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Winglets on Low-Aspect-Ratio Wings

John M. Kuhlman* and Paul Liawt
West Virginia University, Morgantown, West Virginia

A preliminary numerical design study has been conducted to assess the drag reduction potential of winglets in-
stalled on a series of low-aspect-ratio wings at a high subsonic Mach number cruise design point of AM=0.8,
C; =0.3. Wing/winglet and wing-alone design geometries have been obtained for wings of aspect ratios between
1.75 and 2.67, having a taper ratio of 0.2, and leading-edge sweep angles of 45-60 deg. Winglet length has been
fixed at 15% of the wing semispan. To assess the relative performance between wing/winglet and wing-alone
configurations at the selected design point, the PPW nonlinear extended small-disturbance potential flow analy-
sis code has been utilized. Predicted decreases in pressure drag coefficients for the wing/winglet configurations
relative to the corresponding wing-alone planforms are about 15% at the design point of M =0.8, C; =0.3. Pre-
dicted decreases in wing/winglet total drag coefficients are about 12% relative to the corresponding wing-alone
design. These predicted percentage drag coefficient reductions are comparable to reductions already demon-
strated by actual winglet designs installed on higher-aspect-ratio transport-type aircraft. Since the low-aspect-
ration configurations have much lower lift-to-drag ratios, the overall drag force reduction for a low-aspect-ratio
wing should be significantly larger than at higher aspect ratios. Also, the wing/winglet designs may be advanta-
geous for supersonic flight, relative to a higher-aspect-ratio wing, since the winglet can be oriented to remain be-
hind the Mach cone and because the wing/winglet wing designs have less twist than the wing-alone configura-
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tions.

Introduction

HE winglet concept originally developed by Whitcomb!

has proved to be an effective means of reducing aircraft-
induced drag through use of a nonplanar lifting system.
The wing-tip-mounted, nearly vertical winglet develops a nor-
mal force that alters the configuration span load to diffuse the
total circulation in the rolled-up wing tip vortex and reduce the
total energy of the vortex.? Also, toe-out of the winglet allows
the winglet normal force to develop a thrust component to
reduce drag. Asai® has also shown the importance of the
relatively short chord of the winglet to minimize the increased
wetted area and resulting skin-friction penalty.

The winglet concept has to date primarily been applied to
relatively high-aspect-ratio transport-type configurations
(e.g., Refs. 1, 2, and 4). However, an early numerical study by
Cary’ indicated that larger reductions in induced drag force
were obtainable at fixed lift for a given winglet as the aspect
ratio of the wing on which it was installed was reduced.
Another theoretical parametric study by Heyson et al.® found
that winglet benefits, relative to a wing tip extension, in-
creased as the wing aspect ratio decreased for a series of
straight and swept, tapered and untapered wings. These early
numerical results indicate that there should be a greater poten-
tial for induced drag force reduction and improvements in the
cruise performance for the low-aspect-ratio, high-sweep wings
typical of fighter aircraft than for the transport-type wings
that have been emphasized previously. The present work has
been undertaken based on the premise that the drag reduction
capability of winglets already proved at high aspect ratios
should logically carry over to winglets designed for wings of
lower aspect ratio.
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One existing wing/winglet design for a relatively low-aspect-
ratio wing is that of the HIMAT research aircraft.” This con-
figuration has an aspect ratio 3.85 wing fitted with wing tip
fins, or winglets, that are 23% of the wing semispan in length.
Winglet root chord is equal to wing tip chord. These winglets
were found to reduce induced drag, but not by the amount
predicted by linear theory. Also, performance was degraded at
high-lift, transonic maneuver conditions, apparently due to
extensive flow separation on the winglets. This is at least par-
tially the result of the linear design methods that were utilized
in the winglet design.” More recent nonlinear analyses® using
the PPW code®!! for the HIMAT configuration have matched
actual flight test data quite well. Also, Hackett!? has recently
presented results of a preliminary low-speed experimental
study wherein a simple, untwisted, vertical vane was used to
reduce drag of a low-aspect-ratio delta wing under separated
flow conditions. Thus, there appear to be very few previous
instances where winglets have been utilized on low-aspect-
ratio wings.

