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INTRODUCTION

Wings are used to provide lift for flight in the atmo-
sphere. Liftcanbe achieved by wings having almostany
airfoil section, but the drag of wings is very sensitive to
profile and extremely critical to efficient flight. While
providing essential lift, wings are also responsible for
producing well over half of the drag of current sail-
planes which have relatively efficient wings.! The pur-
pose of this discussion is to summarize practical insight
as to how wings work, for those who design, build and
use them to fly.

Inspiration for this effort was provid{.d by countless
articles about wings which I believe are f,or'tfumn‘;j and
perhaps delay progress, because they mix engineering
techniques and physical phenomena insucha way as to
distort our understanding,.
FUNDAMENTALPREMISES

The first pointtobe madeis that wings ﬂy through air;
air does not flow paat wings. In flight, air moves out of
the way as the wing passes through.

Almost everye acrodynamics treatise talks about “flow
over the wing” and this visualization creates problems
with physical understandings. Those familiar with aero-
dynamics will say thatwhether thewm&, passes through
air or the alr flows s past the wing, the forces and mo-
ments will be the same, and they are right. The wing
obviously produces effects on the air, and if changes in
conditions of the air after the passage of the wing are
determined, they can be related to forces that the air
produced on the wing. It is also true that excellent flight
simulations can be achieved in wind tunnels where
accurate, quantitative measurements can be made with
flows past a stationary model.

However, many misconceptions about the forces on
wings have resulted from incorrect interpretations of
therelative flow effects. You have heard statements like,
“The molecules flowing over the upper surface must go
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faster to reach the trailing edgﬂv al the same time as the
ones flowing pastthelower,” forinstance. And theware
those who talk of “circulation around the wing,” and
downwashand vortices “whichaffect the liftand drag.”
Common sense tells us that flow does not really circu-
latearound awingin flight, norina wind tunnel, for that
matter. These statements derive from analytical meth-
ods developed to predict acrodynamic effects. For ex-
ample, scientists have learned that by superimposing
circulating and lineal flow fields for assumed inviscid
fluids that calculations can determine local pressures
and velocities on thesurfaces of two-dimensional shapes.
Thus, the circulation appears to be coupled with lift. Itis
certainl)-‘ true that measurements of vortices and
downwash can be used to infer forces on wings. While
useful engineering techniques, they do notexplain what
physically happened to produce lift and drag. Quite
often conditions are :n(‘ptlv prvsentvd in a manner that
mixes causes and effects, si mp]\' conhmnb aymen, and
frequently misleading engincers as well. It is the'-.e
pitfalls that are, I hope, avoided, by separating the
physical causes and effects.

Although seemingly very different, airand honey are
both fluids, both have properties such as density and
viscosity, and both obey the same physical laws, al-
though their density and \»'iSCOSI[?’ values are guite
different. This hard-to-believe truth 1s mentioned be-

cause friction forces ona wing are very impertant, and
everyone can accept the fact that friction drag would be
hl;jh if a wing were flying through honey. A term called
Reynolds Number, named after the scientist who, in
18742, explained the relationship between shear fnrce
fluid properties and flow conditions prov 1(111‘1@1&‘1‘0(]\-—
namicists a basis for taking different density and viscos-
ity conditions into account. Such relat IOI'I.E\]'HPH affect
quantitative results, but are not critical to understand-
ing the big picture about how wings work.
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FLUID FORCES ON WINGS

ONLY TWO TYPES OF FORCES
PRESSURE, ACTING NORMAL TO SURFACES
FRICTION, ACTING TANGENT TO SURFACES

PRESSURES PRODUCE LIFT LET
FRICTION CAUSES DRAG

FIGURE 1.

FLUID FORCES ON WINGS

The physical effects on a wing are the direct result of
only two types of fluid forces:

1) Pressure, which always acts normal to the surface,
and

2) Friction, which always acts along the surface.

