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Abstract

Although theoretical tools for the design of wirtgléor low-speed aircraft were initially of
limited value, simple methods were used to desigmhets that gradually became accepted as
benefiting overall aircraft performance. As undansiing was gained, improved methods were
developed, which ultimately resulted a number acessful applications of winglets. The current
approach incorporates a detailed component dralgiupuithat interpolates airfoil drag and
moment data across operational lift-coefficientym®ds-number, and flap-deflection ranges.
Induced drag is initially predicted using a relatwfast multiple lifting-line method. In the final
stages of the design process, a full panel metholliding relaxed-wake modeling, is employed.
The drag predictions are used to compute speedspmlaboth level and turning flight, yielding
predicted performance that is in good agreemett fhght-test results. These methods have been
successfully applied to the design of wingletsmpriove the cross-country soaring performance
of both span-limited and span-unlimited, high-perfance sailplanes, as well as to improve
various mission capabilities for several differeategories of powered aircraft.

Nomenclature
span
wing chord
section lift coefficient
winglet height
profile drag coefficient averaged over span
induced-drag factor
planform area
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airspeed
Vee average cross-country speed
Ver crossover speed
Vs sink rate
W weight
air density
Subscripts
W wing
WL winglet

WT wing tip



Introduction

Over the past fifteen years, from initially beiafjle to do little to improve overall
sailplane performance, winglets have developedith &n extent that few gliders now leave the
factories without them. This change was broughtualby the efforts of a number of people to
better understand how winglets work, to developotbgcal methods to analyze their
performance, and to develop design methods thatvdlie benefits to be tailored such that gains
in cross-country performance are achieved overde wange of soaring conditions. The story of
this development is an interesting case study gineering design, in which trial and error,
theoretical analysis, and flight testing all camitied to the successful solution of a difficult
problem.

The efforts at Penn State to develop wingletshigh-performance sailplanes began in
the early 1980’s as a collaborative effort with NPeter Masak to design winglets for the 15m
Class competition sailplanes of that era. Althougink had already been done in the area of non-
planar wings and winglets, in practice it was foumihglets provided little or no benefit to
overall sailplane performancé.The widely held belief at that time, essentiallg same as that
held for transport-type aircraft, was that whilentd performance could be improved, it could not
be done without overly penalizing cruise perforn@anthus, it was with some skepticism that
efforts were undertaken to work on this problem.

The first steps taken were directed toward thegdesf an airfoil specifically intended
for use on a winglet. Although not a great deal Waswn at this time about exactly how a
sailplane winglet should operate, it was clear thatinglet does not operate exactly as a wing
and, consequently, an airfoil intended for use airg would not be a good choice for a winglet.
Thus, the PSU 90-125 airfoil was designed. This avesbust design that was intended to operate
over a very broad range of conditions.

From this point, a trial-and-error process wasupettpat used flight testing as the primary
method of determining the important design parareet@lthough vortex-lattice and panel
methods were of some value for gaining insighty there unable to predict drag accurately
enough to be of use in the actual design procekewise, because the beneficial influence of a
winglet is due to it favorably altering the flovekil over the entire wing, meaningful wind-tunnel
experiments require a full- or half-span model. §hunless the wind tunnel has a very large test
section, the high aspect ratios typical of sailpkrresult in model chords that produce
excessively low Reynolds numbers. To address theddems, methods of simulating full-scale
flow fields with truncated spans have been exploted, in every case, the necessary
compromises produce results that are somewhatigoabte> For these reasons, the parameters
that were deemed the least important were setasorable values, while the more critical ones
were determined from flight test. Using some of thsults from earlier work on winglets for
transport aircraft;  along with some simple calculations, the wingleight, planform, and cant
angle, as defined in Fig. 1, were fixed. The goatfthis point was to establish the spanwise load
distribution on the winglet that would interact anfavorable way with the wing and thereby
produce an overall drag reduction. Because the lsdisipe of this loading can be adjusted with
either twist or sweep, the twist was set, agaimdpgjuided by the earlier work on winglets, and
the sweep iterated until the desired result wasinbtl. For minimum induced drag, if the
planform is somewhat close to elliptical, the loddtribution would have spanwise lift
coefficients that are essentially constant. Thugh whe planform set, the sweep was adjusted
until yarn tufts indicated a uniform stall patteim the spanwise directioriThe last design
parameter to be determined was the toe angle. Bedhare seemed to be little benefit in having
the winglet carry load beyond that of the wing, the angle was adjusted until both the wing and
the winglet stalled simultaneously, again as detethtufts.