The present effort is a preliminary design study to further
assess the potential for winglets to reduce drag of low-aspect-
ratio, high-sweep fighter-type wings at a high subsonic Mach
number. The nonlinear transonic potential flow analysis code
PPW?%1! has been utilized to predict transonic performance
for several wing/winglet and wing-alone planforms at a Mach
number of 0.8 and lift coefficient of 0.3. Initial wing/winglet
and wing-alone design geometries have been generated for at-
tached flow using two existing linearized theory aerodynamic
design codes'*-16 and wing/winglet geometries have then been
altered as required in the wing/winglet juncture region.

Design Approach

General Philosophy

The present work has been conducted as an initial step to
better determine the potential for winglets to reduce the drag
of low-aspect-ratio fighter-type wings at a high subsonic Mach
number. The basic philosophy of the work has been to use as
simple a set of configuration geometries and analysis tools as
are practical to still allow meaningful conclusions to be drawn.

At the simplest level, consider the induced drag efficiency
factor k, defined as the ratio of induced drag coefficient for an
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elliptically loaded planar wing to the induced drag coefficient
of the optimal nonplanar wing/winglet configuration having
an equal projected span at equal lift coefficient. The induced
drag efficiency may be calculated using a Trefftz plane model,
as shown in Fig. 1. These results have been taken from Refs.
13 and 17 and are identical to results of another numerical
model by Lundry and Lissaman.!® For vertical winglets, the
Trefftz plane model predicts the efficiency factor increases lin-
early with winglet height £. To a good approximation, k-1 is
equal to the ratio of winglet length to semispan. Thus, for typ-
ical winglet lengths of 10-20% of the wing semispan, the
potential percentage reduction in induced drag coefficient
1—-1/k is 9-17%. In Fig. 1, k has been calculated assuming
that the nonplanar configuration has the same projected span
as the planar wing; hence, the nonplanar configuration will
have a longer actual length. For results of the present study,
comparisons between wing-alone and wing/winglet perform-
ance have instead been made by holding the wing area fixed
and allowing the wing/winglet projected span to increase
slightly (3.9%). The Trefftz plane model predicts & to be inde-
pendent of both C; and wing aspect ratio.

Assuming then that wing/winglet geometries could be
designed to develop the required spanload independent of
wing-aspect ratio, the following simple argument will indicate
why a winglet should have a larger impact for a low-aspect-
ratio wing. The optimum induced drag coefficient, including
nonplanar effects, is given by

Thus, ignoring the dependence of lift curve slope on A4 and
holding C; fixed, it is seen that Cp, will vary inversely with
Ak. Applying the far-field results of Fig. 1, where k is pre-
dicted to be independent of wing-aspect ratio, it is seen that
the percent reduction in induced drag coefficient for a fixed
value of £/(b/2) should not vary with wing-aspect ratio. This
leads to the conclusion that the actual reduction in induced
drag force at fixed lift would be significantly larger for a
winglet installed on a low-aspect-ratio wing, since the lift-to-
drag ratio would be smaller.
Equation (1) may also be written in dimensional form as

D, =(L/b)*/(nqk) @

where g is dynamic pressure. Thus, it is seen that the induced
drag is dependent on the square of the ratio of lift to span.
This equation may be interpreted as indicating that the in-
duced drag is independent of aspect ratio. However, addi-
tional structural considerations would indicate that a lower-
aspect-ratio wing of equal structural weight could safely
develop a higher wing loading than a high-aspect-ratio wing.
Even ignoring this structural advantage and simply requiring a
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Fig. 1 Predicted performance benefits of winglets based on far-field
theory. 1317

WINGLETS 933

constant wing loading, it is seen that, for a given configuration
weight, as aspect ratio is decreased the span must decrease,
thereby increasing induced drag by the span ratio squared at
fixed lift {Eq. (2)].

It should be noted that the potential drag reductions pre-
dicted using far-field theory are expected to be optimistic, es-
pecially at high lift, since no additional drag penalties are in-
cluded for the added wetted area or added wave drag due to
any shocks on the winglets or adverse mutual interference be-
tween wing and winglet. However, this application of a simple
far-field minimum induced drag calculation highlights the
very significant potential of properly designed winglets to
reduce drag. In particular, the potential percentage reduction
in total configuration drag coefficient at high lift coefficients
approaches the percentage reduction in induced drag coeffi-
cient, which is directly proportional to winglet length (Fig. 1).