Let meillustrate with some simple sketches, and with
them, remind you of principles you learned long ago.
First, lookata wing in cross-section passing throughair.
(Figure 1). You will note the pressure field represented
by forces acting normal to the surface and friction forces
acting tangent to the surface. While there are interac-
tions between these effects as discussed later, they can
be thought of as two distinct types of forces on a wing.
FRICTION AFFECTS PRESSURE FORCES

Scientists have determined that pressures along the
surface of a moving body vary according to its shape.
Thedifferencein pressures on upperand lowersurfaces
of wings producelift. Buthow isdrag, the netforce in the
direction of flight, affected by these varying pressures
around the shape? In 1744, a fluid physicist named

D'ALEMBERT'S PARADOX [1768)
A BODY MOVING THROUGH A FRICTIONLESS FLUID HAS NO DRAG

= : @ s

FRICTROMLESS FLOW: MO DRAG FREAL FLOW. FINTE DRAG

PRANDTL (1904)
FRICTION CAUSES BOUNDARY LAYER GROWTH AND SEPARATION

SEPARATION

BOUNDARY LAYER CHANGES APPARENT SHAPE OF AIRFOIL
AND AFFECTS PRESSURE DISTRIBUTION

FIGURE 2.
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D’Alembert proved that if a fluid produced no friction
along a body, the pressures would vary around it so
that, along the direction of movement, the summation of
forces caused by pressures would cancel, thereby pro-
ducing no pressure drag (Figure 2)%. This phenomenon
has been reconfirmed by scientists again and again,
although there is no “non-viscous” or “inviscid” fluid
with which to make a perfect experiment. This remark-
able find ing and experiments with real fluids led, how-
ever, to the awareness that friction causes drag directly
and also affects pressures which influence lift and d rag.

A surface passing through a fluid encounters a shear-
ing force beltween the fluid and the surface. As said
earlier, this shearing force always acts along the surface,
and varies with the conditions of the fluid at a local
point. It has been shown experimentally that friction
also causes the fluid near the surface to decelerate as it
sticks to the surface, distorting the “apparent” aerody-
namic shape of the body. This effect is described by the
term boundary layer, as givenineloquentdetail in 1904
by Prandtl.? Caref)ul contouring canhelp reduce bound-
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FIGURE 5.

ary layer growth and separation, but surface friction
forces and pressure forces are always interrelated. Still,
it is proper and useful to consider pressure forces and
the friction forces separately, and how their effects
combine when describing the physical forces acting on
wings. Phillips provided interesting insight into pres-
sure-friction drag relationships, and showed future
potential for producing pressure thrust using active
boundary layer control.?

RESOLUTION OF FORCES INTO COMPONENTS

For thoroughness, let us take a quick look ata simple
diagram as a reminder of how a vector can be divided
into two components.

Since we define the lift axis as perpendicular to the
line of flight and the drag axis as parallel to the line of
flight, the summation of pressure and friction force
components on a wing along these axes are, by defini-
tion, aerodynamic lift and drag of the wing,.

Again, I remind you that pressure forces provide the
lift and that friction produces drag directly, but also
modifies the pressure distribution which affects both lift
and drag.”

Increases in angle of attack produce proportional
increases in lift until flow separation occurs. For typical
airfoils this change in lift coefficientisbetween 0.10 and
0.12 for each degree change in angle of attack. 1t is
interesting that changes in lift with angle of attack
changes are the same for flat or cambered wing sections.
*712 In Figure 4, section lift coefficients are plotted
against changes in angle of attack up to maximum
values, for a flat plate and for typical NACA 4-, 5- and
6- series airfoils.

The flat plate achieves maximum lift at the lowest
angle. Thickersections, including those with flaps, pro-
duce higher maximum lift values at higher angles of
attack with the same linear trend. Unlike the flat plate,
cambered sections may continue to produce higher lift
values after some separation occurs, although the lift
may not continue to increase linearly with increases in
angle of attack. As shown, a flat plate can only produce
a maximum lift value about half that of a normally
cambered airfoil section. The sharpness of both the
leading and trailing edges influence maximum lift. Sepa-
ration occurs on the upper surface of an airfoil with a
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rounded trailing edge at lower angles of attack than
when the trailing edge is sharp.

