' r  F f r a . r i r - a r ^ -  - t  i -  q . r . t e s .  T l e  L e s L  d a t a

l ^ r  P a _ r n ^ l  n c
' , . -  .  F - '  - : . f  " - . *  I  L  . {  l a  L r

1 1  t  ) " ,  j o r  D l e r n  t - ! p s  ' " : i : i 1  - : a -  i J  " : a p s .
a n l r .  l h a  i " i - i ^ i + -  . c n 6 r , +  - . + i- - . _ c  - a s a  - s
'or-s L iare l .

r].th

A B 2'o*"o"An/-E'f "i$4ll

f l  r h  . f f - . + i  v 6 h 6 c c  r o + i ^

aspect lat io upon the
( f r o n  R e f .  3 ) .
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vhere ,
2 (T , - -Th_) -cos0

A F  =  
^  n- -  k  A , -

2.2 The side Force on skeg end Rudder

2 .2 .1  S ide  Fo rce  on  a  Comb ined  Skeg  and  Rudde r
Configuration

The tota- slde foree on a conbined. skeg and
rudde r  con f i gu ra t i on ,  such  as  dep i c ted  i n  F ig .
' 2F -  . an  ha  . i e rF - r j - rFn  F r . r o  t , he  ss .ne  -L . i nes  as
F e 6 c a n l - o ^  2 I  1 . ^ r  a  k e e l - l r i m  L a b

configuration vhen the enti t ies related to the
skeg and. those related to the rudd.er take the
n 1  . . a  ^ f  + h ^ . a  ^ a  T h a  L a a l  , h A  l h a  i  r i n  t t l l

respectively. Two addit ionaL corrections to the
fornufas nust be naale, hovever. The f irst of
these coarections is for the speed of the ffo'r
relat ive to the rudder. Since the rud.der is 10-
cated in lhe r^'ake (dor.,nwash) of the keel, i t  . is
appropriate to assu.lre that i ts effect ive speed
through the water as not equa-l to Va. Afso, the
chickness of the ooundary layer along Lhe hul l
at the location of the rudder is relat ively
greater thar at ihe Location of the keel, To
correct for these effects, i t  is assuned. that
+ n a  a f f 6 . l  i w a  c n e c r l  ^ f  f h A  F r r d d a r  i h ? ^ r r d h  r h a

waLe-c is eqJa] to approximate-Ly O.8VB. Second-Iy,
the rudder is often situated close to the t ians-
o.n or stern of the yacht, in vhich case the hu]f-
rudaler intersection is often above the watef '  sur-
f ace ,  l n  t h i s  case  t he  e f  f ec t . i ve  aspec !  r a l i o
is no fonger doub-Le the geometric aspcc! rat io,
bu t  app rec iab -Ly  l ess .  l L  i s  assuned  Lhab  then
Lhe  e f f ecL i ve  aspec t  r aL io  app rox iha te l y  equa l s
Lhe  geomeLr i c  aspecL  raL io .  The  equa l i ons  f o r
the totaf side force of a skeg and rudder confi-
guration, such as shovn in Fig. 12 a, then be-
cone as fol lovs: ^^du ,  Th

1  , ^  ^ . .  C  S r , ^  d d  "  , , -  S f , Z .
L -  = :0 (0 .ovq /  - - ; ; -  |  F+ . i -  0  (  l +  - - l  A  cosU

1 - D d 6 d o l r S f
s r r s r

vhere

tft t.=l f !" lrnt o .r i+0.2r(Ar/ Asr)O' 1 -7. 35 ( r .

- (Ar /A" . )o '  I  
) . tan ' r ,  )cosAn

r r
\ 2 '  )

anal

, a B  ,  2 ,
' 4 6  ' t h  n 'r

(26)

vhere

+

r+0.82(t/c)k-tanr*(?#*t + 3.2( t /c)k+

3 . e  ( t / c ) i ) ( 8 )

( t )

i  1  1 ' l
- * " ' T  / r  / ^ l

I Sf"

n -

The case of Tr < 0 occurs vhen the huLl-rudder
interseetion iE- above the water surface. Then
r h -  r / o t l , 6  ^ a  I  t + T ,  / T '  ) '  i n  F n i , e r . i d r  2 l  h F -v ,  \ ,  , n -  - /  - c f l

comes equaL Lo Lrnit f .  
"  

Tn equalion 2l Lhrough
t R  '  h -  . . , h . - . i ^ ,  . ,  i n h l i a c  + h r +  + h a  r a < n a . t i v a

v a l 1 , a  - f  i h a  . ^ n } 1 i n a . l  < k A d  q h d  r r r d d a f  n . n f i r ' r -

r a l i on  i s  r o  be  adop led ,  Fo r  examp le ,  As r  i s
the lateraf area of rhe combined skes and r lrd-

c - - . ^  r "  . 1 s e d  t o  o e s c r i b e  t n e
r  q L  p d  a h . l  ? r i . l . l a f  . ^ n f i  . ' ' , f r  l  ^ n  l  F  a

'  
a ) ,  a n o  o l l  a  r u o d e r ' a l v n e  I - - i g .  l - o l ,  f o r ; h i c h

! - h F . r < a T  < a  i e  d , a . . ' r-  ' -  - - -  -  - h r

A R =

vhere
3C_

AB

,
2rao AR."( 1+Ab/b ) 

-

121 )

2ao
*"o"A""/of /"oJn u*

in vhich

a  =  I  + 0 . 8 2 ( t , / c  )o - s r

)
+  r  o f  + / ^ l _  l.  , .  r ,  - t  - ,  

s t , l

€,nd

/iJAJ ;A r/ A J * u"""in/n,-{. )

A s a i n ,  w h e n  ( 4 8 / a 6 " ) .  <  o . l 7  A R s r ,
E B l  3 6  = ( 0 8 / 3 6  )r  r o

T t ^ o  o - f a . t j w a  a q n - . 1 .  r r i ; . ,  f o a f o r , r s

r  u r r u  w  a ! 6

2 (T" r -Th ._  ) ' cose
AF = -=-*- ior T, -

S T A Nsr  s r
and

cos  0

lnen

from the

(z t  )

l 2 a
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A N D  R U O O E R : A s r

AVERAGE ( MEAN)
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RUDDER CONFIGURATION

SECIION AA

1 2 b
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der configuration. Sinifar. ly, the subscript r
impfies that the respective va.lue of the rudder

is ro be. Laken onfy. For exa]np-Le 6r is tne rud-
der angl-e and t1- 's lhe half Lrai.Ling-edge
angle of Lhe rudaer secLion, The quanti l ies

used in these equations are defined in Fig. 12a.

2 .2 ,2  S ide  Fo rce  on  a  Rudde r  A fone

r n l - ,  -  c i ^ A  e - . ^ a  ^ h  q  e n a / i c - t w h a  n r d d e r  E q  d e -

p ic t :d  in  F- .9 .  l lb ,  a t  zero  ruda le r  ang le ,  can
be deterni.ned fron an equation simiLar to equa-
t i r h  1 l  v a  i r  f o r  n  k a a  q ' i r h o t r L  a  L r i n  t a b .  I n

general ,  Lhe s ide force on a rudder a l  any angfe

ponent equal to the force devefoped in the lift
direct ion by drag. They give the fol losring re-
1al ion for bhe non-l inear I i f t  conponent for
bodies vith an aspect rat io of about 0.2:

( 3 t )

, . , . i - F  F ^ .  F - : 4 +  i r o  - e  t F c e  t h a n  a b o u t  1 0  d e -

g r e e s ,  l e a d s  t o :

AC,  =  1 .6  s in -BcosB

A c r .  =  1 . g g 2
- h

ac, .
l ^ f  = r l+n .+  r .88) r  I  +  Ar /o )?

( 3 6 )

I t  fol lows then that the Lif t-curve sLope of the

canoe body can be i"r.r i t ten as:6- becones as fol lows:'  
- acr Tr. ^

. - -  , z  u ! .  -  ,  , .  l l l a  . ^ " cL 1  -  
=  o \ u . o v B ,  

a E - \ F + o r / \ r +  T  
/  d r - J r '

" T --dE- -

(  2 9 1

\ J U ]

+

( 3 1 )

\ 3 2  )

\  JJ, /

,r l,

Pa^ +cosl  , /ARt /cos"A +\
9 I T I I

in which

a ^  =  1 + 0 , 8 2 (  L / c )  - t a n r .  ( 4  + : . : ( r i c )
v r  r  r f  ( t / c / r  i '

t
+ 3 . 9 & / c ) ; )

-T '  )2cos  0
Ali

I

and
T cos  0

. -  _  r

t

Here al6o en effect ive speed of ihe rudder
th rough  l he  ra l e r  o f  abou !  0 .8  V5  i s  assu red .
Aga.in, the case tha! Thr .  0 cor.e.ponds Lo the
situation when the top of the rud.aler is above
the water surface at the angle of hEef 0. Also,
t he  e f f ec t i ve  va - Iue  o f  ( t  +  1^ - /T , ) '  i s  equa l
t o  u . r ' l i ! y  i n  Lha t ,  case  s i nce  nS  s i de  f o r ce  i s
inclucecl on the hul l  by the keef and no extra
s ide  f o r ce  i s  . nduced  on  t he  . r udde r  by  t he  hu I I .
The definir ion o-f l  lhe various ent. i t ies in equa-
t ions 29 through 33 is sho!.a in Fie. 12b.

2.3 lhe Side Force on the Hul1 (Canoe Boqy)

The huf-L also experiences a side force at non-
zefo dri f !  angles. Siori- Iar]y to Lne procedures
fol loved above, this eide force can be vri t ten
a s :

( 3 1 + )

(  3 7 )

S.ince lhe canoe body has a round "ptanforn" and
rounded t ' lateraf eclges" a value of -0.12 can be
adopted for Ab/b (see Tabte 1). Hence the fo1low-
ing expression is obtained:

as  be fo re :
2'na^ AR ( 1+l ' ! /b ) 'v r  r

Since the effect ive aspect rat io of the hu.1l is
sna i l  (  usuo l \ y  0 ,  : 0  o r  - . ' s s  )  ,  t h ^  l neo ry  o  l  - - Lo ! t
. " ^ - . r  r . . r i ^  u : . d c  '  c . .  T ^ F  a v r h ^  F  L r i h ; r  l ) r l  r

: - 1  : , i  i . '  1 a . ; "  ! O  L n c  r . - - S u , L t  L n a !
- r  e  l l f L - c u r v .  s - c q e  o f  s u c h  e  w i r , g  i 5  e o u i l
, o  I  A R  ,  . n  u p p , y i n g  i , L . i s  r n e c r y  t -  L i . e  h L - L -
cf b. ;ra-iht i t  is assuned l ,haa the hu-i l .  is mod-
e-Lfed by a '" . i !1 f fat plate with t le ss&e (1are-

nul-1. I loerner and
.  : . , - .  r  . - . , I r  : :  : v L  j o r r - c L

due l-c i i re cccl i l l r : : !1ce of a t lrn-i inaar L:Jt cotr l-

g  =  o . 7 e  (  
]  f f i r +  r . 8 9 ) B (  3 8 )

r , . r  =  iovf i  0 .T8(r i r lcoso + I .BAhB)Bcoso (39)
- h

n'here i t  is assrmed that Lhe effect ive aspecl,
r au io  o f  l he  hu l l  ( canoe  body ) , - a t  a  hee l  ang le

0, is approximately equal to 2T;coso/Ah, where
Th is the rnaxinun draught of th6 canoe body and
Ah the fateral area.