Although it took some time and competition sucessshe winglets that were the result
of the process were the first ones that were géypeaacepted as beneficial to overall cross-



country performance over a wide range of thermeg¢ssiand strengtlisln 1989, one of these
designs was adopted by sailplane manufacturer Sghvéfirth and became the “factory winglet”
for the Venus. In retrospect, with the understagdinat has come since, it seems that this
process, while systematic and logical, was accomgdanith a great deal of luck. It now seems
somewhat remarkable that with the tools then atth@irwas possible to configure a winglet that
actually worked!

Finite Wing Aerodynamics and Winglets

In essence, the improvement in aircraft perforreatice to winglets results from their
ability to reduce induced drag traded off agaihstirtadded wetted area increasing the profile
drag. Profile drag is the drag due to the shagheairfoil or wing section. It is a consequence of
both the skin-friction drag due to air moving alahg surface of the airfoil, as well as pressure
drag, due to pressures acting over the front afdy mot being balanced by those acting over its
rear. This pressure imbalance is the result of Beywarating over the rear of the body, as well as
total pressure losses in the boundary layer. Tosaregprofile drag in a wind tunnel, a constant-
chord wing using the airfoil of interest is madesfman the width of the wind-tunnel test section.
Thus, the flow is not free to come around the wiipg. As a consequence, the flow is two-
dimensional. The absence of spanwise flow causesvihg sections to behave as though they
belong to a wing of infinite span. Profile drag dads on, among other things, the amount of
wetted area and the shape of the airfoil and itgdeaaf attack. Profile drag increases with the
square of the airspeed’.

Induced drag is the drag that is a consequengerarfucing lift by a finite wing. In
producing lift, there must be higher pressure anuhderside of the wing than there is on the
upper side. As this pressure difference “wantsédqualize, there is a flow around the wingtip
from the high-pressure air on the underside ofuthmgy to the low-pressure air on the upper side,
as shown in Fig. 2. As depicted in Fig. 3, thisuhssin spanwise flow on the finite wing that was
not present on the infinite wing. This componenspinwise flow is present in the flow leaving
the trailing edge, that from the upper surface fitmgnvinboard while that on the lower surface
outboard. At the trailing edge, these two streamtnwith a spanwise component of velocity
going in opposite directions. As a consequencetjoityr is shed from the trailing edge which,
within a short distance downstream, rolls up imo tvell defined tip vortices.

Clearly, the generation of tip vortices requirasngy and one approach to calculating the
induced drag is through determining how much en&gpntained in the trailing vortex system.
This vortex system can be idealized as the “homstiortex system depicted in Fig. 4. As a
consequence of producing lift, “an equal and ogpasiaction” must occur. While there are many
ways to describe the generation of lift, one ist tthee upward lifting force being produced
requires that a certain amount of air be givenwameard velocity, or downwash, as is indicated
in the sketch. Thus, producing a given amount fofidi accompanied by the generation of a
certain amount of downwash and as, a consequencertain amount of induced drag. To
minimize this drag, the amount of energy used iodpcing the required downwash must be
minimized, that is, the energy that is “wasted’tieating unnecessary spanwise flow and in the
rolling up of the tip vortices must be minimized.

In observing the flowfield around the wing sketdhe Fig. 3, it should be clear that the
greater the span, the less the tip effect is felthe inboard portions of the wing. That is, the
greater the span, the more “two-dimensional likdl e the rest of the wing and, consequently,
the less its induced drag. As the span is takemnfinity, the downwash and induced drag
approach zero. Likewise, if the wing is not prodggiift, there will be no downwash and thus no
induced drag. Induced drag is a function of theise of the square of the airspeb¥?, and the
square of the span loadin@V/b¥. Among other things, it also depends on the witemform



itself and how efficiently it produces lift with spect to induced drag. As a reference point, the
most efficient planar wing is that having an eltipt loading'’ Typical planar wings are
somewhat less efficient, while non-planar geometdan be somewhat better than the elliptical
case.

