2"° EUROPEAN CONFERENCE FOR AEROSPACE SCIENCES (EUCASS)

Study of a Flexible Wing Applied to LSFWB MAV

C. Thipyopas* and J.M. Moschetta**
*Graduate Student **Professor of Aerodynamics
Laboratoire d’Aérodynamique et de la Propulsion FAERO
10, avenue Edouard Belin, 31055 Toulouse France

Abstract

Low-speed fixed-wing biplane micro air vehicle (MB MAV) has been developed for a few years at
the department of aerodynamic, SUPAERO. The pra&dyyTO-30 was performed successfully. The
wind tunnel and flight test illustrated the perfamee of biplane concept for flying at low to high

speed. However due to its very small mass, MAVeig/\sensible for wind gust and flow perturbation.

A flexible wing concept was experimentally appliedthe TYTO's forewing. The tested was carried
out in the low-speed wind tunnel with the gust gata. The results show an advantage of flexible
wing concept in term of force variation reducing.

1. Introduction

Micro Air Vehicles (MAVs), which has a dimensiommiited with in 15 to 20cm, have been interestedesib@96.
Many MAV was developed and participated in an Imégional MAVs Competition. Due to its very smalkesi
MAVs are usually designed with very low aspectadtiAR) monoplane wing concepts that resulting @rywhigh
induced-dragLaboratiore de I’Aérodynamique et de la PropulsiohnSUPAERO in Toulouse, France, proposed a
biplane concept to correct this high induced dragblem [Ref.1]. Biplane MAV is interested if it hagh load and
fly at a low speed [Ref.2]. A low speed fixed wibiplane MAVs was successfully tested in 2006 wittliraension
50cm [Ref.3] and in 2007 with a dimension of 30aalled TYTO-30). In Sept 2007, TYTO-30 will parfcite in

3 US-Euro MAV competitionAlthough TYTO-30 can be operated at high speededram 4 to 18 m/s, it is still
been developing to improve aerodynamic performamckstability.

Figure 1: TYTO-30, low speed biplane pusher fixdadgnMAVs

1.1 Why?

There are 3 objectives for using active morphinggato TYTO concept as the priority following.

1. MAV’s Reynolds number, size and mass are vemllstcompared with other air vehicle [Ref.4]. Theadynamic
forces produced by MAVs are very small. Drag fozea be just only a few grams lift force is orderl6D g. MAVs
is very sensitive to wind variation due to its véow mass inertia. Study of Simon [Ref.5] showst i variation
and turbulence are importance although MAVs areaipd at low altitude. In addition, wind variaticmbecomes
more importante in low speed flight [Ref.6]. In @l illustrates the characteristics of differeimt\eehicles. During
cruise, airplanes are in equilibrium (Eq.1) andchthead wing of gust 5 m/s is applied (Eg.2). Froewddn’s law and
aerodynamic force equation, acceleration whichfisation of wing surface over mass is shown inl&st column.
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L =W = 05pV?SC (1)

AF = 050G |V +v) -V?|=ma 2)
To improve stability, MAV should have a static margnore than a bigger air vehicle that means then@Gt be
placed more close to the wing leading edged. Tlilsr@sult again a problem in weight balancing ammponent

arrangement. For this, the first objective is tmpgang longitudinal wind gust response of TYTO.

Table 1: Force variation and acceleration pertutiyedust 5 m/s

Mass Span Wing area AR Cruise Force acceleration
speed Variation
Cessna 180 1185 kg 11 m 16m| 75 70 m/s 6844 5.78
K 100 (CAC system) 25 kg 2.6m 0¢m| 75 ~50 m/s 279 11.15
Dragon Eye 6 kg 1.1m 0.33’m | 3.6 18 m/s 40 6.65
Black Widow 0.08 kg 0.15m 0.023’m 1 13 m/s 21 26.29
6" MAV (UF) 0.06 kg 0.15m ~0.015mMm| ~1.5 25 m/s 24 40.56

2. TYTO concept was designed to minimize drag fqragicularly for very low speed flight but it musiso travel at
very high speed to arrive the target zone in atdimoe. So TYTO has very large operation speed. Sthdy of U. of

Arizona [Ref.7] and our experiment [Ref.8] showattiving camber highly affects to minimum and indickag.