2 .L  S ide  Fo rce  ca .Lcu -La r  i ons  f o r  5 .5  I ' l eL re  Yach r
t 'Antiopett ard conrparisons l t i lh ResuIf,s of Mea-
5U!enents

Measurenents of the resistance and side force on

the actual "Antiope" hu11  ere caxried out at
the David Taylor ModeL Basin (nov the David
Tay.Lor Naval Ship Beseexch and DeveLopr4ent Center)
for the Technical and Research Panel H-13
(saif ing Yachts) of the Society of Naval Archi-
tects anal Marine Engineers. The results of these
measu-reEen1,s u/ere presented by Herreshoff 8-nd
Nevmarr [15.] .  Resistance and side force measure-
ments vere carr ied out for various conbinations
of yav angfe B, rudder angle 6,, heel a.ngfe 0
a.nd speeal Vn. A l ines drawing of "Antiope", ta,hen
tron ietchei [16] ,  is shovn in Fig. 13. For the
cafculat ion of the €ide force on the keel and
rudde r  \ qh i ch  i s  acLached  to  t he  kee l ) ,  t he  rud -
aler can be considered as a txir4 tab so that equa-
t ion 16 applies. Fiom the d.ata given in referen-
ces 15 and 16 lhe foLfoving data, required for
the calculat ioos, ! ,rere alerived:
T h .  =  0 , 5 6  m
T ; I : "  =  1 . 1 + 1  m
llktt  = U. i  lo rao].aj ls
( t / c ) . . .  =  0 . 0 ?
r r  

KEr  =  l  .  l 3xO .  o?=o .  o?9
n. l la , - - -  =  o . r :
/ \ q .  =  - U .  ) r +  I a d l a n s
A:' : :  = r .eo mi

K t r  ^ ^ _  z
,1 i ,  =  J .U )  r l

The  aspec i  r a t i o  i s :

ac r .

and

vhere

rhen T. > 0
n

f

when T. < 0
n _  *

I



a ( t . \ t - 0 . s 8 ) 2 c o s 0  ̂ffir.tt*ffi-- = 0.72i cos0

The theoretical f l -ap effect iveness rat io is:
t 4

(*p.-),  .  = a( la J 21 1 -0. 1 2) + arcsin,/o=E) =0. )+32
d o . .  t n  T

t i

anaL

_ t R  ^  1
( f f _  ) o =  0 . 1 , 3 2 ( 0 . 7 5 + 0 . 2 t ( 0 . l 2 ) " '  '  +

AI

- 7 . 3 5 ( 1 - ( 0 . 1 2 ) 0 ' 1 ) t u r r ( o . o T 9 )  ) " o " (  - 0 .  t \  )  =
=  0 . 3 1 2 .  I h u s :

^  1 ? f ' ^  ? . < r . o s o ) ) 0 . 2 5
1 -( r -0. 31 2 ) ( sin(=.-iiojif

t  - 0 . 6 8 8 (  s i n ( 0 , 6 2  t  " o " o  )  )  
o '  2 5

(  s in (o .5zrcos0)  )o ' '5 )o r ,  )  t ' , * f f i )2 t .9 "o"0

+  0 .  r ) 4 /  |  .  ozzcos -u+ ' l

Ihe side force ol the canoe body is:

.  2 .  - - . 2
t r h=  i pv ; (  o .  ?8  )  (  rT (  0 .  58  ) ' cos0+1  .  B (  3 .  05  )  B  )  Bcos0

a c t
=;  pv ; (  0 .  821Bcos '0+ !  .  2828 'cos0 )

The results of the neasurernents r as presented
by  Le tcher  I16 ]  ,  " re  g iven as  l i fL  coef f i c ien ts ,
using the upright proiected lateral area
(\,9, ri lz\ as the refelence a.rea. 0n folloving
this exatrIple the fofloving expression for the
total side force coefficient is obtained:

c L  2 . 6 1 3 ( B +
u T -

, 
i pv;A 1  . 8 1 2  +

+ (  r - 0 . 5 8 8 (  s i n ( 0 . 6 2 ' c o s e  )  ) 0 ' 2 5 )  d a "  )  c o s 2 e

+  o . 1 r \ y ' 1  . 6 2 2 c a s z e + \

I R

4 6 .  .
t L

!K t t

A B

The tvo-dinensionat l i f t-curve slope is:

40  =  1+0 .82 (  o .  o? ) - tan (  o .  o t l ) t f t f f  *  3 .2 (  0 .0?  )+
L r ' u l

+  3 . 9 ( o ' o ? ) ' ) = 0 . 9 0 6

The keel has rounded. fateral edges, so that
AO/  O=-U .  Uy .  nenCe : i o .  1 6 6 5 B c o s ' o  +  o , 8 6 5 1 8 ' c o s o

Conparisons betveen calculated values accoralug
to this equation and Letcher's reduced. alata are
nade in Table 2. only the measured data for
vhich the standard d.eviat ion is less than 0.1
has been consit lerecL.

0n not considering the comparisons for data
po in t s  5 ,  1 ,  13 ,  1 )+  and  

' 15 ,  
f o r  vh i ch  t he  nea -

sured values are probably subject to retat ively
large erroxs, the average absolute dif ference
betveen neasured. and ca.lculated values 1s about
\,9% whic| '  is suff iciently smal-L for a-L-L prac-
t ical DuxDoses.

21t ( o.go5) o.' l  25cos0 ( 1-0, 09 ) 
2

2( 0.906)+cos(0. 7 'd)/  . ] i ] I .@;

3 . l +  1 8  c o s 0

1 .  81 a+0. ' l  r \  /  1  .  622"os2e+!

The side force of keel and. rudder (tr im tab) is:

3 .  I + t  8 c o s 0 (  B + (  1 - 0 . 5 8 8 )
LTktt=i pv;

1  . 8 1 2  +

0.15)+/1:6n;;?orl

F ig .  l 3  L i nes  o f  
"An r i ope "  

snov ing  t he  t es !  vaLe - r -L i ne .



Data heeL dri f t  rudder nea-

point angle a.ngle angle sureal
side

^ o 6rro cLiKlOO CLTXI0O

TABLE II Conparison betveen ca-Icul-ated and !oea-

sured side force values for "Antiopett

vavemaking occurs. For surface ships i t  is cus-

tonary to divide the totaL resistance into a

non -v i scous  pa r t  and  a  vLscous  pa rL '  The  v i scous

resistance R,. is considered equivaLent to the

srm of the f i ict ional resistance RF of the thxee-

dinensional hul l  (as d. ist inct fron RF^ for a

l lat plate) anal a pressule resistance-component

of viscous origio Ro\r. The fr ict ionaf resistance

is associated. vi th the force required to overcone

the targential stresses developed betveen the

hul-L and Lhe f-Iu:d, lrhj le the viscous pressu-re

resistance is due to a pressure dif ference be-

tween Lhe forebody and the 8.ft  booy of the hu.11.

The grovth of the boundary layer afong the hu-tL

causes the pressure on the aftbody to be snal ler

than on the forebody leading to a resultant

pressure force on the hu11, of viscous origin,

e "cco rd ing l y  t e rmed  the  v i scous  p ressu re  res i s -

tance. Since RD1/ is usually sldal l ,  the vasccus

resistance is Slten \* ' l ' i t ten as:

calcul aie d
side lorce

1
2
3
ll

5
6
7
8
9

t 0
1 1
1 2
1 3
1)+
1 '
1 6
1 7
1 B
1 9
20
2 1
22
2 3
24

27

2 9

1. CALCULATTOII OF THE HYDRODYNA},I]C RLSISTANCE

3 .1  The  V i scous  Res i s tance

3 .1 .1  The  Bas i c  Equa t i on  f o r  t he  V i scous
Res l s tance

The total hydrodynanic resistance of a f lat

I l aLe  uh i ch  i s  deep .Ly  submer6ed ,  a l  ze ro  ang le -

of-attack, is equal to the fr ict ional resistance
D -  - L i ^ ] .  a a h  } ' €  u - i + + 6 h  ' c .

n5.o = cpolov2s ( 4 0  )

. ,
Rv = cvi Pv-s
vhere

c . .  =  c -  (  1 + k /
o

( 4 1 )

( 4 2 )

in vhich C., = speci l ic total viscous resistance
'  

coe f f i c i eo i ,
k = three-dimensional forro factor on

flat plate fr ictaon '
S = vetted surface of hu-l f  .

The form facior k thus accounts for the effects

of the three-dinensi.onal iorm on the va^L.re of

C- and fot the viscous pressure resistance Rpv.

FiSrn detailed bor.rndary layer calcuLations

carried. out by Larsson for the 5.5 Metre Yacht
"Antiope" 

fz] ,  i , .  i"  clear bhat for yacht-. l ike

hu11 forms, the ef lects of the forlo of the hu.l l

on the value of Ce^ is velxr snaff,  and that the

fcf in factor nainly"accounts for the viscous
plessure resistance. 'acsson found fqr a yacht

speed  o f  3 .0 !  m /sec  Lha l  CE=2 .60x10  
- .  Acco ra l l ng

to  equa t i on  \ 6  ( see  sec t i o i i  3 .1 .2 ) ,  t he  f l a t
p fa te  va - l ue  CF-=2 .52x10 -J  \ t hen  bas ing  t he  ca l cu -

i a t i on  o f  t he 'Heyno -ds  numbe . r  on  an  e - f f ecL i ve
length of 0.8 LI^[ (to account for the shorter

l eng th  o f  t he  kee f ) .  I t  i s  assuned ,  t he re fo re ,

that cF.cF^ and that the form factor k appfoxl-
matelv- acc6unts for the effect of the viscouE
pressure reslsta,nce on1y.

Ilr the calcu.lation .f the Reynofds number ' alr

d,vercge hu-l]  rengLh equaL !o 0.7 or 0.8 ol- lhe

vaterl ine length is usually adopted' fof lovlng.

the practice of Davidson sorne \O years aeo l lTl .

I n  t ne  l as t  decade ,  hoveve r ,  Lhe  dcve lop renL  1n

the design of keels anai rud.alers of saiLing
yachts has been such that they can now be con-

siaiereal as appendages rather than as an integra-L
part ol the hu-11. Keefs anal rudalers are rlow pro-

port ioned in accoralance to their inain function'

as control surfaces. Since control surfaces be-

come nore effect ive as their aspect rat io in-

craeses, yacnL kce-Ls and rudcle.rs are nouadoJs
appreciably shorter. Also, rudders are no1, '  no

lon8er placed inmediately behind the keel '  but

at the afterxnost part of the hu.11' vhere lhey

: . . r c  mos !  e f f ec l - \ , e .  l L  f o . I Lovs  t haL  one  pa r l i cL -

-Lar value of the lr ict iooal resistance coel-r ' i -

0
1 . 0
3 , 0

2 0 . 0

2 2 . 8
21 , ]+
23,3

1  3 . 0
1 9 . 6
9 . O
9 . 3

1 0 . 1
1 1 , C
1 \  , 5

1 6 . 1
1 0 . 9

' 1 3 .  8
t l . J

6 . 9
1 0 . 1 r

0

2  . 7 9

7 . O 1

7 . 1 1
5 . 8 2

o . 2 2

o  , 2 3
2 . 9 2

2,9)+
3 . 0 7

3 . 4 2

3 . C 1
2 . 9 5
3 . 0 3

o .  { o

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3 . 0
3 . 0

6 , A
5 , 0

, 6

. 6
0
0

0
0

0 .  1 4  0
\ . 5 6  r + ' l + 0
\ . 7 1  4 , 4  5
\ . 8 0  \ . 5 2
3 , 9 9  4 .  b  1
4 . 9 \  r r . 5 8

, . 2 3  1 t . 5 5
1 0  . 7 2  1 0  .  ? ) +
1 0 , 2 7  1 0 . r 5
1 0 . 3 0  1 A . 2 5
1 1 . 4 0  1 1 . 3 1
1  1  . 7 0  1 0  . 9 0
0 . o r  0 . 3 \
0 .  t 0  0 .  3 5
o . 7 9  0 . 3 t
6 . 3 ' 4  6 . 1 2
6 . 1 + ) +  6 . 1 1 +
o ,  o o  D .  r l

7 . 8 2  7 . 5 2
7 . 9 8  7 . r 3
, . 9 1  5 . \ 3
6  . o 9  5 . \ ,
6 . 2 a  5 . 1 + !
l+ . ?8 l+ .63
5  . 1 2  \  . 6 7
,  . 8 9  6 .  1 3
6 . 2 7  6 .  i 1

1 1 . 5 2  1 1 . J r 1
1 2 . 0 0  1 r . 3 9

uhe re  c -  =  sn - - c i f i c  f r i c t i ona -L  res ' s tance  cce f -
f icient in a two-dinensional f fov,

V  =  ve - toc i ' y  c f  t he  p  a l e  t h rou fn  Lhe
fluid '

S  =  t e t ' l ed  a rea  (o f  bo th  s i des )  o f  f l e t

PLa te .

This refat ion for the fr ic-- iooa1 1'esis-uance can
. 1 . ^  _ - a  

1 4  ] n , . - , i  . . -  i ' -  " .  - l l L j O n  t  : , r  l r : i -

i ional resistance of ahe hul l ,  l , 'ee1 6r rrdder oi
a sai l ing yacht. In that case, iro:, 'e 'rer, l i^ is

not lhe rctal r ' . is istance, ncr ic j i  -" i- ie io:al
v l scous  res i s i ance  l i ecauss ,  3 ] :  t i - ! i  i a l i a l '  Ju r i i l : c ,



cient, based on an average value of the Reynolds

number, cannot rightly reflect the conslderabLe

variar ion in ]engibh vith draught of the under-

water hufl ,  keef and rudd.er of uodern yachts'

Obviously then, the best nethod to deternlne the

viscous resistance of a sai l ing yacht is to per-

form the ca-lcuLe.tion of equation \2 separately

for hu-l f  '  keel and rudder, viz:

n, ,= lpv i t  c"  (  1+kh )sh+cr  (  1+6u ;su+(  o.  8  )2cF(1+kJsr)
v  D  , h  ' t

( 4 3 )

in which the subscripts h, k and r denote hu-11
(canoe body)o keel and rud.der ' respectivefy. The
tactor (0.8)' approxirdately accounts for the
red.uced speed of the flov relative to the rudd:r
( s e e  s e c t i o n  2 ' 2 . 1 ) '

r  1  2  T l h a  F F i . t j ^ r F 1  R F q i s r F ' l c e  C o e f f i c i e n !

