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ABSTRACT
The successful 1976 challenge was
an cxcellent test of the modern wing
sall concept of the Australian boat vs.
the equally modern and sophisticated
"soft'" sail rig of the U.S. challenger.
The very complete data taken on site by
the designer of Miss Nylex during the
races has been comparced with computer
predictions of the comparative perfor-
mance of the two boats based on aerody-
namic an:l weight diffcerences. The
predicted outcome is in good agreement
with the obscrved result, The analysis
illustrates the points of comparative
superiority and weakness of the two
configurations quite clearly, prompting
a prediction of the future course of
developmrents for both rigs.

NOMENCLATURE

A area

P13 geometric aspect ratio =
[(span)?/area) .

C cocfficient = [force/LoV*A]

Cr aerodynamic resultant force
a coefficient; Cr, = /CcZ +Cp?
Da aerodynamic drag force; parallel
to apparcnt wind vector (V,);
Da =Dj + Dy + Dy
hydrodynamic drag force; parallel
to boat velocity vecter (V)
R thrust (driving force of sail)
dynamic pressure %pV?
resultant force vector
velocity vector, speced and direc-
tion
specd (without subscript indicates
full scale boat speed)
all up weight, pounts (including
foils and crew)

=
=

= < <o

a angle of attack of foil

) apparent wind angle

€g aerodynamic drag angle,
es = sin”![Da/Ra]

o heel angle

™ parasite

P density

1 true wind angle

Subscripts
a aerodynamic or apparent

boat

crossvind
{riction
hydrodynanic
inducrd (drag)
profile

sail

Mo rITFmN o

- vector quantity giving both magni-
tude and dircction

INTRODUCTION

The 1976 Little Amcrica's Cup Chal-
lenge saw the cup returned to the U.S,
for the first time since its deed of
gift. As is well known, it was won by
England at Sea Cliff, New York, in 1961.
The U.S. has challenged five times
unsuccessfully since. The 1976 e¢vent in
Australia reccived cexcellent coverage in
the yachting press and there is no need
to repeat details. However, two things
made the result singularly interesting
from the point of view of the Monday
morning yachting quarterback:

1. It appeared to be a clear casc
of wing sail vs. "old-fashioned”
soft sail rig (Figures 1 and 2);
and

2. very complete data with respect
to comparative performance on
each leg of each racc was
recorded, analyzed and published
(see Figure 3) by H. Roy Martin,
designer of Miss Nylex.

The rig differences were highlighted
because the hulls were very similavr in
form and much of the difflcrency in
weight was in the rigs. The fact that
the sailing data werc availablc in great
detail led to the present ex post facto
analysis of the match.

The object was to see whether it is
in fact possible to gain further insight
to the character and perfermance of the
boats themselves by predicting the out-
come of such a serics of races and com-
paring it with the actually observed
performance. The special interest on a
comparison of the rigs is natural since
it is only in the IYRU international



Coeatamaran olass that the development
of the wingsail has [lourished. It
would be particularly interesting to be
able to predict whether the ultimate
potential of the sophisticated soft rig
is as great as that of the wing.

Comparing geometries, the hull form
and the board and ruddcr planform of
Aquarius V are shown in Figure 1. The
hulls of Miss Nylex, though not identi-
cal, arc closely similar to those of
Aquarius V according to all rcports.
"There are minor differences in board and
rudder planform between the two boats.
These diffcrences were neglected in the
present analysis.

The rig differences are seen by
comparing Figures 1, 2 and 4, The
Aquarius V boomless rig is lipght weight;
bendy; of essentially elliptic planform;
high aspect ratio with deck seal; per-
mits twist and camber control (including
mast rotation); and is of parabolic scc-
tion. Maximum attaineble camber is
approximaiely 205, The Miss Nylex wing
has the planform shown on Figures 2 and
4. The rig weight is more than double
that of Aquorius V. It is of straight
tapercd planform; slightly lower gecomet-
ric aspect rotio with 4 inches deck
clearance at the wing root; twist and
canber control are provided by the 25%
chord full-span flap system shown: and
the wing is a NACA001S5 scction. Maximum
flap angle is 40 degrees.

The differences in all up weight
tetwecen the two boats was tawen as 245
pounds, Details on the weight breakdown
used in the analysis are shown on Figure
4. The differences between "geometric"
and "effective' aspect ratios shown
there are discussed in the following
section.