Low camber wing has small parasite drag but lotclifefficient and produces high induced drag. e adapted
for high speed. In opposite way, high camber wimguéd be applied for a low speed flight.

3. In low speed mission, TYTO is operated at vaghlangle of attack where a pitching moment cofitis very
high and very far from an equilibrium design poi&ince again MAV’s dimension is very limited and taoment
arm is very short so the elevator must highly d#fend horizontal tail produces high negative o TYTO need
some device to reduce or correct this problem.

1.2 How?

A morphing wing concept was used in many aircrétamprove their performance for operating at défece
mission. A flexible wing was firstly applied to MAWy U. of Florida in 1990s [Ref.4]. Several morghiMAV
concepts are also realized and used for contrtdadsof conventional control surface [Ref.9-10].
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Figure 2: flexible biplane structure concept andléxt model
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Flexible biplane structure concept

Since the relative angle between two wings in pasistagger biplane can modify wing’s pitching mamand lift
coefficient, biplane MAV has more damping propeftthis relative angle can be well automaticallyjuested with
the incoming free-stream (Fig.2a). However the weagber and profile are always the same, so arcétidrag
factor of biplane will not be much modified. Bipkis early stall when having high relative angkddtive angle is
positive if the fore-wing’s AoA is higher than thatt aft-wing). More and more, even biplane’s staigle is changed
but the maximum lift coefficient always approxinigtthe same. This concept seems to not very satsfysecond
objective. The flexible structure concept was albeady realized in a large wind tunnel test secfig3nf with the
model Avilent as in Fig.2b. The results are notnaatisfied due to the spring used.

Flexible fore-wing biplane concept

Another solution is applying a flexible wing to tf@e-wing as shown in Fig.3. Changing of lift amdment on the
fore-wing will modify and automatically damp longgitinal gust response. The flexibility of wing isaleasier to
adapt wing’'s camber, which highly modify an indualrdg coefficient. The study of U. of Florida shothat the
optimized flexible wing structures can also enhatiee maximum lift force coefficient of wing. Thigsult is very
attractive for very low speed MAV. If the wing iart be optimized, TYTO should have more capacitydarspeed.

Figure 3: Flexible forewing concept

2. Model and Experiment

The numerical study on flexible wing concept wastfidone by using TORNADO and SAMCEF. The interface
between two calculators was coded to transfer ékaltr of each code. Tornado code is a vortex &attalculation
developed by KHT [Ref.11]. The viscous effect waasidered and added into the code. Finite elemettiad code
SAMCEF was used to determine wing deformation aftpplied aerodynamic force and moment obtained by
TORNADO. Tornado then uses new wing deformed profd solve the new aerodynamic coefficients. The
calculation is performed looping until the deforioat convergent. The simulation gives the tendenaés
deformation and the effect of structure on flexibkeg. However, the result, which not presentedehevhen
compare with experimental data is not acceptabtawme of lack of material property in calculatiord also low
precision and low experience in fabrication process

In this paper study was done experimentally in $p&ed wing tunnel at SUPAERO. The aerodynamic cleniatics
were measured by high precision micro-balance dpeel by Aerodynamic and Propulsion Laboratory (LAdP)
2004 [Ref.2]. The wind tunnel provided at LAP iarsdard close loop type, test section 45cm by 43&focity is

controlled by the power of motor and need long gebtio stabilize flow in test section. The wing gaah not be
generated, so a new system was installed on thid tunnel. This section explains the facilities andg model.

