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Nomenclature

Cp = pressure coefficient
y = spanwise station from wing root, mm
� = angle of attack, deg
� = dihedral angle of the winglet measured relative to wing

plane, deg
� = change or difference

I. Introduction

F OR the majority of the last century, the primary means for
aircraft control through the use of elevators for pitch control,

ailerons for roll control, and a rudder for yaw control has remained
largely unchallenged. For aircraft designers around the world, this
control methodology represents the most reliable, robust, generally
applicable, and effective means of aircraft attitude control that
currently exists. While it is certainly true that this method of aircraft
control has become much more complex as the rapid advance in
aerospace technologies continues to accelerate [1], a wide-ranging
successor to this traditional method that can significantly improve
upon this baseline method, giving substantial improvements in effi-
ciency and performance, continues to remain operationally complex
and/or difficult to justify.

While this required and necessary search remains ongoing, the use
of this traditional method of aircraft control does rely on the
deflection of hinged, discrete control surfaces, which can, even under
moderate levels of deflection, set up localized areas of severe adverse
pressure gradients (typically along the hinge line) that both promote
and produce regions of flow separation. Under these conditions, both
control surface and overall wing efficiency are reduced, leading to
suboptimal aircraft performance. This drawback of the current
system is one of the main reasons the search for “morphing“ aircraft

systems and technologies continues [2–9]. If successful, and through
using control configurations that allow more general and subtle
changes in streamwise curvature, morphing for control may lead to
increases in aerodynamic efficiency while maintaining comparable
performance.

In this Note, work is presented that extends a concept for a novel
aircraft roll control system considered in an earlier paper by the
authors [10]. The focus of this Note will principally consider the
influence of articulated winglets on the resulting surface pressures on
a flying wing test model for possible applications to gust load
alleviation. The experimental model tested, analyzed, and evaluated
used two actively controlled wingtips (one mounted at each wingtip)
that were free to rotate about the wingtip chord axis line. The model
was also purposely built to allow for multiple dynamic surface
pressure measurements on one upper wing surface to measure, under
test conditions, the real-time aerodynamic changes during winglet
actuation.

II. Experimental Setup and Apparatus

A. Flying Wing Model

A schematic of the swept wing model designed and built for the
test program is shown in Fig. 1. The baseline configuration (without
winglets) used a Zagi 12 wing section, a 30 deg leading-edge sweep,
awingspan of 1.2m (1.54mwithwinglets planar), zerowashout, and
root and tip chords of 0.326 and 0.185m, respectively. All sections of
the complete wing (comprising the main baseline wing sections and
the winglets) were made of a blue foam core that was reinforced and
strengthened with a bonded carbon and lacquered skin to further
resist aerodynamic loading and produce an aerodynamically robust
surface finish. To build the flying wing configuration, the two
mirrored baseline semispan wing sections were mated and glued
together at the root, using additional carbon stiffening rods for extra
strength. Before assembly, and to allow for the integration of the
active wingtip actuator assembly and the array of dynamic pressure
transducers, sections of the undersurface of each baseline wing
semispan section at the wing tip were removed. Internal portions of
the blue foam core within the starboard (looking from behind the
model) baseline semispan wing and winglet were also removed to
accommodate integration of the dynamic surface pressure transducer
array.

Fifty-seven Honeywell CPC 1 psi dynamic pressure sensors with
identical custom-built amplifier electronics were used tomeasure the
dynamic surface pressures on both the starboard baseline semiwing
span and the winglet combination. All pressure sensors used to
instrument the model had a spatial footprint of less than 20 � 10 �
5 mm3 (including customized electronics), which allowed for the
integration of the pressure sensors in regions of interest close to the
wing/winglet juncture as well as near the trailing edge of both the
baseline wing and thewinglet. The chosen placement of the pressure
transducers is shown in Fig. 2. Initially, each pressure transducer was
fixed in these positions with the exposed portion of the main active
pressure port protruding out of the upper wing surface, exposing it to
the main wing surface flow. To ensure that there was no undue
aerodynamic contamination, each of these exposed sections were
trimmed and sanded back to the main wing surface, creating an
aerodynamically smooth surfacefinish. Signal lines fromall installed
pressure transducers were channeled through the main wing section,
exiting at the root spanwise station, and down the purposely designed
and built wind-tunnel support sting. For the active winglet, the
control lines for the installed pressure transducers were carefully
channeled through thewing/winglet interface support (Fig. 1), taking
particular consideration to ensure that the winglet maintained a free
and unhindered ability to rotate about its axis. This interface support
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(body of revolution) was manufactured and installed to facilitate
seamless and aerodynamically efficient rotation of the winglet
around the baseline wing plane. All data obtained were digitized
through the 16-bit dSpace data acquisition and control system,
at 1000 Hz, over a period of 30–60 s, depending on the test
configuration.

