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Sails arewingsthat use the wind to generate aforce to move
aboat. Thefollowing explanation of how this occurs can help
understand how to maximize the performance achieved from
sails.

Sails are Flexible Wings. It is useful to recognize what a
typical sail is. They are normally built from aflexible material
in order to allow the sail to work with the wind on either sideto
allow tacking. Thisisasignificant restriction that prevents
many shapes from being built because they would not be able to
support themselvesin thewind. Thisleadsto the traditional
triangular planform of sails, since the material below hasto hang
from the material above, which eventually isreduced to a point
at the top of the mast. So, the problem becomes how to build
and operate aflexible sail in the wind to produce a substantial
force component to move the boat.

Astherestriction that sails support themselvesisdimin-
ished (full battens and stiffer materialsfor example), sailscan
evolveto be moreefficient. Their appearance then becomes
morewing-like and less sail-like. Analyzing how asail works
asawing isuseful, not just for modern sails that ook more like
wings, but also for very traditional sailsthat, while they look
like sails, operate very much like wings.

Velocity and Pressure. Flow accelerates over the top
surface of an airfoil, either becauseit is at an angle to the flow,
or because the top has more curvature than the bottom, or both.
When afluid (likeair or water) isaccelerated, the pressure that
it imparts on an adjoining surface decreases. Thislower
pressure pulling upward on the upper surface of awing produces
lift.

Camber. If thethickness of an airfoil isignored, it can be
reduced to athin curved line defining the camber. The shape of
this camber line determines the amount of lift produced at a
fixed angle of attack. Since asail has essentially no thickness,
it existsonly as camber. Theflow over the convex leeward side
has reduced pressure (through accel erated flow) and the flow
over the concave windward side hasincreased pressure (through
decelerated flow). Thedifferencein pressure acrossthe sail
holdsthe flexible sail into its cambered shape and produces
force to pull the boat.
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Pressure vectors and flow over a cambered section.
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Upwash. An
airfoil developing
lift causes the flow
approachingitto
bend upward. This
is because the lower
pressure on top of
theairfoil pullsair
up towardit. This
upward changein
flow angleiscalled
upwash.

Upwash increases outboard due to sweep.

Planform Effects. The planform of awing is defined
by the shape of the leading (front) and trailing (back) edges.

In addition to the upwash that an airfoil causes on itself
due to the lower pressure on top influencing more air to
flow over it, additional upwash occurs dueto changesin the
planform of thewing. Thisisbecause, just asthe low
pressure on top of the wing influences the air some distance
upstream to move upward toward it, that low pressure also
influencesair asimilar distance away in the spanwise
directionto alter itsdirection. Thiscausesvariationsin
upwash along the span of the wing on adjacent sections.

Sweep. The sweep of awing isdefined astheangle
between aline perpendicular to the flow and aline (called
the quarter-chord) passing through the 25% chordwise (luff
to leech) positions along the span. The 25% chordwise
position is chosen because, typically, the load on a section
can be thought of as being centered there. Thisis because
an airfoil generates much moreliftinitsforward portion
than it does aft, so using the quarter-chord lineasa
referenceisaconvenient manner to characterize the sweep
of awing.

Sweep has the effect of increasing the upwash on the
outboard wing sections. Asawing isangled aft, flow over
the outboard sections must pass by the low pressure on top
of thewing sectionsimmediately inboard and forward. The
close proximity of that low pressure to the air just outboard
causes the outboard flow to turn upward more, resulting in
higher upwash on the outboard wing.

Taper. Taper isdefined as
theratio of the chordlength of
the tip divided by the
chordlength of theroot. For
sails, where the head tapersto
nearly apoint, thetaper is
extreme (zero), resultingina
triangular planform.
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A tapered wing hasamuch

shorter tip section than root
section. Asthe wing tapers, lift
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Upwash increases outboard
due to taper.



produced by the shorter outboard sections is less because
they have less surface areato support lift. Sincethe
outboard sections are smaller than the inboard sections,
they are significantly influenced by the larger wing just
inboard. Air approaching the outboard portion of thewing
is deflected by the low pressure on top of the larger inboard
wing that is still generating alarge amount of lift only a
short distance away. The close proximity of that low
pressure to the outboard wing causes the flow to be pulled
upward additionally over the outboard wing. Hence, the
smaller outboard sections operate with higher upwash. This
enhances the amount of lift that they produce but does not
make up for their loss of area.