There is considerable evicleoce that the boundary

.Layer along parls of the hu-LI, kee-L o" Iudde" of

a sai l ing yach! can be laminar'  Tanner Lib. l  tank

tested a fuu_scale Internationaf 10 Square

Metre cfass canoe' f i t ted with six dif ferent

centre-boards' froro vhich he fould that the

boundary layet over the centre-boards vas doma-

nantly laminar. The Reynol-ds number of the centre

boards (based on the average chord length] in

the tests extend.ed up to 9x10>, Crago L19l noted

that inportant extents of lanina! flou exist

along the hu-t ls of sai l ing yachts "up to the size

of a Dragon". IL has been found thal even larger
yachts can "ghosti  a! l  or 2 knots in absolutel-y

cafm conditions I-20] . In a very cor4prehensive
study on the signif icance of scal,e effects 1n

resista.nce tests vitb s?i1ing yacht nodefs'
Kirknan and Pedrick l-21l conclude that lal ldl ]ar
ftow effects are very obyious up to Feyno-Lds

nu,nbers ot at least 1x'10-'

To account for the effects of faminar f lov along

the huIl ,  kee.l  or xudder !  i t  is possible to adopt

a formuLa for CF-sucn as vas devised by Prandcl

and  Sch l i ch t i ng ' L22 l  ,  v i ' z  l

c
_  - t u r b  - n

( l + \ )

where C-
tu1'o

n

Fron the results obtained by Gebers aid Bfasius

iz:]  rot the skin fr ict ion of f lat plates vith
sharp .Leading edges, Prandt-L conclqded thaL ]a-.
minar to Lurbu-lent lransi! ion began for Rn=5x10/

and that the skin fr ict ion coeff icient assumed
vaLues accoldirg.to fully turbulent flov at ap-
p rox imaue l y  , x -Oo .  Acco rd ing l y ,  he  adopbed  the
foll-owing formula:

^  0 . 0 7 1  r ? 0 0uF= 
G;F2 

- 
Rn

( 4 ) l

1".11icnreflects uhe inf luence of la"ninar f lou Pn
Cp  i 4  r "he  Reyno -Lds  number  range  beLween  >x lo /  and

5xlob. Cn adopting t | ,e 1917 ITTC fr ict ion fonnu-
larion for a luroulenl boundary -Layer, lhe same

influence of lal3dnar f fov is obtained vheo the

fol lowing equation is usetl :

"  " " .  l  Ann
c"=_-l l : : t :- ;  -  j* ()16)

'  ( t oc l  
oRn -2  ) -  

" n

Values according to equation \5 are shovn in

Fig. lL. For f lat pf?te9 vith .rounded Ieadlng

edges, Wieselsberger lel+. l  and others have found

that the value of the skin fr ict ion coeff icient

reflects the elisterlce of a lurbu1ent fLov do!''n

to a Reynolds number of 1x10/. Subsequent stual les

have reveafeal that this is causeal by early trans-

iLion. due !o the exiglence of an adverse pres-

sure iradient just dovnstresm of the round.ed

lead.ing ed.ge. Such aaLverse plessure gl 'adlents alo

no t  occu r ,  hoveve r ,  so  c l ose  Lo  l he  f ead ing  ed -

ges of keels anal rualalers nornaLly applied' at

angles-of-attack less than about T degrees. Ac-

cordingly, equation !6 voufd seen to be appli-

cable for the calcul-at ion of xeal ist ic CF-values

for the hu-11, keef and rudaler of sai l ing craft '

when hydrodynani c al-Ly smoolhe for Reynolds num-

be r  va lues  i n  excess  o f  r x l o ' .  The  Reyno lds  num-

ber to be used in combination vith equation 46

i s  de f i ned  as :

= 
utt*

t h v

( 4 8 )

(Le  )

n = -l--5 and
n - v

o . 8 v - c
il = --:-

!

skin fr ict ion coeff icient for a
turbufent borudary layer along a
flat pLate,
a consla[ l ,
Reynolals number.

vhere the factor 0.8 in equation 49 approxanate-

ly accounts for the alecreased vefocity of the

f f ov  t o  t he  rud .de r  ( see  sec t i on  2 .2 .1 ) .  The  k i ne -

mar i c  v i spos { l y  v  o f  sea  wa le r  equa l s
1 .19 i x l o - -  m ' f sec  aL  I ' uc .  Fo r  some  o lhe r  rN la te r

tenperatures, the corresponding values are gaven

in Table 3 foi both seavater and fxesh rater.

Fig. 1[ Theoretical anal neasureal values ofthe
fict ional resistance coeff icient of srnooth f lat
p l a l es  cF . .  Theo reL i ca -L  cu rves  a re :  1 ,  l am ina r
( t s l as iu i ) - ;  2 ,  r u rbu fen t  (P rand r " t ) ;  3 ,  t u rbu l -en t
(Prandtl-schl icht ing) ;  3a, transit ion laninar-
L Llrbu-Len L ( Pr6ndtl  -SchIi  cnt j  ng ) ;  ! ,  LLrrbu-Len!
(Schultz-Grunov) .  Equation l+/5 corresponds to
cu rves  3  and  3a  ( f r om Fe f ,  T ) .



TABLE II l  Value of the kinenatic viscosi ' ly v at

various temperatures fo} sea ater and

fresh vater

Kinenatic vis- Kinematic viscosl-
terop, (oC) cosity.fSr sea ty2for fresh water

water  (n - l  sec  J  In - /sec . /

1  .  565x10- "

1  .  355x10- "

1 . 1 9 1 x 1 0  
"

1 . o56xl o-"

0 .9 \58x10- "

0 .8528x10 
-

1 . 1 l r 2 x ' 1 0  
"

( ) .  oy . )x  I  u

3 .1 ,3  The  Fo rm Fac to r  o f  Hu i l '  KeeL  anq  R iode r

The  l o rm  facLo r ,  as  de f i neo  : n  equa l i on  - ) '  ac -

cormts for the inclease in viscous resistar 'ce of

a  l h ree -d imens iona l  f o rm  l hu l -1 ,  kee -  o r  r udde r )

over 'uhat of a f lat pfate, with' !he sa.ne wette'L

area. In the r[ethod outl ined in reference 1, the

author adopleal the forn faclor lormuia clel ' iveo,

by  t o rL rop  [ 25 ]  r o "  Lhe  canoe  body .  La rsso : r  l 2 l
found that this fornula resul- led in a value

which was too high for "Antiope" (the fornula

g i ves  a  va lue  o f  1 .23 ,  l r h i l e  La rsson rs  resu l t s

ind.icate a value of about 1.07) .  Since roore ac-

culate fornuiae for the forn facior are no! a-
./ai labl-e i t  is roore appropriate nct to adopt the

1'or!0 factor concept for the canoe body and !o

r r se  Lhe  f - LaL  p *a le  app rox ima t i on  ro  uhe  v i scous

resistance. The elfeci of not lncorporai lng a

fotn factor for the canoe body witf !]ot influ-

ence  Lhe  rPsL l t  f o r  t he  t o l a f  r es i s ta ' i 1ce  recause

in the calculat ion of the dave reslstarce (see

sec t i on  3 .2 .1 )  a r1  app roach  i s  used  based  on  -uhe

residua] resistance Rp, as obtained from towtng

tank neasurenents by'dubtraction oi the equiva-

lent f tat plate fr ict ional resistance RF. lrom

the  t o ta f  r es i s tance  R1 ,  i . e .  RR=BT-RFo  '  
- I t  

f o f -

lovs that the viscous plessure reslslalrce I lp\ i '

being the dif ference beiween Rr, '  and Rp' is inclu-

ded  i n  t h i s  RR-va Iue '  as  used  i n  sec t i on  3 ' 2 '

The effect of thickness on the dtag of typlcal

keel and rudaler sectio!1s has bee! studied by

Hoerner fz6l .  He dei ived fornulas 1-or NACA )l-

a i e j  r . - uype  p ro l ' i - Les  rLyp i caL  o f  r uode r  sec t ' i ons )

" r , a  f " ,  i 6Cn  oJ ,  l L  and  d )  p ro f l l es  ( t y l i c r -L  o f

k e e l  s e c .  i o r . - ; ,  , , h i : h ,  r s  a n  a o p r o x j n a L i o n ,  c a n

be adopted as ei<pressious for t ie forn factor

of the rudder: arld keel, respectivelJ. '  Tl iese for-

nulas are as fol lorrs:

' -  -  1  . l + l .  r  +  " n l + / ^ ) '
R ^

II
k r =  2 ( r l c ) .  +  6 o ( t / c ) ,

( 5 0 )

( t r )

r he re  t - / c  i s  t he  e f f ec t i ve  {ave :aEe )  : x i cknes . -

t o - c i i o ro  ra t  1o .

3.1.; An At-.Nrcxinate Eruaticc iar +-l le l" ' ' t" 'ed

S]rface o:. i  - ' . ,_ _{j t f- l

t lhen the {etted surface of the catroe boqy is not

knolll), it can be approxinately deduced from a

formu-Ia given by Ho-Ltrop 1251, ' t iz"

n q
sh=Lllr ( 2rh+Br[ ) c[' ) ( o. l5:o*0. t- I,z>c 

Bh-o. 2862Ce +

- o. oo3\6?foL/Th+0. 3696CwP)

5
'10

1 '

2A

30

{here L.* =

_ n

;----=- ,
"llT,'"11T,

A^ = area of naxintum section and

{*= 
"""a of design waterpla.rre'

To alemonstrate the accirrs,cy of equation t2 the

ca-Iculated val"ue for "Antiope" can be conpaled

wilh the acLua.l- va.Iue. According to Letcher

i r 6 l  ,  t ne  t oLa l -  t e tLed  su r - f ace  o f  "AnL iope "  ( r n -

i j " i i " *  " n "  t ee l - )  j s  l I + .80  n2 .  on  subL rac r i ng

inu tultua surface of the keel, vhich is approxi-

mately equal to 3.8 n2 ( approxinately 2 tines

the lateral area) ,  the vetted surface of the ^
canoe body is found to be approxims'tely 11'0 n' '

i . t i t h  L r n =  T . r r l  o ,  f h = 0 , 5 8  m ,  B m = 1 . 7 5  n '  C & -

0 .561 , "do , ,=g .395  and  cWP=o .691  ( vhe re  C& '  CBh .and

C,- were-Sbrainecl from Lhe -Lines dral^' ing DrovlJed

l f  l e r cne .  i n  r e fe rence  l 6  and  rep rodL rced  he re

i ;  F i g .  r 3 ) ,  Lhe  veL ted  su " face  acco rd ing  t o  e -

oua r i on  >2  i s  ca rcu la ted  t o  be  10 .83  ma  wh i ch  Ls

.i.ry close !o the actual value of approxinately

1 1 . 0  n z .

3 .1 .5  The  F ina l  Equa t i ons  f o r  t he  V i scous  Res i s -

tance

The f inal equations fol ' the vlscous reslslance

of a hul l-keel-rudder configuration become as

fof lows:
. - 2

R , ,=cF  ;pv : s "+cF  (  r+ \  ) l pv ; sk+cF  (  l +k r ) j  p (0 .8vB f  s r

n r

where

1800
R

t h , k , t

\ 1 2  )

length of the design waterf 1ne,

uaxinum draught of caroe body'

be€m of the desigl vaterl ine '
maxirnum section coeff icient (fol yacht

nu-l-Ls not necessari ly the nidship

section coeff ic ient ) =

A^

L - . T ' '

block coeff icieot of canoe bodY,

waterplane coeff icient =

( \ 6 )c .  =  o ' 0 7 5  
. ;' h , k , r  ( l o e 1 o l n h , k , ,  )

in v,,hich Rnr L - fol low from equar. ions L7, L8

and  L9 ,  r es ' de t t i ve ' y .  - L f  r eq r . r i r ed ,  t he  we tLed

surface of !h" "u.t to. body SL can be deteruined

approxinately lroni equation"52. The forrn lactors

k. and k- fol lov from equations i0 ard 51' res-

pict ivel| ,  \ , ,hi le the vetted areas Sk and Si ale

aD!roximatel-y:

(51+ )

t ) ) l

i r  =  ?  (TL -TL  ) c r .
K

s-  = 2(r - - rh ) ; -
- " ' f -

and



J . J  t ne  l nouceo  !es1s !a l ] ce

?  1  I  n l a  P . . i ^  q . . r . i i ^ r  - ^ r  t h e  f n d u c e d  R e s i s -
tance

Lift  is generated by deflect ing a f lou over an
3n6fe q. down\^ard (or sideways) f lron :Ls u,.rdis-
turbed direct ion. The force generateal by the body
vh i ch  i nduces  (de f l ec t s )  t h i s  f l ov  i s  d i r ec ted
a i .  a ? n F ^ w i n a i F  v  - j e h -  o r o l c s  L o  t h e  d i r e c L i o n

o l  Lhe  de f l ec ted  f f o ' ' r ,  as  shovn  i : r  F1g '  15 .  T t
fof-Lows rhal the can-oolren! of Lhis force, F sin
o i ,  t hen  ac t s  aga ins t  t he  d i r ec t i on  o f  no t i on '
T6is force is calfed the induced drag force RI,
because i t  is associated vith the induced f lolr

r f 6 .  , /  r L

= L ian o,. i .  Hence Cg-= Cr tan c! i .  I i  can be 
-

shomr thai the inducSd f low angie ci i  is refated
to  l - he  l i f i  coe i f i c i en t  and  rh .  aspEc -  r3 t i o  a . r -
co rd lng  t o :

C -
l ,q i= ( 6 0 )

( 6 1 )

vhere L1n, LTutnd LT. fol low fron equalions 39'
13 ard 29, respectr.vely,

'1.1.2 
ElfecLs of Pfanfonn arld Sveep Ansie of

Keel sr ld Rudder on lnduceg Resistance

EquaLion 60 is surict ly onfy va-I id for an ef-Lip-
bica-L -t i f !  oistr ibution over lhe span of the I i f-
t ing surface. The pls,nforms of Present-day keefs
and ruociers rarely -Leao Lo an elf ipl icaf span-

vise loading, hovever. Appreciable increnents in
ind.uced drag are found in planforrus that are
either extreneLy tapered or close to a rectan-
gufar shape. For taper rat ios betveen 0.3 and
0.\,  an el l ipt ical spanvise loading is nearly
obtained. fn that case the addit ional induced

drag is very slxal l  (about I  or 2%). Fo" other
va lues  o f  t he  La !e r  r aL io  Lne  r ' o -L l ) v i ng  exp res -
sion can be used, vhichfi ts the res'dts given

I  ,  4  |  .  hF  evn -e "e  i o r .  i  Lse l f  i s  va l i d
for the keef;

_ 2
. !T,-

R ,  =  
* ? ( ; .  " - . e . o n  ) (  l + ( 0 . 0  2 - 0 . 0 5 7 1 k  +

- k  -  B  -  k - - - -  " -  k

+ o.o9t l3 -  o.  ol+ol :  )AP,- )^r'

where l ,  = :-
K ( l

roo!