Planform Choices

Choices of both wing and winglet planform in the present
study have been influenced by four basic considerations. First,
an effort has been made to study a range of wing/winglet
planforms that might be representative of typical wing aspect
ratio and leading-edge sweep values for present'®2! and next-
generation??-% fighter aircraft. Second, concerns over the abil-
ity of the linear design methodology utilized to generate
wing/winglet geometries that developed realistic enough wing
and winglet loadings to permit converged, essentially attached
flow solutions to be obtained from the PPW code at the
selected high subsonic Mach number cruise design point also
influenced the range of wing and winglet planforms selected.
Third, difficulties encountered in obtaining converged tran-
sonic flow solutions?! with an early version of the PPW code
for a wing of aspect ratio 3 influenced early wing planform
choices. It has since been learned that this early problem has
been alleviated by implementation of a different crude grid de-
veloped by Waggoner.?¢ Related to this issue, limitations of
the PPW code have influenced the range of winglet geometries
studied. Fourth, it has also been possible to investigate trends
in predicted drag reduction vs wing aspect ratio or sweep.

Based on these considerations, an initial series of design
studies have focused on the series of eight trapezoidal wing
planforms defined in Table 1. These wings have aspect ratios
of 1.75-2.67, leading-edge sweep angles of 45-60 deg, and a
constant value of taper ratio of 0.2. Note that & in Table 1 is
the wing trailing-edge sweep angle. These wing planform
values were believed to bracket current and next-generation
fighter configurations!®-?* and to include high enough values
of the aspect ratio to ensure that at least some successfully
converged transonic flow solutions would be obtained.

For this initial study, a trapezoidal winglet planform was
selected for each wing, where winglet length, cant, taper ratio,
and leading-edge sweep were the same for all configurations.
Winglet trailing-edge sweep was varied as required to maintain
a constant ratio of winglet area to wing area. Winglet length
was fixed at 15% of the wing semispan, so that the far-field
drag analysis predicts each configuration should have the
potential to achieve nominally a 13% reduction in induced
drag when configuration projected span is held fixed or 16.9%
when wing area is held fixed. Winglet leading-edge sweep was
fixed at 50 deg; wing leading-edge sweep angles bracket this

Table 1 Wing planform configurations

Configuration A A, deg ®, deg A
A '2.63 50 10 0.2
B 2.67 45 0 0.2
C 1.75 50 —18.4 0.2
D 1.75 55 - 55 0.2
E 1.75 60 11.8 0.2
F 2.20 45 —-12.0 0.2
G 2.20 50 - 1.2 0.2
H 2.20 55 12.2 0.2
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value. All winglets so defined have total areas equal to 2.25%
of the basic wing area. These chosen winglet length and area
values are consistent with those used in previous winglet ap-
plications.»*4719 Other winglet planform details have been
selected primarily based upon Whitcomb’s original recom-
mendations,! aimed at reducing adverse mutual interference
effects. Thus, winglets have been located in an aft position,
behind the wing tip airfoil shoulder. Since all wing and winglet
configurations have utilized an NACA 64A006 thickness dis-
tribution, winglet root chord was fixed at 60% of the wing tip
chord. Cant was fixed at 15 deg and has not been varied in the
present study because the version of PPW used utilizes a rec-
tangular intermediate grid and a vertical winglet computa-
tional orientation. Winglet taper ratio has been fixed at 0.5 in
the current work due to concerns about inadequate grid reso-
lution in the PPW code for smaller winglet tip chords. Further
discussion of the design approach may be found in Ref. 27.

Design Point

Actual fighter aircraft designs are the result of tradeoffs be-
tween a number of competing design points or mission re-
quirements, 2® which have not been addressed in the present
study. Instead, for the present work, a cruise condition at a
high subsonic Mach number has been selected for all designs,
based on the belief that existing fighter aircraft typically cruise
at as high a Mach number as possible without a significant
drag rise penalty (i.e., 0.7<M=0.9 at cruise). Thus, a single
value of M'=0.8 has been selected as the design Mach number
value. Also, based on typical and maximum wing loadings and
wing areas for existing lightweight fighters,'® typical configu-
ration lift coefficients at M=0.8 at an altitude of 30,000 ft
range from about 0.2 for a lightly loaded, “‘clean’’ configura-
tion to about 0.4 for a very heavily loaded configuration.
Thus, a single design value of lift coefficient of C; =0.3 has
been selected for the present study since it falls in the appro-
priate range, but is also high enough so that a significant
potential for total drag reduction exists (an order of magni-
tude of 10% including the fuselage, estimated from Fig. 1).