Flow Conditions in Earth’s Boundary Layer.
I dentifying the flow conditions that sails operateinisvery
useful for understanding how they work. Thewind blows
over the surface of the earth and, aswith any fluid flowing
over asurface, hasfriction with it. Thisfriction slowsthe
air closest to the surface and through shear causesthe air
immediately aboveit to slow some, too. Thiseffect
continues upward until at some distance above the surface
theairisall moving
at asimilar speed. |
Thisbehavior is !
called the boundary ety tag) I'“.
layer. Whileit Y
occursat avery L
small scaleinthe 1
water flowing
along the surface of
hulls and keels, it
occursat quitea
largescaleinthe
air flowing over the
earth. Thismeans
that the truewind
speed isincreasing
up the entire height
of amast.
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Flow twist due to vertical velocity gradient.

Apparent Wind. Apparent wind isthe wind velocity
experienced by the sails on amoving boat. Thisisthewind
speed and direction that can be directly measured (felt) from
the boat whileitismoving. It isacombination of thetrue
wind and the wind generated by the motion of the boat.
Thefigure shows how these two wind components are
added to create the apparent wind.

Notice that the apparent wind vector at the bottom of
therig, where the true wind speed is slower, is shorter
(slower) and angled from amoreforward direction, than the
apparent wind vector at thetop of therig, wherethetrue
wind speed isfaster. Thetruewind iscoming fromasingle
direction in this example, but variesin speed with height
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dueto the earth’ sboundary layer. Thisvariationintruewind
speed not only causes the variation of apparent wind speed with
height, but also itsvariation in angle. Thisisbecause al of the
mast and sail are moving at the same speed and in the same
direction asthe boat acrossthe moving air. Sincethewind
solely due to the movement of the boat isidentical at all heights,
the apparent wind speed and direction resulting from its
addition to different true wind speeds at various heightsis
different.

Whilein this example the true wind velocity only varied in
strength with height, it ispossible that avariation in true wind
direction can occur with height. In that situation, each tack will
experience different apparent wind twist than the other.

Twist. Since
the flowfield that a i
sail experiencesis -
twisted due to the - k.
movement of the
boat through the
earth’ sboundary
layer, the sail
needs to incorpo-
rate sometwist in order to fly in that flowfield. Theincrease of
apparent wind angle with height isafactor that influences a sail
to fly in atwisted manner, where the top is angled more off-
center from the boat than the bottom. Other factors affecting
how much twist is appropriate are sweep and taper asthey alter
the amount of upwash along the span of the sail.

Effect of twisted apparent wind and upwash on
sail's twist.

Isolated Sails. A mainsail by itself (cat rig) istapered, but
if the mast iscloseto vertical isactually swept forward. Recall
that sweep is measured rel ative to the 25% chord line, which in
the case of atapered sail on an upright mast isangled forward.
In this case, the forward sweep would have somewhat of a
canceling effect on the increased upwash dueto taper. The
actual degree of upwash depends on the magnitudes of taper,
sweep, and aspect ratio (height/width) of the sail. The sail still
operatesin the twisted flowfield caused by the boat moving
through the earth’ sboundary layer, so an amount of twist would
be appropriate. Raking the mast back increases sweep and will
cause additional upwash on the top of the sail, necessitating
more twist to the sail.

Genoas and jibs are very tapered and swept. Thosetwo
features, combined with the already twisted apparent wind,
cause significant upwash toward the head of the sail.