( 6)+ )

rTAR
"2

^ - L-.rlT 
fiAR

2
- r kcLi

rARk

vith C
t rp  =  cno ro  l eng ln  o r  l ne  Kee -L  a r  r ne  r1p

(bottolo) ,  and
C =  cho ro  l ena th  o f  t he  kee . I  a t  t he

roo.l
hl_LLt-Kee_L 1ntersectl10n.

T t  shou - l d  be  no led  Lha t  uhe reas  e f l i p ! - i ca I  o r
roundeal planforms liight be advantageous in nini-
niziDg induced drag, they also lead to a reduc-
t ion i .n the totaf f i f t .  As discussed in secti .on

6 r ' f o . + i r r a  c n r r  - f  r ^ ' r n l c d  n l r h f ^ F m q

is less the"n Lhat of rectangulax planforni.  A
consequence of t \ is facr is tha! reclangu-Lar pla.n-
. ^ r n c  ^ r r a n  l a q . l  r ^  t h F  . i r h F e r  

' l  
i f l  l ^  d t e o

r a t i os .

The effec! of sweep is Lo increase the .Loadi ng
nea r  t he  t i p  o f  r he  l i f L i ng  su r face .  Acco rd ing
to Hoerner lZ6l ,  a sveep-uack argle ol 30o re-
quires a taper rat io of about 0.15 to obtain
nea r -e - I l i p t . r ca f  I oadLng  (  i nsbead  o f  abouL  0 .35
for zero sveep-back). Since such taper rat ios are
rarel-y practics. l  (except in delta configurations)
i t  fol l-ows that lhe spanvise loading of swept-
back .Lif t ing surfaces ' is not often near-el l ipr i-
cal,  leading Lo somevhat higher induced drag
values. Afso. the Lif t  force of each chordvise
segmenL of lhe l l f t ing surface approaching lhe
tip is t i l ted further "backvarcl" because of an

^ r '  r h o  i n . l  a . ;  f l  ^ r . r  
' l  

c r ; -

i l1g to farger f lov argles q. i  (see Fig, 15). I t
f o l l oHs  LhcL  because  o l  Lh ia  t he  comf ' oncn t  o f  Ehe
li f t  in the direct ion of the r.rndisturbed f lov
L e c o i n e s  E r e a L e r  w i r h  i n c r e a s i n g  s u e e p  b a c k .  A c -
co r l i ng  ro  aoe rne r  [ 26 ]  t he  . Lnouced  d rag  i nc reas -
cs  I ' : opo r r i onc - - y  " ' iEh  . veep  ang )e  acco rd i : - g  ' - o

t  / . ^ . A  , . ' . . r e  A  ; e  r h a l a u ^  \ u r  a ! r w a r u /

1 1 6 l e  o f  L h c  q u 3 r l e r - c h o r  d  j i n e  o f  L h e  l j  f L i n g
surface. Suci an increase in induced drag, hov-
. r ' r ,  i s  r . e v c c  f o u e d  i n  e x p e r i n e n c a l  s a i r i n g

/acirt  studie6.. i t ,  vould alpe3r that the increase

" i . ^ 6  f ^ r  c n . l l  ^  - q n d l a e  a - : a  ^  l T " 6  ^ f  6 . , r r -

! l o n  Z  \ r o r  a  K e e _ L l  E o g e l n e r  v / 1 ! i 1
H -  = 5 O V 1 C -  A -  C o S U .  L e a d s  t o :1 k -  s n I K  -

R- = jpv : Akco s0=
I ov?a. cos0.n-qn.- '  

5  K  K

( 6 2 )

where L-. folfoqs fron equation 1J.

The  i nduced  res i sLance  o f  a  sa i - i ng  yacnL  can
then be deternined on adding the induced "esis-
tance of the hu-L-L, kee-L 

'and 
rr im Labi a-nd rudder

\  4 1 u  5 ^ 1 6 /  t

2

- 
I- --2'?rA. coso. AF,--2'?rA.pv- 11

L--

B ,
LT;

( 6 3 )' ( 0 . 8 ) z r A r c o s 0 . A R . '
r

co3 (l i

F  5 a n  d i

L  i a n  d i

f o r c e .
r i  i a e  1 1 r  t



For a keel-tr1n tab a.nd
tion, the total induced

R r = R r  * R ,  * R t
-T -ktt -sr -h

in induced drag due to sveep is nearly cornple-
tely compensated for by the favoulable ipfl-u-
ence of sveep on the vave resistaice 1101 . The
final expression for the induced. resistance
(for the keel) is therefore assumeal to be
t 4 r  v c u  u J  c q q d l f u l  u * .

3.3,3 The Fin€l- Equations for the Induced
Re si 6tance

S -  =  1 1 + . B O  -  3 . 8 0  =  1 1 . 0  n 2
- , ^ ^ ^ 2

sttt = J. ou n-
T -  =  1 . 4 1  t n
; I i :  =  ( 3 . 0 3 + 1  . 6 1 ) / 2  =  2 . 3 2  n
( i7;) , . - . .  = o.16/2.32 = a.oI
l r r , " -  

- =  
r . b r l 3 . 0 3 , =  q . 5 3 i

v  =  I  . 003x  I 0 -o  mz /see

Tne vs-Iues ofthe Froude and Reyno-Ids nurnbers t
based on the vaterl ine length of 1.41 r[ ,  fo!
s p e e d s  o f  2 , 3 ,  \ ,  ! ,  6 ,  a n o  5 , 5  k n o u s  ( a t  w h i c h

the nee.surenents vere carr ieaL out) have been cal-
cuLated by Letcher [16.] .  Using these Rn-values,
the fr ict ionaL resistance coeff icients of the
huLf car] be caLculated by means of equation 46.
The fr ict ional resistance coeff icients of the
kee-l,  based on an average lengLh of Lhe keeL of
2,32 m, ca!! be cafcu-lated in the same nanner.
The fo]]a factor of the keel a.nd rualcler confr,gu-
rat ion (the ludder is again considered to be a
t r im  tab )  i s :  ) ,

\ t t -  2 ( 0 . 0 7 )  +  5 0 ( 0 . 0 7 ) -  =  0 . 1 4 1 1 +  s o  t h a t
- )

R E = z o v D ' ( c F  x l l  +  c c  x 1 . 1 1 + 1 1 r x 3 . 8 )
N KIT

The  resu -L t s  o f  r he  ca l cu la t r ' ons  f o r  Cg " ,  Cpo , *and
BF are given in Tabfe V. The calculat ion of-the
wave resista.nce can best be started by f ixst de-
termining the va"lues ol ct,  C2' Cq and C1 in
equa t . i on  56 .  Th i s  j s  ca r r i ed  ou r  5J  mLr l t i p l y i ng
the  va lues  o f  Lhe  coe f f i c i enLs  a^  t h rough  a1 r
(g i ven  i n  Tab le  'V )  by  t he  vaJ "ue i  o f  LCB,  LCB2 ,
a -  ' c  n ? a < . r i r . a . t  n r r  a n l q r . i o n  \ 8  T n e

reiu,Ics of Lhese mult ipl icat ionl qrr- given in
T a b - L e  V I .  A - L s o ,  m = 0 . 1 t 3 5 ( 0 . 5 t  ) - t '  t 9 o  =  A . 1 1 6 A ,

, - 2

o. oo37ogu-o ' o6 1 77Frt +

^  - - .  ^ -2
+  O .55A52 \e  

- '  " " -  n  +

-c -o c.,6t-2
-  0 . l 8 2 2 5 2 s i n ( F  

- ) e  - ' / / - -  
n  +

n
.  _ 2  -  _ - . _ - 2

+  o .  o3T332cos  (F ; '  ) " - u  
'  )  ) o t  n

f 'or the Froude nlmber values correspondj.ng to
the boat speeds already used for the fr ict ionaf
resistance ca^lculat ions (see Tabfe V) the corres-
ponding values of Rq/Aa have been calculated and
are given^in Table VII,  together with the values
or np/lovfi. Note that:
R - R R

_ R  .  =  .  
" n ,  

2 3 1 1 7  -  r \ t  I + 5 .  r 2 6
, a \ " /  ' A - '  ,  . . 2  ' 4 . '  - -  2-  b  h  r o v -  n  V -- b l l

To cal,culate the induced resistaJrce i t  is neces-
ce rw  rn  t i . s ' .  dF r . - rm iaa  t hF  s i de  f o r ce  on  rhe
ca -noe  body  anc t  on  t ne  kee l - t r im  tab  ccn f i gu ra t j on .
In Table I l  only the conbined side force is
g i ven .  I o  sec t i on  2 , )+  t he  s i de  f o r ce  o f  t he  kee l
and tr in tab configuration was calcu-lated to be:

skeg-rudder configura-
resistance can be vri t-

( 5 r )

vhere )
^ r,T.-,-

R = -a i  ___:-:! !_ ) (  t+(O.Ot2 +' ' I , - * r  
^ , , 2 ' ' f l A , , * * c o s 0 . A R , - . * '^ ! !  P v B

2  ?  _ _-  0 .057trkr t+o.095r ; t t -o .0401; t r  )Any- t t  )  (  66)
a

R- = ------"--------- (--------.=]€4- )(t*(o.otz +' I  . 2  ' f i A  c o s e . A R
s r  p (  u .  o v B J  s r  s r

2 ?-  o .  o  t? lsr+o '  0951-x-0.  o\o l - r  )ARsr )

a n d  - 2
^ 2 " T t
n_ = _-_= t----:_---------- l

l -  __z 1TA- eosu.Atc
n p v _ n n

In the ind.uced. resist€nce calculat ion for the
h . . )  I  l i  -  + L a  ^ 6 n ^ a  l ^ n r r l  + l - L A  a f f o . l - c  ^ f  ' a h a 7

a re  neg lec ted .  The  va lues  f o r  L1 , . . ,  ,
LI"- and LTh folLou trom equatioft ' f6, 2t
and -39 ,  hhe i i  a  r r i r n  r ab  i s  no t  f i t t ed  t o  t hekee . l ,
or when 6++=0. the induced resistance of the
keel becornes as given by equation 64, For the
case  o f  a  rudde r  a l one  ( r . ' i t hou !  a  skeg ) ,  t he
induced resistance of the rud.der is:

R r  =  
,  - : - J  

( ; ; . t . o o  l i ; + i J . 0 l 2  +
r  p  \  u .  o v D , /  r  r

-  0 .05" . \ r+0.09r12 -  o .  oro l3 )nnr  ) (  6e)

( 61)

R.

-h

3 .h  Res i s rance  Ca l cu la t i ons  f o r  t . 5  Me t re  Yach t
rrAntioperi and comDarisors with Results of Mea-
surements

F rom the  da ta  g i ven  i n  re fe rences  15  and  15  t he
fol loving values, tequi.red for the calculat ions,
were alerrveall
I I / I L  -  r . a l m

ff=  1 . 1 ' I  L , - / b . * =  4 . 2 3
)  n t ! / t w L =  r  n r'  'v lL"  'h

=  0 .  3 0 6  ?=  2 . 3 0  m '

T .
^ n

A6

LCB
i "
A :

=  2 . 3 x 1 0 2 5 x 9 , 8 1 N =  2 3 1 2 7  N

= 0. 5-4
=  o . 6 9 1

= 2Oo;  C! iL= 20 x \ .23 = 8)r .6

+ (  r - 0 . 6 8 8 ( s i n ( o . 6 z t c o s o )  ) 0 ' 2 t ) 0 . . )

rru"-=i ovl. 1 2 . 9 3 6  c o s 2 0  ( B  +
' I  . 8 1 2  +

+a.1)' n .622-;;Je + )+



TABLE V Results of frictionel resistance calculati.ons for
"Antiope"

vB( knots )

Rnr"x10-"

c--'xt o3
- 6

'K . l t

;-:5
z  9 v i

1 . 0 2 9  1 . r \ 3  2 . o r \
' ( .6a I ' l  . )+ 1r .2

2 . 9 1  2 . 7 7  2 . 6 7

2 . 3 8  3 . r 7  ) + . ' 1 6

3 , 1 6  3 .  1  1  3 .  0 5

0.0457 0,0 l l l+0 0.0\26

2.572 3.085 3.3)+ l l

1 9 . 0  2 2 . 8  2 4 , ' (

2 . 6 0  2 . r 3  2 . r 1

5  . 9 5  7  . 1 \  7  . 7 3

2 . 9 9  2 , 9 3  2 . 9 1

o.  o l+ 16 0.0)+05 o,o4o2

TABLE VI values of the terms in equation 58 for "Antiope'

o
a-LCB

t a

a2LCB-

a^Cp.
I ' n

a! .  uDi_

a5WBw 
^

a6(\E/hr)'
*TcwL
tBcm2
aaB L/Th
a , o ( n * / T n ) -

t t  1 c o

' 19 .321

0  . 2 0 !