The obsecrved relative performance
comparison [1]* for the two boats is
shown as Figure 3. According to refer-
ence [1], this figure is a smoothed plot
of data taken in order to show a trend
of telative performance betwecen the two
boats. It was obtained by plotting the
rccorded time differential of each leg
versus the corresponding wind spced.
Tentative conclusions were: (1) Aquarius
V is better than Miss Nylex on all points
of sail below § knots wind velocity;

(2) Aquarius V appcars to have better
performance to leeward and on the broad
reach over a broad range of wind spced;
(3) Miss Nylex appcars to have better
per{ormance to weather in winds over 8
knots and better performance on the
reach in winds over 9% knots; and (4)
considering that there are S weather
legs on the standard 11 leg course, the
cross over in overall performance appears

to be at a wind speed of roughly 11 knots.

*Numbers in brackets designate References
at end of paper.

Obviously, cxperiacental uneert gy

Jties exist in the takinp of any such

full-scale pevformance data (details are
given, for example, in reference [2]).
In general, onc would expect that local-
ly time dependent differences in wind;
wave and tide conditions; tactics; and
mistakes would bias the outcome and pos-
sibly e¢ven override the cffect of
iuherent differences in th~ boats them-
sclves. However, in the present example
a clearly systematic wind dependent dif-
fercntial emerpes despite the experi-
mental uncertainties. As sailorec, we
"know'" intuitively that this is duc to
the obvious differences in weight and
rig acrodynamics. The questiors of vhy
in detail the performance differential
exists is addressed in whot follows.

RTG _DICSTFERENCES PREDICTED _TROM_WIND _AKD
WATER T H\MT‘U,\W T

Only two factors arec rcqyuired in
assessing rig pcrfornnncn They are the
total acrodynamic force altaineble and
the corresponding drag angle (Figures §
and ¢). It occurs that for all sailing
unarigs (Figures I and 2) to datc a use-
ful maximum sail resultant force
cocflicient Cp, is roughly 2% for a
multi-element ving sail [3]. However,
with sufficiently high camber (roughly
20%) the fully battenced soft sail unarig
should also be able to attain cocffi-
cients approaching this magnitude {4].

‘The corresponding soft sail drag angles

are presently much higher than for the
wing sail and the performance trade-off
is the higher aerodynamic drae of the
one against the greater hydrodynamic
drag due to all up weight of the other.

For the semi-rigid and rigid una-
rigs used on Aquarius V and Miss Nylex,
respectively, the aerodynamics is
inherently much simpler than for more
conventional sailing boats where even
the most sophisticated analyses [5,6,7,
14] are no more than adequate for pre-
dicting performance. In the present
case, standard practical aerodynanic
procedurcs for predicting small aircraft
characteristics have a much better pro-
bability for success and they are used
herc. Specifically, the rig calcula-
tions arc based on wind and water tunnel
experiments [3,4,8,9) with rigid sail
shapes. For the purpose of this analy-
sis, the "rig" is defined as everything
above the sailing waterline including
the crew; i.e. the parasite drag or
windage of the hulls, bridge structure
and c¢rew arec taken into account in cal-
culating the.total aerodvnamic force.
The major contributors to rig drog in
addition to parasite drag arec sail
induced drag and profile drag.

A two-dimensional force and velocity

tA11 terms are def{ined in the nomencla-
ture.



diogran for a typical unarvip 1s shown
as Figure 6. The acredynamic quontitics
which govern performance are the magni-
tude of the thrust obtainable from a
given sail configuration on a given
heading and the amount of capsizing
moment (and added hydrodynamic drag) duc
to the hee ing component of the acro-
dynamic -resultant force on the sail and
hulls. Trigonometrically speaking

Crp =Cg, sin(f - ey);¢ = 0° ()=

where Cp, is the resultant force coeffi-
cient delined by Cry = Ry/(oVa?/2)A,.
Equation (1) can be 1cewritten in terms
of components (defined in Figure &) as

CPR = CosinB - CDa cos B (2)

where the acrodynamic drag Cp =Cp, *
Cpy *+ Cp;. The induced drag &Di can be
cxprcsseé in terms of the rig crosswind
force component and sail gecometry is

Cp, = s (3)

The evaluation of "effective' aspect
ratio requires the consideration of
planforim and deck seal cffects on sail
drag. The profile drag Cp, includes the
sail wake drag and friction drag as
measured in wind and water tunnel testo.
The parasite drag D, is bascd on the
projected non-sail arca "scen'" by the
apparent wind vector V, (Figure 5).
Hence the value of the parasite drag
coefficient Cp, defined on sail areca de-
vends on the angie of the anparent wipd
This dependence is only on B, the
apparent wind angle, and is easily taken
into account in the performance program.

