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Abstract 

A simple general theory f o r  the prediction of sailboat performance 

i n  calm waters i s  proposed. Three parameters are- shown t o  completely 

- characterize the  performance potential  of boats f i t t i n g  within the frame- 

work of the approximations made i n  ob tab ing  the theory. 

For handicapping, the theory i s  useful in  predicting the perfor- 

&ce of boats of d i f fe rent  sizes, weights and r i g s  within the general 

category which it describes. For design purposes it wil l  serve t o  pre- 

d i c t  the comparative performance of d i f fe rent  configurations of the 

same boat. An example of t ha t  application i s  worked out i n  t h i s  report. 

The s tated l imitations of the theory point up t h e  necessity f o r  obtaining 

experimental information in several areas  i n  order t o  determine the l imits  

of application of the theory. Reference t o  one such experiment is given 

h the present report. 



NOMENCLATURE 

A - area; 
A - aspect ratid... R E  b;/A i 
C2 - arigular momentum; 
C - coefficient (force), 
D - dragforce; 
F - force; 
L - lift; 
311 - mass ( t o t a l  including v i r t u a l  mass) accelerated; 

M - moments about the center of gravity; 
R - resul tant  force; 
S - .s ide force perpendicular t o  aero-or-hydrodynamic veloci t  vector; 
T - thrust ,  the component of aerodynamic force p a r a l l e l  t o  \yb ; 
V - velocity; rr 

W - weight; 
b - span of aero-or-hydrofoil; 
c - chord of aerofo i l  o r  hydrofoil; 
e - efficiency factor ;  r -- I 
k - the hydrodynamic &ag ratio:& + Q,+D,)/ D+ 3 
1 - length : 
m - mass of boat ;  
q - dynamic pressure, 
A - displacement of boat; 
qk - yaw angle (aerodynamic), the  angle between the ridspm- chord of the sail 

and the aerodynamic wind vector Ja; YA - yaw angle (hydrodynamic), the angle between the h u l l  centerline and the 
boat velocity vector ;YVb; J l  - angular velocity; 

- boat velocity vector @) angle t o  apparent wind vector &a) ... 
see Figure 2; 

6, - '"drag angle " (aerodynamic) , & = t ~ '  D~ / s , ; 
ĥ - (p - ) , by definit ion; 
8 - twist angle, defined a s  the  angle between the  s a i l  chord and the boom; 

-d - kinematic viscosi ty  of the  f lu id  medium; 
p - d e t y  of the f l u i d  medium; 
cr - s a i l  angle re la t ive  t o  boat centerline, CT Z t  z - Y&) J - t rue  wind angle re la t ive  t o  boat velocity vector (see Figure 2) ; 

Subscripts : 

D - drag; 
L- - l i f t ;  

, R - resul tant  force; 
S - sideforce 3 
a - aerodynamic; 
b - boat or board where appropriate; 
c - crew; 
f - f r ic t ion;  
h - hydrodynamic; 
i - induced; 



p. - parasite;  -- 
s - s a i l ;  
t - true;  
w - water; 
' - W c a t e s  d i f f e r en t i a t i on  ~Tith respect t o  t h e ;  
" - indicates a vector quanti ty;  



I 
INTRODUCTION 

< 
The mechanics of sailboat performance involves aerodynamic as 

well a s  hydrodynamic considerations. Both s a i l s  and hu l l  seme a s  "lift ingt1 

surfaces in the aerodynamic sense, The s a i l  u t i l l z e s  the reaction with the 

apparent wFnd t o  provide thrus t  and the hu l l  operates a t  an angle of yaw t o  

develop the side force which counteracts leemy. The similarity t o  the 

operation of aeronautical l i f t i n g  surfaces i s  obvious. A s  a resul t ,  one 

might expect t h a t  much aerodynamic data on wings accumulated from decades of 

experience i n  aeronautical engineering would combine with hydrodynamic data 

on hul ls  t o  permit the prediction of the perfomance of a specified sai l ing 

yacht, 

So f a r ,  attempts t o  apply such information have not met with notzible 

success, One reason is t h a t  the aerodynamics. of the t radi t ional  sai l ing yacht 

i s  quite. complicated when compared t o  t h a t  of the average glider o r  subsonic 

airplane. The compUcation i s  part ly  due t o  the aerodynamio interaction 

among such elements a s  multiple sof t sa i l s ,  exposed standing and running rigging, 

hul l s  and crew, and surface waves. The underwater l i f t i n g  surfaces are also 

complicated by low aspect r a t i o  and by the necessi ty  f o r  operation a t  or near 

the air-water interzace, In  addition, the motion of a yacht is essent ial ly  

unsteady motion. The disturbance veloci t ies  due t o  gustiness and wave motion 

a re  frequently not small re la t ive  t o  a charac ter i s t ic  velocity of the yacht. 

Thus, even though steady s t a t e  analyses are useful  f o r  airplane performance 

predictions, there  is some question, i n  the p rac t i ca l  sense, concerning the 

appl icabi l i ty  of such analyses t o  yacht perfcrmance. Another d i f f i cu l ty  in  the 



analysis is  due t o  the coupling which occurs among aerodynamic and hydro- 

dynamic variables. For example, a sudden gust may increase the s a i l  force 

which increases heel ,and leeway, dec rea~~szbhrus t ,  and kcreases  the 

hydrodynamic drag, and s o  on. Finally, the scarci ty  of published resu l t s  

of per fomnce  investigations and of aerodynamic investigations of s a i l s  and 

hul l s  makes it d i f f i c u l t  t o  evaluate simplifying assum_otions which would 

make the problem tractable ,  

Although the groundwork f o r  systematic performance analysis has 
1 

been l a i d  (see, f o r  example, Davidson a9561 ) , a comparison between predicted 

and measured performance together with an evaluation of the methods does-: not 

appear t o  be generally available. 

Tanner El9621 ident i f ied the variables in the problem, discussed 

the coupling among variables,  and described graphical solations of general 

u t i l i t y  f o r  somewhat r e s t r i c t e d  operating conditions and for  plausible 

physical restr ic t ions.  However, no performance data were given. Hermshof f 

C1964l 'discussed the application of the d i g i t a l  computer t o  the solution of 

the steady s t a t e  equations of motion. Taken together with intensive model 

tes t ing  and perfoimance t e s t ing  of a given yacht, &is procedure would be 

expected t o  y ie ld  a maximum of precise information useful f o r  optimizing a 

specif ic  design as  well as f o r  predicting its performance. However, these 

f a c i l i t i e s  and techniques a re  not generally available. 

1. References are l i s t e d  a l p h a b e t i c a w  by author's name a t  the end of the 
paper. 



Myers [1964] 2ublished a steady s t a t e  theory fo r  catamaran perform- 

ance, A special  e f f o r t  was made t o  account f o r  a l l  major fact,ors influencing 

sa i l ing  perfomnce.  A comparison of the  predicted performance of Individual 
I 

boats with measured resu l t s  indicated " that  they do not appear t o  disagree 

with the theorg within the Limits .of the measurement accuracies." However, 

as  Wers pointed out, the measurements tended to '  be "an order-of-magnitude 

l e s s  accurate than desired fo r  a careful comparison of theory and experiment," 
I 

Furthermore, t o  obtain theoretical r e su l t s  f o r  a specific boat ~ e q u i r e s  the 

a solution of a rather complicated algebraic expression, For the average 

yachtsman the manual labor required t o  obtain a solution (sans machine) i s  

formidable. I n  view of these circumstanzes it would seem reasonable t o  

sac r i f i ce  some theoret ical  sophistication and/or breadth of application i n  

the hope of gaining simplicity and perspective, A simgle algebraic solution 

would ddoubtedly be of greater convenience. ~ r k s u m a b l ~ ,  it would provide 

approximate pe r fomnce  information over a reasonably wide range of operating 

conditions and sa i l ing  vehicle configurations. One object of the present 

investigation was t o  produce such a theory, 

To obtain a readily usable solution required some seemingly drastic 

physical simplification of the theory, In order t o  gain some idea of the 

range of va l id i ty  of the approximations, performance data were required. 

Thus, the sscmd, equally important objective of t h i s  Investigation was the 

development of a s t r a igh t foqa rd  technique of performance testing, A s  a 

r e s u l t  of this development, sa i l ing  performance data were obtained from a 

fourteen foot catamaran over a reasonable range o f  conditions and configurations. 

The limits of appl icabi l i ty  of the theore t ica l  r e su l t  were then examined in 

terms of the experimental results.  