It has been known for over a century that an extdpt the tip of a finite wing can reduce
the spanwise flow and thereby reduce the inducad. dvnfortunately, to be effective at this, the
endplate must be so large that the increase infekiion drag far outweighs any induced drag
reduction. A winglet, rather than being a simplacke that limits the spanwise flow, carries an
aerodynamic load producing a flowfield that actwvaiteracts with that of the main wing to
reduce the amount of spanwise flow. That is, therdeash (sidewash) produced by the winglet
opposes the spanwise flow on the main wing. THiscehas been measured experimentally and
is shown in Fig. 5, where it can be seen that pamwise flow has been largely eliminated by the
presence of the winglet. In essence, the wingliétishs or spreads out the influence of the tip
vortex such that the downwash, and consequentlyntiheced drag, is reduced. In this way, the
winglet acts like an endplate in reducing the spaewflow but, by carrying the proper
aerodynamic loading, it accomplishes this with mleds wetted area. Nevertheless, recalling the
penalty of profile drag with increasing airspedtig, designer’s goal is that of gaining the largest
reduction in induced drag for the smallest increagwofile drag.

The Winglet Design Process

To obtain the desired results over the entire @aofy operation of an aircraft, it is
necessary to design a new winglet for every apiidica The area, height, cant angle, sweep
angle, twist angle, and the all important toe anglest be uniquely determined to achieve the
desired performance goals. Thus, even though idleaind error process described resulted in a
successful winglet, much remained to do in the bgveent of tools and methods for analysis
and design. Through the efforts of a successioexoéllent students,”! a great deal has been
accomplished at Penn State which has bettereditbetion.

The first accomplishment of these efforts was dksign and testing of a new airfoil.
With a much better understanding of the operatomgliions of a winglet, the PSU 94-097 airfoil
was designed to have much less conservatism thgrétlecessdf.Following this, theoretical
methods have been developed and validated throughparison glides and flight-test
measurements. As a result, the design tools are quite reliable and the products of these
methods typically meet their design goals withoatification**° Winglets have been designed
for a number of sailplanes and powered aircrafttluging those used on the Schempp-Hirth
Ventus 2ax, shown in Fig. 6, and those under dewedmt for the Discus 2, presented in Fig. 7.

Crossover-Point Method

The first attempt to better quantify the winglesidm process made use of what has been
termed the crossover point on the sailplane speéat.prhis point corresponds to the speed at
which the flight polars of the aircraft without wglets and with winglets intersect or,
equivalently, where the change in sink rate dugaéowinglets is zero. As noted, the profile drag
increases a¥’, while the induced drag increases with*. Thus, the crossover point is a simple
way to make the tradeoff between the profile-dragaity and the induced-drag benefit. Below
this speed, winglets are beneficial, while abouwbety are detrimental. The crossover point is the
flight speed at which the benefit in induced drag do winglets is equal to the profile-drag
penalty, that is, when

DDPROFILE+ DDINDUCED =0



The more the induced drag can be reduced for angiverease in profile drag, the higher the
crossover point and the more effective the winglet.

To understand the factors that determine the ovessspeedycr an expression can be
obtained by equating the increase in profile dnag © winglet height with the resulting decrease
in the induced-drag factor
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where K(h) is a function relating the reduction in the ovematuced-drag factor to a given
increase in winglet heighh. Originally, this function was estimated usingules from earlier
work>" **The lower the profile-drag coefficient of the addeinglet areaCp, w, and the greater
the span loading, the higher the crossover speleekeas increasing the winglet height reduces it.

This simple expression foVcgr gives insight into how the crossover point can be
controlled through the geometry of the wingletthe early stage of development, the crossover
point was simply set to be higher than the cruisipged corresponding to the strongest thermal
strength anticipated. The use of this expressi@ulted in winglets that generally improved
overall performance and, although based on a siombeept, was as accurate as the somewhat
crude ability to predict the changes in inducedydfae to changes in winglet geometry.