-  0 . 0 1 0

-  1 3 3 , 0 8 8

j \ . j 6 9

- 6. ol+\

2 ,129

1 3 . 3 0 5

-  ! .  t 8 r
- 't,fi6

t + . 6 1 7

o .923

61 1)+  .9

-  4 . 6 2 6

1 2 . 9 2 3

- 1 0 6 1 7 .  \ 8 0

1 + ' 1 1 1 . 5 6 0

580 .948

-  239 ,210

-  3 8 0 . 5 7 3

1 5 0 . 3 0 0

653.6'(9

- 319.907
-  72 .994

-908.1+4

-  r . r r9
-  1 . 7 3 2
r+o? ,803

-  1 l+,271

41 .7) ! ,
-  1 3 . 8 9 \

320.651
- 1  3 \ . 4 8 3
-  2 7 . 9 1 7

1 1  . 7 2 6

1l+2.119

3012.1
-  , . 9 7 2

1 .235

)\967 ,352

2 0 0 8 .  1 3 3

-  6 ' (6 .10 \

29O ,5O9

-  6 9 . 3 8 !

16 .  1  o l+

7 1 3 .  8 6 8

- )+02.921

1 1 7  . 5 1 6

3 . 7 0 9

TABLE VII Results of resid.ual resistance cafculations for "Antiope"

, r 0 . r  +  - 1 8 2 . 2 5 2

C 1 x i 0 - C prKlO-

VB( knots )

V-  (m /sec  )

F
n

Rq/Ah
. -_2
z p v -

R^,/ i  ov:n -  l J

1 , 0 2 9

o  . 1 2 1

0 . 0 0 0 1

, + 2 . 7

0 .0006

1 .ru3
0 . 1 8 1

o .  0006

1 2 2 0 . 2

0 . 0 1 0 6

2 , 0 5 8

0 . 2 u 1

0 . 0 0 1 1

217 O .6

0 . 0 1 3 3

2 . r 7 2
0 . 3 0 1

0.  0027

3390.  3

0  . 0 1 8 2

3 . 0 8 6

0 . 3 6 i

o .  0 0 7 6

4 8 8 0 .  T
0 . 0 3 6 1

3'  344

0.392
0 . 0 1 7 1

5'130.9

a .0692



TABI,E Ix Colrparison betveen calcufateal €nd measurdal resistance for "Antiope"

Data speed heef drift
point (knots ) angLe angle

v- eo Bo

-------:- --i-- ------:-- xl
RtT Rt R

rutlaler
ansle

o .  .
t.L

Rn
-  c  )  .  2  2 -  

-

;pv;A lpv;A jpv;A :pv;A jPv;A

CALCULATED (x102 ) MEASLEED

1 5
2 ) +
3 '
) t 6

o )

1 6
8 3
9 \

1 0  5
1 1  \
1 2 6
1 3  2
1 \  5
1 5 6
1 6 3
1 7 4
1 8  6
1 9 3
2 a 6
2 1  \
2 2 '
2 3 6
2 \ 3
2 5 6
2 6 \
2 7 6
2 8 5
2 9 6

0 0
1 . 0  2 . 7 O
3 . 0  2 . ' ( \
5 . 0  2 . 7 9

2 0 . 0  3 . 1 5
2 1 , '  3 , 1 9
2 2 . 8  3 . 2 2
2 1  . ) +  ?  . 0 1
2 3 . 3  7 . 0 '
2 5 . 9  7  , 1 1
1 3 .  O  6 . 8 2
1 9 . 6  6 . 9 7
9 , O  0 . 2 2
9 . 3  0  , 2 3
9 . '  0 . 2 3

1 0 . . 1  2 . 2 2
1 1 . 0  2 , 9 '
1 \ . 5  3 . 0 3
1 0 .  ) +  2 , 9 \
1 6 . 1  3 . 0 ?
1 0 . 9  2 . 9 \
1 2 . 3  2 , 9 8
1t t  .2  3.02
1 0 . 2  2 . 9 2
1 3 ,  B  3 . 0 1
1 1 . 3  2 . 9 5
1 4 .  T  3 . 0 3
5 . 9  6 . 6 7

1 0 . l +  6 . 7 6

0 . 8 \ o  0 . 3 6 8
0 . 8 6 1  0 . 2 6 9
0 . 8 4 0  0 . 3 5 9
0 . 8 1 8  o .  ? 3 ) +
0 . 9 2 3  0 . 0 1 \
0.8\o o, l+25
0 . 8 1 8  0 . 8 5 7
0 . 8 8 9  0 . 2 \ T
0 , 8 6 1  0 . 3 1 9
0,8!o o. l ' }55
0 . 8 5 1  0 . 2 8 3
0 . 8 1 8  0 . 8 2 1
0 . 9 2 3  0 . 0 1 3
o . 8 l + 0  0 . 3 1 8
0 . 8 1 8  0 . 7 ) + 9
0 . 8 8 9  0 . 2 2 1
o . 8 6 1  o . 2 1 9
0 . 8 1 8  0 . 7 7 8
a . 8 8 9  o . 2 2 2
0 . 8 1 8  0 . 7 8 9
a . 8 6 1  0 . 2 7 9
0 . 8 ! 0  0 . 3 8 5
0 . 8 1 8  o .  ? ? 5
0 . 8 8 9  0 . 2 2 1
0 : 8 1 8  o .  T T 2
0 . 8 5 1  0 . 2 8 0
0 . 8 1 8  0 . 7 1 9
0,8 l+0 0.  373
0 . 8 1 8  0 . 7 t 3

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3 . 0

6 . 0
b . u
1 . 6

1 . 6

.036

. 0 3 0

. 0 1 2

. 0 5 1

0
o . 1 5 6
0 . 1 6 0
o  .  1 6 6
0 .  1 9 4
0 . 1 9 \
0 . 1 9 6

. 2 9
, 2 8
. 2 6
. \ 1

. 1 ' � I
' I  . 44
. 9 7
. 8 6

. 9 6

.81+

1 . 2 0
1 , 3 1
1 . 6 8
. 3 0
. i o

. 9 5

. )+6

1 ,0l+1+
0 . 0 0 2
0 . 0 0 2
O. Oo)+
0 . 3 3 1
0 . 3 3 3
o . 3 l + 1

0 .  5 \ 5

o . 2 6 1
o . 2 6 3
0 . 1 T 8
0 .  1 8 5
0 . 3 3 3
0. 3l+ 1
1 . 0 3 0
1 .01+T

1 . 1 3
1 .l+6
1 . 8 7
2 . 1 7
2 . 2 1
2 . 3 1
2 . 1 9
2 . 6 8
0.91+

1  . 5 7
1 . 4 4
1  . \ 7
1 .91+
I  . O )

2 . 1 '
1 . 3 9
1 . 4 9
1  . 8 6
1 . 2 9
1  . 7 8
1  . \ 7
1  . 9 \
2 , 2 \
2 . 6 2

2 , 6 3

0
3 . 0
3 . 0
0
0

' 2 . 0 6

1 . 3 3
1 . r 1
1 . 9 3
1 . 2 0
1 . 8 5
1  . 3 2
1 . 9 4
1  . 9 9

TABLE x cosparison betteen calcu-lated anal neasureal resistance for
"Antiope" fo! zero heel, drift anal rutlaler angles

Data speed
point ( knots )

VB

R

iov:A

i  - i  r +  ? r , 4 , - r 6 ?

ana.Le alrsle ansle
ad 415 A- o' t t

Rr- R- T

;ovfrr iovfrr 3ovl.t lovfrr
CALCULATED (x102)

R-t^'

3 1

33
J4

35

2
3
fl

,
6
o . )

0
0
0
0
0
0 . 1

. 1 0

. 1 3

. 0 6

.01+

. 2 8

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

0 . 9 2 3  0 . 0 1 3
0 . 8 8 9  0 . 2 1 4
0 . 8 6 1  .  0 . 2 6 9
0 -  8 l r0  0 .  368
0 . 8 1 8  0 . 7 2 8
o . 8 1 2  1 . 3 9 7



l

TABLE VIII Calcul"ation of the induced resistance for "Antiope"

Data heel dri f t
point angle argle

00 Bo

rualcler
a.[ale

Ltltt 'Kt t

, ^t'�
. 2
i pv;

r'l,.

.--vj pv:

Rr .  R r -

:- :--tjpv:  ipv:

1 0
2  1 . 0
3  3 . 0
t ,  5 . 0

,  ,  2 0 , 0
6  2 1  . 5
' (  22 .8
I  2 1 . \
9  23 .3

' 1 0  2 5 . 9
1 1  1 3 . 0
1 2  1 9 ; 6
1 3  9 . 0
1 l +  9 . 3
1 5  9 . '
1 6  1 0 .  1
1 7  1 1 . 0
1 8  1 l + . 6
1 9  1 0 . 4
2 A  $ . 1
2 1  1 0 . 9
2 2  1 2 . 3
2 3  1 ) + . 2
2 \  1o .2
2 '  r 3 . B
2 6  1 1 . 3
2 ' I  1 \ . ?
2 8  6 . 9
2 9  1 0 .  \

0 0
2 . 7 O  0
2 . 7 4  '  O
2 . 7 9  0
3 . 1 5  0
3 , 1 9  o
3 . 2 2  0
7 . 4 1  0
7 . o 5  0
7 . 1 1  0
6 . 8 P  o
6 . 9 7  o
o , 2 2  0
o . 2 3  0
0 . 2 3  0
2 . 9 2  3 . 0
2 . 9 5  3 . 0
3 . 0 3  3 . 0
2 . 9 \  6 . 0
3 . 0 7  6 . o
2,9t+ 1 .6
2 . 9 8  1 . 6
3 . O 2  1 . 6
2 . 9 2  0
3 . 0 1  0
2 . 9 5  3 . 0
1 . 0 3  3 . 0
6 . 6 7  o
6 . 7 5  o

0
o . 1 6 9 3
0 .  1 7 1 4
o , 1 T 3 T
0 . 1 ' ( 5 9
o .  1 T u 9
o.  1 '135
0.  3848
0.  3773
o .3619
0. l+o?6
0 . 3 9 1  1
0 . 0 1 3 5
0 . 0 1 4 1
0 . 0 1 ) +  1
o , 2 5 1 2
0 . 2 5 1 9
0.2502
a . 3 2 5 2
0.3200
o . 2 1 ' 1 2
o . 2 1 7 7
o . 2 1 7 O
o . 1 ' 1 7 8
0 . 1 ? 8 8
4 . 2 5 1 3
0 .  2 5 0 0
0.)+127
0 . 4 1 1 1

0
0.0077
0 . 0 0 7 9
c,0082
o.  0096
o.  oo95
0.0097
0 . 0 5 r  3
0 . 0 5 1 0
0 . 0 5 0 1
0 .  0 5 2 0
o . o r 1 7
0 . 0 0 0 1
0 . 0 0 0 1
0 . 0 0 0 2
0 . 0 1 5 1 +
0 . 0 1 6 t
0 . 0 1 5 9
o .a266
o .o27a
0 .0126
o .0129
0 . 0 1 3 0
0 . 0 0 8 8
o .0092
0 . a 1 6 5
o , 0 1 6 9
0 . 0 5 1 0
0 . 0 5 1 8

0 0 0
o .  o l + 8 3  o .  0 0 6 6  o . o o 1 1
0 . 0 ! 9 1  0 . 0 0 6 8  0 . 0 0 1  1
o . o \ 9 9  o . 0 o T o  o . 0 0 1 2
0 . 0 5 2 2  o . 0 0 8 1  0 . 0 0 1 5
0 . 0 5 2 1  0 . 0 0 8 1  0 . 0 0 1 5
0 . 0 5  r  I  0 . 0 0 8 2  0 . 0 0 1 5
0 . 1 4 7 1  0 . 0 3 9  5  o . o 1 r I
0 . 1 r . i ' 1  0 . 0 3 9 1  0 . 0 1 1 9
0 . 1 1 r 2 1  0 . 0 3 8 3  0 . 0 1  1 8
0 .  1 5 2 2  0 . 0 1 + 0 5  0 . 0 1  1 5
o .  r ! 8 7  0 . 0 3 9 9  0 . 0 1 1 8
0 . 0 0 3 1  0 . 0 0 0 1  0
0 . 0 0 3 3  0 . 0 0 0 1  0
0 . 0 0 3 3  0 . 0 0 0 1  0 . 0 0 0 1
0 . 0 5 1 7  0 . 0 1 5 1  0 . 0 0 1 3
0 . 0 t 2 0  0 . 0 1 t 2  0 . 0 0 1 3
0 . 0 t 2 4  0 , 0 ' 1 5 5  0 . 0 0 1 4
0 .  o t 2 o  0 . 0 2 5 3  0 . 0 0 1 3
0 . 0 5 2 5  0 . 0 2 5 5  0 . 0 0 1 ) +
0 . 0 5 1 8  0 , 0 1  1 3  0 . 0 0  r 3
0 . 0 5 2 2 .  o . o 1 1 t  o . o o 1 4
0 , 0 5 2 !  0 . 0 1 1 6  0 . 0 0 1 ] r .
^  ^ < 1 (  n