PART I 

THEORY 

The motion of a sailing vehicle can be described concisely by 

twofvector equations which provide suf f ic ien t  gensrali ty t o  cover most 

operating conditions. These are simply mathematical statements of the 

pr inciples  of conservation of the l inear  momentum and the angular momentum, 

1 respectively, of the vehicle, Thus 

and 

f o r  coordinate axes fixed i n  the center of gra& of the vehicle. In 

these equations, 

Ra A 
represents the resultant asrodpnamic force vector; 

RP, is the resul tant  hydrodynamic force vector; - 
(?h c W) 7 is  the time dependent ne t  force resulting from 

-b. 

differences between buoyzncy and the weight of 

the boat; 

is  the ra te  of change of momentum due t o  l inear  

acceleration; 

1. Definitions of the symbols used wil l  be found in  the table  df nomenclature, 



a ,: 3% is the n t e  of change o f  l inear  msinentutn due t o  

combined pitching , h$eling, and yawing motions, 

In elquation (2), 

c, -"+ i s  the couple about the c,g. clue t o  act ion of the. aero- 

dynamic resul-tant force; 

CJ!. 
6 

is the couple due to  the hydrodynamic force ; . 

6- /.- 

is the r a t e  of change of angular monentum resul t ing from 

net  coxiple action; 

L J , ~  is the r a t e  of change of angular momentum due t o  combined 
4 .-L 

pitching, heeling, and yawing motions, 

1 These equations are quite general i n  the i r  application . They have nut yet 

been solved in t h i s  generality as applied to  sa i l ing  vehicles nor w i l l  a 

general solut ion be attempted hers. Nevertheless, they a re  useful in the 

present context as a framework in which t o  exhibit  the various physical 

fac tors  entering the problem i n  i ts  utmost generality. Furthermore, com- 

parison o f  the dras t ica l ly  simplified version of the equations to be solved 

below with equations (I) and (2) w i l l  keep the approximate nature of the 

present solution clear ly i n  perspective. 

Herre shoff [1964] expressed the cartesian compollents of the time 

dependent motion equations (I) and (2) in expanded f o m .  Hawever, no 

discussior, of a pcssible solution of the complete e q u a t i o ~ s  was attempted. 

1. For d e t a i l s  of t h e i r  development f o r  applicat-i-on t o  the analysis of 
the motion of a i r c ra f t  see, fo r  example, Milne-Th.o1@~1Ll947]. 



Tamer* L19621 had previ01.1sly suggested s e v e ~ a l  pbysical restrictLozs xhich 

s impl iQ  the problem. The f i r s t  of these is the a s s u n p t i o ~  of steady sail- 

ing conditions. This is  tantamount t o  the zssur~ption -that t;irne averaged 
1 

quanti t ies  characterizing the performance can be defhexl o-mr a limited 

period of time. This hypothesis 02 a llquasi--stearl;gn character of flax f i e l d s  

has been successfulb e~ployed for many years i n  a%hcr a x a s  of f l u i d  

mechanics and it i s  upon th i s  jus t i f ica t ion  t h a t  the as&urnp-bion rests .  

'Thereby, equations (1) and (2) reduce immediately t o  

and 

A problem in s t a t i c .  equilibrium resul t s .  The range of vclidity of a solution 

based on this res t r ic t ion  may be smll in v i e w  of tine w e l l  hm unsteadiress 

of the motion. Hamver, it greatly simplif ies  the prcitlem and in the absence 

o f  contradictory data it wi7-I be assumed valid. The range of va l id i ty  may be 

Sersral  o t h e ~  suggestions by Tamer wi l l  a l so  be adopted. Disregarded 

are: i) heel angle; ii) v e r t i c a  components of the resu l tan t  forces s& 
and r(D,, ; i i i )  pi tch (or t r i m )  angle; and, iv) changes in a t t i tude  due t o  

4 

changes in p i t c h h g  and heelFrlg moments. These approximations seem especially 

appropriate f o r  application t o  the catamaran. For normal operation, heel 



angles are r e s b i c t e d  t o  l e s s  than ten degrees. In view of this, assunptions 

i )  and it) a re  phus ib le .  The catamaran a t t i t ude  is comparatively sensit.ive 

t o  khanges in pitchjng mcrnent because of the  f k e  bows, I!o~ze,vsr, f o r  nomnal 

operation the pi tch a ~ ~ g l e  and heel  angle are  02 the sarr- order of magnitude. 

furthermore, f o r  daysailing and racing catariiira& the crew weight i s  usually . 
; f 

of the sane order a s  the might  of the boat. Tnus, chang3s in heel and pitch 1 

can be compensated by sh i f t s  crew position. On these grounds, the pitch 

angle is  a s m & d  nsgligib1.e and the  neglect of changes in a t t i tude  ~ 5 t h  

changes in  magnitude of pitching and heelb-g naments is  likewise justified. 

Other vshicles which seen frequently t o  operate within these restrictions a re  

the  trimaran and planing monohulls equipped with trapeze f o r  heel control, 

The foregoing res t r ic t ions  reduce the problem t o  the consideratior, of 
I 

I 
equilibrLum in the plane of the water! s surface. In ~ie.cr of the neglect of 1 
e f f e c t s  of changes in heeling and pitching rnomr,ts, it is  of in te res t  t o  i 

consider the p laus ib i l i ty  of neglecting changes yawing moment. 
. - 

figure 1 is a diagran i l l u s t r a t ing  the forces  rembiing Fn the simplified 

problem. !Body axes 3rd chosen with the or igin i n  the center of gravity of 

the  vehicle. The x-axis lies in the plane of symnetry of the hulls, para l le l  

t o  the plane of the load waterline, sqd measured positive forward. The y-axis 

is perpendicular to  the plane; of symmetry and posi t ive to  starboard. The 

z-axis i s  p e ~ ~ e n d i c a l a r  t o  the plane containing the load waterline and is 

measured posit ive downward. ' The components of the aerodynamic and hydro- 

dynamic resul tants  are sham in the figure. 



The mnaining coqoner~ts  of equations ( 3 )  acd (.4) may be p r i t t en  

The v e r t i c a l  component of the force equation i s  autonatically sa t i s f ied  f o r  

the steady s t a t e  co~dit ion* 

If it i s  assumed thai; the rudder force i s  zero, equation (7) is  also 

2 
automatically sat isf ied.  Attaining this condition i s  l i k e  t r i m i g  fo r  

neutral  s t a t i c  s t e b l l i t y  51 an airplane. In the case of a sailboat, it is  

usually possi5l.e t o  achieve balance over a large portion of the operating 

range by tuning %%thin the limitations of adjustment of the aerodyrmic and 

hydrodynamic surf aces. Eence, the assumption that; eqcation (7) is autom'cically 

sa t i s f i ed  i s  jus t i f ied  t o  the degree that  neutral  s t a t i c  s t a b i l i t y  ("balance") 

about the  3 axis can be maintained ovzr a range of headings t o  the wind. 

In summary, equations ( I )  and (2) a re  simplified by the following 

restr ic t ions:  

1) the flow Ps regarded as  steady and the water 
1 

surface a s  "f la t t f  ; 
. .' I 

2) v e r t i c a l  conponents of the aero-and-hydrodynamic 

resu l taa t  forces a r e  neglected; 
--------------d-----"------*-- 

* This implies tha t .only  hydrostatic buoyancy is effective; e the 
hydrodynamic ld f t ing  force which leads t o  planing i s  ignored. 

1. t'Flatlt i s  defined by the condition tha t  a chzracterl'stic wavelength i s  
small compared t o  tile waterline length of the hullo 

2. I n p l i c i t  i s  the assumption that R and Rh a c t  a t  the same distance fron 
c.g. ( ~ i g s ,  1 and 2) .  -5 - & . 



3)  the rudder n o w 1  force is assumed zero; 

4) a i l  raomenls are neglected; 

5 )  heel and p i tch  angles are assumed zero; 

I 6) variations in  s a i l  shspo vK%mgnamic pressure a re  

neglected, 

The last assumption i s  based pa r t ly  on the  common use of fully battened 

or other "hard" m i n s a i l s ' b y  catamarans. Variations in the shape of foresai ls  

a r e  simply ignorecl and. this assumption remains t o  bs investigated. 