2.1 Gust generation system

Gust generator system in wind tunnel test has bserby many universities. The principal is base@ @erturbation
method and most of them install gust generatotiénconvergence section just before test sectief.JR-13] and

they generate both longitudinal and vertical glikis concept is usually used because it can baegpplen in open
loop wind tunnel. In order to generate longitudivatiation, many perturbation devices must be applTurbulence
from these devices is also very high and reduapsatity of freestream. So new gust generation gystas designed
and tested by installing two rectangular plateshe convergence section. A rotation of these plékég.4a),

controlled by high torque motor, and creates aldullbckage in the wind tunnel resulting in a vaoatof flow in test

section. The system is very simple as show in Fagw4he right. The variation of freestream depemdghe initial

flow velocity, the rotational speed of motor ortels the size of plates and the rotational angfdaiés.

U=fU,@,S, 5,) (3
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Test sectio

1
Lt

Figure 4: Longitudinal gust generator and lowesp@ind tunnel

The system is highly repeatable because a commiendigh torque motor was use. After installed tvatgs in the
wind tunnel, turbulence intensity in test secticasvabserved by LDV method, and it found that tuebaé increasing
is very low by this system, as illustrated in taBldMlean velocity interested in this study is eqwal0 m/s which is
the average speed between that of correspondingmaaxL/D and of minimum power required [Ref.2]. aby, 4
forms of flow velocity performed are presented ig.5; head wing gust, tail wind gust, low frequen@riation

speed and high frequency variation speed. The Wglocthe test section was measured by hotwireremeeter TSI
Model 8450.

Table 2: Mean velocity and turbulence intensityeist section

Position of platesf}) Mean velocity (m/s) Turbulence intensity (%)
No Plates 10 0.9
0° (parallel to freestream) 10 0.9
45° 7.3 0.9
90° (normal to freestream) 3.2 1.6

2.2 Materials and Wing models

The University of Florida uses extensible matenatheir flexible wing and successfully tested qmdved in flight
by many monoplane MAVs. In SUPAERO, we can not fiadx or any extensible material to fabricateexifile
wing. Then our flexible forewing was made of comifmsamaterial; carbon, fiber-glass and resin whicwvéeh
difference stiffness illustrated in Fig. 6a. Thevést fiber in Composite center of SUPAERO is type/atf. Many
flexible wings were tested in wind tunnel but sedevill be presented in this paper as shown in Bly. Profiles or
airfoils used are based on mean camber line of NA@¥ and 84xx series.Another parameter in thidysts effect
of fabrication process or wing profile form. Thesfione called Non-developed profile wing is ort tias difference
wing profile along span-wise. The designed windfifgas applied only at root chord (44 for NACA 4@@nd 84 for
NACA8400) that differs from the second one, thealeped profile wing (44D, 84D for NACA 4400 and &40

respectively). All section along span-wise of depeld profile wing has the same wing profile, tHatree camber is
always constant. The difference fabrication metrargsshown in Fig.7.
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Figure 5: Gust and variation speed used in study
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a. Rigidity of difference material applied to flexibleng
(from left to right : Carbon + resin, Carbon&fiberagk + resin, 2 layers fiber-glass + resin and érlfiger-glass + resin)

& "~ Han

b. Wing structure (Black color — carbon&fiber-glassesin and in white color — 1 layer of fiber-glasgesin)
(from left to right : Rigid wing, Flexible f1, Flelle f2 and Flexible f3)

Figure 6: Rigidity of difference material appliemftexible wing
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Figure 7: Fabrication process and Wing form

The fixation method or wing support was also ineldidn the study. In fixation ‘A’, all root chord &#on is attached
to the 3-cm larger fuselage so both camber andeasfghttack at wing root are fixed. In fixation ;Bnly first 50%
of root chord fixes to the same fuselage, both eanamd AoA can be adapted. Lastly, in fixation ‘Gpecial
mechanism was applied, this support fixes wing'glamf attack while the camber can be changedhdétl¢ading
edge, pivot point, which arrows rotational in ysgxis used while a slot support is applied at théding edge. All
fixation support is presented in Fig.8.