The acrodynamic drag (Cp,) and
crosswind (Cc) components are thosc
customarily measured by wind tunnel
balance systems. Therefore, it is con-
venient to use them in constructing the
rig "polars" for the two boats. As
previously mcntioned, the Aquarius V rig
section shape was parabolic. However,
circular arc data was uscd here because
more of it is available (for example
references [4,8,9]) over a wider range
of camber (zcro to 20 percent). Further
more, comparative wind tunncl test
results [9,10] indicate that at least in
the camber midrange and for these two
shapes the total aerodynamic force and
drag angle depend mainly on camber and
only slightly on shape. Figure 7 shows
two-dimensional data from circular arc
scctions plotted in polar form for cam-
bers varying {rom zero (flat plate) to
18% of the model chord length. Figure
7 clearly demonstrates the dependence
of total aerodynamic force coefficient
CRa on camber. It also shows why there

*Forces are dimensionlessly represented.
See nomenclature.

bsoone "besi" canber for ocalh val .
sail force cocfficient. Yor exanple,
from Figure 7, if the sclecied sail
crosswind force cocfficient is 1.3, 6%
camber is too f at; 15% and 18% arc too
fully and 10% gives the least drag and,
therefore, maximum thrust [sce LEquation
(2)]. Obviously the uscable magnitude
of sail force coefficient is limited by
considerations of hcel stability or
pinching to windward and also sometimes
by pitchpoling stability broadreaching
or tacking dounvind. This limitation
on useable acrodynamic force is clearly
shown in Tables II and 117 by the con-
puter printout of sail force cocfficient
magnitudes "sclected" by the boats in
10 knots of wind on diffcrent headings.
The full capability of the rigs is not
utilized cven in this moderate brecze
until) « heading off the wird greuater
than 120° is ecxceedrd. In 1S knots or
greater true wind speecd, ncither boat
can utilize the full potential power of
her rig on any heading cxcept nearly
dead downwind.  And, typicully, "high
perforimance"t sailing vehicles (inclu-
ding these) jibe downwind (sce Tahlens
IT and 111, columrs 21, 22 and 23) so
that a continuous heading of 140° to
the true wind is never cxceeded in any
case. In other words, the full power
of the rig is never used in winds over
10 knots. Of coarse, conlinuous tirim-
ming results from adjusting to varia-
tions in total acrodynamic force. And
for the best performance, as indicated
by the forcgoing example, +his implies
trirming along an "envelope" or locus
of angle ot attack and camber points tor
maximun thrust as shown by the dashed
linc on Figure 7. This dashed line is
the two-dimensional form of the sailing
envelope uscd in performance calcula-
tions for Aquarius V.

In a similar way, the two-dimen-
sional sailing cnvelope for Miss Nylex
was obtained. Wind tunncl two-dimen-
sional data for a NACAQO1lS scction with
25% flap is furnished by refercnce [117].

-Flap angle variation from zero to 40

degrees corresponds to camber variations
from zero to approximately 16 percent.
The locus of trim points for maximum
thrust for this configuration from the
two-dimensional flapped NACAQOO1S wind
tunnel data is shown compared with the
zero thickness circular arc data on
Figure 9. Equally high maximum cross-
wind coefficients are indicated for both
sections. The differcnce in charac-
teristics of the two sections is almost
entirely in the profile or wake drag due
to flow separation from the highly

+A "high performance' sailing vehicle in
this context is onc which normally
sails at specds greater than wind
specd; for cxample, iceboats and land
yachts.




canbered crouiar are at larpe vatues
of sail cocfficient, As indicated by
cyquation (2), this drag has an adverse
effect on thirust at any sclected heuading
£ to the apparent wind. In other words,
on the basis solely of the two-dimen-
sional acrodynamic data the flapped
w¥ing sectinn should provide equal or
greater thrust than the circular arc
section for all selected sail scttings.