It is  obviously desirable t o  express the perfolmance in terms of the 

boat  velocity vector and the wind velocity vector. This is no= conven.iontly 

done i n  terns  of the aerodynamic and hydr0dynami.c quantit ies defined on 

Figure.2. In t h i s  figure, axes a re  fixed in t h s  boat and veloci t ies  are  as  

the helmsman sees them; i.e., the velocity of the  watgr re la t ive  t o  the boat 

and the wind veloci ty  is the apparent (or aero- 

dynamic) wind \j o. , Considering components of force pa ra l l e l  and perpsn- .--- 
dicular  t o  the hydrodynamic velocity yields  f o r  equi-librium t h a t  

and 

; i.e., thrust  equals drag and the aerodynamic resu l tan t  force component . 

perpendicular t o  the hydrodynamic velocity vector  equals the hydrodynamic 

sideforce, 

The hydrodynamic drag can be expressed Fn terms of its elements as 



and, following Myers [1360], the profi le ,  f r i c t ion ,  and drags are 

lumped together with only the hyd.rodynamic induced drag being considered 

separately. Next, it i s  assuned tha t  

s a t i s f ac t ,o~ i13~  approximates eqaation (10) over the operating range 

anticipatsd.  The plausibiU.ty o f '  t h i s  assumptior, is based on +,ow-hg tank 

data f o r  high fineness r s t io ,  l i gh t  displacement hul l s  (Eggers [195g; 

* 
Nehaf f y  [1960] ; Wehausen [1956] ; Wigley [19ic9j ) . In equation (11) , the 

coef f iq ien t  

i s  evsluated from tank .data. 

In a l a t e r  paper dealing with cruising catamarsns, Myers [1964] discarded 

t h i s  assumgtion i n  faaor or" a more sophisticated approach. Ho~ever, the 

present paper is concerned solely with hulls t h a t  haire the capability of sen?;- 
fii? 

planing, With this in mind and in view of the eduperimental uncertainties of 

ex is t ing  performance data, the use of equation (12) i s  considered justified. 

I ts  irlcol.poration in to  the analysis adds c'onsidcrably t o  the esse of przct ical  

application of the f i n a l  result .  

After the  l a s t  term of e q ~ ~ a t i o n  (31) is expressed in terms of the r a t io  

1 

D; /s-4. and force coefficients are  defined ( C E 7 

using appropriate areas and w l o c i t i e s  , equations ( 8 ,  ( 9 ,  and (u) can be 

++ See a lso  S a ~ i t ~ k g ,  1964, 3k.rine Tech., Vol. 1, No. I., Oct, 196hy p. 71, 
(esn. 25.1. 

&'? Hulls of dLsplace~ent Torn (such as  cats) vhere loads a re  



'where. CK, = -__-.. 2 R e  ... .- 0 

' L r \  2 
C , - 2 r---- 

T 

@\ia h:, T* v: A ?  

.Equation (13) expresses Vne ra t io  of boat speed t o  appzrent wi~id speed as  a 

function of heading t o  the apparent wind [ and other measurables of the 

problem. O f  the l a t t e r ,  the a i r  and water densities are themnophysical 

properties and can be  obtained from tabulated values when the tenperature 

and pressure a re  known. The a i r  dens'ity can eas i ly  vary a s  much as  10% under 

normally encountered operating conditions. Therefore, this ra t io  should not 

a r b i t r a r i l y  be assumed invariant, 
i 

The s a i l  area (AS) can be taken as a parameter i f  it is assumed that  the 

lfeffective" s a i l  area i s  equal t o  the ge~metr ic  s a i l  area of a given con- 

figuration, Accordingly, it -dll be assumed hereaf3er t h a t  A s  i s  the t o t a l  

geometric s a i l  area in use, 

For lightweight planing hulls, the f r i c t i o n  (or we3ted) area ! R J+) 
depends on h u l l  shape, boat weight, crew weight, board and rudder design, and 

dynamic Uft;. The l a t t e r  has been assumed negligible f o r  the present purpose. 

With %his res t r ic t ion ,  + becomes a paraineter. It cm'be detemdned in 

an individual case from the 'lin9s arid bowledge of the boat migh t ,  crew 

weight, and board and rudder areas a t  a given headlng. An example of an 

a ~ p i r i c a l  equation f o r  hs for  the DC 14 - ? i s  given in  Appendix A, 

A s  pmviously- mentioned, the coefficieilt A must be determined from 

towing data a t  zero yaw. Naturally, equation (EL) is only an approxhation 



and the ac mra  cy of t h e  resu l t  w i l l  vary f orq ,inditridual hul l  f oms. Ho~r~vsr,  

' 1  -7 glven towing tank data, the e r ro r  in \)/\3 't 0. duo to the approxha%ion 

can be determined. For exarcipls, i n  the case of- the Pnterriational Canoe 

(Marchsj C2.9641, p. 242), equation (ll) over-estimtes the zero yaw drag 

between zero =d f ive  and a ha?f knots hell speed; Bethieen five and E, ha'U 

and 10 knots, the h a g  is mder~stima-i;ed bjr equation (11-) . The maximum er ror  

i s  approximately 25%. The mean er ror  5.r~ drag is:roughly 10%. Howsver, in 

view of the primitive present s t a t e  of the art; with respect t a  und.erstancling 

s a i l  aerodynamics and i n  predicting hul l  induced dLnag charactel*istics, 

equation (11) will be accepted becauss of the generality that t h i s  sssumption 

brings t o  the anal.ysis. 

\ The skin f r i c t ion  coefficient ( C 4 I f o r  smooth surfaces depends on ths- 

boat velocity \jk (through the Reynolds number ' J ~ J - , / J ~  ) as i s  WU. h o r n  

(see, f o r  example, Narchz j [1964], Part  111, 91 ; '  or  Schlicting [i955]). 

Howevsr, f o r  "rough1' surfaces, the f r i c t ion  coefficient i s  approximately 

constant over most of the operating range o f  the configurations considersd 
1 

here ( ~ c h l i c t b l g  [1955], p. 448). Specifically, it w i J - 1  be assumed tha t  

where a* w o . f e r \ ; b c  ~ e v \ ~ t k ;  
I A,,. 3 t - k y ~ n  c F. \-av o-.., 4 c . 2 - .  

Typical vzlues of praactical surface roughnesses are found in Roerner [196.5], 

1. For convenience, s p lo t  o f  CS versus Rq fo r  paraineters of roughness 
i s  sh0-c.m in Appndix A a s  P i p e  A-'& 



p. 5-3. For boats of 1 2  f e e t  and up and f o r  .s surface rouglmess equivalent 

t o  or  greater than tha t  of snooth marine paint ,  equ.ation (a) i s  applicable 

f o r  boat speeds greater  than about tx-o knots, Details of a ~ a l c ~ l a t i o a  of ' 

this qiznt i fy  f o r  a fcurteen foot  catamaran a re  given irr Appendix A. 

From the foregoing discussion it zppears reasonable to  regard ~a /? ., A5, R S  
n ' 

/i7€. C 4 as param9ters of the performance equation l i t k i n  the fran~work of 
t 

physical r e s t r i c t i o ~ s  specified. It remins t o  supply auxi l l iary equations 

fo r  I a n d  C 9 ,  
The r a t i o  of hydrodynamic induced drag Lo hydrodynamic sideforce 

(Figure 2 )  depends mairlly on the magnitude of the hydrodynamic sidefol-ce 

(equation (9))  and t h e  geometry of t5e hu l l  belota the waterline (see, fo r  

example, Marcha j r196b], p . 270) . Letcher C196.51 suggesied the application 

of the l i f t j n g  l i n e  t h m r y  from aeronautics t o  the evaluation of B:/S 

in t e rns  of the hydrodjmamic siclefcrce and h~ll geoinetric arid hyckodynamic 

parameters. Applying t M s  theary- t o  the present case and exyresshg the 113*.o- 

dynamic sideforce b-~ terms of the aerodynanLc resu l tan t  force through equation 

where A; - project,ed h u l l  and board area effect ive in 

producing sideforce; 

- effective draft t o  chord r a t i o  of the  hydrodynamic 

surface which produces sideforce; 

e, - efficiency factor .  



More det,ailed discussion i s  provided i n  Appendix A, 

, . Clearly, the hyrtrodynamic induced drag t o  sideforce ra t io  varies 

considerably with heading t o  the apparent wind and with the  relative boat 

speed, Furthermore, the induced drag may vary from zero t o  a magnitude 

- - 
several  times t h a t  of the unyamd hul l  drag over the  normal operating range, 

0 7 Finally,  there i s  an additional. implicit dependence of [C 0;  /L,S lA on 

\ ? 
through the functions c pJ and s,((A) whichremain to  

be considered. Hence, there i s  no obvious jus t i f ica t ion  f o r  assurning para- 

metric valses f o r  the h u l l  induced drag t o  sideforce ra t io .  The ra t io  pD:/~lj-, 
must be regarded as  a dependent variable of the ?roblem, The 

remaining variables are the aerodynamic drag t o  sideforce r a t i o  ( 8%) and 

the ae~odynamic resu l t sn t  f ~ r c e  coefficient- (Cria). Although these quan- 

tities a ie  kno~m t o  vary with Q ( a t  l e a s t ) ,  no general theory exists a t  

present f o r  predicting this dependence fo r  a given configuration. 