With refined inowledge ()If camber and boundary
layer effects, thick wing sections have been developed
to produce more lift and not much more drag than thin
sections. Variable camber in the form of flaps can easily
increase the lift of a given airfoil one and a half times,
and multi-element flaps which also translate to increase
wing area can provide three times as much liftas a wing
with moderate camber.

While the first consideration in the selection of an
airfoil is lift, the next and a very important trade-off
consideration is drag, as this limits the tope speed, the
minimum glide angle, the power required for propul-
sion, and the overall efficiency of the wing for produc-
ing lift.

EFFECTS OF WING THICKNESS ON STRUCTURES

Making aircraftlight enough yet strong enough to fly
was the first major challenge of acronautical engineers.
Not knowing about or appreciating the relevance of
D’Alembert’s findings about drag, early designers
thought thin wings were necessary and it was clear that
thin wings could not be made strong enough without
external bracing.

The powerful benefits of streamlining were not un-
derstood for a long time, as most could not conceive of
the fact that a small cable could produce as much drag
as a large section of wing. The wire-braced biplane was
the answer for the Wright brothers as illustrated by the
picture of their first glider in Figure 5, and for others for
along time afterward. Itwas only after designers finally
understood that properly contoured thicker wing sec-
tions allowing internal structures could produce much
lowerdragvaluesand greater lift than thinsections with
external bracing, that cantilevered structures began to
be used for wings. A thicker wing may look heavier to
a layman, butsince wings are not solid, the greater spar
depth of a thicker section allows lighter wings of the
same bending and shear strength. And since every
ounce in the aircraft structure is an ounce less in pay-
load, the relationship between wing weightand drag is
still fundamentally important.

EFFECT OF WING THICKNESS
ON LIFT AND DRAG

While thicker wings provide lighter structures, they
obviously have more wetted surface area. Moving air
outof the way of a thicker wing with flow sticking to the
surface tends to promote separation and affect surface
pressures, which tends to increase the drag. However,
aerodynamicists have determined how drag effects can
be significantly moderated by careful shaping of the
airfoil, and this science has offered opportunities for
striking improvements inlift/drag efficiencies of wings
that Are suitably thick for structural integrity.

In Figure 6 a family of laminar flow airfoils having
thicknesses from 6% to 21% of the chord are shown,
along with the increases inmaximum liftand minimum
drag as affected by the thickness." It is obvious
that for this family of airfoils very thin sections are
not as good for high lift and that the drag penalty
for increasing thickness is not severe until the
thickness becomes great. Suitable wing structures
with thickness/chord ratios from 12% to 18% are
commonly used today.
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FLAPS CHANGE CAMBER

The curvature on the surfaces of wings is known as
camber. In the carly days curvatures on both the upper
and lower surfaces looked like parallel curves of turning
vanes, as it was thought that such thin, curved shapes
were most suitable for producing lift. What was learned
fromairfoil studies was that the liftis mostly affected by
the camber on the upper surface and that the lower
surface need not be concave to achieve high lift.

The Wright brothers used wing-warping as a way of
changing camber and providing for roll control. Flaps
onthe trailing edges of wings, called ailerons, were later
adopted as a simpler form of camber changing for
control, and are still in use today (Figure 7).

On high performance gliders and aircraft, flaps are
used to help maintainlaminar flow and low drag values
over a wide range of flight speeds, keeping the profile
drag coefficients nearly constant at various speeds by
adjusting the camber of the wing throughout the oper-
ating speed range. Increasing the camber atlow speeds
allows the wing to remain in the laminar flow, low drag
angle of attack region, and reducing camber at luhh
speeds also allows laminar flow and low drag values.”
The benefits of using variable flap settings to improve

FLAPS CHANGE CAMBER
FFECT LIFT AN A

LOW SPEEDS AEQUIRE HIGH CAMBER
HIGH SPEEDS NEED LESS CAMBER

CAMBER HELPS REDUCE PRESSURE TDENDEFOR VARCLE

ON UPPER SURFACE AND INCREASES
LIFT.