0 . 0 5 2 3  .  0 . 0 0 7 8  . 0 , 0 0 1 4
0 . 0 5 1 9  0 . 0 1 5 2  0 . 0 0 1 3
0 . 0 5 2 4  0 . 0 1 5 5  0 . 0 0 1 4
0 ,  r 5 2 1  0 . 0 3 9 9  0 . 0 i  1 1
o .  1 5 2 7  0 . 0 4 0 \  0 . 0 1 1 \



TABLE Ix conparison betveen calculateal a.nal measuretl resistance for "Antiope"

Data speed heel dri f t
point (knots) angle angle

v- oo Bo

3- _\- f+ j+ -*'-^ *,0,
.  2  ,  2  ,  2 .  t ^ , , t ^
2 pv:A ipv;A ipv;A ipv;A : pvBA

CALCULATED (x 102 ) I4EASURED

rualaler
€JlsLe

A - o't-t

1
2
3
\
5
6
7
B
9

1 0
1 1
1 2
I J

1l+
1 5
1 6
1 7
'18

1 9
20
2 1
22

+

26
2'7
28
2A

0
0
0
0
0
0
0
0
0
0
0
0
0.
0
0
3 . 0
3 . 0
3 . 0
6 . 0
6 . 0
t . o

1 , 6
0
3 . 0
3 . 0
0
0

0.8)r0
0 . 8 6 1
o.8 l+0
0 .  8 1 8
o.923
0 . 8 4 0
0 . 8 i 8
0.889
0 . 8 6 1
o . 8 b o
0  , 8 5 1
0 . 8 1 8
o ,923
0.8110
0 , 8 1 8
0 . 8 8 9
0 . 8 6 1
0 . 8 1 8
0 . 8 8 9
0 , 8 1 8
o . 8 5 l
0 . 8 4 0
0 . 8 1 8
o . 8 8 9
0 :  8 1 8
o  . 8 6 1
0 . 8 1 8
0 . 8 \ 0
0  , 8 1 8

, o

. \ 6

. 2 8

. 2 6

. l+ 1

. 1 1

. 4 4

. 9 7

. 8 6

. 2 0
' 3 1
. 6 8
. 3 0
. l o

. 8 6

. 3 2

. 9 \

. 9 9

5
4
,
6
2

6
3
4

. 5
\
6
2
5
6
3
4
6
3
6
it

,
6
3
5
l+
6
5
6

0 0
1  . 0  2 , 7 0
3 . 0  2 , 7 \
5 . O  2 , 7 9

2 0 . 0  3 . 1 '
2 1 . 5  3 . 1 9
22.8  3 ,22
2 1  . ) +  7 . 0 1
2 3 . 3  7 . o 5
2 5  . 9  T  . 1 1
1 3 ,  0  6 . 8 2
1 9 . 6  6 . g t
9 . 0  0 , 2 2
9  ' 3  o , 2 3
9 . '  0 . 2 3

1 0 . , 1  2 . 9 2
1 1 . 0  2 , 9 5
1 l +  , 6  3 . 0 3
1 0 . 4  2 . 9 \
1 6 . 1  3 . 0 7
1 0 . 9  2 . 9 \
1 2 , 3  2 , 9 8
1 \ . 2  3 . A 2
1 O . 2  2 . 9 2
1 3 . 8  3 . 0 1
1  1 . 3  2 . 9 '
1 \ . 7  3 . 0 3
6 . 9  6 . 6 " (

1 0 . 4  6 . 7 6

0 . 3 6 8  o
o . 2 6 9  O . 1 1 6
o .  3 5 9  o .  1 6 0
o.?31+ 0.  166
0 . 0 1 1 +  O . l 9 l +
0 . 4 2 '  a . 1 9 4
0 . 8 5 7  0 .  1 9 6
0 . 2 \ 7  1  . 0 3 6
0 . 3 r 9  1  . 0 3 0
o . )+ r5  1  .o12
0 . 2 8 3  1  . 0 5  1
0 .821 1  ,041+
0 . 0 1 3  0 . 0 0 2
0 . 3 7 8  0 . 0 0 2
o.?19 o.ool+
o . 2 2 1  0 . 3 3 1
0.279 O.333'o 

.778 O.3 l i  1
o . 2 2 2  0 , 5 3 ' (
0 . 7 8 9  o . 5 l + 5
0.279 O.25 '
0.385 0.261
0.77r .  0 .263
o . 2 2 1  0 . 1 7 8
0 . 7 7 2  0 . 1 8 6
0 . 2 8 0  0 . 3 3 3
o . T ? 9  0 . 3 \  1
0 .  3 7 3  1  . 0 3 0
0.753 1 ,0 l+T

2 . 1 7
2 . 2 1
2 . 3 1
2  . 1 9
2 . 6 8
o ' 9 ) +

. 2 2

. 4 4

1  . 9 \
l . o )
2 . 1 '

. 3 9

. 4 9

. 8 6

. 2 9

1 . 9 6
t . 8 U
2 . 6 3

1  . 9 '
1 . 4 5' 2 . 0 8

1 . 3 3
1  . 5 1
1 . 9 3
1 . 2 0

2.21+
2 . 6 2

TABLE X codparison bet-v.een calculated anal lxeasuleal x'esistance for
"Antiope" for zero heef '  dr i f t  and rudder argfes

Data speed
point ( knots )

VB

hbel drift rudder
anale ansle anafe
oo' Bd 6rro

F .  F , ,  RRr- R- T  - T  
, ^ 2. - . - - . - - - - ^ x | U

,ovfia iovla ,ql_43n ;ovfra
CALCULATED ( X]02 )

2 0 0
3 0 0
] t o o
5 4 0
6 0 0
6 . ,  0 . 1  o

3 1
32
33

35

0
0

0
0
0

0
0
0
0
0
0

0 . 9 2 3  0 . 0 1 3
0 . 8 8 9  0 . 2 1 !
0 . 8 6 1  .  0 . 2 6 9
o .  B ! o  0 . 3 5 8
0 , 8 i 8  0 . 7 2 8
0 . 8 1 2  1 . 3 9 7

.9l}

. 1 0

. 1 3

. 2 1

. 0 6

.0 l+

. 2 8

. o l
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5. LIST OF SYMBOLS

p r ^ i 6 . ' 6 . 1  I A F A ? ^ l  r ? A .  a ^ . ^  " i " .  ^ " 1 " )

Area of deslgn vaterplane
Area of naxinum section
E f fec t i ve  aspecL  ra t i o  (= )bzcos€  /A  )
Geometric aspect rat io ( =bz/A )
Tvo-dinensional l i f t-curve slope factor
Be€Jn or breadth
Be€.n of design vaterl ine

r - - ! L \  - n  ^  - : - ' . r - -  
s U r f a c er l r a r  \ v a  v c l ! r 1 i /  u l  o  f  r 1 ! r 1 1 6

F t f a n t i w c  F A d , , . + i ^ n  - f  e h q h  ^ f  r  l i f r i r o

sulface alue to a rounded planform and./or
F ^ r , n i c d  I  a f c r a l  F d  a a c

Induced resistance (due to side force)
Total induced resi sterce
Reynolds nunber (=Vo],r,n./v for hr-r l1)
Viscous pressure reEiSiance (=Rv-Rp )
Residuary resistance in uprighL condiLion
Total hydrodynafi ic resistance
Viscous resistsrce ( =RF+BD1r )
l l ave  res i s tance  i n  hee led  dond iu ion
Subscript denoting rudder
Subscript denoting combined skeg and rud-
d 6 F  . ^ n f i  o , , r q f i . n

l {etteal surface area (both sides)
Draught
Maxinwr draught of canoe body
Average draught of ca.noe body at the fo-
catlon of the keel
Average draught of caioe body at the lo-
cation of the keeL-tr im tab configuration
Average draught of ca.noe body at the 10-
cation of the rudder
Average draught of ca.lloe body at the 10-
cation ol the skeg-fudder configuration
Average (nean) thickness to chord rat io
^ l  l i f + i n d  c r r l f q . a

Subscript denoting tr in tab
Vefocaty or speed
Velocity of yacht through the vater in
+ h -  ^ i - - - i i ^ h  ^ f  h a . A i n '

Ang.Le-of-attack
Induced angle-of-attack
Drift or leel,'ay angle ( also terued yav angle)
n i  c - l  r ^ 6 h 6 n +  a i  o h t

1 / ^ l  ! , n o  ^ f  . l i  c n l  r . a m a n +

Slope a! lhe lrai l ing eclge of the ave-rage
(nean) section of a f i f t ing surface

, !€1I TT
( = -- -;-*)

a / c
Heel angfe
Taper rat io of a l i f t ing surfa,ce
Sreep angle of quarter-choral 11ne of a
l i f t ing surface
Sveep angle of hinge l ine of tr im ta.b or
rualaler
Kinernatic viseosity of vater
Density of vater (=1000 kg/ro3 for fresh
vater anal 1a2, ke/m3 for sea vater)
Ha - l f  ang -Le  o f  t r a : l : ng  edge  o f  Lhe  ave rage
(mean) section of a l i f t ing surface
Hul1 draught to keel (or }udder) draught
-.+i^ f=,r,  / ,1..  r^r ka6l l- " _ _ "  ,  - n k ,

Btock  coef f i c ien t  (Fh /  (q . ,  .  aX1.T1)  )
Frictiona-I fesis Lance codfficient of
( thre e-d iroensi onal ) hul.L

Cn. F"ict iona-I resistarce coeff i  cient' l u r o
plate rn turbu-Ient boundary layer'

CF^  ! ' r i c t i o ra l r es i s tancecoe f f i c i en t
- 

eouivalent f lat Dlate

of
T,"

CT, Lif t  coeff icient
AeLh Non-f inear side force conponent on the

canoe Dooy
"r,T

cM
Cp
CR
Cn-

cwl

cd
c
c

croot

"tip

Fn Froude nrmber
(=v / /eLlwL)

based on ' i {aterf ine length

a  A . . e 1 F r q t  i  ^ h  d , , a  t ^

h  q , r h c ^ ? i n +  A 6 h ^ +  i  n  d

+ r h . ^ h f i d r r f a i � i ^ n

I  Leng th ,and  l i f t  ( o r  s i oe  f o r ce )  o f  a

T.nsr

I i f ,  ^ ^ 6 f f i . i 6 n r  ^ f  1 ^ r o  h l r d ? ^ r l v h o n i ^

s  i  , i -  fo - .a  nn  ve .h l  v

Midship section coeff icient Vp
Pr i sma t  i c  coe f - c i c :enL  (Vh / (A&Lm)  )
Residuary upright resistance coeff icj .ent o,
I nduced  res  i  s l ance  coe f f i c i en t  o i
V i scous  res i s tance  coe f f i c i enL  B -
Half angfe of entrance of vaterl ine A
coe f  f  i c i en t  (= i g .  r ; r l lBwL)  V
waLe rp lanecoe f f i c i en t f akp / (hL .e f f i ) )  6 r .
Max imum sec l i on  coe f f i c i en t  (A . / (B r ,n .1 .  )  )  6

E I
cnoro or a l tr ] . lng surrace e,r
Average (nea-n) chord. of a l i f t ing surface
cho rd  -Leng rh  o f  r oo !  secL ion  o f  a  l i f t i ng
surface
C h o r d  ] e n g l h  o f  t i p  s e c r i o n  o f  a  l i f c i n g
surface 0

I

grav i ty  (  =9 .8  t  m/sec2)  n
base hu]l (afso termed "H

"ca-noe body" )
l l q l  a  a n a l a  ^ f  A n r ? q n ^ a  ^ f  d c - i - -  ^ '  - -v r g ! J f 6 A w e l q l - p

l ine in degrees
k Forr facror accounting for effect of

three-dinensional form on viscous resis- tT

bance ,  and  subsc r i pL  deno t i ng  kee l
ktt  Subscript denoting conbined keel and tr im

ALf, side force increment i ldueed on canoe 
1body by keeL

AL.

T,-

LCB

Side lorce induced on kee.L due to cross
flow on the hul l
Total f i f t  o! side force on a l i f t ing
surface ( including so-cal led ving- body
e f f ec t s  )
Longitudinal centre of buoyaocy relat ive
to  am idsh ip  i n  pe rcenL  o r ' Lg r ,  ( pos i t . i ve
fo r  po , j i l i ons  i n  f r on !  o f  am idsh ip  )
Length of uaterl ine
Pes l s ' , ance  f o r ce  3  '

I  r i c ! i ona I  r es i s tance  o f  ( Lh r .e -d . imen -

s iona l  )  hu ] i
F r i c t i ona . I  r es i s tance  o f  equ i va fen t  f l a t
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A METHOD FOR THE CALCULATIONOF RESISTANCE AND SIDE FORCE OF SAlLING YACHTS

by Dr.  P. Van oossanen

DISCUSSION

S. NoUCHI (ENSM -  Lab.  D'Hydro Navale) :  I  was
surpr ised to see that  you have used sma' l l
boat  fornulae of  the 1971 oor tmerssen paper .
l , Ihy do you not  use the systemat ic  ser ies of
Gerr i tsma to get  the co-ef f ic ients?

My second quest ' ion is :  is  there a l ink bet-
ween your theory and the MIT theory that was
appl ied in  the VVP predic t ion pfogramme?