Modified Crossover-Point Method

As the ability to predict the induced drag for aegi wing geometry improved,® the
crossover-point method was modified. Rather thamtigg the change in profile drag with the
change in induced drag in terms of winglet heighly othe expression is written more explicitly
in terms of parameters describing the winglet geonend the resulting aerodynamic influences
as
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where the WT’ subscript corresponds to the wingtip region ieaemoved to mount the winglet,
the subscript “1” to the original wing, and “2” tbe one modified with winglets. The weight of
the aircraft, W, is considered to be unchangedheywingtip modification. For restricted span
classes, of course; = b,. The problem for the winglet designer is to mirdenthe profile-drag
increase due to adding the winglet, to maximizedfag reduction resulting from removing the
original wingtip to mount the winglet, and to acleethe greatest induced-drag reduction by
making the induced-drag factdf,, as small as possible relative Ke. Likewise, the net area
increase should be minimized, as should the prdfibg coefficient corresponding to any added
area. While this expression does not capture ahefdetails of winglet design, it does capture
the essence.

Using either of the closed-form relations presénte guide the winglet design, a
traditional drag buildup was performed to predictraft speed polar. Then crossover speed is
adjusted, primarily using the toe angle, to alld®we winglet to benefit performance over some
part of the operational speed range. Shifting thesover speed not only affects the speed range
over which a benefit is achieved, but also the rtada of that benefit across the chosen range.
Shifting it to higher speeds reduces the perforraagains due to the winglet at lower speeds,
whereas shifting it to lower speeds achieves a naugjer drag reduction, but only over a small
portion of the flight polar.



A number of winglets were designed, fabricated] fight tested using this method, and
while based on simple ideas, these efforts corteibuo the basic understanding of winglet
design. First, whether it be with up-turned tipswonglets, it is beneficial for the design to be
“out-of-plane.” Second, while a great deal of wdrs been directed toward determining the
optimum geometries for minimum induced dfad® experience has shown that too much
emphasis on this optimum penalizes the profile daagnore than can be offset by the induced-
drag reductiot®** The design goal is to minimize the overall dnagf, just one component of it.
For example, the optimum loading for minimum inddiarag must be continuous across the
juncture between the wing and the winglet, whicfuiees the chords at the juncture to be the
same, or that the lift coefficient at the root loé twinglet to be proportionally greater than thfat o
the wingtip. Either way, the amount of wetted aoeahe increase in lift coefficient results in
profile drag that is considerably greater than tifaturrent designs. Thus, although not optimal
with respect to minimizing induced drag in accomato classical theory,winglets as currently
designed achieve most of this reduction, and deigoa much lower profile drag increase than
would otherwise be the case. In short, much ofdptmal induced-drag reduction predicted
theoretically is obtained by adding winglets to tiag. Once this is done, minimizing the profile
drag of the winglet is paramount.

Present Design Approach for High-Performance Sail@ines

Many of the comments on winglet design presented far are applicable to any low-
speed aircraft, while the details of the designhmeétlogy depend to a large extent on the
particular mission of the intended aircraft. In dase of high-performance sailplanes, the broad
nature of the mission profile greatly complicates thoice of an optimum crossover speed. In
weak conditions, gains in climb offset losses inis®. Conversely, in strong conditions, not
penalizing high-speed cruise is of the most impatato overall cross-country performance.
While the crossover-speed method is effective fedjgting the change in aircraft performance
due to the addition of winglets, and it does ensarae benefit, its use will generally not produce
the best design. For high-performance sailplanesftimal configuration cannot be determined
without specifically taking into account the impadtthe winglets on the average cross-country
speed. To do this, a fast, accurate predictiomefaircraft performance has been developed and
combined with a sailplane cross-country performameedel, allowing the calculation of
MacCready average cross-country speeds for specifi@ther conditions and aircraft
configurations™ ** ** These average cross-country speeds are then assetle metric to
determine the suitability of a design. This apploaltows the entire flight profile to be taken into
account in the design and yields a simple resutbepassing the broad range of contributing
factors.