In order to make performance pre-
dictions it 1s necessary to evaluate the
three-dinensional effects; namely, the
added drag duc to planform [ecquation
(3)] and the parasitc drag. Some
details of the comronly uscd empivically
based engincering procedures for maling
such corrections are given in references
[3,10,12,13] and will not be repeated
hore.  The diffcererces in induced drog
due to planform and deckscul differences
were evaluated and found to be small as
is indicated by the difference in effec-
tive aspecct ratio (Figurc 4). And the
calculated windage or parasite drag was
the same feor the two configurations
since the hulls were assumed of identi-
cal geometry and standing and running
rigping parasite drag differences vere
igrored. Consequerntly, the major dif-
fercnce betwcen the Aquarius V and Miss
Nylex rigs is the diffcrence in sail
wake drag due to scparated flow as shown
by the two-dimensional data on Figure 8.

The final resulting thrce-dimen-
sional rig polars corresponding to
Figurcs 1 and 2 are shown on Figure 9.

A mean volue cf parcsite drag cocfii-
cient (Cp, =0.17 at B=45°) 1s included
in the values shown on Figurc 9 as an
indication of its relative importance to
overall rig performance. These final
results are used as tabulated input data
to the performance program. As pre-
viously mentioned, the parasite drag is
handled as a separate item in the prog-
ram because of 1ts dependence on heading
to the apparent wind.

A comparison of the polars of
Figure 9 shows the aerodynamic differcn-
ces in the two rigs as gaged by relative
magnitudes of the aerodynamic f{orce
cocfficient Cp, and drag angle es. The
differences aré not grcat at small
valucs of camber and angle of attack
(small acrodynamic force) but for large
values of force the wing sail drag 1is
much smaller. The wing sail thrust
{equation (1)] should be correspondingly
prcater for the large values of aero-
dynamic force. Thrust aud heeling force
coefficients of the two rigs arc com-
parced in Table 1 for a selected hcading
to the apparent wind (8 =45°). Table I
shows that the Miss Nylex rig has the
advantapgc both in magnitude of thrust
available and ratio of thrust to hecling
force for all low range and high range
values of aerodynamic force attainable
by either rig, especially the large

valuc: . For madrange vatucs (1. i, <
1.6) the indicated performance of the'
two rigs is equal. However, as cvents
in Australia proved, the acrodynamic
advantage by it<clf is not enough. The
total rig performance must be evaluatced
in terms of the weight penalty inherent
in the wing structure. In order to
asscss this weight factor in a quantita-
tive way it beconcs necessary to analyze
the performance of the total vchicle
including the rig.

COMPARATIVE PREDICTED PERFORMANCE--
AQUARTUS VTvs . HISS RYLEX

Scveral performance prediction
mcthods suitable for application to the
present problem arc revicwed in
refcrence [14]. The degree of general-
ity of application of a particular anal-
ysis tends to vary directly with its
complexity as might ve expected [2,15].
The present case involves a comparative-
ly simple pair of daysailing catamarans
performing over a broad wind spectrum
on cvery point of sail in :=olatively
smooth water. “The performance analysis
of Riisc [16], devised for just such
conditions, was choscen for application
herc. 1In addition to predicting overall
performance, it has the advantoge of
laying out the details of performance of
subsystems (like the rig, hulls, boards,:
rudders, hydrofoils, etc.). It iz suf-
ficiently sophisticated to permit

¢+ evaluating the etfects of hceling on

hydrodynamic drag (Tables 11 and III,
columns 14 thru 17) and heeling moment
and pinching on rig nower untilizatiop
(columns 5, 11, 12, 13). In short, it
was formulated as a design tool and is,
therefore, ideal for the evaluation of
effects of configuration differences
large or small on performance in''{lat"
water. Rig and hull configuration data
are handled conveniently as program in-
put data.

The gencral restrictions on the
theory are to flat water and stcady wind
conditions. Additional simplifying res-
trictions arc applied which secin realis-
tic in the context of catamaran racing.
They include assuming that the weather
board and rudder are always retracted;
the boat has zero helm on all hecadings;
the hulls have zero leeway angle (jibing
boards are assumed); and rig power
dtilization is limited by hull flying
and/or pinching considerations to wind-
ward and by heceling rather than pitch-
poling stability off the wind. The
immersed board arca is determined by rig
demand; i.e..by, the sideforce conponent
of the total acrodynamic force. If the
boat spced is sufficiently great, only
enough board area is immersed to permit
operation at maximum board sidcforce to
drag ratio. At boat spceds lower than
that requiring "board full down', the
board angle of attack is increased to
compensate (Tables 1I, III; column 11).