FLAPS CHANGE CAMBER TO PROVIDE
REQUIRED LIFT AND LOW QRAG AT
VARIOUS SPEEDS.
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FIGURE7.
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laminar flow wing performance were known for many
years before negative settings were widely used.
AERODYNAMICDEVELOPMENTS

The most significant discoveries and insights con-
cerning the practical application of airfoil technologies
occurred during the 1930’s and 1940’s through the ef-
forts of scientists and engineers at the Langley Memorial
Aeronautical Laboratory of the NACA, now known as
the NASA Langley Research Center. Contributing tothe
usefulness of their work was the publication of reports
desc nbxmj methods and findings in a very systematic
manner.” Notable are NACA Report 824 entitled Sum-
mary of Airfoil Databy Abbott, Von Doenhoffand Stivers
dated 19456, and a book entitled Theory of Wing Sections
by Abbott and Von Doenhoff published in 19497 Ger-
man scientists Richard Eppler and Franz X. Wortmann
expanded NACA methods with special considerations
for low speed airfoils and made significant contribu-
tions to the methods for designing laminar flow airfoils.
8910 Sighard Hoerner collected data from many sources
and F’,n,a tly helped engineers with his reference materi-
als.'t2Othershave made importantadditions, butbasic
laminar aerodynamics methods and applications have
benefited greatly from the efforts reported by these
researchers. Perhaps most important were their find-
ings about how the wing section or airfoil, including its
Lontnur and surface roughness, influence lift and drag

relationships.

LIFT AND DRAG RELATIONSHIPS

As indicated earlier, the fact that the lift of a two-
dimensional wing varies directly with angle of attack is
fascinating in its simplicity. The changes in lift with
changes in angle of attack for wings of finite span are
differentforeach aspectratio, ad the lower the ratio, the
less the lift increases with increases in angle of attack.

Once these findings about lift have been explained,
they appear logical and are easy to accept. The principal
difficulty comes when trying to understand airfoil shape
ceffects on drag. Part of the problem is due to the many
terms that have been used in describing it. “Profile”
dragisused to describe drag thatincludesboth pressure
and friction effects; this is what an experimenter mea-
sures on a two-dimensional wing model. “Induced”
drag is sometimes called the “drag due to lift,” because
it is related to the flows round the ends of a finite wing
which is producing lift, and can e calculated approxi-
mately forawing of finite span and aspectratio, if the lift
is known. A somewhat vernacular but deseriptive form
of drag is “crud” or “parasite” drag produced by joints,
rivetheads, gaps, waviness and artifacts of manufactur-
ing. The ]e‘lkage of flow through gaps around ailerons
and protuberances like antennas or pitot static pmbcq is
smm‘l:mm called parasitedrag. And then thereis “inter-
ference” drag for interactions between wings and bod-
ies or tails and the like which issometimes referred toas
“bookkeeping” or “additive” drag. There is overlap in
some of these drag definitions and most require inter-
pretation and summation to obtain the total drag. This
is why remembering the simple physical fact as stated
carlier helps our insight: only pressure and friction
forces affect the lift and the drag, no matter what causes
them

Friction d rag is directly related to surface arca. Fric-
tiondrag is reduced by maintaining laminar flow condi-
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tions as long as possible, as drag with laminar flow is
less than that with turbulent flow. Laminar flow is easier
tomaintain if the surface pressuresalong the surfaceare
decreasing in the direction of flow, which occurs aslong
as the wing continues to increase in thickness. Obvi-
ously this favorable pressure gradient condition cannot
be maintained to the trailing edge and where it changes,
transition to turbulent flow is more likely. At very low
speeds, boundary layer transition from laminar to tur-
bulentmay notoccurdirectly, and a phenomenonknown
as a laminar separation “bubble” may appear. This
bubble may increase drag more than a direct transition
to turbulent conditions, and turbulators at such a loca-
tion which produce drag directly, but cause transition,
are able to reduce drag.