P, VAN O0SSANEN: The De' l f t  ser ies of  model
yachts are now near jng complet ion.  As a mat ter
of  fact  a t  a  symposium in Amsterdam in August
Professor  Gef f i tsma wi l l  present  the resul ts
of  16 systemat ic  ser ies of  models,  and the
f i rs t  n ine are ready for  publ ish ing.  However,
these are typ ica l ly  IRR rates,  In  other  words,
t h e  r e s u l t s  w i l l  b e  v e r y  v a l i d  t o  u s e  i n  I R R
design.  The hydrodynamics in  th is  par t icu lar
veloc i ty  predic t ion programme have to be a
I i t t le  more universa ' l  .  l ,Je have had to come up
wi th proper  hydrodynamic model ' l ing to  cover
the 10 low aspect  rat io  keel  per formance.
However, we have ensured that the hydrodyna-
mic mode]  u,h ich we have used and der ived f i ts
c losely  the oel f t resul ts ,  There are a nunber
of  co-ef f ic ients in  the formulae which have
been tuned to f i t  a  large amount  of  data,
a m o n g s t  w h i c h  i s  t h i s  p a r t i c u l a r  D e l t  s e r i e s .

The programme adopts the MIT sai ' l  co-ef f ic i -
ents As a matter of fact we are now in the
process of  changing those co-ef f ic ients be-
cause at  the New England symposium recent ly
there was a paper  in  which the sai l  co-ef f ic i
ents were changed and are now more accurate.
|,Je have always used the Coieman and Newman
sai l  co-ef f ic ' ients .  However,  the hydrodynamic
m o d e l l i n g  i n  t h e  M I T  v e l o c i t y  p r e d i c t i o n  p r o -
g r a m m e  i s ,  i n  o u r  o p i n i o n ,  a  l ' i t t l e  i n f e r i o r
in  that  i t  on lv  uses a number of  resul ts  of
a 'smal l  number of  model  tests ,  They use the
nine models of  the Del f t  ser ies and very
l i t t le  e lse.  l ,Je were very concerned wi th the
fact  that  the hydrodynamics involved there
r , /ou l  d  not  be suf f ic ient  to  cover ,  for  example,
12 rnetres,  so we had to come up wi th some-
th ing bet ter ,  I  fee l  that  the programme we
have is  in  a hydrodynamic sense a bet ter  one.

S.  NoUCHI :  The accuracy of  your  method you
s a y  i s  4  p e r  c e n t .  D o  y o u  t h i n k  t h i s  i s  e n -
ough for  a l2  metre yacht?

P.  VAN 00SSANEN: In th is  par t icu lar  paper  the

resul ts  of  fu l l  scale test  w ' i th  Ant iope are
used to q ive some hard numbers as to the ship
method.  ihe 4 per  cent  might  d is turb you becau-
se when you are deal ing wi th 12 metres you are
concerned about  1 per  cent  or  3 per  cent '  be-
c a u s e  t h a t  i n  i t s e l f  w i I I  g i v e  y o u  a  m a i o r  

' l e a d

over  your  opponent .  However,  we use the pro-
qramme only  to  ascer ta in in  a qual i ta t ive sense
i h e  w a y  i n - w h i c h  t h e  d e s i g n  s h o u l d  g o .  T h e n  w e
do model tests to actual ly come down on a par-
t i c u l a r  d e s i g n  w i t h  v e r y  s p e c i f i c  n u m b e r s .  S o
we use i t  in  a qual i ta t ive sense for  12 metres.
l , le  use i t  in  a qual i ta t ive sense for  other  types
of  yachts.  l ,Je use i t  in  a qual i ta t ive sense for
12 metres because there you are rea ' l ly  look ing
at  very minute deta i ls  in  per formance.

P.J.  BoLLEN (Bruntons Propel ' lers  Ltd) ;  I  do not
know whether  th is  is  a l lowed under  the 12 metre
ru le,  but  I  would be in terested to hear  i f  any
work is  being done on the ef fect  o f  f i l l ing
out  the bal last  keel  o f  a  vessel  o f  th is  nature
to form a sor t  o f  analogy whi th the wing f ins
on an a i  rcraf t ,

p .  VAN CoSSANEN: That  I  th ink would be a l lowed.
lou are cer ta in ly  a l lowed to th icken the t ip  of
the k?e ' l  to  a cer ta in extent .  However,  you are
t a l k i n g  r b o u t  a  y a c h t  w i t h  d i s p l a c e m e n t  o f  2 5
to 30 tons,  or  which the height  of  the kee]  is
I  met fe to  1.2 mef . re.  To be able to  get  in  en-
ough lead which would make a s igni f icant  d i f fe-
rence in  that  sense you v. ,ou ld have to v i r tua l ly
oo to a cy l inder  of  someth ' ing l ike 0.5 metre
i iameter , -v i r tua l ly  cover ing up a l l  the keel  by
the th ickening which would do det t iment ,  i f  j t
' is  suf f ic ient ly  large,  to  i ts  per formance.  In
other  words,  s ' imply br ing ing down the centre of
grav i ty  in  th is  way wi l ' l  not  g ive you that  much
benef i  t .

P.J ,  BoLLEN: I  was th ink ing more of  the possi -
b i l i ty  of  put t jng a s teel  p late ' in  th is  to  re-
duce any loss of  pressure.

P.  VAN ooSSANEN: You are ta lk ing about  hydro-
dynamic per formance.  The opt imum shape of  low
aspect  rat io  keel  conf igurat ions have been ad-
dressed in  qui te  considerable deta i  l .  lJnfor tu-
nate ly ,  most  of  the resul ts  are propr ie tary and
w i l l  n o t  b e  r e l e a s e d .  I t  w o u l d  s e e m  t h o u g h  t h a t
i t  is  not  the way to 90.  Any p late at  the keel
ext remi t ies would in  i tse i f  have induced res is-
t a n c e .

P.G.  SPENS: 0n that  point ,  there have been mo-
del  tests  on var ious occasions at  the Davidson



Labora tor -v  t ry in -q  end p la ies  on  the  kee l .  I t  has
n e v e r  p a i d  o f f .  I t  h a s  a l t l a y s  p u t  u p  t h e  r e s i s -
t a n c e .

DAVID l4ACKi loR ' fH:  As , tou  probab ly  kno l i ,  there  are  a
n u m b e r  o f  p r o j e c t s  b e i n g  b a n d i e d  a b o u t  f o r  s h l p s
o f  b e t ! / e e n  2 0 0  a n d  6 0 0  t o n s  h a v i n g  e s s e n t j a l  l y
c o m m e r c i a l  h u l l  f o r n l s .  i ' J o u l d  i t  b e  r e a s o n a b l e
to  app l l . ,  yor requat ions  to  tha t  sor t  o f  hu l l  fo rm

P .  V A N  O o S S A N E N :  Y e s ,  b y  a 1 l  n e a n s ,  p a r t i c u l a r l y
b e c a u s e  r . / i t h  t h o s e  s o r t  o f  v e s s e l s  y o u  l / a n t  t o
res t r i c t  d rau-oht  to  reasonab ' le  p ropor t ions  so
you have a  very  lo tv  aspec t  ra t io  under  water
a p p e n d a g e s  t o  t h e  h u l l .  T h e  h y d r o d y n a m l c  e q u a -
t i o n s  i n  t h i s  p a r t i c u l a r  c o n p u t e r  m o d e l  a r e  a p -
p l i c a b l e  t o  t h j s  s o r t  o f  v e s s e l  '  A s  a  m a t t e r  o f
fac t ,  \ , Je  have used thern  to  ccn le  up  lv i th  per fo r -
m a n c e  p r e d i c t i o n s  o f  a  c o m m e r c j a l  s a i l  t y p e  h u l l

A  D E L E G A T E :  I  a n  n o t  f a m i l i a r  w i t h  t h e  h u l l
fo rms used in  your  paper .  Do they  cover  sone
f o r n  o f  b l o c k  c o - e f f i c i e n t s  i n  t h e  c o f l r n e r c i a l
r a n g e .

P.  VAl l  OoSSAl iEN:  Very  much so .  As  a  na t te r  o f
fac t ,  tha t  i  s  rvha t  i  s  so  handsome about  th  l  s
p a r t i c u l a r  n r o d e l .  T h e  d a t a  p o p u l a t i o n  u s e d  t o
d e r j v e  t h j s  p a r t i c u l a r  e q u a t i o n  i s  s o  v e r y  I t i d e
tha t  you  cannot  go  wrong un less  you d0  very
s t r a n g e  t h r  n g s .

A  D E L E G A T E :  T o  f o l l o r v  o n  f r o m  t h a t ,  t h e  a d d i -
t i o n a l  r e s i d u a l  r e s i s t a n c e  d u e  t o  h e e l ,  I  c a n
s e e  t h a t  a s  r e a s o n a b l e  o n  b a s i c a l l y  a  v e r y  r 0 u n d
c a n c e  b o d y ,  b u t  t h a t  s e e m s  a  l i t t l e  o p t i n i s t i c
fo r  a  conmerc i  a l  t ype  vesse l  rv i  th  hard  b j  I  ges .

P .  V A N  0 0 S S A N E [ ] :  T h a t  i s  a  v a l  j d  p o i n t .  A d n i t t e -
d l y  t h e  c o - s i q n  s q u a r e  h e e l  a n g l e  e x p r e s s i o n  r s
one i " /h ich  v ias  der ived  f rom rac in -c  hu l l t ype  fo rns
l , le  have done very  l i t t le  work  on  the  e f fec t  o f
h e e l  o n  t h e  r e s i d u a l  r e s i  s t a n c e  0 f  c o m m e r c i a l
t y p e  v e s s e l s .  Y o u  a r e  r i g h t .  T h e r e  w 0 u l d  b e  a
d i f f e r e n c e .  T h i s  i s  s o n r e t h i n g  t o  b e  l c o k e d  j n t o .

l ' l i nd  you,  I  doubt  \ " /he iher  the  hee l  ang les  o f
c o f i m e r c i a ' l  s a i l  j n g  v e s s e l s  t " t o u l d  b e  a s  b i g  a s
t h o s e  o n  r a c j n g  c r a f t ,  b u t  t h e  e f f e c t  j s  s t i l l
i m p o r t a n t  e n o u g h  t o  b e  l o o k e d  a t  a g a i n .

A  D E L E G A T E :  Y o u  a l s o  d e a l  \ , / i t h  p r e d i c t i o n  o f
s i d e  f o r c e .  i , l h e r e  y o u  h a v e  r e s j d u a l  h e e l s  t h e
s j d e  f o r c e  p r e d i c t i o n  i s  l i k e l y  t o  f a l l  ' , ! i t h j n

the  same sor t  o f  percentage?

P .  V A l l  C C 5 S A l l E l l :  Y e s ,  t h e r e  i s  a  s t u d y  \ v e  d j d .
l , l e  d i d  f r o d e l  t : s t s  a s  r . / e l l  w h i c h  i n d i c a i e d  t h a t
t  ha t  , ' ' i as  the  case.

A  D E L E G A i E :  I  h a v e  t h r e e  e u e s t i o n s .  H a v e  y o u  a n y
p l a n s  t o  i f c l u d e  a p p e n d a l l e  d r a q  c n  c o m m e r c i a l
s a i l i n g  v e s s e i s ,  b r a c k e t s .  a n d  s o  o n .
S e c o n c i l , y ' ,  i s  1 - h e r e  a n v  - 6 x ! e f i r n e n l a l  d a t a  t o . j u s -
r , i f y ; , 6 1 i "  a 5 s r r l l r t r o n  i h r t  i h e  f l O l v  i n  t h e  i - u o d e r
\ ' / a s  0 . l l
T h i r d l v ,  i r a v e  v ! !  l r r ' r t t l r  i  : r r o o r a n t m e  t o  d 0  t h t s
p a r - t i c u l a r  L r r e t i i c i ' r ' l n .  - '  , , a j .  r - r  i i : . / a i ' l d b l e
c l ; r n e r c r :  l , ; ' ;

? ,  V i l i  i l iSS, ] : lE i , :  r te  i r . i ve  l . : , i .ed  i i  -he  i ! , tend :ce
, - : l a  . , i  - i t : t i  . t r ' ;  ' . r  -  l i  ' . t c  : - -  - . , 1 i : . t .  . l - :  r ' : , / e  a

lc t  o f  data on at lpendage drag cn commerc ia l
7 p ' 1 e ' s .  E v e n  L l ^ o r r g h  t h e  p a p e r  d 0 e s  n o t  d p s -
c r i b e  a  f o r m r r l a  o r  a n  e q u a l i o n  w h i c h  y o u  c a n  u s e
to account  for  thdt  I  an sure we could come up
r , i - . 1  s o m e r h i n g  f a n d s o r e .  T h e  m o d e l  p r e s e n t e o  i n
the paper  does not  account  for  appendage drag
o t h e r  t h a n  s k e q ,  r u d d e r s ,  k e e l s  e t c .

l , le  d id a number of  wake surveys on yachts at  the
l o c a t i o n  o f  t h e  r u d d e r  t o  f i n d  o u t  w h a t  s o r t  o f
f low comes in to the rudder .  These ! , /ere done on
so e very b ig models.  l ' ie  found that  there are
d i f f e r e n c e s .  I t  d e p e n d s  v e r y  m u c h  o n  d n i f t  a n g l e
T h e  d o w n  r / a s h ,  o f  c o u r s e ,  i n c r e a s e s  a s  t h e  d r i f t
a 1 . J l e  i r c r e a s e s .  B L t  0 1  a v e r a g e .  l h e  C . 8  f d c t o r
o n  1 2  m e t r e s  j s  q u i i e  g o o d .