hote that the sideforce to drag ratio
maxinum moves to lower board coeffi-
cient valucrs as theboard aspect ratio
decreases of f the wind, The wind pro-
file is "modeled” by assuming a constant
mean velocity from masthead to deck
level and a lincar decrease to zero at
water level. Hence, a lower value of
wind speed is used in determining wind-
age than for sail force. Thi. model is
an acceptable approximatizn to a turbu-
lent wind velocity profile. The result
of these idealizations topether with the
sailing envelope rig concept devceleped
in the previous section is to present
the sailor with an expccted upper limit
of performance for a given -onfi;uration,
Each restriction on tho present theory
can, however, be recadily removed for
evaluation of itz effect on total per-
formance if the investigator so desires.

Input data include the aerodynamic
characteristics of the rig and the
hydrodynamic chavacteristics of the
hulls. The acrodynamics input for the
present vase is summarized in Figure 9.
The hull hydrodynamicsis described in
reference [17]. The hull design was
based on the Taylor Series of mathcema-
tical models. Empirical values of wave
drag coe{ficient [18,19] were uscd
corresponding to the prismatic, block
and volumetric cocff{icients of the
design. Progrem inputs include indivi-
dual hull displacements (Tables II, 117,
coluimns 14 and 16), immersed waterline
lengths and corresponding wetter surface
areas. The individual hull drags arc
ccbulatced in Tables Il and I11; columns
15 and 17.

The pcrformance outputs for
Aquarius V and Miss Nylex are summarized
in columns 21, 2? and 23 of Tables Il
and III for 10 knots wind speed. A
comparison of the performance for 5, 15
and 25 knots windspeed is shown plotted
on Figure 10 for all practical headings
to the true wind. As reference to
column 21, tables II and III shows for
10 knots wind speed, pinching above
1 =45° or heading below 1 =130° is
harmful to windward or leeward perfor-
mance, respectively. This is typical
of all windspceds (0 <V, 2 25 knots) in-
vestigated for these two boats although
the heading for best speed made good to
leeward tends to broaden with increasing
wind speed.

Figure 10 also shows the effects of
increasing windspeed on maximum boat-
speed to windupecd ratio. The pecak
values for both boats diminish with in-
crecasing windspeed and are attained at
increasingly greater headings off the
wind as the wind incrcases due to the
nccessity to control the heel angle by
reducing sail force. An cxception is
the performance at 10 knots as shown by
Tables I1 and III. At this wind speced,
the maximum predicted boat speed ratio

I

has incicesced by 4.1% from that yy &
knots while the point of sail hos bLraoag-
ened from t=85" to 1=105°, The
freater speed ratio is explained by the
fact that the boats are not ablc to fly
a hull in 5 knots of wind whercas in 10
knots, the windward hull is not imnersed
until v =125° for Aquarius V and 1 = }115°
for Miss Nylex (cclumn 16). Finally,
Figure 10 shows that the "ighter boat
has the advantage on all points of sail
in light air (V; = 5 knots) despite her
"dirty" rig. The heavier boat has the
advantage for V. 515 knots cxcept for
broadreaching and tacking downwind.

For V. = 10 knots (sec Tables) the pre-
dicted performance 1s very nedrly cven
up to 1 =105°.

From Figure 10, it is easy to pre-
dict the outcome of racing Aquarius V
and Miss Nylex over the standard Z-class
coursc sailced in Australia. The stund-
ard course is a 3, 4, § right triangle.
The windward leg is 1% miles; the beam
reacl: is 2 miles; and the closing leg is
2% miles.. Calculations made for Vi =
S, 10, 15, 20 and 25 knots arc prescated
on Figure 11 as "seconds advantage per
leg"” versus the true wind speed. These
are to be compared with the observed
results shown as Figure 3. Qualitative-
ly the agreement is quit good,

In light air (V; <9 knots) the
lighter boat has a drag advantagec on all
legs which increases as tile wind drops
off and espccially so on the windward
legs. For V,.>10 knots, both boats are
ilying a hull and the heavier boat, Miss
Nylex, gains the advantoge because the
greater heeling stability due to all up
weight permits her to extract propor-
tionately morc power from her rig. The
harder the wind blows, the greater her
advantcge to windward. On the beam
reach, as the wind frees and heeling
stability is less critical, the advan-
tage to Miss Nylex decreases. On the
broad reach and tacking downwind the
weight advantage disappears altogether
and the lower drag of the lighter boat
again becomes the dominant factor des-
pite her aerodynamic disadvantage.