Design Methodology

An overview of the numerical design process and design
tools utilized in the present work will now be given. First, for

y/ (b/2) 0.5 1.0

each configuration of interest, the wing planform, design
point, and winglet orientation and planform are fixed as
described above. Then, either of two aerodynamic design
codes are utilized to generate initial linearized attached flow
theory wing and winglet geometry input for the more
sophisticated nonlinear transonic analysis code of Refs. 9-11.
Also, cylindrical fuselage definition is added at this point,
where fuselage diameter is 25% of the wing semispan. Fuse-
lage length is 10.5 times the wing semispan, to approximate an
infinite cylinder. The PPW analysis code is then utilized to
analyze configuration performance at the transonic design
point. The original linear theory winglet design geometry is
also modified to improve the configuration performance as
predicted by the PPW analysis code. In particular, wing tip
and winglet incidence values have been altered to weaken
shocks predicted by the nonlinear analysis code to reduce wave
drag.

Both linear design programs!'*-16 have been modified to gen-
erate output files of linear theory optimum wing and winglet
upper and lower surface coordinates in the format required
for the PPW nonlinear analysis code. A second file in Hess
format is also generated for interactive plotting of the result-
ing geometry.?

The PPW nonlinear transonic analysis code®!! solves a
finite-difference representation of an extended small-
disturbance form of the nonlinear full potential equation by a
relaxation method. The extensions to the classical transonic
small-disturbance equation are nonlinear terms that appear in
the full potential equation, which improve the ability to cap-
ture swept shocks on the wing and winglet.

A unique feature of the code is the utilization of multiple,
nested, rectangular grids with fine resolution in regions of
large flow gradients. Variation in flowfield potential is com-
municated from one grid system to another by interpolation.
Use of these multiple grids allows good resolution of the
flowfield details around a winglet without requiring a very fine
grid away from the winglet. In addition, no complex grid gen-
eration is required, so that configuration components can very
easily be added or removed to study interference effect trends.

The small-disturbance formulation has also been used to
simplify boundary conditions, which are applied at the nearest
neighboring computational grid points. Boundary conditions
are corrected by small-disturbance theory for variation due to
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Fig. 4 Wing-winglet geometry for M=0.8, C;=0.3; 0.15(5/2)
winglets.

differences in location of the physical boundary and the com-
putational boundary.

A two-dimensional, compressible strip boundary-layer cal-
culation may be performed on the wing surfaces using simple

sweep theory and interacted with the outer potential flow. The
boundary-layer displacement thickness is calculated and used
to modify the wing surface slope boundary conditions. Con-
figuration forces and moments and spanload distributions are
calculated by direct numerical integration of the pressure coef-
ficient distributions. No boundary-layer calculations are per-
formed on the fuselage, winglet, pods, or pylons. Viscous ef-
fects are estimated for the fuselage and winglet using a
flat-plate skin-friction correlation corrected for compressibil-
ity effects.

Results

Results of the present study will be presented by first descri-
bing the linear theory design geometries and required modifi-
cations to these geometries to obtain successfully converged
nonlinear transonic flow results at the chosen design point.
Then, the transonic flow results will be presented; convergence
will be discussed first, followed by comparison of the pre-
dicted performance levels.

Linear Theory Designs A

All results to be'preseh.ted in the present paper have used the
first design code!®!4 to define minimum induced drag wing-
alone and wing/winglet camber surfaces for each of the eight
wing planforms listed in Table 1. Seven of the resulting inci-
dence distributions for the optimum wing-alone geometries
are shown in Fig, 2, while similar incidence plots for the
wing/winglet configurations are shown in Fig. 3. Optimum
wing incidence is characterized by a gradual washout, except
in the vicinity of the wing root and wing tip where much more
rapid washout is observed. In contrast, wing/winglet inci-
dence follows the wing-alone distribution inboard, but shows
a dramatic increase in wing tip incidence, while most of the
winglet is toed out (negative incidence in Fig. 3). Also note
that the winglet root airfoil is toed in somewhat. This is ac-
companied by a rather large amount of camber. These unex-
pected kinks in wing tip and winglet root incidence have been
found not to be a result of any poor paneling choices in the
linear theory design code. Examples of the resulting wing/w-
inglet geometries for two of the A =150 deg wings are shown in
Fig. 4.