Sails in Combination. Each sail by itself ismuch simpler
than the combination of aforesail and mainsail asin the sloop
rig. The sailsare operating so close to each other that they both
have significant interaction with the other. The most interesting
feature of thisisthat the two sailstogether produce more force
to pull the boat than the sum of their forcesif they were each
alone.
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Earlier, upwash wasidentified astheincreasein flow angle
immediately upstream of awing. Thereisalso acorresponding
changein angle, called downwash, just behind awing, wherethe
flow leaving
thewing has
been turned to
an anglelower
thanthe
original flow. i
Thisisthe A
cause of the aniinbin
well known
“bad-air” that
aboat just to
windward and behind another boat experiences.
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Upwash variations due to presence of the other sail.

Themainsail of asloop rig operatesin the downwash of the
forward sail, causing the flow angle approaching the mainsail to
be significantly reduced from what it would be otherwise. This
decreases the amount of force that the mainsail produces. The
observed affect commonly referred to as* backwinding” is
partially aresult of downwash from the foresail, but isaso due
to the higher pressure on the windward side of the genoa being
very closeto the forward, leeward side of the mainsail, causing
theflexible materia of the mainsail to move away from that
higher pressure.

Theforesail of asloop rig operatesin the upwash of the
mainsail. Thewind asfar upstream asthe luff of agenoais
influenced by the upwash created by the mainsail. Hence, ajib
or genoain front of amainsail hasahigher flow angle than it
otherwise would have by itself, causing an increasein the
amount of force that the forward sail produces. So, while the
mainsail isexperiencing detrimental interference from the
foresail, the foresail benefits from the interference of the
mainsail. Noticethat moreair isdirected around the curved
leeward side of the foresail. This causes higher velocity (lower
pressure) and more force. The net result isthat the total force of
thetwo-sail systemisincreased, with the foresail gaining more
than themainsail loses.

Thereisaconverse affect to awindward boat receiving “ bad
air” (downwash) from aboat ahead and to leeward. A leeward
boat gains additional upwash (“good-air”?) from a boat just to
windward and slightly behind that actslike alifting windshift
until it moves ahead of the windward boat. Thisisthe same
phenomenon from which aforesail of asloop rig benefits.

Another consegquence of the differencein flow anglesthat
the two sails experience in each others' presenceisthat the
mainsail must be trimmed to amuch closer angle with the boat’ s
centerline than the foresail, which is able to be trimmed to alead
position well outboard. Thisangle representsthe differencein
upwash on the foresail and downwash on the mainsail dueto
each other.

Masthead Rig. On amasthead rig, wheretheforestay is
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attached to the top of the mast and both sails taper to
basically zero chordlength at their headsin asimilar
fashion, the interference effects of the sails on each other
aresimilar along the entire height of the mast. The mainsail
ends up being rather tightly trimmed all the way up because
of the genoa’ s downwash, and the genoa gainsfrom
favorable upwash al the way up.

Fractional Rig. A fractional rig hasthe more compli-
cated characteristic that the top of foresail isnot ashigh as
the top of the mainsail. This meansthat the top of the
foresail isvery closeto the front of the mainsail at a height
wherethereisstill an ample amount of chordlengthin the
mainsail. Astheforesail luff approachesthe mainsail luff,
the upwash on the foresail due to the mainsail increases,
because the low pressure behind the mainsail has more
affect the closer the flow getsto it. This causesthe top of
the foresail to experience even more upwash and contributes
toafractiona rig’ sforesail being trimmed more twisted
than amasthead rig’ sforesail.

Thetop of the main on afractional rig extends well
abovetheforesail, leaving the upper portion of the mainsail
free to experience the apparent wind without the downwash
interference of theforesail. Apparent wind toward the top
of the mast comesfrom amuch higher angle, so the mainsail
abovetheforesail experiences much higher wind angles
than the lower portion of the mainsail where the genoais
causing substantial downwash. Thischangeinflow angle
with height on amainsail isquite dramatic with afractional
rig and leadsto trimming afractional rig’smainsail with
moretwist than amasthead rig’ smainsail.