Since there are 5 windward legs to
each race and 2 each of beam recachcs,
broad reaches, and leeward legs, it 1is
a simple matter to predict the outcome
of all races between the two boats for
average wind spceds between 5 knots and
25 knots., The predicted results are
shown on Figure 12 compared with the
actually observed results. The agree-
ment, with the exception of the fourth
race, is very good. In fact, in view of
all the extrancous factors which general-
ly influence the outcome of racing (such
as mistakes, wind shifts, strategy and
tactics, and luck) it seems surprisingly
good. However, seven races are involved
on separate days under vwidely varying
conditions which makes the agrccment
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vicw of this that advantapges due to ex-
trancous factors balanced themselves
out and that the outcome is truly a
reflection of the differences in design
of the boats themselves which, of course,
is all that the thcory is able to pre-
dict. We conclude that the assumptions
made in undevtaking this analysis wcre
correct; namcly, that weight and acro-
dynamic differences were primarily
re¢sponsible for the differences in per-
formace of the two boats and that the
detailed differences in hull hydrodyna-
mics including boards and rudders were
of minor importance. Also, for this
casc luck, tactics and personal dif-
icrences were secondary factors.

PREDICTLD FFIECTS OF DESIGN MODIFICA-
TIONS

If onc accepts the forcgoing as
evidence of the reliability of the pre-
diction method, some comments regarding
possible improvements in the performance
of both boats may he made., First of all,
it is necessary to separate the effects
on performance of weight from the aero-
dynanic effccts., Figure 4 shows a dif-
ference of only 112 pounds between the
two ripgs whereas the sailing weight
difference was 245 pounds. Figure 13
shows the predicted cffect of elimina-
ting the weight differcence (133 pounds)
due to hulls and crew. The 112 pound
weight difference due to the Miss Nylex
wing is retaincd. A comparison with
Figure 11 shows that Aquarius V retains
her advantage only on the beat in light
2it and cn the beam Teach iu wiuds avove
10 knots. The advantage to Aquarius V
in both instances is duc to the fact
that sail cocfficients arc limited by
pinching to windward in light air and by
heeling in a breeze on the beam reach.
Thelimited range (1.0 <Cg, <1.6) is that
where the rig acrodynamics is almost
identical (Figure 9) and the weight
advantage of the lighter rig takes over.
However, the cleaner rig more than com-
pensates f{or the weight penalty on all
other points of sail. The predicted
race results arc shown on Figure 14.
According to this, Aquarius V in compe-
tition with a 902 pound Miss Nylex would
have won only races 1 and 4 (compare
Figure 12). And, as might be expected,
if it were possible to build a wing of
as little weight as Aquarius V's soft
rig (Nylex wt. = 790 1lbs; Figure 12),
Aquarius V would never have won at all.

Another weight question 1is, "is
lighter really better or is it only
better in light air?" We have argued
that a heavicer boat is stiffer and there-
fore more powerful in hecavier air. This
question was answered by comparing the
lightweight and heavywelight versions of
Miss Nylex (Figure 15). The results
show that the light boats have the edge
up to 20 knots wind speed. According to

'
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started in winds over 22 knois, Theice-
fore, lighter is better in C-class and
comparing the two lightweiphts plotted
on Figurc 15 shows thatr the lighter it
is the better i¢ is at any given wind
speed despite the greater heeling stabi-
lity of the heavier boat. Comparing
Figurc 15 with Figure 12 also indicates
the possible advantage to Aquarius V
(Aq V. wt. = 790 1bs + 112 1bs wing wt.)
by adopting Miss Nylex's wing.

Of course, if Aquarius V is forced
to adopt a lightweight version of the
Miss Nylex wing the battle of winpg sail
versus soft rig is lost. The obvious
rcaction to this contingency is for the
Aquarjus V camrp to develep a clcaner
soft rig able to compete with wing acro-
dynamics at all weights. FEfforts in
this direction are being nade [9,10]}
following the preceaent sct recently by
Wortmann [20] and lLicheck [21] in high
lift aerodynamic developments., However,
little success has been achieved so far.