PPW Analysis Code Convergence Results

As an initial step in utilizing the PPW nonlinear transonic
code to analyze performance of low-aspect-ratio wing/winglet
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configurations, the convergence capabilities of this program
were studied for the eight trapezoidal wing planforms de-
scribed in Table 1. This was done partially because of concern
over convergence difficulties encountered previously by others
at low aspect ratio.?! A second purpose of this study was to es-
tablish the viability of using the simple linéar theory design
methods described above to define the initial low-aspect-ratio
wing-alone and wing/winglet de51gn geometries.

All eight of the wing-alone configurations designed by the
linear theory design code were found to yield successfully con-
verged, realistic flowfield solutions at M=0.8, «=0.5 deg us-
ing the PPW code, without alteration of the geometry, when
no interaction of the viscous boundary layer was used for 160
iterations (100 crude grld followed by 60 crude-fine grid itera-
tions). Here, the term *‘realistic’’ is used to indicate a PPW
solution without significant oscillations in the surface pressure
coefficient distributions. Angle of attack has been increased
by 0.5 deg because this has often been found to prov1de better
agreement with experiment.!’ Maximum changes in the
flowfield potential ranged from 1.7x10-5 to 6.5x10-5.
When wing viscous boundary-layer interaction was 1ncluded,
convergence difficulties were observed at the lowest aspect
ratio for the higher wing sweep angles. Wing E (4=1.75,
A =60 deg) would not converge, while the PPW solution for
wing D (4 =1.75, A=55 deg) at «=10.5 deg also diverged, but
converged at a =0 deg. Maximum changes in solution poten-
tial with the interacted boundary layer using 300 iterations
(100 crude grid and 200 crude-fine grid iterations) ranged from
5.7x10-% and 6.6 x 10~ for the seven wing-alone configura-
tions. Thus, it has been found that converged, realistic tran-
sonic flowfield solutions may be obtained from the PPW code
at M=0.8, C,=0.3 for a series of trapezoidal low-aspect-
ratio wings of 1.75=A<2.67, 45=<A<55 deg, with A=0.2,
where wing camber and twist have been defined by linear
theory.

However, much greater difficulty was encountered in ob-
taining realistic, converged nonlinear PPW solutions for the
eight wing/winglet configurations. No converged solutions
were obtained for any of these geometries when used exactly
as specified by the linear design code. However, converged,
realistic solutions were obtained for all but two wing/winglet
configurations when the original geometriés were modified to
reduce loading at the wing tip and winglet root, by omitting

the wingtip incidence kink and the highly swept, highly:
cambered, toed in winglet root airfoils. Instead, the wing tip

and winglet root airfoils were defined using the airfoils in-
board on the wing or upward on the winglet. The levels of con-
vergence for the higher- and intermediate-aspect-ratio
wing/winglet configurations were comparable to those ob-
served for the corresponding wing-alone configuration. Even
greater difficulty was experienced in obtaining converged
PPW solutions for the A=1.75 wing/winglet configurations
than for the wing-alone cases. This is believed to most likely be
due to inadequacy of the linear design methodology at the
lower aspect ratios rather than to any inherent limitation to
the PPW code itself.

J. AIRCRAFT

PPW Analysis Code Performance Comparisons

The potential for winglets to reduce drag for low-aspect-
ratio wings at a transonic cruise design point has been assessed
by comparing the lift-to-drag ratios computed by the PPW
code for each wing/winglet configuration with the calculated
L/D for the corresponding optimum wing-alone configuration
at essentially the same lift, as shown in Table 2. The percen-
tage differences betweeén calculated wing-alone and wing/
winglet lift coefficients have also been shown. All lift and drag
coefficients in this comparison have omitted the fuselage force

0.8~

a) Wing A (4 =2.63, A=50 deg, A=0.2)

0.8}

1.6 —

b) Wing G (4=2.20, A=50 deg, A=0.2)

Fig. 5 Calculated upper surface pressure coefficient distributions for
wing-alone designs at M=0.8, «=0.5 deg, C; =0.3 (160 iterations,
no boundary layer).