Together with the surface pressure transducers, seven dynamic
pressure sensors identical to those used to obtain wing surface infor-
mation were also installed at strategic locations throughout the
starboard wing andwinglet internal cavities (internal pressure sensor
locations also indicated in Fig. 2) to measure the internal cavity
pressures during test conditions. Installation of these internal
sensors, together with the surface pressure transducers, was carefully
controlled and managed with all exposed main access wing/winglet
covers and gaps surrounding the sensors sealed from exposure to the
outside flowfield. One active port of all these installed internal
pressure sensors was connected to a single pneumatic plastic tube
(via several offshoot branches), allowing a common reference for
measurement and/or correction of internal static pressures offsets, if
necessary, in the surface pressure results obtained. The other end of
this tube, which was fed out of the model (at the wing root) and test
section of the wing tunnel, was left exposed to static atmospheric
conditions within the laboratory environment. As the internal cavity
static pressures within themodel were found to not vary significantly
during tests, no corrections for the lag effects of the tubing were
applied. Before test program initiation, initial testing of the pressure
sensor/amplifier combination resulted in a measured combined
nonlinearity and hysteresis of �2% (full-scale deflection) and a
linear frequency response up to 500 Hz. Additionally, the calibration
of each pressure sensor was checked in situ against a Digitron 2081P
pressure meter and found to lie within a 95% confidence interval of
�3% (full-scale deflection).

To achievewinglet rotation, two digital Hitec HSR-5995TG robot
servos, located at each wing tip, were built into the baseline wingtip
assembly. Both sets of servos were retrofitted with a belt-drive
system operating with a 1:1 gear ratio to rotate thewinglets through a
connected shaft within the wing/winglet interface support (Fig. 1).
The actuation torque produced by the servos was transferred from

this shaft to the articulated winglet through four mounting struts that
were all screwed and glued to a support frame within the active
winglet. To ensure that both servos for each active winglet worked in
unison, the signal lines from each servo were connected together,
allowing a single control signal to operate both servos.

B. Wind-Tunnel Measurement Environment

The experimental setup for the baseline swept wing/winglet
combination is shown in Fig. 3. The model was installed at midtest-
section height using a specifically designed support strut inside a
closed test section (height� 1:5 m and width� 2:1 m), and a
closed circuit wind tunnel with a maximum operating freestream
velocity of 60� 1 ms�1. The nominal flow speed under test con-
ditions was selected at 30 ms�1, giving a Reynolds number based on
the mean aerodynamic chord of the baseline configuration of
5:53 � 105. At themodel station, the freestream turbulence level was
approximately 0.2%. No wind-tunnel blockage corrections or
artificial transition fixing on the model were applied throughout the
entire test program.

All four servos used to control and actuate thewinglet were driven
by a dSpace control system. This system was configured to generate
pulse width modulated input signals, at 50 Hz, with variable
duty cycles corresponding to a pulse width range of between
400–2100 �s. The calibration of winglet dihedral angular position
was carried out using a digital inclinometer (error� 0:1%) posi-
tioned on the control surfaces and matched to a readout from the
dSpace control system indicating the input signal pulsewidth. Under
wind-on conditions, the demanded input was found to be achieved
within an error range of �4� with a maximum achievable dihedral
angle deflection for the active winglets being �75 deg (positive
dihedral-winglet rotation above the wing plane). The same digital
inclinometer was used to calibrate the angle of attack of the model
that was fixed within the range of 0–12 deg (position error�1 deg)
in increments of 4 deg.

Fig. 1 General schematic of the baseline flying wing with active winglets.

Fig. 2 Position of surface and internal pressure transducer locations

within the wing/winglet model (PT denotes pressure transducer). Fig. 3 Experimental setup for active wingtip flying wing.
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III. Results and Discussion

An example of the mean surface pressures measured on the upper
surface of the starboardwing/winglet combination is shown in Fig. 4.
On first inspection, the baseline Cp results at both angles of attack
show successive minimum peaks toward the leading edge of the
model, reducing to nearCp � 0 as the chordwise position reaches the
trailing edge of the wing. At stations 20, 25, and 37, which were
located in close proximity to the trailing edge, surface pressures
indicated small positive values, indicating the influence of the reflex

trailing-edge profile used on the surface pressures. At the spanwise
station most inboard for �� 8 deg, the peak in the minimum
pressurewas found to occur at station 2withCp ��0:998moving to
Cp ��1:313 at station 14 to the maximum negative pressure
measured (station 32) of Cp ��1:519. This level of negative
pressure coefficient was generally maintained on thewinglet itself as
well (Cp ��1:362: station 38, Cp ��1:374: station 50), which
would be expected as the chosen wing configuration was untwisted
(wingtip more heavily loaded). At station 32, located just before the

Fig. 4 Wing/winglet surface pressures with �� 0 deg and Ren � 5:53 � 105.