Forpressuredrag considerations, the airfoil designer’s
challenge is to minimize boundary layer growth and
delay separation as long as possible. Optimizing the
shaping of airfoils is being done better as refined ana-
lytical methods are combined with better experimental
results. Applying airfoil data properly requires consid-
eration of the desired operating conditions, the wing
area necessary to meet the lift goals, the shape or plan-
form of the wing, the wing-body juncture, the tip char-
acteristics, and the probable application of control sur-
faces and flaps or camber-changing devices.

EFFECTS OF SPAN AND SHAPE

Wings of finite span have “end effects” caused by
differences in pressures above and beneath the wing
(Figure 8). These effects are most pronounced at low
speeds, as when climbing under high lift conditions.”

Span loadings that are elliptical have been shown to
produce efficient lift and drag characteristics, and also
tend to produce efficient cantilever structures that taper
in planform and thickness toward the tips as shear and
ending moments diminish. Taper ratios for wings hav-
ing a tip chord about half that of the root have been
found to be good. Also, sweepback tends to turn flow
outward and forward sweep tends to direct flows in-
board. Increasing sweepback near the tip hasbeen found
to be beneficial for reducing tip losses.

EFFECT OF SIMPLE WING TIP SHAPES

Perhaps the simplest wing tip is made by simply

choppingoff the end ofa wing, leaving edges unrounded.

EEFECTS OF SPAN/CHORD RATIO ON
LIFT AND DRAG

FLOW ARQUND WING TIP REDUCES
LIFT BY REDUCING PRESSURE
DIFFERENTIAL AND PRODUCES DRAG
BY SKIN FRICTION,

COMPARE TWO WINGS WITH AREA = 100 SQ. FT.

A SPAM = 50 FT., CHOAD =2 FT, AR =28
B. SPAN = 25 FT., CHORD = 4 FT. AR 2 8.25

AFFECTED AREAS

EACH TP
LIFT LOSSES ARE PROPORTIONAL

2 a ﬁ 250, FT.
2
TO TIP AREAS AFFECTED

o E
Z \
UFT AREA AFFECTED - 4% 16% & SCIL

FOR TWO TIPS: A B
4

FIGURE 8.
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!
*

SURFACE AREA NOT PRODUCING

LIFT REDUCES DRAG.

FIGURE 9.

While not pretty, such tips have been found to be better
than many in use. On rounded tips, higher pressure air
from the lower surface flows easily to the upper surface
because the curved end of the wing allows boundary
layer air at relatively low speeds to remain attached to
the surface and make the turn (Figure 9). This reduces
the lift but does not reduce the drag,.

It has been shown by experiment '*!® that a simple
sharp-edged tip, with planform shaped by passing an
imaginary plane at about 15 degrees through the lower
and upper surfaces of the wing, inhibits the flow around
the tip. I have included a picture of a bird wing-tip
(Figure 10}, toremind you that nature hasbeen showing
us how lo design wing tips for a long time. Thisbuzzard
wing pictured is shaped overall like the sharp tip ex-
ample, and notice how each individual feather, which
has a tip of its own, is also shaped that way.

HOW WINCGCLETS REDUCE DRAG

Under high load conditions, many bird wi ng tips and
individual tip feathers bend upward to form winglets.
They are called winglets because they are small wings,
and they produceliftand dragjustlike big wings.'* They
help the performance of gliders under some conditions
because theirlift, which mostly acts toward the center of
the glider, also has a forward component that produces
thrust (Figure 11).