Flow Angles. Reviewing all of the affects so far
revealsthat both sails experienceincreasing flow angle with
height. Theforesail operatesin the twisted flow of the
apparent wind, with upwash induced by itself due to taper
and sweep, and in the upwash field of the mainsail. The
mainsail isoperating in the same twisted apparent wind,
with additional upwash caused by itstaper, but somewhat
lessened by itsforward sweep. Itisasoflyinginthe
downwash field of the foresail, which is probably twisted
because the foresail fliesin atwisted fashion. Thisis
particularly exaggerated with afractional rig.

Sail Shape. With the flow directions established, it is
now useful to consider the ramifications of sail shape.
Previoudly, it was stated that a sail section exists solely as
camber. Now it isinteresting to explore the differencesin
camber that are possible and what would be most beneficial.

Since asail is constructed of flexible material, its
cambered shapeis supported by the pressure difference that
it generates. It followsthat the leading edge entry angle of
the sail must be reasonably aligned with theincoming flow
angle. If the entry angleistoo high the sail will luff, and if
it istoo low the sail will stall, since the flow would be
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reguired to turn an impossibly sharp corner around the [ uff.
Itisalso apparent that the entry angle should increase with
height to match the twisted flowfield. Therearetwo
remaining issues. Where should thetrailing edge be, which
definesthe angle of attack at each height, thustwist? What
path to take to get there, or what should the specific
cambered shape of the sail be?

Thetrailing edgelocationin relation to the leading
edge |ocations establishes the angle of attack of a particular
section. Lift increases proportionally with angle of attack,
S0, since asailboat istrying to extract as much force as
possible from the wind (until overpowered into heeling too
much), it would seem best to position the trailing edge
(leech) as close to the boat’ s centerline as possible. This
would achieve the highest angle of attack and hopefully the
most lift, but unfortunately the ability to trim a sail to
unlimited angles of attack is not possible.

Separation and Stall. Eventually at some angle of
attack, sail sections (and airfoils) experience stall. This
occurs when the air flowing around the leeward side of the
sail no longer travels on the surface of the sail. The flow
separatesfrom the sail resulting in alargelossin lift.
Depending on the shape, stall can occur abruptly with a
small increasein angle of attack, or more gradually with
some indicationsthat the flow is separating from the surface
at specific locationsfirst. Thisiseasily seen using telltales
(tufts of yarn) that swirl erratically when the flow departs
from the desired direction instead of streaming aft when the
flow is attached to the sail.

Separation occurs simply because the pressure gradient
that the flow istrying to pass through is too extreme.

Recall that lift is generated because the flow accelerates
around the convexly curved leeward surface of the sall
creating low pressure. Eventually, asthe flow approaches
the back of the sail, the flow must slow down to near its
original speed and pressure, since after it leavesthe sall it
will return to its original state when the sail isno longer
thereto influenceit. Thisisreferred to as pressure recov-
ery.

Another way to think about thisisthat when air
flowing over the leeward side of the sail and air flowing
over thewindward side of the sail reach thetrailing edge,
they must have the same pressure, astherewill not be
anything in between anymore to enable maintaining
different pressures. It does not mean that two particles of air
that start at the leading edge and travel along different sides
of the sail will arrive at thetrailing edge at the sametime (a
common misconception). It simply meansthat the pressure
of air flowing off the top right at the trailing edge of the sail
will be equal to the pressure of air flowing off the bottom.
Thismust betrue since they are coincident there. That
pressureis generally closeto the original pressure of the
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flow prior to being disturbed by the sail.

So, accelerated flow around the leeward side slows down
toward the leech in order to provide the necessary matching at
thetrailing edge astheair isreturned toward its original
conditions. Overall, air still travels much faster around the
leeward side of the sail than the windward side.