The strong s imilar i ty  between s a i l s  and the l i f t i n g  surfaces ernplo-yed 

in aero~laut ica l  e n g i n s e r ~ g  i s  commonly recognized. However, the average sa i l -  

boat  r i g  is  very complicated, aerodynamically speaking, by  the presence of 

multiple so f t  s a i l s  of odd shapes, variable gaps, standing and mJlFng r igghg,  

crew, and hull(s).  Furthermore, present day r igs  are operated in a par t ia l ly  

or completely s t a l l e d  c ~ n d i t i o n  most of the t h e .  As a r e s l ~ l t ,  t;he average 

ae rodyna~ ic i s t  i s  appalled a t  the prospect of ha-g t o  attempt a prediction of 

the aerodynamic resul tant  force vector fo r  a l l  possible headings t o  the apparent 

wind. If it, were possible t o  do so, both C R,($ and ~ r ( ~ )  would be de- 

t e d n e d  and the prediction of performance k4t.hh th? present physical res t r ic t ions  

woulc? be accomplished. However, scch is  not  the case. Although attempts a t  



a semi-empirical theory are  being made, progress h t h i s  direction i s  slow. 

Early attempts a t  a two dimPunsiona1 t,beory f o r  Fnviscid flow (Thwaites 

1 ] ) have been foSlo.wed by the application of f i n i t e  wing theory t o  

(unstalled) "soft" s a i l  -icings of f in i t e  aspect ra t io .  (Nielscn e t  a 1  [ tr1'033). 

The application of the f i n i t e  wing t b o r y  t o  paragliders a comparatively 

clean aerodynamic confiwation compared t o  the amrage sailboat, Thus, the 

d i r e c t  use or" these resifi ts  even i n  L'ne unstal led regirte of s a i l  operation is 

probably not jus t i f ied  i n  the absence of experimental results,  such a s  wlnd 

tunnel t e s t s  on sai lboat  configurations. h conlparison of Nielson' s predictions 

with existing sail. t e s t  data has not yet been attempted t o  the present author's 

Pr ior  t o  1960, most of the available s a i l  data consisted of wind tiamel 

tests a t  very small scale on sheet metal wings, Since that  time, a certain 

amount of sail  data has been pu3lished in the opbn l i te ra ture .  Marchaj [1964] 

summarized much of the existing data on metal mod.els of single sa i l s ,  In 

addition, he included in his book da-ta .obtained from wincl tunnel t e s t s  on 

l a rge r  scale cloth s a i l s  a t  the University of Southampton, Results of 1;/L 

scale t e s t s  of hull ,  mainsail, and genoa i n  combhation carried out by March-zj 

and Tanner h i r e  raported i n  the open l i t e r a t u r e  by Richards [1965]. These 

data were l imited t o  the close hauled condition, F u l l  scale aerodynamics t e s t s  

of  an International 1 2  dinghy have been reported by Bruce [I-9621. The data 

m r e  obtained from masurements in the full scale  boat tethered t o  a mooring 

with a suitable force measuring device. Thera is an obvious advantage h 

tes t ing a t  full scale i n  the natural wind so  f a r  as  "modeUingr' is concerned. 

Inclzsion of studies of effects  of hull,  helmsman and crew, and rigging is  no 

great problem. Finally, such t e s t s  permit the investigation to  range over 



a l l  possible valucs of heading to  the r e l a t ive  wind ( ). Bouever, th5 

inherent experimentaluncedahty i s  much gmate r  %him for  ~d tunnel t e s t s  

a t  present. ---- 

T 

Altho~gh t'ne empf r i c a l  results just  descrLbed a re  necessarily limited 

in scope, they can bo used t o  establish some r e a l i s t i c  bounds on the functians 

eRdd and &.[(j) . With t h i s  mch help, suff5.ciently r ea l i s t i c  sample 

functions can be postulated t o  pcimi-t establishing some estimates of physical 

l i m i t s  on perf omAnce. This w i l l  be at terpted in the following paragraphs. 

Combining equations (13 and (1s) yields  

-7 '4- 

where 

Q C ~ $  -~i.--> -.-- --- C I D ]  represents the  r a t i o  of available aerr- 
2- 2 L j ~ y ~  A+ C + 

dynarnic force t o  the zero yaw hul l  drag, (for 

brevity t h i s  k i l l  be referred t o  as the "thrust 

indexn Fn what f o l l o ~ s  ; 

represents the product of the zero yap hul l  drag 

and the hu l l  induced drag; ( th is  will ,  hereafter, 

be tented "hydrodynamic drag product1*; 

- and 

( ) r is the difference between the heading to .  the 

apparent d ~ d  and the aerodynamic drag angle; 

note tha t  (qO---i) is the angle betweenc Ra and 
A 



In equation (16) a choice of the negative root implles tha t  decreasing the 

drag resu l t s  in a decrease of apparent boat speed r a t i o  which i s  physically 

unrealist ic.  Therefore, the positive root was selected, 
< 

A, l imi t  on the soluteion j-s imposed by the f ac t  t h a t  the quantity under 

C 
the rad ica l  i s  negative f o r  d certain range of (c-c& regardless of the 1- 
magnitude of b Z Ci . Physically speaking, t h e  appearance of the imaginary - 

root implies tha t  the fundamental hypothesis i s  no longer applicable; i.e., 

s t a t i c  equilibrium i s  no longer possible. Intui t ively,  this s i tuat ion 

corresponds t o  pinching t o  the' point where the boat speed i s  no longer great 

enough to .  develop the sideforce required t o  balance the leeway component of 

the aerodynamic resul tant  force and the boat rtfaKLs off'! j F,e., acceleratj-on 

occurs, T h i s  condition can be expressed in terms of the r a t i o  of aerodpamic 

thrust  t o  hydrodynamic sideforce; viz; when 

I 

s t a t i c  equilibrium i n  the balanced condition (which - i s  postulated) can no 

longer be maintained. Thus, a tlpointingrt limit is  represented by equation 

(17). To improve pobt ing ,  equation (17) indicates tha t  it is necessary t o  

mintmize the aerodynamic drag to  l i f t  r a t i o  a s  well  as the zero yaw hull  

drag and the hydrodynamic induced drag. Although not a revolutionary idea, 

t h i s  i s  in  qual i ta t ive agreement with prac t ica l  experience and lends credence 

t o  the theory. 

In order t o  obtain a complete picture of the performance, it is nec- 

essary t o  transform equation (16) t o  ear th fixed axes. T h i s  can eas i ly  be 

done by referr ing t o  Figure 2. According t o  the velocity triangle,  the 



heading with respect t o  the true FI-ind can be written a s  

which i s  the expression of the heading with respect t o  the true wlnd in terms 

of the apparent wind direction and the  apparent boat speed ratio. Similar con- 

s iderat ions y ie ld  (since ( 1 L -.. 
CC. . 

the t rue  boat speed r a t i o  in terms of the apparent boat speed r a t io  and the 

heading t o  the t rue wind direction. 

Predicted Performance fo r  the Cantilevered Unirig. With the help of , 

postulated functions and , equatiions 

(16), (18) , and (19) provide the desired performance prediction, For the 

present investigation two such functions were formulated based on possible but 

simplified operating configurations, The f i r s t  assumed a balanced cantilevered 

unir ig  with c i rcu lar  mainsheet tracks. With this arrangement, a constant angle 

of the s a i l  t o  the apparent wind as  well as  constant s a i l  shape could be main- 

tained f o r  a l l  headings. Therefore, C n, and sa are independent 

of . The second case w s  chosen t o  approximate the stay l imited operation 

of conventianal rigs. 