By placing winglets properly in theair flowing around
the tip, the winglet uses that change in flow direction to
allow its forward lift or thrust component lo recover
some of the performance that would be lost in induced
drag. In some cases, winglets also tend to direct flow
over the outboard end of ailerons, and reportedly im-
prove roll control in circling, climbing flight. /7%~

Winglets offer the most promise for span-limited
configurations, like the FAT Standard and 15-meter
classes of gliders. The addition of winglets which donot
violate the 15-meter limit offer a few points of improve-
ment in maximum lift/drag ratio, which occurs at low
speed, high lift conditions, but their benefits decreaseas
speed increases and the angle of attack necessary to
produce lift decreases. The speed at which winglet drag
becomes greater thanits thrustis a trade-off which must
be considered. The design challenge is to balance the
maximum drag benefits at low speeds without hurting

TECHNICAL SOARING




BIRD WING TIP
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CIRCULATION IS MOT A CAUSE OF LIFT, BUT RATHER A MATHEMATICAL
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THE CALCULATIOM OF LIFT.

WHEN A VALUE OF CIRCULATION IS OBTAINED, LIFT CAN BE
CALCULATED:
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FIGURE 10.

the high speed performance. The higher the percentage
of time spentat low speeds as when climbing, the more
beneficial winglets are.

There is also a structural reason why winglets might
offer merit, and that is the fact that their thrust effect
does not increase Lthe wing root bending moment as
much as direct span extensions would. It might there-
fore be possible to make a lighter wing using winglets
than one with a longer span. The torsional effect of
winglets must be considered carefully, however, as
flutter possibilities may be worsened on thin wings by
the twisting tendency of winglets.

This discussion on winglets has been directed at up-
turned tips, but many gliders have downturned tips to
provide contact with the ground. A downturned Lip
produces a lift vector away from the centerline of the
aircraft, just the opposite from the upturned winglet.
Again, I cite nature as an example, as there are no
soaring birds with downturned wingtips,
ENGINEERING METHODS RELATED
TO PHYSICAL FACTORS

In the introduction it was indicated that misconcep-
tions about physical effects may have been caused by
mixing engineering methods into the explanations about

FIGURE 12.

how wings worked. Years before wings were buill,
fluid physicists developed methods for describing flows
and the physical relationships between densities, pres-
sures and temperatures. Water was a most important
fluid and its transport was of great importance. These
studies led to the discoveries of principles governing
fluid flows and analytical treatments for calculating
relationships for flows in pipes and channels. These
fluid physics principles were very helpful to early acro-
dynamicists, asatlow speeds, air behaves like water. By
applying the theories of superimposing imaginary lin-
car and circular flows, they were able to design shapes
with camber which could produce lift (Figure 12).

All these analytical techniques depend onsimplifying
assumptions about the fluids and processes, such as
assuming incompressible, inviscid fluids and isentropic
interactions. Mathematically determined lift depends
on the assumed circulation, and it is common for aero-
dynamicists to discuss circulation effects on lift because
of this method.

The simplest way to envision lift, is to imagine pres-
sure taps all over a wing capable of measuring local
static pressures for each small element of the wing
surface (Figure 13). The summation or integration of the

HOW WINGLETS REDUCE DRAG
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vertical pressures times their relevantareas would give

the lift for the entire wing. Note that no circulation,

downwash, vorticity or such is considered in this pres-
sure distribution-integration method.

The laws presented by Newton concerning conserva-
tion of mass, momentum and energy are useful for
f_dl(_l_lldfll'lg Lhanges in the fluid stream, and the “wake
rake” techniqueis often used to determine the drag ofan
airfoil section, as it gives a good approximation of the
profile drag, mdudmb both friction and pressure ef-
fects.

If the momentum is measured before wing passage
and the turning or downwash angle downstream of the
wing is determined, this momentum change due to the
turning an%l(‘ can bc related to lift. These effects are
much easier to talk about qualitatively than to measure,
however,

KEY POINTS SUMMARY

Inclosing, itis humbly acknowledged that thissimple
treatise falls far short of providing complete lI“I‘wI}_’hl into
the complex physical phenomena involved in wing /air
interactions. In addition to having much more to learn,
books could be written aboutwhat is known Atbest, this
attempt to present physical effects in simple terms may
help to encourage better application of known facts. A
few key points are restated for reference.