Asthe flow slows down from its accel erated state on the
leeward sideit yields a pressure gradient along the back of the
sail that isincreasing from very low pressure (to produce the
desired lift) to amuch higher pressure toward the leech. The
amount of initial accel eration (dependent on angle of attack and
shape) and the length of the pressure recovery determine how
steep thisgradient is. When the increase in pressure that the
flow is experiencing becomestoo extreme, the flow no longer
stays attached to the surface of the sail. It is pushed away by the
higher pressure and stall occurs, yielding lesslift. Thishappens
when the angle of attack is high and/or the camber is quite deep,
causing very high velocity, but necessitating dramatic slowing of
the flow, too, with the associated rapid increase in pressure
causing separation. It isfavorableto slow the flow in asmooth
fashion over alonger distance so that thereisno steeprisein
pressure. Thishappensmost effectively over along, straighter
shape aft, lacking in curvature that would attempt to promote
higher velocity.

Pressure Distribution and Curvature. Asthe air flows
around both sides of the sail, its pressure changes with the
varying local velocity caused by the curvature of the sail. With
the entry angle defined by the oncoming flow direction and the
angle of attack governed by avoiding stall, there are still
numerous sail shapesthat can be established to connect the luff
and the leech.

Since the purpose of the sail isto develop force to movethe
boat in aforward direction, it would be most effective to have as
much of the sail as possible operating with the largest possible
pressure difference acrossit. Theway to achievethat isto
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Pressure gradients around cambered airfoil at angles of attack.
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acceleratetheair quickly
around the curved leading edge ol
of the sail in order to generate Iy
low pressure on the leeward N |' 1
side close to the luff and then VN
maintain it back over asignifi- . ik FEF
cant portion of the sail. Thisis Wi

achieved by imparting high L

curvature to the front of the i, L
sail. Oncetheflow isacceler- LV A O
ated curvaturecandiminishand — camesr an iy
the flow will continue quickly R " h
around the leeward side of the i

sail. The back of the sail needs
to be flatter in order to allow
the flow to gradually decelerate
to avoid stall as already
described. These details are the basic factors that define the
rounded entry with forward draft (position of maximum camber
depth) and straight leech profile that has proven fast in typical
sailing applications.

Cambar Forwand

Camber forward produces lower
pressure forward and smoother
deceleration over a long distance.

Itisevident that asail shape with more curvature aft keeps
theair accelerated longer, which may produce a higher amount
of total force dueto alarger region of negative pressure. The
problem isthat the negative pressure vectors on the aft portion
of the sail are angled more aft than those toward the front of the
sail, so the amount of forward force that is produced in the
direction that the boat travelsis less, while the amount of
sideways force that contributesto heeling and leeway is greater.
It isalso apparent that a shape with its camber aft has a shorter,
steeper pressure recovery that will lead to earlier separation and
stall.

One morefactor to consider isthat arounder leading edge
or deeper camber, while producing moreforce, does so at the
expense of having ahigher entry anglethat requiresahigher
apparent wind anglein order to fly without luffing. Thismeans
that the boat cannot be sailed as close to the wind, which
explains why spinnakers can be so full and deep, but becomes a
tradeoff when setting an upwind sail. Producing moreforce
versus sailing at a higher angle becomes a subtle optimization.
It requiresthe proper balance between afull, curved leading
edgeto accelerate the flow, and aflatter, subtly curved leading
edge that does not produce as much low pressure to pull the
boat but does allow the boat to sail closer to thewind. Boats
that sail fast with large amounts of sail areawill favor flatter
sailsthan slower boats with less sail areathat need to develop
more power to move the boat.

Induced Drag. Another factor that must be considered is
induced drag. Thisisthedragthat awing generateswhen it
createslift. Over most of awing, the low pressure above the
wing iskept isolated from the higher pressure underneath by the
physical presence of thewing. At thetip of awing, wherethe
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wing ends, thereisnothing preventing air from flowing
around the wing tip from the high pressure beneath to the
lower pressure above. Thisresultsin the standard tip vortex
that is often seen spinning off the tips of airplane wings and
flaps. When the flow takes this alternate path around the
tip instead of over the airfoil surface, energy is expended
that does not develop lift, but does cause drag. Thisis
called induced drag and it increases exponentially with lift,
so awing, such asasail, that is producing substantial lift,
experiences much moreinduced drag than awing that is
producing alesser amount of lift.
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Rear view of a wing showing formation of wingtip vortices as
air flows from high pressure below to low pressure above.