Sketches of the f i r s t  configuration are  shown on Figure 3. The aero- 

dynamically balanced s a i l  pivots about i t s  chordwise center of pressure. Thus, 

when trim f o r  neut ra l  helm i s  established on one heading it i s  maintained on 

aJ-l headings assuming negligible hydrodynamic center of pressure t r ave l  with 



hu l l  yaw. ' Constant aerodynamic yaw angle (I!'= ) i s  maintained regardless of 

0 
heading. Therefore, and S a  are constant, 

An obvious inference from equation (16) is tha t  f o r  m a x i i i m  performance 
-- - 

on a i l  headings a given configuration should be operated a t  maximum aero- 

A dynamic resu l tan t  force ( L K ~ , , ~ )  and a t  minimum aero'dynamic drag angle 

( &.1V1\4). However, i t  w i l l  be shown i n  what follows t h a t  t h i s  is not always 

the case. In any event, since fo r  prac t ica l  configurations these two values 

do not occur a t  the same aerodynamic yaw angle, a compromise is  necessary, 

For the present exanrple, average values were chosen from the aerodynamic data 

previously referenced. Specifically, ranges ( \ b ~ ~ ~ P a I w , . K ?  \ I % )  and 
0 ( 5' 5 ~~l,;, 7 200) are possible. In the l a t t e r  case, the 5 limit 

represents the aerodynamic drag angle fo r  a complete airplane of vintage 1940 
0 

(wood [1955], p. l4-20). The 20 upper l i m i t  i s  approximately that  measured 

by Bruce El9621 i n  his te ther  tes t ing of the International 12 Dinghy. 

It was desired t o  compare the predicted performance of a boat of the 

configuration jus t  postulated ( ~ i g u r e  3)  with the measured performance of the 

boat of the present investigation. Therefore, the geometric characteristics 

of the measured boat were used i n  determining a range of values fo r  parameters 

"att and "b" of equation (16). The boat data are  found in Table. I and also in 

Appendix A where mom d e t a i l  is provided, It was necessary t o  provide a range 

f o r  CS. (depending on wetted surface roughness) and f o r  e b , the hydro- 

f o i l  efficiency factor. A reasonable. range f o r  C f based on equation (a) 
was specified as0.~2?.c< C 4 < 0 , 0 0 ~ 0 .  In the  absence of hydrodynamic 

data, a rough estimate of c\o was obtained from aerodynamic data (wood 

[1959, p. 9-15). The range selected was 0 a 3 r  .C eb< 0 *T 5 . 



These approximations together with the geonetry of the experimental 

boat gave the following ranges: for  thrust index, , \ q  ( -pCm,< , S F  ; 
2- 

for thydrodynar&.c drag product, . 0 3 .( -_ ( . \ 5 ; and fo r  aerodynamic 
7T 

drag angle, 5 < < ?. 0 . 
Values of the performance parameters outside th is  range m y  be 

obtained in practice by variation of the s a i l  area. to  wetted al.ea r a t io  

/ \ ; ths r a t i o  of watted area to effective hydrodynamic sideforce 

pAducing area (bir./eb hi ; the r a t io  of zero yaw hul l  drag t o  

f r ic t ion  drag (k) ; and the hydrodynamic aspect ra t io  (&) . A -urn 

possible value f o r  the thrust  index based on Itbest guessesH fo r  these values --. 
was chosen as 0. C g o  -- Similarly, lirniting values of the 

hydrodynamic product were chosen as  0.02 and 0.20, The aerodynamic drag 

angle range of the prsceding paragraph would appear to  cover a sufficiently 

wide range of configurations, 
1 

Performance calculations 'cased on these ranges of the three perfornlance 

pa.rameters are shown as Figures b through 8, Physically, these curves repre- 

sent the possible variations in performance of the configuration of Figure 3 

by changing performance parameters, The resul ts  hold f o r  a l l b o a t s  of the 

general configuration of Figure 3 regardless of. size as long as they operate 

within the physical restr ic t ions placed on the theory. The most  important 

of these conditions in probable order of diff icul ty  of attainment over a hide 

range ape: a parabolic hydrodynamic drag curve; balance on a l l  headings; and I 

approximately zero heel, Further conjecture about the limits of applicabili ty I 

of t'ne theory is useless in  the absence of experimental results,  However, a 

detailed discussion of the physical significance of the plotted resul ts  is  Fn 

order. 



Figure 4 is a p l o t  of equation (16) over? the range of performance 

parameters specified above. Shown is the apparent boat speed r a t i o  [%/$I 
versus -f . Note t h a t  (?0-y) is  the angle between the aerodynamic 

0 r e s i l t an t  force coefficient vector v,R, and the boat velocity vector 

\jb (see Figure 2) .  Thus, when 2 ; 9 0 , the aerodynamic resultant 

force is p a r a l l e l  t o  the boat velocity vect'or; the hydrodynamic induced drag 

i s  zero; and (qb/\ jz)  i s  a maximum f o r  a l l  values of performance para- 

meters. This condition is shorn schematically a s  Figure 3c). As -[-* 0 , 
v the aerodynamic resul tant  becomes nearly perpendicular, t o  ,b , the hydro- 

dynamic induced drag e f f e c t  becomes maximum and the pinching limit previouslg 

discussed i s  reached. T h i s  condition i s  shown as Figure 3a). A s  7-7- \ S II) , 
for  a boat of t h i s '  configuration the induced drag again becomes large and a '  

downwind pinching l imi t  is reached. That this should be true is obvious from 

Figure 3e). 

It is reasonable on the basis of experience tha t  parasite aerodynamic 

drag should be rninimized going t o  windtird and maximized running downwind. 

Nste t h a t  i f  the r e su l t s  of Figure 4 are expressed as [vb/~Q ] versus , C 
increasbig the aerodynakc drag angle SJ. is harmful t o  performance up~rind 

but beneficial  t o  do~mwind per fomnce  for  t h i s  coafiguration as would be 

expected. Ekperience would jndicate that  the  bes t  procedure fo r  best  a l l  

around performance would be t o  minimize 8a except when broad reaching o r  

runnirlg when the s a i l  should be s tal led (thereby increasing sa ) f o r  best 

performance. It w i l l  be shown l a t e r  that  t h i s  procedure is not necessarily 

valid with the configuration of Figure 3. 

Figure 4 shows t h a t  the maximum apparent boat speed r a t io  C"./LI& ] 

depends solely on the th rus t  index; i.e., it is independent of the hydrodynamic 

drag product a s  well as the aerodynamic drag angle. However, such i s  not t'ne 



case so f a r  a s  the true boat speed r a t i o  is  concerned. 

This can be seen on Figure 5 where the t rue  boat speed r a t i o  vb /\I+ 
.-- 

versus the angle Z ,betmen the boat veloci ty  and the t rue wind vectors 

i s  plotted. Only one value of aerodynamic drag angle 2,- ' i s  

shown. From t h i s  presentation i t  is c lear  t h a t  the maximum t rue  boat 

speed r a t i o  does depend on the hydrodynamic induced drag, Calculations 

show tha t  it a lso  depends on the aerodynamic drag angle a s  would be expected. 

The sens i t iv i ty  t o  aero-and-hydrodynamic cleanliness i s  greater the greater 

;the max imum speed of the boat. Thus a very "powerfhlt1 boat 

with a very "dirtyt1 hu l l  ( = 0 4 and a f a i r l y  ttdirtylt r i g  ( Ex ; 5 o', ,' 
reaches her pinching l i m i t  a t  7 . Whereas, if the jnduced drag of 

the h u l l  could be suff ic ient ly  reduced / A - ! Q =  0 .02)  , thepinching (TT 

Unit wouldnot be encountered u n t i l  Z = 8 O, a 40 degree improvement. Tbe 

attendant improvement in true boat speed r a t i o  i s  roughly 20%. For t'm l e a s t  

llpowerful" boat (acR* = 0.4 
\; 

, the pinching l i m i t  i s  decreased by only 

24 degrees and the maximum boat speed r a t i o  by jus t  3.3%. 

Note t h a t  the pinching limi-t does not h p l y  the limit of progress o f  a 

given boat t o  windward. It simply means tha t  in  order t o  maintain steady 

progress along a more weatherly course, the 

muat be reduced. T h i s  map be done by reducing 

On Figure 5, such a Itpinching linett  is  shorn f o r  the case where g!  0 = 0.3 L-7 5 
" 0 and \ \  By following the pinching line from 3 

it can be seen t h a t  the more powerful boat of given cleanliness will s a i l  jus t  

as  close t o  the true wind as  the l e s s  powerful equally clean boat. However, 
-.- 

it is  necessary t o  reduce CR[ i n  order t o  do so. O f  course, operable 
C .  