Previous methods were not able to accurately gpidlyaaccount for small changes in an
aircraft configuration. The simplifications typital used, such as approximated airfoil
characteristics and parabolic flight polars, introel errors that are of the same order as the
improvements due to winglets. While useful for explg trends and the basic characteristics of
winglets, these methods are not accurate enougtefign.

Performance Prediction

The calculation of sailplane performance is a mammponent of the winglet design
problem. The performance evaluation must have @efft resolution to account for the effect of
changes to the winglet geometry. Because theseteftan be relatively small and errors or
inconsistencies in other portions of the calculatan overshadow them, it is important that all
aspects of the performance calculation be accyratetermined. The accuracy necessary for
successfully undertaking activities such as winglesign is obtained through the use of a
performance program that has been developed tacpted straight- and turning-flight polars of
sailplanes! ***°In addition to the drag contributions of the majomponents of the sailplane,



the program accounts for the effects of airfoil relateristics, trim drag, static margin, flap
geometry, and flap-deflection scheduling. The magportant element of the method is the
analysis of the wing-planform aerodynamics.

Essential to the analysis method is the interpmtatif the airfoil data. Wing profile drag
is such a large portion of the overall drag thaalbmrrors in its determination can eclipse the
effects of winglets. To accurately provide suchagdétis necessary to interpolate the airfoil drag
and moment data over the operational ranges ofctiéifficient, Reynolds number, and flap
deflection.

The other essential component for predicting thenform aerodynamics is the
determination of the span efficiency and lift distition. The lift distribution directly affects the
wing profile drag, and the planform efficiency d@ites the induced drag of the wing. Because this
is where the benefit of the winglet is quantifiesh accurate method of determining these two
items is of critical importance. In the presentraagh, use is made of both a multiple lifting-line
method and a three-dimensional lifting-surface pamale. The multiple lifting-line method,
which has been integrated directly into the perfomoe program, has several chordwise lifting
lines, each having a second-order vorticity distitn? This produces a continuous sheet of
vorticity that is shed into the wake. The methddvas the spanwise lift distribution and induced
drag of non-planar wing geometries to be predigtét reasonable accuracy and less computa-
tional effort than is required by a three-dimensiopanel method. Although not accounting for
the consequences of thickness and a free wakemnthigple lifting-line procedure is able to
guantify the effects of winglets. For initial desigerations, the increased speed of the multiple
lifting-line method more than offsets the smalld@s accuracy.

For the final detailed design of the winglet, isenade of a panel method progrdrat
takes free-wake effects into accoliffor the calculation of induced drag; the prograplies the
Kutta-Joukowsky theorem at the trailing ed§@his eliminates some of the problems associated
with attempting to account for wake relaxation le ffar field using a Trefftz-plane approach.
While the differences in results between a relaxedle and a fixed wake analysis are generally
small, these differences can be important in deteéng the final winglet toe and twist angles.

The turning-flight performance of the sailplan®igained by adjusting the straight-flight
polar for bank angle and load factor. By these ragdre minimum sink rate, optimal bank angle,
and optimal flight velocity as a function of turginadius are determined. The effects of deflected
ailerons and the curved flow field are neglected.

Analysis of Cross-Country Performance

With straight- and turning-flight polars availablan analysis of crossover speeds is
possible but, as mentioned previously, a more ogemeans of evaluating designs is desirable.
This task is accomplished with a program that dates the MacCready average cross-country
speeds for a given configuration using the straigiid turning-flight polars generated by the
performance progrant; **°

The thermal model used in this analysis has ailoliston of vertical velocity that varies
parabolically with thermal radius. Thus, the therprafile is specified in terms of the magnitude
of the vertical velocity of the rising air at there and the radius. The thermal profile has a
significant impact on the cross-country performamfea sailplane, and the most realistic
performance index would result from some particoh&t of thermal strengths and profiles. This
could be done, but instead a single, represent#timenal profile is used here, as this greatly
simplifies the interpretation of the results wiskll yielding a meaningful comparison between
sailplanes having different winglet geometries.