Table 2 PPW code predicted lift-to-drag increases due to 0.15(b/2) winglets af M= 0.8, C; =03

" 160 iterations,
no boundary layer -

300 iterations,
with boundary layer

Config. Wing C/Cpp AC;,% Ci/Cp, C1/Cpiot AC;,%
A A, deg increase, % incease, %o increase, %

A 2.63 50 13.1 0.9 14.9 11.5 —-0.8
B 2.67 45 14.4 ~1.87 15.0 11.8 -1.2
D 1.75 55 16.42

—0.028 - — —
F 2.20 45 16.5 -0.99 15.8 13.3 -0.9
G 2.20 50 16.7 0.05 14.6 12.1 0.7
H 2.20 55 15.7 ~1.23 — — —
C 1.75 50 14.9 -0.20 — — —

3a =0 deg; all other cases at a=0.5 deg.
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Fig. 6 Calculated upper surface pressure coefficient distributions for
wing of wing/winglet designs at M=0.8, «=0.5 deg, C; =0.3 (160
iterations, no boundary layer).

coefficients, so comparisons have been made between the
wing-plus-winglet force coefficients and the wing forces for
the corresponding wing-alone configuration. All lift and drag
force coefficients have been calculated using the configuration
wing area as the reference area. Thus, force coefficient ratios
are directly interpreted as ratios of forces. Lift coefficients
have generally been matched to within approximately =+ 1%.

Predicted increases in lift-to-pressure drag (induced drag
plus wave drag) are between 13.1 and 16.7% for runs without
boundary-layer interaction for 160 iterations. No clear trend
in predicted percentage L/D increases is observed as the wing
aspect ratio or leading-edge sweep angle is varied. When the
wing/boundary-layer interaction is included and 300 iterations
are used, calculated wing/winglet pressure drag is 14.6-15.7%
lower than for the corresponding wing-alone configuration at
essentially the same lift. For these four configurations, the cal-
culated wing/winglet lift-to-total drag is 11.5-13.3% higher
than calculated wing lift-to-total drag at the same lift. Again,
there is no systematic variation of the predicted percentage
L/D increases with wing dspect ratio or wing leading-edge
sweep. Coding was added to use the calculated wing and
winglet spanloads to calculate a bending moment coefficient
about the wing root to allow some comparisons of the struc-
tural penalty due to the winglét. For the four configurations
for which 300 iteration interacted boundary-layer solutions
have been obtained, this calculated bending moment coeffi-
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Fig. 7 Calculated winglet pressure coefficient distributions for wing
A fitted with 0.15(5/2) winglet at M= 0.8, a=0.5deg, C; =0.3.
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Fig. 8 Calculated winglet pressure coefficient distributions for wing
G fitted with 0.15(5/2) winglet at M=0.8, o=0.5 deg, C, =0.3.
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cient at the design point was increased 5-7% for the wing/
winglet case relative to the corresponding wing-alone case.
These percentage increases in bending moment are of the same
order as those calculated by Heyson et al.® for winglets on
wings of similar aspect ratio.

Typical calculated upper surface wing-alone pressure coeffi-
cient distributions are shown in Fig. 5 for the A =2.63 and
2.20, A=50 deg configurations using 160 iterations without
boundary-layer. interaction. Results for the other wing-alone
configurations all look quite similar. The corresponding wing
upper surface pressure coefficient distributions for the
A=2.63 and 2.20, A=50 deg wing/winglet configurations,
again for 160 iterations and no boundary-layer interaction, are
shown in Fig. 6. They are nearly identical to the wing-alone
results except near the wing tip in the vicinity of the winglet.
Here the presence of the winglet results in larger velocities and
more negative pressure coefficient values. Examples of the cal-
culated winglet pressure coefficients at £ =0.163, 0.488, 0.650,
and 0.975 (where £ is the fractional distance from the winglet
root to the winglet tip) are shown for the same two wing/
winglet solutions in Figs. 7 and 8. Smooth, nearly rectangular
winglet pressure distributions are obtained at 4 =2.63, but a
shock is observed near midchord over the lower 50% of the

CL ’
0.35
Wing-Winglet

——— Wing-Alone

0.15 =
r T T 1 !
-1.5 -1.0 ~0.5 0 0.5 1.0
o, deg
[« a)C; vs
L L
O.ZSSA_,1
&
0.30_| -~
Ve
0.25_]
0.20_]
Wing-Winglet
o ame == Wing-Alone
0.15_]
T T T ) '
0 0.01 0.02 ¢
b) C; vs C))