1. mea are for providing lift with the lowest
drag. It is easy to obtain lift; the challenge is lo do so
with the lowest drag. Wings produce more than half
the drag of aircraft for most tlight conditions.

2. Pressure and friction are the only fluid forces
acting on wings. They produce all the lift and all the
drag, and causcall the downw ash, vortices and other
influences on the air through whth the wing flies.

3. Lift is the result of préssure—a rea forces normal
to the line of flight, and is due to the differential
between the pressures on the upper and lower wing
surfaces. '

4. Viscous effects cause friction drag on all sur-
faces in moving contact with fluids.

5. Friction causes flow separation, reducesliftand
increases drag.

6. Flaps change camber and affect both lift and
drag.

7. Wing tip shapes influence both litt and drag.

8. Winglets produce drag; to improve perfor-
mance they must produce off-setting liftad/or thrust
components.

9. Engineering methods relating causes and ef-
fects can be confused with physical factors.

REFERENCES

1. Nicks, O.W., Drag Awareness, Soaring, Volumed8, No.
2, February, 1984.

2. Anderson, Jr., [.DD., Introduction to Flight, Second
Edition, McGraw Hill, 1985,

3. Phillips, W.H., Studics of Friction Drag and Pressure
Drag of Airfoils Uu.mg the Eppler Program, SAE Paper
881396, October, 1988.

4. Prandtl, L., Mohom of Fluids with Very Little Viscosity,
NACA TN 452, 1928,

5. Jacobs, E.N., Preliminary Report on Laminar Flow Air-
foils m:d New Methods A.sr’r)phd for Airfoil amd Boind-
rm,fImﬂr!muhqmmm NACA ACR, October, 1939
(W.R.No. L-345).

128

g‘*.

Abbott, LH.; Von Doenhoflf, A.E.; Stivers, Jr.,
Sunimary rJfAnff}:I Data NACA Rpt 824, 1943
Abbott, LH.; Von Doenhoff, A.E., Theory of Wing
Sections, L)over 1959,

. Eppler, R., Airfoil Design and Data, Springer Verlag,
New Yurk 1990.

9, Althaus, D. and Wortmann, F.X., Stuttgarter

Profitkatalog Branunschweig: F. Vleweg, 1981.

10.Eppler, R. and Somers, D.M., A Computer Program for
the Design and Analysis of[ow Speed Airfoils, NASA
TM-81862, 1980.

11. Hoerner, S.F., Acrodynamic Drag, Otterbein Press,
1951.

12. Hoerner, S.F., Fluid-Dynamic Lift, Hoerner Fluid
Dynamics, 1975.

13. Nicks, O.W., Wing Lxtensions for Improving Climb
Performance, AIAA 83-2556, February, 1983

14. Nicks, O.W., Experimental Compmiwn of Two Wing
Tips, Ti."LhI‘llL al %narm;_, Vol. 14, No. 3, Jul v, 1990.

15. Nicks, O.W.and Landru, D. H,r‘t‘dsc)meqTfp Shape
on hmhi’u Ormaice n'(Tm’u»; Proceeding of the 4th
International Symposium on the %ueme.md Tech-
nology of Motorless Flight, | February, 1984.

16. Whitcomb, R.T., A I)La:s,u Approacland Selected Wing
Tunnel Resulls at 1ligh Subsonic Speeds for Wing Tip
Motnted Winglets, NASA TP-1020, 1977,

17, Masak, Peter C., Winglet Design for Sailplanes, Free
Flight, February, 1992,

18, Marsac DI, I’Hhrqh’hm Sailplanes, Technical Soarig

Vol. 15, No. 4, October, 1991,

=1

@x

TECHNICAL SOARING