Fig. 5 Change in wing/winglet surface pressures for �� 8 deg and Ren � 5:53 � 105.
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wing/winglet interface juncture toward the leading edge, the
magnitude of the peak was found to be more than 11% higher than
that found from the nearest neighbor (station 26 withCp ��1:311),
suggesting the existence of a local area of flow acceleration resulting
most probably from interaction between the oncoming flow and the
inboard leading-edge face of the interface support at y� 600 mm.
This area of increased suction at these spanwise and chordwise
locations was also found for the case of �� 12 deg.

The influence of actively rotating the winglet both above and
below thewing plane though various levels of dihedral is presented in
Figs. 5 and 6. For clarity of presentation, the results measured on the
winglet are presented without the relevant position change out of the
wing plane, which occurred in reality from winglet rotation. For
small deflections in dihedral, the influence on both the wing and
winglet surface pressure distributions were only moderate. Under
these conditions, the variation in the three most inboard spanwise
stations (closest to the wing root) is almost negligible, with a
maximum change to the Cp distribution being less than �4%
(located at station 19). However the influence of winglet deflection,
even at these very small levels of winglet deflection of ��
�25 deg, begins to show a significant level of influence on the
surface pressure distribution at the three spanwise measurement
planes just inboard of thewing/winglet interface support.Within this
localizedwing area, both deflections above and below thewing plane
have a measurable influence on the pressure distribution, the
maximum deviations from themeanCp values being larger for wing-
let deflection above the wing plane (�Cp ��0:0487 or �4:9% at
station 34 for� between 0 and 25 deg) than thosemeasured below the
wing plane (�Cp � 0:0325 or 3.2% at station 34 for� between 0 and
�25 deg), as the winglet confines and helps to maintain negative
upper surface pressure magnitudes.

Considering more extreme winglet dihedral deflections for the
�50 deg and �75 deg cases, also shown in Fig. 5, larger winglet

deflections have both more significant and more disruptive effects,
not only for spanwise stations close to the interface support juncture
but also at further inboard stations. This influence for winglet
deflections of ���75 deg is shown to extend, with significant
effects, out to now four spanwise locations inboard of the wing/
winglet interface support (450 � y � 600 mm) with minor, but
detectable, changes evident for the remaining spanwisemeasurement
locations on the main wing (y� 100 and 300 mm). The impact of
winglet rotation on the upper surface distribution also appears to have
themost dominant influence atmoremidchordmeasurement stations
rather than at either the leading or trailing edges of the main wing,
with all midchord stations for most test conditions being sub-
stantially greater in magnitude than those close to the leading or
trailing edges.

Comparing the winglet upper surface distributions from both
Figs. 5 and 6, the somewhat ordered and uniform changes (�Cp � 0
for � from 0 to �75 deg, and �Cp � 0 for � from 0 to 7 deg)
evident for all winglet deflection angles at �� 8 deg all but
disappear for �� 12 deg. While under conditions of �� 8 deg,
the maximum change in�Cp for �� 0 to �75 deg (�Cp � 0:434
at station 38) was found to be approximately three times that of�Cp
for �� 0 to 75 deg (�Cp ��0:143 at station 32), representing a
substantial shift from the almost equal and opposite effect found for
results on the baseline wing with winglet deflection either above and
below the wing plane. Additionally, in a situation quite distinct from
the influence of winglet rotation on the baseline wing element, the
impact of winglet rotation on the winglet itself seems to bias toward
the leading edge, particularly for �< 0 deg, which seems reason-
able given the differences expected in aerodynamic loading, as the
effective angle of attack of the winglet is changed from the baseline
wing angle of attack initially (�� 0 deg) to �� 0 deg at
maximum winglet deflection magnitudes. For �� 12 deg, a further
increase of ��� 4 deg in angle of attack from �� 8 deg leads to

Fig. 6 Change in wing/winglet surface pressures for �� 12 deg and Ren � 5:53 � 105.
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a marked increased in disorder in winglet upper surface pressure,
providing further evidence to the possibility that aerodynamic
conditions are being encountered that are reducing winglet
effectiveness at producing ultimate roll moment and/or promoting
regions of flow separation.

IV. Conclusions

The use of articulated winglets on a baseline swept wing config-
uration to influence the surface pressure aerodynamics of a model
flying wing has been experimentally investigated in this Note. From
the surface pressure data taken from the upper wing and winglet
surfaces, there is a substantial influence of winglet dihedral position
on the main wing surface pressure. The ability of this concept to
adjust and tailor this aerodynamic loading toward the main wing tip
area may provide useful application to second-order performance
and efficiency enhancements such as gust load alleviation.
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