Fig.9 Predicted performance of wing A fitted with 0.15(5/2) winglet
at M =0.8 (300 iterations with boundary-layer interaction)
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Fig. 10 Calculated pressure coefficient distributions for wing H (4 = 2.20, A = 55 deg, A = 0.2) fitted with 0.25(b/2), A = 45 deg winglet at
M =0.8, a =0.5 deg, C, = 0.3 (300 iterations with boundary-layer interaction).

winglet at A =2.20. In addition, a suction peak is observed at
the winglet leading edge near the winglet root, indicating that
this winglet should be toed out more. For the assumed a=1.0
rectangular chord loading, there also appears to be a weak
trailing-edge shock everywhere along the winglet ( = —0.4
at M=0.8). Winglet pressure coefficients have been shown in
Figs. 7 and 8 for both the 160 iteration, no boundary-layer
solutions and the better-converged, more realistic solutions
for 300 iterations with the interacted boundary layer. Very lit-
tle difference is observed at 4 =2.63, However, midchord
shocks are weakened and moved slightly aft and trailing-edge
shocks are weakened slightly for the solution including the in-
teracted wing/boundary layer for the more heavily loaded
winglet on the 4 =2.20 wing. Similar trends have been seen
for the effect of including the boundary layer on shock loca-
tion for transport wing configurations in Ref. 26. Figure 9
shows the calculated performance at M= 0.8 vs angle of attack
for case A. All results were obtained using 300 iterations and
boundary-layer interaction. For 0.2<C, <0.3, the lift curve
slope is constant. The wing/winglet drag polar appears to be
shifted to lower drag.

Further examples of calculated pressure coefficient distribu-
tions obtained for a longer winglet of length equal to 0.25
(b/2) on wing planform H (4 =2.20, A =55 deg) are presented
in Fig. 10. This configuration has a potential for a 25.4% re-
duction in induced drag coefficient relative to the shorter span
wing-alone configuration, based on the far-field theory of
Refs. 13 and 17. The winglet leading-edge sweep is 45 deg,
taper ratio 0.5, and cant 15 deg. The design process and result-
ing geometry were both quite similar to those for the shorter
0.15 (b/2) winglet configurations, with the exception that
winglet twist had to be altered to obtain converged, smooth
pressure coefficient solutions. This solution is at M=0.8,
a = 0.5 deg for 300 iterations with the interacted boundary
layer. For this run, the maximum change in flowfield poten-
tial was 3.43 x 107 and the wing/winglet lift coefficient is

0.2% low relative to the wing-alone results. The calculated
lift-to-pressure drag ratio is increased 19.4% relative to the
wing-alone case, while calculated wing/winglet lift-to-total
drag ratio is increased 15.4% compared to the wing-alone
case. Much smaller drag reductions at equal lift, of 14.9% in
Cp, and 11.9% in Cp,, have been computed for a lower-
sweep (30 deg), long winglet; this is due to the occurrence of
strong shocks on the inboard winglet surface that results from
a larger interference effect for the lower-sweep winglet.

Discussion

All of the present PPW nonlinear performance predicitions
tend to support the much simpler trends discussed under
design philosophy, using a far-field drag model. The predicted
percentage drag coefficient reductions of the wing/winglet
designs at fixed lift are largely independent of wing planform
(aspect ratio and leading-edge sweep) and tend to scale directly
proportional to the ratio of winglet length divided by wing
semispan. Both of these trends are predicted by the simple far-
field theory. Of course, these conclusions will remain valid
only so long as smooth, attached flow is maintained on both
the wing and winglet. Some limited efforts to obtain PPW
solutions at higher lift coefficients for the configurations dis-
cussed in the present study have usually led to diverging, un-
stable solutions. In some general sense, this indicates that the
actual flowfield would be too highly loaded on the winglet in-
board surface or near the wing tip, so that shock-induced flow
separation would be expected in these regions at higher lift co-
efficients. This could negate any drag reductions due to the
winglet at high lift. However, it does appear possible to in-
crease winglet toe out as C; is increased, thereby maintaining
attached flow over a wider range of lift coefficients. This leads
one to the concept of an aeroelastically tailored or ¢‘steerable’
winglet to maintain attached flow conditions over a range of
lift coefficients.
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Fig. 11 Predicted pressure drag coefficient (in drag counts) at C; =0

for A =2.5, A=44 deg, A=0.2 wing-alone and wing/winglet, without
camber or twist (from Ref. 30).