The most effective way to minimizeinduced dragisto
increase span, asinduced drag isinversely proportional to
the span squared. Highly efficient airplaneslike gliders
have very high span for the amount of lift they are produc-
ing. Wingletsare away to create the effect of higher span
without actually increasing the physical span. They are
useful when thereisan artificial constraint on wingspan
(like adraft [imitation on akeel).

Spanload. Beyond being heavily dependent on the
amount of lift, induced drag is al so dependent on how that
liftis produced. It has already been explained how taper
and sweep affect the upwash along the span of awing by
causing sections along the wing to have different lift levels.
Also, varying the amount of camber and the angle of attack
of sections along the wing will influence how much liftis
generated at various spanwiselocations. The distribution of
lift along the length of the wing is called the spanload.

It has been found for an isolated wing in untwisted
flow that the spanload with the minimum induced dragisan
elliptical distribution of lift. Thisisachieved onan
untwisted, unswept wing with an elliptical distribution of
areaand the same section along its entire span. A spanload
can bealtered in several ways.

Tapering
thewing o
causesthe
lift to be
reduced
outboard
because,
whilemore
upwashis
produced and
the outboard

A -

Spanload variations due to outboard feature
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sections are loaded more, thereisless areato generate lift
outboard. Sweeping the wing aft increases the upwash
outboard and the lift there because the areais the same and
operating at higher angle of attack. Twisting the outboard
wing to higher or lower angleswill increase or decrease the
outboard lift levels, respectively. Finally, adding camber to
the outboard wing sections will increase the amount of lift
that they produce.

All of these features can be used to modify the
spanload with each of the resulting spanloads producing
different amounts of induced drag for the same amount of
total lift. Thisisbecauseinduced drag is a consequence of
how the lift being produced by the wing deteriorates at the
wingtip. A wingtip, sinceit has no more wing outboard of
it, cannot sustain lift because it cannot support a pressure
difference. Thus, thelift at the very end of awing must be
zero. Theinboard portion of the wing produces a signifi-
cant amount of lift that must diminish toward zero ap-
proaching thewing tip. The manner that thelift decreases
toward the tip defines the shape of the spanload, anditis
the character of that lift distribution that establishesthe
amount of induced drag.

The exact shape of the optimum spanload for sailsina
twisted flowfield varies somewhat from the simpleideal
elliptical spanload. Sincethe flowfield istwistedina
manner that lift toward the top of the sail is oriented more
in the direction of the boat than the bottom of the sail
(because lift is produced in the direction perpendicular to
thelocal flow direction), it follows that the ideal spanload
in twisted flow conditions will be even more highly loaded
toward the top than the simple elliptical lift distribution
that isoptimal for untwisted flow. The extremely tapered
planform of typical sailsyield spanloads with much lesslift
toward the top than the elliptical spanload, so are lessthan
optimal. While agenoa has considerable sweep to help
reload itstop sections, it has very little sail areanear its
head to develop lift. A mainsail without sweep, particularly
on afractional rig where the top of the mainsail isabovethe
influence of the foresail, does not generate enough lift
toward the top to approach the elliptical spanload.

Increasing the chordlength of the top of the sailswould
be an effective way to create additional lift toward the top
and attain aloading closer to optimal. This hasbeen
demonstrated to be beneficial through the use of full-length
battens, but is not always allowed. Another way to increase
thelift levels toward the top of sailsisto provide additional
camber toward the top to boost the lift being produced up
high. Increasing the angle of attack, through decreasing
twist, would also increase the loading at the top, but the
limitation of stalling the top sections must always be
minded, so the sail needs to maintain a certain amount of
twist because of the inherently twisted flowfield. Itis
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highly likely that the optimum lift distribution to minimize
induced drag is not achieved with typical sails.