.. 3 



alternatives in the small boat are reducing 4 -. * e m  b by increasing ?I i o r  
3,: 

f 1 reducing c k  by "streamliningrt the c+ew a t  C- ; i.e . , there a re  
''X AGX 

several ways t o  move along a locus of pinching lines.  FIowever, the present 

calculations assunls t h a t  the hydrodynamic drag product and the aerodynamic 

drag angle are  held cons'68nt as  the pincking limit i s  approached. Pinching 

is then accomplished by reducing CZ, as described above. 

Figure 5 shows the broad reaching and ruming performdace of the Kgure 

3 configuration t o  be re la t ive ly  poor. That t h i s  i s  reasonable can be 

reference t o  F i g ~ r e  3d), e).  In broad reaching, the configuration develops an 

aerodynamic force component t o  windward. I n  addition t o  producing a heeljllg 

moment t o  windward, this windmrd aerodynamic component must be resis ted hydro- 

dynamically, and induced drag results; Also, ,the thrust  component of the 

aerodynamic resu l tan t  i s  reduced because of i t s  h d w a r d  angle and., f inal ly ,  

the apparent wind speed i s  small relative t o  the tmie wind speed in this quarter. 
I 

T h i s  last mentioned effect  i s  shorn 6n Figure 6 where the r a t i o  \(a/v-k 
i s  shown Yersus the t rue wFnd angle. -C , For c la r i ty ,  only two values of th rus t  

index and one value of hydrodynamic drag product and aerodynamic drag angle a re  

shown. Shown, also, are corresponding plots  of apparent wind angle 13 versus 

t rue wind angle Z . The general characteristics of the curves for. 0 < Z: < \ 30 

are  in accord with experience. From pinching limit, the apparent wind I 

increases t o  a maximum a s  the boat heads off. The maximum apparmt wind i s  

attained close reaching. A s  ths true wind comes abeam, the' appamnt wind speed 

decreases continuously, The variation is  greater with the fas te r  boat. The 

apparent wind speed equals true wind speed a t  roughly t = 1 \ 0 . The "hookt1 
1 
I 

I I 
I 

f o r  130 < C <  1 8 0  is explained in t e r n  of Figure 3d), e).  
\. I I 

It cones as  a r e s u l t  of the disadva~tages previously discussed of attempting t o  I 

I 
I 



operate 16th the aerodp-andc resultznt force pointing out t o  windward as 

shown i n  the diagrams of Figure 3. A s  the t rue  whld angle C , ranges 
0 0 

fro; about 150 t o  180 the performance with t h i s  configuration simply 

f a l l s  off so rapidly t h a t  a net gain in apparent wind speed results,  

Figure 7 shows tht this is a region of operation t o  be avoided with this con- 

figuration even with a slow boat, 

Figure 7 is  the polar representation of the resu l t s  plotted i n  Figure 

5. The direct ion of the t rue  wind and the sense of the boat velocity vector 

n/. "4, f 1 are shown on the diagram. The component of , rt . p a r a l l e l  t o  the t rue 

wind direct ion i s  the speed made good t o  hTindward or downwind depending on 

the sense of the projection. Thus, continuing the discussion of the previous 

paragraph, f o r  ! 50 <T. ( $0 the bes t  speed downwind w i l l  be made by 

bearing up and tacking downwind with t h i s  configuration f o r  even the slowest 
0 

boat. The course angles f o r  best speed downwind range from JkS f o r  the 
0 

slowest boat t o  132 f o r  the fas tes t  boat. 

0 
For tacking t o  windward ~ 5 t h  th.e two slow e r  boa t s , . i t  can be seen from 

L/ 

Figure 7 t h a t  the bes t  speed t o  windward is at ta ined a t  headings p r io r  t o  

onset of the pinching lifit. However, with a very f a s t  boat the indication i s  

that  the maximum windward performance would be obtained i n  the pinched con- 

dition; tha t  is, with an aerodynamic resul tant  force coefficient l e s s  than 

tha t  actual ly  at ta inable  with the rig. 

Possible e f fec ts  on performance of variatior-s of thrust  index and drag 

product were i l l u s t r a t e d  on Figures 5 through 7. However, the aerodynamic 
-\ 7 

drag angle was held. constant a t  &a " *orv, P/$J= 15 degrees. 

On Figure 8, the e f f e c t  of varyFng S a  between 5 and 20 degrees is 

shown f o r  the intermeriiate values of th rus t  index and drag product. Since 



c, is associated with aerodynamic "cleanlinessu, it is c l e a r  t h a t  

the c l eane r  boat  i s  f a s t e r  on 811 headjngs (when tacked do~rlllwind), 
< 

. The present  calculat ions ' indicate the pos s ib i l i t y  of approaching a 

maximum t r u e  boat  speed r a t i o  of 3.7. with an exceptionally f a s t  boat of the 

configuration of Figure 3, "Fast" i n  t h i s  context implies l imi t ing  values of 

th rus t  index, drag product, and aerodynamic drag angle which a r e  "best guessesl~ 

based on t he  l im i t ed  data available. The resu l t s  shown on Figure 7 and Figure t 

I , 
8 i n d i c a t e  t h a t  f o r  a l l  boats  the t rue  wind direct ion f o r  maxinium boat speed I 

moves a f t  f o r  " d i r t i e r "  and f o r  f a s t e r  boats. For a boat of t h i s  s a i l  con- < 

f i gu ra t i on  having the  geometric and h u l l  character is t ics  given in Table I 

performance would be expected t o  f a l l  on a polar  somewhere between the 
I 

c X,= 0,4.& and C 5 1 h = 0 . X 0  curvesonPigure  7. 

Predicted Performance of the Stay Limited Unirig. A s a i l  configura- 

t ion f r equen t ly  encountered among current racing ca-tamarans of a l l  s i z e s  i s  the  

"s tay l im i t ed f t  un i r i g  configuration previously mentioned, The configuration 

sketched on Figure 9 was assumed f o r  comparison with the previolls example as . I 

well a s  wi th  t h e  boat of' Table I. Figure 9a) i l l u s t r a t e s  the  assumed geometry. 

For ? < S O e  it i s  assumed tha t  the s a i l  i s  Tang controlled. Thus, w i t h a  

pivoting mast, t h e  s a i l  shape is unchanged with rotat ion and the  optimum aero- 

dynamic yaw angle v, may be maintained, In other words, f o r  the  f irst  50 

degrees of apparent wind range, the sa . i l  performance i s  i den t i ca l  t o  t h a t  of 

Figure 3a) and 3b). For 50 < ..J 4 7 5 (between the  vang limit and s t ay  C * I 

limit) the shape is assumed, t o  change although 6 ,= '& z 1 s O is assumed 

mainta'ined by sheeting, A s  t he  s a i l  shape changes beyond the  vang l im i t ,  

Ra is assumed t o  decrease l h e a r l y  t o  a value c ~ , \ , ~ ~  \ 12 which was 

taken f rom ava i lab le  measurenents. Thus, f o r  5 /3 < s <-' 

9 T h i s  resulL,s from as~m,i.ng R~ s a i l  chord (see Figs 3 and 10 f o r  example) 
L 



--T - 
as shown i n  Figure 9). Also, f o r  C' :" 

degrees, it i s  assumed 

t h a t  

whem the s t ay  l imiting angle 'was assurred t o  be 65 degrees in th i s  exarrple, 

If C is assumed perpendicular to  the mean s a i l  chord; 
--L. 

and f o r  the as3wed configuration equation (21) can be written 

f o r  7 5 ( \ % 0 . This inf  o m t i o n  i s  given on Figure 9b). A 
I 

diagram of the operation of th i s  r i g  f o r  comparison with Figure 3 i s  shown 
I 

a s  ~ i ~ u k e  10. 

With C r ~ ( ~ 1  and ss,($ h o r n ,  the  performance for  the configu- 

ra t ton  of Figure. 10 was e ~ a l u a t e d  from equations (16, (18), and (19)- The 

plot ted resu l t s  are given a s  Figures ll through 14  f o r  comparison with 

Figures 4 through 7. 

The performance f o r  both rigs is  obviously ident ica l  f o r 9 4  3< 50. \ 
This can be seen by comparing Figures 4 and 11 (bearing in  mind that  

p.-f + \ S  f o r  the comparison). For Tc (3 4 7 5 -; the apparent boat \ 
(1 speed r a t i o  f a l l s  off s l igh t ly  due to  the decrease kc1 L Ra over t h i s  bi ter-  

va le  Therefore, the performance for  . 0 < (-{ 5 is  affected very t 
l i t t l e .  