To obtain the optimal climb rate for a particulaméiguration, the thermal profile is
superimposed over the predicted turning polars. sttegght flight polar is then searched for the
inter-thermal cruise speed to optimize the MacCyaadss-country speed. The result is a trade-



off of climb and cruise performance, properly wegghto account for the variations in soaring
conditions over which the sailplane might be opetat

Cross-Country Performance Gains: A Case Study

To see the performance increases that are possitilewinglets, the predicted speed
polars for the Schempp-Hirth Discus 2, with andhaitt winglets, ballasted and unballasted, are
shown in Fig. 8. Although gains are demonstrathdy tare difficult to assess because of the
scales used on the polars shown. Thus, these date@otted in terms of L/D verses velocity in
Fig. 9. In addition to demonstrating the gainsanrging water ballast at higher cruising speeds,
the benefit of winglets can now be seen. To get\an better idea of the gains in L/D, in Fig.10
these data are again replotted in terms of theespémge increase in L/D relative to the unballasted
and ballasted glider without winglets. It should beted that this winglet is such that the
crossover points occur at airspeeds that are ab@vmaximum allowable. As already noted, the
crossover point that was so important in earlienghet designs is no longer a factor in current
designs. This is because experience has demouwistinatieeven though better overall performance
could be achieved using the crossover point condhjs approach can result in a very large
performance penalty if the winglets are operatedhmabove the crossover speed. The problem is
that during inter-thermal cruise in very strong ditions, there are strong psychological and
strategic reasons for a pilot to “stay with the kpadJnfortunately, the glider with winglets
suffers a very large performance penalty for flyfiagter than the crossover speed, which the
glider without winglets does not. Thus, as is tgpiof the more recent designs, for this design
there are no allowable flight conditions at whitke twinglets penalize performance. While the
percentage gain in L/D does not appear to be vesgtgit is a gain that comes without any
penalty at higher speeds.

The influence of winglets on the percentage chaimgaverage cross-country speed
relative to that of the baseline aircraft, thawvithout ballast and without winglets, is preserasd
a function of thermal strength in Fig. 11. The watg improve the cross-country performance for
all the thermal strengths considered, that is,ti@rmals having a 150 m radius and strengths,
averaged across the diameter, of up to 6 m/s. pea&d, the performance gain due to winglets
on the unballasted glider is very significant foeak thermals as the winglets allow for some
climb rate, whereas without winglets, it is mininealzero. As the thermal strengths increase, the
benefit due to winglets decreases; however, fa thider winglets do not hurt cross-country
speed even for average thermal strengths of mare@hm/s. The point at which full water ballast
becomes beneficial is indicated by the crossindhef unballasted and ballasted curves at an
average thermal strength of just above 4 m/s, spording to a climb rate with full ballast
predicted to be about 2.7 m/s. As indicated, ballasises a reduction in average cross-country
speed for average thermal strengths of less thamis4 For thermal strengths greater than this,
winglets improve the cross-country speed, but dmlya half-percent or so. The glider with
winglets, however, can carry ballast to slightlyaker conditions without penalty than the glider
without winglets can.

Other Considerations

In designing winglets for a variety of sailplanes, well as for a few non-sailplane
applications, it seems to be true that all wings loa improved with winglets, although the better
the original wing from an induced drag standpoihg smaller the gain possible with winglets
(and the more difficult is the design process). thse presented here, in fact, represents one of
the smallest gains due to winglets thus far aclielés sometimes heard that winglets were tried



on “such and such” a glider but did not work. Wtiag actually says is that a poor design did not
work. As an example of how critical some of theigiesssues can be, the effect of the winglet
toe angle on the Discus 2 winglet design is preskimt Fig. 12. Obviously, a small deviation

from the optimum can cause the winglet to becomspeed brake. Furthermore, as such
parameters are unique to each type of glider, ghgér must have winglets specifically designed
for it. Rules of thumb regarding winglet design da disastrous. It is certainly true that it is
much easier to make a glider worse with wingletatt is to make it better!