Setting Sail. Recognize that the objective of the sailsisto
create force to pull the boat, but that there can also be a con-
straint on heel. At some point the stability of the boat or weight
of the crew cannot keep the boat sailing at an angle that does not
compromise performance, so just using the sailsto produce the
most force possible is not necessarily the fastest procedure.

Inlighter winds, when the sailsare struggling to extract
enough force from the wind to move the boat fast, the sails
should be set such that every section along the height of the sail
isworking to produce high lift, especially the top sectionsin
order to minimizeinduced drag. When the wind builds beyond
alevel that the sails' force causes the boat to heel too much, the
sails' characteristics must be modified. Thereareseverd
options.

Reducing the amount of camber in the entire sail will
decrease the amount of force the sail produces, aswill decreas-
ing the angle of attack of the entire sail. Implementing these
adjustments over the entire sail may or may not be the best
alternative for thewindier conditions. They reduce the amount
of force generated by the sail, but that forceis still centered at a
similar height. 1n order to reduce the heeling moment created by
the sailsto a satisfactory level, the amount of force may decrease
to alevel that does not pull the boat very fast anymore.

Another approach isto reduce the lift produced by the top
of the sail. Reducing the camber of the top of the sail, and/or
reducing the angle of attack of the top of the sail through
additional twist will affect the sail’ sforce such that the remain-
ing forceiscentered lower down. A similar reduction in heeling
moment as simply reducing the entire sail’ sforce can be
achieved through depowering the top of the sail, but while
maintaining more total forceto pull theboat. Theforceis
centered lower as the bottom of the sail is still trimmedina
fashion that generates substantial lift. Thismethod hasthe
compromise of deviating further from the desired elliptical
spanload, asthelift distribution diminishes much morerapidly
toward the top of the sail, and causes higher induced drag. The
guestion becomes whether the remaining higher sail force offsets
the additional drag component.

A parallel situation occurswith airplanes. Airplanesare not
designed to fly with the optimal spanload that yields minimum
induced drag because the higher outboard |oad on the wing
would require that the wing be made stronger, hence heavier, to
carry that load. Itismore efficient to build the airplane lighter
and generate more lift on theinboard wing and accept alittle
moreinduced drag. Thisisthe same tradeoff that asailboat
experiencesin strong wind when heeling becomes afactor and
resultsin asimilar, lessthan optimal spanload in order to
maximize performance.

Pointing. With all of these scenarios, the angle that the
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boat is ableto sail to the wind is always a consideration,
too. If theangle of attack of the entire sail is decreased, much of
it may backwind or luff and the boat may make very little
progress due to lack of power. Thisisaconsequence of the
original restriction that sails beflexible. The boat can be turned
away from thewind in order to fill the sail but that causes the
sail to load again and the boat to heel too much making thisa
less viable option (except to avoid sailing too directly into
waves). The component of the boat’ s speed in the windward
direction must be accounted for when considering course
variations. Twisting or decambering the top of the sail keepsthe
bottom of the sail still trimmed at an effective angle of attack,
continuing to produce force and allowing the boat to be sailed at
acloser angleto the wind.

The correct solution is generally acombination of the
various adjustment options and will vary with wind speed and
seaconditions. It isaso dependent on the characteristics of the
boat and rig, and the trim controls available (and probably even
with thetimeinterval with which thewind velocity isvarying as
some adjustments are made more quickly and easily than others).
Hopefully, by understanding the lift producing characteristics of
the sails and how to manipulate them, asailor can continually
alter the sailsin order to produce the most effective force to
move the boat in the intended direction.

Summary. Itisevident that sailsareflexible wings,
operating in atwisted flowfield, and in the presence of each
other. They produceforce by accelerating air over their curved
leeward side causing lower pressure on that side of the sail that
actsto propel the boat. Camber and angle of attack can be
controlled along the span in order to produce lift in many
possible ways, some more favorable than others. Stall and
luffing provide an upper and lower limit on the useful angles of
attack. Taper and sweep affect the upwash of flow approaching
the sails beyond the influence of the twisted apparent wind
caused by the boat moving through the earth’ sboundary layer.
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