If no improvement is made in soft
rig aerodynamics, the performance at
wind speeds above 10 knots must be im-
proved by othcr necans if Aquarius V is
to rcmain conpectitive. Onc way to
improve total performance is to improve
the performance becating and beam reach-
ing in the hecavier winds by making her
stiffer. One heritates to suggest

.adding water ballast on these legs.

However, if it were possib’e to ballast
Aquarius V to Miss Nylex weight only on
beats and heam veuaches at wind speeds
greater than 10 knots the performance
would be improved as shown by comparing
Figure 16 with Figure 12. Ballasting,
although it improves performance,
appcars not to be decisive. A more pro-
mising approach is to reducec the sail
center of effort by reducing the mast
height. The predicted induced drag per-
formance penalty is serious at wind
speeds below 10 knots, but the lowered
center of effort pays off handsomely at
wind speeds greater than 15 knots. This
approach appears to be practical.

SUMMARY AND CONCLUSIONS

Aquarius V is a lovely C-class boat.
She is inexpensive; simply laid out and
rigged; lightweight; boomless; and fea-
tures one of those easy-to-handle, rug-
ged and practical, lightweight soft rigs.
If she were of lower aspect ratio she'd
be easy to single hand off the beach in
a good breeze. And only those who have
sailed these powerful and agile boats
know what a pledsurc that is. The cur-
rently conpeting winged machines fill
none of the above specifications except
the last and most important one--they
arc outstanding performers. Their only
performance limitation relative to the
soft riggced boat at present is the in-
herent weight penalty due to the wing




structure. Fven so, there secems no
doubt that weather conditions were deci-
sive in the 1976 Challenge in Australia.
Referring to Figure 12, i1f the average
wind speed for vace number sigc (say) had
becen 3 knots stronger, Miss Nylex would
probably have wond the serics.

The present analysis shows that rig
acrodyranics and all up weight are the
really significant performance limiting
factors and that other differences tend
to be minor for these well tuned and
well raced boats. For a given rig,
"lighter is better"™ for all practical
wind speeds for C-class racing as the
performance predictions of Figurc 15
show,

If boats of equal weight are racced
(Figure 14}, the cleaner rig will win.
If a rcasonable weight penalty is
assigned the clcancr (winged) boat, it
will stil]l win except in very light air.
In fact, Figure 14 indicates that a
little extra weight in the wing is a
good thing as long as the heavier boat
has an a-rodynamic advantage.

The soft rigged boat has the in-
herent 'tig lightweight advantage to
balance off against the separated wake
flow aad added acrodynamic drag it in-
curs in order to operate at sail force
coefficients competitive with those
attaincd by the wing. The weight advan-
tage will be retained in the future
becausc the same structural advances
which are being used to lighten and
strengthen wings are being used to
lighten and strengthen the soft rigs.
However, the inherent disadvantage of
the soft rig, namely its high wake drag,
is sufficiently great at the prescnt
time to permit the wing rig to tolerate
a weight penalty and still outperform
the soft rig as demonstrated by the
calculations on Figure 14. In order
for the soft rig to remain competitive
in C-class it is necessary to develop
a section shape which will avoid flow
separation at high cambers and high sail
force cocfficients. Failing in this, it
would appcar that the soft rig will have
to win future matches by dint of super-
ior strategy, tactics, sailing skill,
and luck rather than by superior boat-
speed.

ACKNOWLEDGMENTS

Thanks are due to Norman Riise for
the performance program utilized here
and for his generosity in working with
the scnior author during the ecarly
period of application of the program to
current C-class problems. The coopera-
tion, supgestions, and criticisms of
Lee Griswold and Alex Kozloff throughout
the analysis were greatly appreciated.
The contributions of graduate students
Frank Morris and Neocles Athanasiades
in adapting the program to the SUSB

Univac 1100 computer were most helptul,

REFERFNCES

. 1. Kezloff, Alex, pcrsonal commu-
nication, March 1976,

2. Bradfiecld, W. S., "Prcdicted
and Mcasurcd Performance of a Daysailing
Catamaran', Marine Technology, Vol. 7
No. 1, January 1v70.

3. Schrrrer, J. 0., "Aerodynamics
of High Performance Wing Sails", Marine
Technology, Vol. 11, No. 3, .July 1974,

4. Milgram, J. H., "Secction Data
for Thin, Highly Cambered Airfoils in
Incompresszible Flow', NASA CR-1767,

July 1971,

5. hyall, J. 0. and Berger, S, A,
"Recent Progress in the Analytical Study
of Sails'", AlAA Sccond Synpesium on the
Hydronautics of Sailing, Procecdings,
Vol. 9, 1970.