Figure 1 2  shows tha t  t h i s  range of apparent wind angle covers the 

closehauled, close reaching, and beam reaching conditions f o r  all v8lues of 



the three perforirance parameters. To emphasize this point, values of - so^ 
- 0 . and (2 :: *'I L a r e  shown on Figure 13. It is  obdous by comparing 

C-- 
Figures 5 and '13 t h a t  the re  is l i t t l e  difference betureen the pe r fomnce  :of 

the configuration of Figure 3 and t h a t  of Figures.9 and 10  through the beam 

reach. 

The cornpa-atim psrformance broad reaching and running i s  the coxpr i son  

between the  d a s h ~ d  and so l id  l ines  on Figure U. The dashed Lines a r e  tho 

resu l t s  of Figure 5. Except f o r  \ (.?!< Z I 0 , the cantilevered unir ig  is 

superior according t o  t h i s  comparison. Furthermore, the polar comparison on 

Figure 1 4  shows t h a t  by bearing up and t a c k k g  downwind with $he cantilevered 
- - 

unirig super ior  p e r f o m n c e  is  obtained even f o r  1133~ C- \90 . Thus, aero- 

dynamic super io r i ty  i s  indicated f o r  the most e f f i c ien t  r i g  (cantilevered 

unirig) on a l l  po in t s  of sa i l ing.  However, it should be recognized t ha t  overal l  

superiori ty.  of a p r a c t i c a l  r i g  w i l l  depend on at taining t h i s  aerod.yaanic e f f i -  

ciency together with a minimum weight t o  strength r a t i o  and maximum sitnplici-ty I 
of operation. 

Summary and Conclusions 

The present  simple theory f o r  the prediction of sa i lboat  perfom&ca 

calm waters depends mainly on the va l i d i t y  of the following assumed approxim- 

t iom t o  r e a l i t y :  I) t h a t  a quasi-steady f l u id  flow ex i s t s  j 2) t ha t  the zero 

Yaw hul l  drag curve is  parabolic in f om; 3 )  t h a t  the zero helm and zero hee l  

conditions e x i s t  on every heading; 4) tha t  the f r ic t ion drag coefficient  is  

independent of Reynolds nunber; 5 )  t h a t  the h u l l  Fnduced drag can be predicted 

by l i f t i n g  l i n e  theory; and, 6) t ha t  the aerodynamic resultant  force coeffi- 

d e n t  and the  aerodynanic . drag angle depend only on the heading t o  the r e l a t i ve  



wind. Within these restrictions [?/b,k.1 is independent of the t rue wind 

speed 

Three psram9ters serve to  describe the performawe potsnt ial  of boats 

fitt&tg within the f ramervork of the approximations l i s t ed  abovc . These 

parameters are2 a "thrust indexT1 [J$;%] ; nhyd~~dynamir drag productn, 

[k_c5~-E.2m~ er, /I? H; ; and the aerodynamic drag angle, . O f  these quantities, 

CRil. and Saw exhibit a t  l eas t  piecewise dependence upon p and may be 

regarded as psuedoparamsters . The remaining quantitie s depend (within the 

restr ict ions stated) solely on the geomtry and constructidn of hu l l  ai~d 

r i g  and so are t rue  parameters. Given the necessary parametric values, the 

performance for  any boat may be calculated on every heading t o  the true 

wind a s  i s  sho-m by Figures 7 and 14. 

For design purposes the theory i s  useful i11 predicting comparative 

. performance of different, configurations or" the Sam5 boat, This application 

was i l lus t ra ted  i n  de ta i l  ( ~ i g u r e s  3 through 13) i n  the preceding sections. 

A s  a r e su l t  of the comparison, it was cincluded tha t  a cantilevered, balanced 

unirig was superior t o  a stay limi-bed, balanced unir ig on a l l  headings if the 

cantilevered r i g  was tacked dom~rind. 

The stated limitations of the theory point up the necessity f o r  ob- 
I 

taining experimental information in  several areas i n  order t o  determ2ne the 

limits of application of the theory, F i r s t  of a l l ,  it mst be experimental1.y , 
/ I 

determined whether i?/b /vk].i s i n  r e a l i t y  &dependent of Lt. Secondly, I 

the functions CpaC $1 and Sdf) must be measured over a broader range of 
j 

I 

conditions and configurations than has been covsred a t  the present writing. 1 
Values of eb and . m s t  be collected from exlst ing l i t e ra tu re  and made 

generally avzilable, Finally, the same service should be rendered with 

i 
respect t o  the expression of wetted area RI i n  terms of the t o t a l  sa i l ing  

I 
I 

. weight of the hul l  tries discussed here. . 
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APPENDIX A 

Evaluation of Performance ~ a r a m e - t e ~  

(~dap ted  from Bradfieid C19581) . 

* ' ln order t o  predfct the performance of the boat of the presen5 investigs- 

t ion, it was obviously necessary to  assign numbers t o  the parameters As, Af, k, 

Cf, C h ,  Sa, and Di/sh o f  equation (u) . For co&ience, we may rewrite the 

- performance equations 

and 

where symbols a re  defined i n  the table of nomsnclature. 

The Density Ratio and Geometric Parameters, The density r a t i o  
1 
I 

= /835 f o r  seawater. The s a i l  spea ancl the wetted area a re  geometric parameters 

taken from the 'design data of the DC-lh? c lass  boat. Table I contains data on the 

2 
boat used iu. the present investigatim. The area of the main i s  100 f t  , The 

2 2 area of the jhb is 40 f t  , The area of the spinnaker i s  115 f t  . 
Wetted Area a s  a Function of Loading. A curve of wetted area velqsus dis-  

placement i s  shown as  Figure A-1, The areas were obtained by numerical I 
I 
I 

integration of the l ines.  The boat weighed 431 pounds rigged f o r  sa i l ing  with i 
racing equipnent and ~ L t h o u t  crew, Crew weight, parametric l i n e s  are  shorn on the I 

I 
I 

curvs, The racing crew is two, 
, 



The integration was performed f o r  h ~ o  conditions of t r i m .  The f i r s t  was 

. f o r  t r i m  pa ra l l e l  t o  the design water l ine ,  The present. boat was over her l inos 

due t o  excess weight. Therefore, the second condition investigated was f o r  t r i n i  -- - 
v 

by the box$ so as  t o  maintain the design waterljne a t  the sterns, The boat was 

normally sai led In t h i s  a t t i tude  t o  minimize p ro f i l e  drag due t o  separation a t  

the s terns .  The difference in hul l  wetted area i s  +5-3/4% trimmed by the head. 

Note tha t  the difference between 200 and LOO pounds of crew weight is * 20%. The 

2 2 t o t a l  wetted arsa of the boards was 4% f t  . The rudder wetted area was h f t  . 
From these data the t o t a l  wetted area may be expressed in terms of boat 

weight and crew weight. Specifically, from Figure A-1, and including the pro- 

jected area of boards and rudders, the empirical equation 

i s  useful  t o  describe the variatign of Af 'over the prac t ica l  range of displace- 

ments. For the confi&rations tested, 

A valus of k = 2 was chosen fo r  the present boat, This fac tor  was obtained 

from the published data in f u l l  scale towing b a s b  t e s t s  of the Inte~mational  

Canoe (~anner ~19603) the ge ome t r i o  characteristics of which are  s imilar  t o  those 

of the present hulls.  No attempt was made to  account f o r  tnutual interference of 

the hulls,  

The F'riction Factor, The skin f r i c t ion  coefficient Cf is presumed to vary 

with the boat speed Vb through i t s  dependence on Reynolds number defined by 



<I? where 2. i s  taken a s  the sai l ing waterline length f o r  computing the hu l l  skin 
I 

f r ic t ion ,  For boards and rudders, the hydrodynamic chord i s  taken a s  the char- I d 
8 

a c t e r i s t i c  length, Assuining that  the f r i c t ion  drag  of boards and rudders is not 

negligible and since the r a t i o  of character is t ic  lengths i s  of the order (20/1), i 
. the different  surfaces may operate i n  different  f r i c t i o n  d.rag regions, There- . 