In some cases, it has been found that the wingjletsome problem with the original
wing. For example, in the case of a flapped glides important that the flaps/ailerons extend to
the wingtip. Otherwise, when the flaps are defl@aipward for high-speed cruise, the tips are
loaded far more than they should be for the optismEnwise loading. Although only a small
portion of the wing is seemingly influenced, ituks in very significant induced drag increase. In
these cases, cutting the tip back to the aileroorder to mount the winglet can result in gains,
especially at high speeds, that would not be ergeby the addition of winglets. In addition, it
should be noted that although the current generatidOpen-Class gliders still benefit from tip
treatment, unless the wing loadings can be inccedsamatically, increasing spans eventually
reach the point where the penalty of any wetted adslition cannot be overcome by an induced
drag benefit. This is true whether the additionadaais due to a span increase or a winglet.
Nevertheless, because of the fact noted that aleticgn achieve a given reduction in induced
drag with less wetted area than a span extendidrasi been the case that if a span extension
benefits performance, then it is benefited evenenifoa winglet is added to the extension.

From the understanding of how winglets achieve raduéed drag reduction, it also
becomes clear that they can yield other performarae handling qualities gains as well. In
particular, it has been found that winglets imprtwve flow in the tip region and thereby improve
the effectiveness of the ailerons. This is in gl to the local angle of attack in the vicinity of
the ailerons being reduced less by the reduced wasmm velocities, as well due to the reduction
of spanwise flow, helping to keep the ailerons @ffe. One of the benefits of greater control
effectiveness is that smaller aileron deflectioresraquired for a given rolling moment. This not
only results in less drag for a given roll ratet ibwalso allows for the achievement of higher roll
rates. Likewise, woolen tufts attached to glidengsi have shown that much of the flow
separation that is observed over the inboard tifnduurning flight is essentially eliminated by
the presence of a winglet. In addition to the risglreduction in drag, winglets benefit safety in
that the ailerons now remain effective much deeépgera stall than before.

Closing Comments

Although the performance gains achieved with witgylare only a few percent at
moderate thermal strengths, such small differenaasbe an important factor in determining the
outcome of many cross-country flights or contebits:. example, in a recent U.S. Open Class
Nationals, less than 1.5% of the points awardetigdirst-place competitor separated the first six
places, far less than the performance advantagedhae achieved using winglets.

So, since their shaky introduction many years dlge,acceptance of winglets is now
widespread. Shortly after their introduction tolgane racing, only 19 of the 105 gliders
competing at the World Championships in Uvalde,dBei 1991 used winglets. At the present
time, sport and racing sailplanes in almost evéagsmake use of winglets or some type of tip
treatment. Thus, after over a decade of wingleisgbapplied to sailplanes, it is clear that the
benefits are far reaching. If properly designedhstitat the profile drag penalty is of no
conseqguence over the range of airspeed at whichlither is flown, then there seems to be no
reason whatsoever not to take advantage of therpeshce and handling qualities benefits that
winglets offer



Finally, although some of the spinning charactiessof gliders with winglets have been
explored, the testing has not been extensive. Tiexdotal evidence, however, generally
indicates that gliders with winglets are more r&dat to spin, but once they do, the altitude
required for recovery is somewhat greater thantlier glider not equipped. Given the large
number of glider fatalities that are a consequenfcetall/spin accidents during approach, for
which the altitude required for recovery is alreadgufficient, a question worth pondering is
whether or not even the most basic training gligeight benefit from the installation of winglets.
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Fig. 1 Geometric quantities used to define a wingle
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Fig. 5 Experimentally determined flowfield crossflav velocity vectors
behind model with and without winglets®



Fig. 6 Schempp-Hirth Ventus 2ax sailplane with wintgts.

Fig. 7 Experimental winglets on a Schempp-Hirth Disus 2 sailplane.
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Fig. 8 Predicted straight flight polars of unballested and ballasted
Discus 2, with and without winglets.
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Fig. 9 Comparison of predicted lift-to-drag ratiosfor unballasted
and ballasted Discus 2, with and without winglets.
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Fig. 10 Percentage gain in predicted lift-to-drag atios due to winglets
for unballasted and ballasted Discus 2.
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Fig. 11 Percentage gain in predicted average crossuntry speed
due to winglets and ballast relative to unballastediscus 2 (310 kg)
without winglets.
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Fig. 12 Percentage change in predicted average csasountry speed
as it depends on winglet toe angle for an unballaest Discus 2. Toe
angles are measured relative to the zero-lift anglef attack.