6. Milgram, J. H., "Sail Feorce
Cocfficients for Systematic Rig Varia-
tions', SNAML, Technical "and Research
Report R-10, Scptember 1071,

7. Sparcnberp, J. A. and Viersna,
A. K., "On the Maxinum Thrust of Sails
by Sailing Close to Wind", J. of Ship
Rescarch, Vol. 20, No. 2, June 1976.

8. Wallis, R. A., "Axial Fl~rw
Fans'", Acadciic Press, New York, 1961.

9. Bradfield, W. S., Griswold,

L. M. and Clauser, F. H., "Wind Tunnecl
Scction Data for Two Highly Cambered
Rigid Sail ®odels Through the Critical
Reynolds Number Range', State University
of New York at Stony Brook Report No.
284, November 1976.

10. Dbradfield, w. S., “The nvaiua-
tion of Sailing Vehicle Rig Polars from
Two-Dimensional Wind Tunnel Data'", State
University of New York at Stony Brook
Report No. 285, January 1977.

11. Ames, Milton B. J.,

b4

"Wind Tun-

“nel Investigation of Two Airfoils with

25% Chord and Plain Flaps', NACA TN763,
May 1949,

12. Hoerner, S. F., "Fluid Dynamic
Drag", Hocrner Fluid Dynamics, New
Jersey, 1965.

13. Hoernecr, S. F. and Borst, H.
V., "Fluid-Dynamic Lift", Hoerner Fluid
Dynamics, New Jersey, 1975.

14. Letcher, J. S., "Handicapping
Rules and Performance of Sailing Yachts",
Collected Papers, Chesapeake Sailing
Yacht Symposium, SNAME 1974.

15. Myers, H. A., "Theory of
Sailing Applied to Ocean Racing Yachts',
Marine Technology, Vol. 12, No. 3, July
1975.

16. Riise, H, N., "Optimized Hull
Length for a D-Class Catamaran'", Pro-
ccedings, First' AIAA Symposium on Hydro-
nautics of Sailing, pp. 171-194, Los
Angecles, California 1969.

17. Riise, H. N., personal commu-
nication, letter dated April 26, 1972,

18. Gertler, M., "A Reanalysis of
the Original Test Data for the Taylor
Standard Series'", DIMB, Report 800,
March 1854.



19, vebh, W, v, WL, "Scriecs 64 Re-
sistance Expcriments on High Specd Dis-
placement Forms', Marine Technology,
Vol. 2, No. 3, 1965.

20, Vortmann, F. X., "The Quest
for High Lift", AIAA/MIT Symposium on
Low Speed Flight (procecdings), paper
no. 74-1018, Secptember 1974.

21. Licbeck, R. H., "A Class of
Airfoils Designed for High Lif. in
Incompressible Flow", J. Afrcraft,
October 1973.



Table I. A Comparison of Thrust and lecling Force Coefficients
for the Two Rigs.

Drag Angle Ratio o: Thrust

Thrust Cocfficient

CRQ €g : to Hecling Eorce
‘ Aquarius | Iiiss Nylex | Aquarius {Miss Nylex | Aquarius {Miss Mvlex
0.45 33.98 42.27 0.086 0.0214 0.1947 0.0476
0.6 23.5 21.7 0.22 0.24 0.39 0.44
0.9 16.09 15.30 0.44 0.45 0.55 0.57
1.2 12.9 12.9 0.64 0.64 0.63 0.63
1.5 12.0 12.0 0.82 0.82 0.65 0.65
1.8 12.18 11.98 0.98 0.98 0.65 0.65
2.1 14.62 12.97 1.06 1.11 0.59 0.63
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Figure 6.

Definition of Aerodynamic Force Components.
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Definition of Two-Dimensional "Sailing Envelope' Based

on Wind and Water Tunnel Data.
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Figure 1.

Predicted Comparative Performance on Each Leg of the

Standard C-class Course Raced.
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Figure 12,

A Comparison of the Predicted and Observed Cutcone of the

1976 Challenge.
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Ficure 13.

The Predicted Effcct per Leg of Reducing Miss Nylex Weight.
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Figure 14. The Predicted Effect on Series Outcome of Reducing Miss

" Nylex Weight.