I 

. fore,  Cf is  a weighted mean coeffici.ent defined by 

. when individual f ~ i c t i o n  coefficients are determined according t o  Rsynolds number, 

A random sample of 35 runs of the present experimental i n ~ s t i g a 3 i o n  (out 
I 

of a one hundred eighty-six run to ta l )  indicates an arithmetic mean value of boat 
- 

speed Yb % 6 v, p h . The minimum value recorded was 2.7 nph and the maximum 

value was 13.5 mph. The corresponding hydrodynamic Reynolds number per foot f o r  

th i s  range is roughly 3.2 x 16 <(%& ) < 1.6 x lo6. If it i s  essumed tha t  the 

sai l ing waterline length i s  approximtely the same as the design $raterline 
6 

length (12.5 f ee t ) ,  the corresponding hul l  Reynolds nunber Fang@ is 4.0 x 10 < 
6 

P d w l <  20 x 10 . The mean value of hul l  Reynolds n@er i s  

The correspo~ding value fop boards is  



based on a m a n  chord of 0-79 feo t .  The rudders a re  represeilted by 

based on a mean chord of 0.66 f e e t ,  The h u l l  roughness i s  judged approximately 

that  of smooth marine p a i n t  (Narcha j L1964], p. 241); Tlerefore,  the roughless 

4 i s  2 mils  and ( ~ / k ) =  7.5 x 10 . The var ia t ion  of Cf with Re f u r  parameters 

of roughness is shown f o r  convenience a s  F i g u ~  A-2, Accordingly, Cf h u l l  = 

- 0.0033; Cf bd - Cf ntd = 0.0018. With a 300 pound crew, AT = 5'2.5 f t2  from 

equation (A-2), Thus, f l8om equation (A-L) , 

G 

Furthermore, examination of the  data (and comparison with Figure A-2) show t h a t  

ui th h u l l  roughness r a t i o s  of (~/k) < 15, the  h u l l  skin f r i c t i o n  coeff ic ient  i s  

essential ly independent of. Reynolds number (; ie,  of boat  speed) f o r  speeds 

greater than about s,ix mi les  per  hour. The~efore,  the  assumption of constant Cf 

appears va l i d  over a reasonable port ion of the  speed range- 

The Hyk-odynamic Induced Drag Ratio, In evaluating the hydrodynamic 
s <&+-a 7 <<?, 

induced drag t o  hydrodynarnc r a t i o ,  l e t che r  b9657 suggested the  application of A .. 
Lifting l j n e  theory t o  the  boat underbody which was re f lec ted  i n t o  the  water 

surface t o  s a t i s f y  t h e  boundary condition i n  t h a t  plane. It was assumed tha t  

the water surface i s  approximately f l a t .  Such a construction of the  present boat 

is shown a s  Figure A-3, The effect ive  aspect r a t i o  of t he  boards so re f lec ted  i s  

5.0 in t h i s  case. For the rudders, (R, - 4 -5  a s  reflected.  

However, in the present  .case where t he  rudder i s  hung filom the  transom, it performs 

as a surface p ie rc ing  hydrofoil  and the  effective aspect  r a t i o  i s  roughly 2ke 



According t o  l i f t i n g  lirle theory (see, f o r  exaniple, Prandt l  and Tietiens El9347 

Chapter VI), the drag f o r  hydrofoil supfaces such as  the boards shorn in figure 

A-3 cap be expressed p- - 

$% 
is the p ro f i l e  o r  'lzero l i f t f f  drag coefficient of the boards which 

includes pressure drag and skin f r ic t ion;  

and 

i s  the induced drag 01- drag due t o  sideforce of the boards. In the present case, 

the t o t a l  drag due t o  sideforce has been chargedto the boards and, hence 

where 

C, 
and A 1 is  defined on Figure A-3. 

The empirical Eff iciency factor" e b provides a means f o r  evaluating ~ a r i o u s  

I shapes (such a s  those of Figure A-3) relative t o  the e l l i p t i c  shape (see, for  

1 example, Wood [l~f;~] Ghapter 9). The calculation of drag due to sideforce i n  
I 
I 

the case of the boards should include effects  of ftsidewashfl of the body and 

"sloCU e f fec t s  a t  the daggerboard well (see, f o r  example, Wood r19552, 
I . 

a). . t he  present case, these were neglected. 
1 

I 



Wherever l a t e r a l  t r i m  i s  a consirieration (letcher p 9 6 9 )  the rudders 

will perform as  sideforce producing surfaces with attendant induced drag. Air- 

water interface e f f e c t s  and ventilation (for example, Hoerner [196~]~. 11-29) 
" 

become a consideration under these circumstances. In the present case, the ' 

rudders were assumed t o  operate a t  zero l i f t  f o r  a l l  headings. Perfomance 

testing l e d  t o  the conclusZon tha t  this i s  a reasonable approximation except 

when r u n ~ i n g  with the ma-in only (for the boat of the present investigation). 

From previous considerations (equation (9)) 

which can be expressed in terms of coefficients by 

and, subst i tut ing i n t o  A-10, 

for streamlined shapes. Clearly, the hydrodynamic induced drag t o  sideforce r a t i o  
r - 

is not constant. It i s  a function of the variables f t2.(4 , .S,>\* - S~&\'YJ~ ; 

i e ,  t o  t h i s  approximation r;CDY/cs_1 is a function of the aerodymamic - - -I 

wind angle (j , the velocity r a t i o  \ , and quantit ies which are 
\ 

parameters in the problem. The statement tha t  C R a  and 6 ,  depend only 

On P w i l l  be ju s t i f i ed  i n  the following section. 



The hydrodynamic lift required i s  g ~ e a t e s t  f o r  the  close hauled condition 

fo r  a givdn value of t r ue  xind. Therefore, the  rr&irni~rn value of drag due t o  

lift should occur a t  t h i s  heading, This may be seen by equation (A-12) from 

which may be forfned t he  r a t i o  
< 

For i l l u s t r a t i o n ,  t h i s  was calculated f o r  the boat  of the  present investigation 

using measured values of [''v~] a t  d i f f e r en t  headings. 

The foregoing discussion applies t o  streamlined sections a s  was previously 

stated. For the  present  investigation,  stock DC - a boards were ilsed f o r  most; of 

the runs. The sec t ion  and planform are  shown on Figure A-3. It was concluded 

that  the  l i f t  and drag character is t ics .  of such a configuration would be more 

nearly approximated by f l a t  p la te  data than by l i f t i n g  l i n e  theory, Therefore, 

an empirical  equation describing the  dependence of drag on l i f t  bras f i t t e d  tcr NACA 

data ( ~ r u c e  p 9 6 2  b]). It . r e su l t s  t h a t  

.-. . 
- c' --I- -" \ \  5 ; 

for the rectangular f l a t  p l a t e  of R= 5 Assuming CR, - + r 2 a h , ,  

C ' ; and (~a/Tb) = 2 i correspondingly, 



and the leeway angle i s  

0 
which'is well above the 6 attack angle f o r  minimmdrag t o  l i f t  r a t i o  of the 

boalld, The maximum induced drag t o  sideforce r a t i o  i s  

according t o  t.his estimate, However, f o r  a streamlined section of the same plan- 

form and aspect r a t i o  and the same conditions, 

- -  (A-18) k\11.," 0 

from equation (A-12) a t  an angle of yaw (leeway) of 7 which is  doubly advarttageous, 

lk summary, it i s  well  hown tha t  Yne induced drag t o  sideforce r a t i o  varies 

with heading t o  the apparent wind. A measure of the nature and degree of its 

dependence on heading f o r  a boat trimmed f o r  zero helm on a l l  headings can be 

obtained from Figure A-4,- An explici t  expression of i ts dependence on @ and 
\ 

I I_V~/V&] is given by equation (A-12). Equation (A-12) when combined 16th 

equation (13), page A-1, y i e lds  equation (16), page 16, the performance equation 

in terms of the apparent speed rat io ,  
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TABLE I 

GEOMETRIC PARAMETERS OF DC - 14 P 

Ab 2 
board t o t a l  wetted area  = 4.5 f t .  ; 

< 

A f (equation A-2) = L40.5 + .04 (crew weight)],  f t .  2. , 
A i  "induced drag area" = 3.44 f t  . 2 

4 A j 
2 

j i b  a rea  = 40 ft, ; 

Am mainsai l  a r e a  = 100 ft.2; 

Arud rudder t o t a l  wetted area = 4 f t . 2 ;  

Aspin spinnaker a rea  = 115 f t e2 ;  

8 b  board aspec t  r a t i o  r e f l ec ted  (Fig. A-3) = 5; 

I@, m d  rudder aspect  r a t i o  r e f l ec ted  (Fig. A-3) = 4.5; 

ks hydrodynamic roughness = .002 inches;  

c h a r a c t e r i s t i c  h u l l  lengtfi (page A - 3 )  = 12.5 f t .  ; 

Wb boat  weight (sans crew) rigged f o r  r ac ing  = 430 l b s .  
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