Figure 8: Fixation support {#type ‘A’, 2" -type ‘B’ and %' and 4" -type ‘C’)

3. Results and Discussion

The tests were carried out first with a constanbiming freestream to observe wing characteristidsoth rigid and
flexible wings. Angle of attack was varied from —% 30°. Longitudinal aerodynamic characteristicerav
determined. Secondary, wings were test again atlfangle of attack where lifts produced are idah{ic=50g.) but
the velocity in the section was varied.

3.1 Velocity effect and Wing structure

The result found is logically and it is similar tbat of University of Florida [Ref.6]. Wing's defmation highly
depends on wing structure and applied force. THerdhation of wing is in the way of both camber ample of
attack reducing when more force is applied. Wirgg ttas more structures or battens is more rigidnamicé difficult
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to deform so that aerodynamic coefficient smallecrdased. Same as in low speed 5m/s, wing camhgle af
attack and aerodynamic coefficient are lower chdnge

3.2 Wing form: effect from fabrication method

Aerodynamic characteristics are very sensitive bagwabrication process. Even Developed profile gvimas less
battens structure than Non-developed profile wihg, lift coefficient of 84D-f1 is not lower than 82. This due to
the moment of inertia of developed profile windnigher than that of non-developed wing (as sebeéndst photo of
Fig.7a & 7b). The batten structure applied has Jewy effect to deformation (in undercamber diregjicof

Developed profile wing. Developed profile wing iery difficult to undercamber by itself. Table 3 sl®oan

approximated wing deformation in term of equivaleimg camber.
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Figure 8: Effect of velocity on lift coefficient &5, 10 and 15m/s)

3.3 Fixation method

Fixation or support highly affects to wing deforimatas well as wing aerodynamic characteristicsoMtely, very
high deformation was found in the wing fixation ‘Biat has less constrains. The minimum drag of wirfgxation

‘B’ is lowest in all case because it can adapftfiteethe freestream flow more than fixation ‘A’ adrever, it highly
deforms even in high angle of attack so the maxirtfins very low.

In the case of fixation ‘C’ which originally expect for the second objective as explained in amdhiction. Wing
camber passively modified itself correspond to agle@of attack and freestream speed means thagtasheed and
low AoA, wing should have low camber to minimizearasite drag. And on contrary, at high AoA whereraged in
low speed flight, high wing camber is preferredrémluce an induced drag. The experimental result vedsas
expected, wing is overcamber in both case at 10bamds. The calculation was also performed on WAGCA4400
and aerodynamic characteristics of wing were deteth by formula given by Torres [Ref.14]. Normaldan
tangential force, produced by wing at difference®fand speed correspond to the constant lift fodition, were
determined and used to find the moment apply omgwtructure. Normal force was applied at 40%C amgjeéntial
force was applied at half of maximum camber andntieenent was calculated at leading edge. It wasddhat in
both cases, wings have tendency to overcambef litsethe tendency of at high speed-low AoA is mibran another
situation. So the passive morphing wing concepliffcult to optimized and applied. Even additiomahss of servo
is added, the active control must be applied tessg the ¥ objective and it will be explained in section 4.

Table 3: Approximated wing camber deformation

84D-R 84-R 84D-f1 84D-f3 84-f1 84-13
A%camber at AoA=10° 0% 0% 3.2% 3.2% 5.6% 3.2%
Stall angle 22 16 22 24 20 20
C. (max) 1.45 1.33 1.37 1.38 1.06 1.28

The deformation was determined by using the resutigid wing NACA 0000, 4400 and 8400
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3.4 Dynamic response
The result presented here is in the term percemtéfpgce and moment variation which calculatedhsy equation :

%F, =

initial

x100

(4)

The variation of aerodynamic forces and momenteilile wing is smaller than that of rigid wing. i§tdue to the
variation of velocity compensates with changingémodynamic coefficient by deformation of structufer example
in head wing gust, that initial velocity is 10 nalsd suddenly increased to 15 m/s, from equatidiftp¥ariation of
lift should be increased up to 225% and this iscyeas experimentally found in rigid wing. Anothside, this
variation is equal to 200% in flexible wing modéither results are resumed in table 4. It must bearked that the
variation of fiber-resin flexible wing is still hig This due to the material used is not extensiblesed by University
of Florida. However, it gives a tendency and adagetof flexible wing.