T h e  p r o g r a n m e  i s  a v a i l a b l e  w i t h o u t  c h a r g e .  I t  i s
on A l  con and For t ran,  and r ight  now we are
h a v i n g  s o m e o n e  l v r i i j n g  i t  i n t o  B a s i c .  I t  c a n  b e
i o n e  o n  a  t o c k e i  c a l c u l a t o r  i n  a b o u t  t h r e e  h o u r s .
F o r  r e D e a t e d  u s e  a n d  i n  o p t i m j s a t i o n  i t  h a s  t o
b e  u s e d  t i m e  a n d  t j m e  a g a i n .  H u n d r e d s  o f  r u n s
have to  be  nade and a  very  smal l  computer  w j l l
s  u f f i  ce  .

B .A.  l .10RLEY (Aust ra l  ian  Depar tnent  o f  Defence
I N a v y ] ) ;  Y o u r  e s t j m a t i o n s  o f  t r e n d s  i n  p e r f o r -
m d n c e  a s s u m e  c a l n  w a t e r .  H o ! , i  v a l i d  i s  t h a t  f o r
a  r , / ind  speed o f  - - -

P . V A N  0 0 S S A N E | J :  T h i s  i s  a l l  c a ' l m  w a t e r  w o r k .  D a -
i a  i n  s e a l e e p i n o  h a s  n o r  b e e n  r e l e a s e d ,  b u t  I
w o u l d  l i k e  t o  p o i n t  o u t  t h a t  t h e  s e a k e e p i n g  w o r k
w o u l d  i n d j c a t e  t h a t  i f  y o u  a r e  n o t  l o o k i n g  a t
6  i n c h .  w a t e r l i n e  b u t  s o m e t h i n g  I  i k e  a  f o o t ,
r l -en  r l -e  snra  l le .  b ra t -  has  the  bes t  per fo rmance.

L e t  n r e  j u s t  g e t  t h a t  r e m a r k  s t r a i g h t .  Y o u  h a v e
t o  b e a r  i n  n i n d  t h e  r v e a t h e r  c o n d i t i o n s  a n d  t h e
sea cond i t ions  a t  l le r " /por t  a t  the  t ime.  That  j s

v e r _ v  d i f f i c u l t .  Y o u  c a n  f i n d  v e r y  l i t t l e  r , / a v e
d a t d  a r o u n d .  A s  a  m a t t e r  o f  f a c t ,  t h e  s m a l l
b o a c s  a r o . r d  a n d  t h e  c h o p  r l " a t  t h e y  c a u s e  i s  a
b j g g e r  p f o b l e n r .  Y o u  a r e  d e a l i n g  w i t h  a  l o t  o f
, n a l 1  w a v e s ,  d  s u r t  o ' s l a p p i r g  t y p e  r e s i s t a n c e
phenonena.  l , ie  d id  sOme mode l l ing  r , ro rk  on  tha t
a n d  r . r e  f e e l  t h a t  t h e  s o - c a l l e d  d e f r a c t i o n  e f f e c t s
, , , /h ich  ive  had no t  accounted  fo r  migh t  nake the
i " rho le  th ing  d i f fe ren t .  In  o ther  words ,  the  i , vork
r . / e  d i d  r v o u l d  s e e m  t o  i n d i c a t e  t h a t  t h e  r e s u l t s
f e n r a i n e d  v a l i d  b u t  i t  c o u l d  b e  t h a t  s o m e  o f  t h e
s e c o n d  o r d e r  s h i p  m o t j o n  e f f e c t s  c o u l d  c h a n g e
t h e  r e s u l t s .  C e r t a i n l y ,  s o n e  p e o p l e  w o u l d  s u p p o r t
t h e  i d e a  t h a t  4 4  f e e t  r ' r a t e r l i n e  w a s  t o o  s m a l l
D e c a u s e  o f  t h i s  v e r y  e f f e c t .

8 . i ] .  i \ 1 0 R L E Y :  Y o u  s a y  y o u  h a v e  d o n e  s e a k e e p i n g
c a l c u l a t i o n s  o n  1 2  m e t r e s  y a c h t s  a n d  m o d e l  t e s t s .
l l o w  q o o d  r s  t h e  c o r r e l a t i o n ?

D .  r . a  J  0 0  S r ' l - \ '  I n  - r o t i o . r  i t  i s  p r e r t y  g o o d .  T n
i d d e d  r e s i s t a n c e  i r e  i l o u l d  h a v e  h o p e d  t h e  c o r r e -
l . r t i o n  f r a s  a  I  i t t l e  b e t t e r .  B u t  j n  m o t i o n s ,
. , h i  c i r  r  5  | r r o r i a n t  t c  s e e  ! , r h a t  s o r t  o f  s a j  l  p e r -
in r r i rance l /oU c rn  .e t ,  i  t  was  qu i  te  good.

' i :  l r r r l i : i , r i i i :  I  h : v e  . r  s f l a l  I  t o i n t  t o  a d d  o n  t h e
l l  , : r e t r ' , " .  i  r a s  i : a v i l . ,  r r | r o i v e d  i n  r i r i t i n g  t h e
: ' , l r s  f o r  t . . r  ; l l o l r  1 2  : e v e r a l  y e a r s  a g o ,  O n e  o f
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t h e  q r e a t e s t  d i f f i c u l t i e s  w a s  o b t a i n i n g  a c c u -
rate data on prev ious 12s '  The data publ ished
is  very much d i f ferent  f rom the boats bui l t .

P.  VAN ooSSANEN: That  is  t rue,  unfor tunate ly '

l,JRIiTEN DISCUSS ION

Further  contr ibut ' ions by Dr.  P.  Van Oossanen

5.  N0UCHI:  I  was surpr ised to see the author
use the smal l  boat  fonnuiae of  the l97 l  Van
oortmerssen paper .  I  wish to ask h im why he
didn ' t  use the resul ts  of  the systemat ic  ser ies
tested by Gerr i tsma,  I  would a lso I ike to  en-
qui re whether  there is  a i jnk between the theo-
ry  developed by the author  and that  developed
at  !1 lT for  the so-cal led veloc i ty  predic t ion
prografime.
Is  the accuracy of  the method suf f ic ient  for
predic t ing the per formance of  12 Metre c lass
yachts?

P.  VAN 0oSSANEN: Mr,  Nouchi 's  comments re lat ive
to the use of  Professor  Gerr i tsma's systemat ' ic
s e r i e s  r e s u l t s  R e f .  ( l ) ,  i n  I i e u  o f  V a n  0 o r t -
nerssen's  formulat ions are very va ' l id .
At  the coming HISWA symposium Ref  (2)  Professor
Gerr i tsma wi l l  be pfesent ing the resul ts  of  the
tota l  ser ies consis t ing of  ?? yacht  hul l  forms.
These forms have a]l been develoDed from the"Standfast  43"designed by Frans Maas,  The range
o f  m a i n  d i m e n s i o n s  o f  t h i s  s e r i e s  a r e  a s  f o l l o w s

2.73 < L'i/L/B''/L< 3.64

2 . 8 1  < 8 , , , l r ^ . .  ̂ -
W L  L  (  C .  J J

Coffesponding values for  yachts designed under
t h e  I n t e r n a t i o n a ' l  C l a s s  R u l e  ( 5 . 5 , 6  a n d  1 2
Metres)  are:  Lrr /Brr= 4.0 and Brr /T,  = 2.40.

I t  fo i lows that  the Del f t  ser ies cannot  be d i -
r e c t l y  a p p l i e d  t o  t h e  d e s i g n  a n d  a n a l y s i s  o f
these yachts,  for  which the author  has a specia l
in terest .  The data base used by Van oor tmerssen,
however ,  does inc lude forms of  comparable d i -
m e n s i o n s ,

There is  no ] ink between the author 's  work and
the so-cal led veloc i ty  predic t ion programme de-
ve]oped at  M. I .T.  The approach adopted by the
author  for  the calcu lat ion of  res is tance and
s i d e  f o r c e  i s  e s s e n t i a l l y  d i f f e r e n t ,  w h i ' l e  a t
t h e  p r e s e n t  t i m e  a l s o t h e a d o p t e d  s a i l  c o e f f i -
c i e n t  v a l u e s  a r e  d i f f e r c n t .  I t  i s  t h e  i n t e n -
t ion,  at  a  la ter  s tage perhaps,  to  adopt  the
s a i l  c o e f f i c i e n t s  a s  r e c e n t l y  p u b l i s h e d  b y
H a z e n  R e f .  ( 3 )

T h e  r e s u l t s  o f  t h e  c a l c u l a t j o n s  f o r  " A n t i o p e "
show that  the author 's  method is  not  suf f ic ien-
t ly  accurate to  predic t  res is tance and s ' ide
force to wi th in about  a 4 to  6 npr .Fnt  Arrnr
For 12 Metre ciais- iacnts, " ir"r i-b"" iJ.r i . i ! '
di f ferences of  as much as 1 percent  are s iqni -
f icant ,  the nethod can only  be used in  a qua-

' l i ta t ive sense,  for  example for  the predic t ion
of  the in f luence of  a change in  d imensions.

P.  B0LLEN: I  do not  know whether  th is  is  a l lowed
under the 12 Metre C)ass Ru' le ,  but  I  would be
interested to hear  i f  any work is  being done on
the ef fect  o f  f j l l ing out  the bai  last  keel  o f  a
vessel  o f  th is  nature to form a sor t  o f  analogy
wi th the wing f ins on an a i rcraf t  to  reduce any
i  oss of  pressure.

P.  VAN 005SANEN: The opt imum shape of  
' low 

aspect
rat io  keel  conf igurat ions has been addressed in
qui te  cons ' iderable deta i l .  Unfor tunate ly ,  most
of  the resul ts  are propr ie tary and cannot  be re-' I  
eased.

P.SPENS: 0n that  point ,  there have been model
tests  on var ious occasions at  the Davidson Labo-
ratory t ry ing end p lates on the keel . I t  has
never  paid of f .  I t  has a lways put  up the res is-
tance.

D. |4ACKW0RTH: As you probably know,there are a
number of  proJects being bandied about  for  sh ips
of  between 200 and 600 tons having essent ia l ly
commerc ' ia l  hu l ' l  forms.  1, , /ou ld i t  be reasonable to
app]y your  equat ions to that  sor t  o f  hu l l  form?

P. VAN OOSSANEN: The data base,  compr is ing some
1000 data points  on which the used upr ight  re-
s is tance formulat ions are based compr ises a s ig-
n i f icant  number of  commerc ia l  hu l l  forms.  The
formulat ions are va l id  for  the fo l low' ing range
of  parameters.

3 . 4 < L l { L / B l t L < 6 . 2

1 .9  <  BwL/Tc  <  3 .6

0 . 5  (  c p  <  o . 7 z

0 . 7 < c M  <  0 . 9 6

-8.0%161(. lr '  (  + 2i1 L*

A recent  compar ison of  the author 's  upr ight  re-
s is tance formulat ions wi th those of  Gerr i tsma
Ref(z)  has shown that  for  LI , IL  Tr lB, r r2 (  1 .0
(which is  the case for  most  types of  yachts de-
s igned to the Internat ional  Of fshore Rule ( I0R)
the author 's  formulat ions are in  error .

The res is tBnce due to heel  is  assumed to vary
w i t h  1 / C o s - 9 ,  w h e r e  0  i s  t h e  a n g l e  o f  h e e l .  T h i s
seems to hold reasonably wel l  for  canoe bodies
w i t h  b a s i c a l  l y  a  r o u n d e d  s h a p e .
The assumpt ion is  probably  less va l id  for  a com-
m e r c i a l  t y p e  v e s s e l  w i t h  h a r d  b i l g e s .  I t  s h o u l d
be remembered,  however ,  that  the heel  angle of
conrnerc i  a l  sa i  l ing sh ips wj l l  be much less than
t h a t  o f  c r u i s i n g  a n d  r a c i n g  y a c h t s .

The formulat ions for  s ide force are a lso perhaps
l e s s  v a l i d  f o r  t h i s  t y p e  o f  h u l l  f o r m .  N o  e x t e n -
s ive s tudy has yet  been carr ied out  in to th is
subject .  At  present  the drag and s ide force
formulat ions developed by the author  do not  ac-
count  for  any other  "appendages"  than keel ,  skeg
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and rudder.

B.  M0RLEY: Your  est imat ions of  t rends in  per-
formance of 12 Metre Yachts assume calm water.
How val id  are the resul ts  for  a wind speed in
excess of  about  14 knots in  which case the sea
condi t ions can be descr ibed as qui te  rough.

P.  VAN 0oSSANEN: No account  is  g iven in  the
paper concern ing the ef fect  o f  waves.  ca lcu la-
t ions of  the added res is tance in  waves have
shown, however, that generally added resistance
' increases wi th d isp lacement ,  The main conclu-
s ion of  the author 's  s tudy on the opt imum s ize
of 12 Metre Ciass Yachts for the America's Cup
would,  on th is  basis ,  not  be incorrect ,  There
are a number of  addi t ional  factors to  be consi -
dered when dealjng v,lith the performance in wa-
ves, however, which have not yet been addressed.
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