While the present results are very encouraging, there is some
concern over the level of accuracy of the drag levels computed
by the PPW code (Ref. 11, p. 139) or that this accuracy might
be significantly reduced at low aspect ratios or for nonplanar
configurations. For example, there is no complete treatment
of the three-dimensional boundary layers that form in the
wing/winglet and wing/body junctures. Also, the flowfields
on the body and on the winglets are not interacted with any
viscous boundary-layer calculation. To date, no complete as-
sessment of these concerns has been made. However, it is
noted that the predicted pressure drag reductions (Table 2) are
in all instances somewhat less than the maximum achievable
reduction in induced drag as predicted by the far-field drag
model.

Some insight into accuracy of the PPW code calculated drag
has been obtained in Ref. 30 by plotting the calculated PPW
pressure drag coefficient in drag counts vs Mach number for
an uncambered, untwisted wing as shown in Fig. 11. For these
results, the wing has a taper ratio of 0.2, aspect ratio of 2.5,
wing leading-edge sweep of 44 deg, and NACA 64A006 thick-
ness distribution. Calculated pressure drag is essentially zero
(less than one count) for the wing-alone for 0.1<=M=<0.9.
Above M=10.9, there is a very steep increase in Cp,,, indicating
the onset of drag rise. Also shown in Fig. 11 are similar
pressure drag results for the same wing with a short winglet
[¢=0.15(b/2), A=45 deg]. Here, due to interference effects,
the wing tip and winglet root incidences had to be reduced by
trial and error until a wing-plus-winglet lift coefficient of zero
was obtained. For these slightly twisted, uncambered wing/
winglet geometries, the calculated pressure drag is essentially
identical to that of the wing alone at C; =0. Thus, there is no
evidence of any difference in the accuracy of the PPW drag
coefficient calculation by pressure integration for the wing/
winglet or wing-alone configurations, at least for these thick-
ness dominated flows.

Conclusions

A preliminary numerical design study has been performed
to assess the potential for drag reduction at a transonic cruise
design point for winglets installed on low-aspect-ratio wings.
All initial design geometries have been generated using
linearized potential flow theory. These geometries have been
modified as required to overcome linear flow limitations and
then the performance has been analyzed using the PPW nu-
merical nonlinear potential flow model. It has been found that
the linear theory designs yield realistic converged flow predic-
tions using the nonlinear analysis code at M=0.8, C; =0.3 for
wings of aspect ratios of 1.75-2.67 and leading-edge sweep
angles of 45-60 deg. Realistic converged flow solutions were
also obtained from the nonlinear analysis code for wing/
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winglet designs generated for a 50 deg leading-edge sweep
winglet of length equal to 15% of the wing semispan, installed
on the higher-aspect-ratio wing planforms. Here, converged
transonic flow solutions were obtained only when winglet root
toe-out and wing tip incidence were systematically altered to
reduce the winglet and wing tip loading levels relative to those
required by the linear theory design methods.

For the 0.15(b/2), 50 deg leading-edge sweep winglets, the
predicted pressure drag coefficient reductions at the design
point were about 15%, while total drag coefficient reductions
were about 12% relative to the wing-alone design at the same
lift. These predicted percentage reductions were largely inde-
pendent of the basic wing aspect ratio and wing leading-edge
sweep. For the 0.25(b/2), 45 deg leading-edge sweep winglet, a
pressure drag coefficient reduction of 19% and a total drag
coefficient reduction of 15% were predicted. Thus, it has been
concluded that, at least for winglet lengths below 25% of the
wing semispan, the fractional pressure drag reduction due to a
winglet approaches the induced drag reduction predicted by a
simple far-field induced drag model. This drag model predicts
the fractional induced drag coefficient reduction, 1-1/k, is
simply related to the ratio of winglet length to wing semispan,
in that k=1+/(b/2).

Thus, the simple basic premise that motivated the present
study appears to be valid. Winglets appear to have the poten-
tial to achieve significantly larger drag force reductions when
applied to low-aspect-ratio wings rather than ones with higher
aspect ratios. This is because the percentage drag coefficient
reduction at equal lift is relatively independent of wing aspect
ratio, while the lift-to-drag ratio decreases with decreasing
aspect ratio. Thus, the lower-aspect-ratio configuration devel-
ops a much larger drag force at equal lift and wing loading.
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