Table 4: Variation of force and moment

Rigid Flexible Rigid Flexible Ll s
Gust form and Head wing (10> 15 Low freq. (10+ 3.6 m/s) |
[theoretical variation] m/s) [225%)] [185%)]
Variation of Lift 225% 200% 185% 170%
Variation of Drag 225% 180% 180% 170%
Variation of Pitch 230% 215% 180% 170% : pARE

4. Active Flexible Forewing

Increasing camber enhances minimum drag but redndase drag. The result found on a rigid wing canf, 4 and
8% shows that camber 4% gives highest L/D becduseptimizing between minimum and induced dragf[&. In
practical use, each wing camber is suitable fdiedihce flight speed. Study of University of Arizorecommends
high wing camber for low speed mission and low camior high forward flight to arrive the target gkiy as
possible with lowest energy. They had applied adegtexible wing concept to monoplane MAVs [Refl1Fhe
same concept is applied to biplane MAVs. Two sanaiors were installed at leading edge, the wingleanand
AO0A are controllable by the linkage as shown in.%ig his was used for both pitch control and rolhitol. However
only pitch results are interested in this papere Té¢sts were done at velocity 5 and 10 m/s. Theltrésund high
camber wing produces more lift and lower inducedgdrFor ¢ less than 0.5, low camber wing position ‘C1’
(camber at static point is 4%C) has higher L/D sinould be used at 10 m/s while high camber posi@&@h(camber
at static point equals to 8%C) is more approprifedow speed mission.

Active flexible in test LD’
section at velocity 10 m/s : G- gemacs, W A~
Servo 3g each . . Blue 4%C — position C1 . A e T o
High stiffness Red 8%C — position C: PR AR AR TN
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- »° 1 i
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Figure 9: Active flexible wing controlled by serwoetors and L/D
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5. Application

The active flexible forewing then was installedointhe LSFWB MAV’s model as shown in Fig.3. Two Hrless
motors LRK and propeller GWS 3030 were used. Téndble biplane tends to been less perturbed ané stable in
gust condition than rigid biplane configuration.rFexample in head wind gust, un-powered model,atians of
force are 238% and 213% for rigid and flexible igmfations respectively. Same as in power modeiatians of
force are 207% and 182% for rigid and flexible égufations respectively. Induced drag factor redutem 0.32
(rigid forewing camber 4%) to 0.27 when applyingthcamber C2 position. In addition, pitching momewefficient
at aerodynamic center is moved from -0.02 to + @Pausing high camber forewing. This arrows bipl&dh&V is
easier to balance at low speed and high angletadlatThe maximum lift, in powered model identiesmlergy, also
increased from 2.5 to 3.0. The result in detail nahbe presented because space limited. Finaljyafs of the
additional mass from two servo motors is less ttie@naddition lift force, 13.5 grams at 5m/s, beteefiby active
camber wing. In practical, one servo motor is eofeg camber pitch control. Finally MAV gains 10agns lift.

6. Conclusion

The flexible concept was applied to the forewingbgflane MAVs in order mainly to reduce or dampditadinal
gust that is very important for a small air vehicldhe gust generator was installed in low speeddviimnel at
SUPAERO. Gust generated is highly repeatable sopadson test had been performed. The experimeatalltr
shows that flexible wing characteristics are higbgpend on velocity, structure, wing profile formdafixation
method. The test result shows an advantage ofri@dlaxible concept although the efficiency of filsesin flexible
wing is not very good as expect and found by UFlofida. Active flexible biplane MAV reduces vaii@t of force
perturbed by longitudinal wing gust, and also inye®aerodynamic performance and balancing as fleetofes. In
the future, an extensible material and optimizecthfand structure should be applied in the realiagibn.
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