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Abstract

The paraglider poses an interesting challenge to the aerodynamics researcher. This paper studies aerodynamic issues
involved in the deployment and operation of a paraglider. The surface shape of the paraglider is determined by the pressure
distribution in and around the paraglider, the porosity of the fabric, and the presence of cell cross-flow, in addition to the
fabric structure and the tensions in the lines at the attachment points. In this studies wind tunnel test of a three dimensional
paraglider wing canopy cell model has been performed. Two dimensional (i.e. pressure measurement along the cord length
and span wise direction) pressure distributions over the surface have been investigated at different angle of attack,
simultaneously wing surface shape profiles has been measured directly. Surface contours of paraglider during operation in
a wind tunnel are obtained. The pressure distribution in turn depends on the attitude and the surface shape. It has been
observed that the minimum pressure over the surface of the wing increases towards the edges from the central section.
Wing end effects also been investigated. There are a certain per centage of upper surfaces affected by the downwash.
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1. Introduction

The paraglider wing is currently under study asatollable lifting device for landing space velesl

It has also been suggested for other applicatioich s recovering rocket boosters and effecting
reentry into the earth’s atmosphere. Paraglided-Eygstems are unique devices for recovery, rescue
and delivery of air cargo [10]. The NASA X-38 Expeental Crew Recovery Vehicle uses a
paraglider during the final stage of the landingorapch. Various wind-tunnel and free-flight
investigations have been made using either flexableégid idealizations of paraglider wings in orde

find stability and control characteristics or shamalysis [1-4]. Ware and Hassell [5] conductedstes
of tethered paraglider at the low speed wind tunfibe models were double membrane wings with
rectangular plan forms and airfoil cross-sectioith wpen leading edges. Goodrick [6, 7] developed a
analysis of static and dynamic longitudinal stapibf high-performance gliding airdrop systems. He
showed that for heavy payloads, the influence ofopg air mass may cause significant adverse
dynamics. Goodrick extended the work of simulatiamd discussed scale effects evident from
experimental data, on tilt and turn rates. Browh $8udied testing techniques to measure the
performance of full-scale paraglider. C. Matoslg@hmeasured the section profiles and leadingeedg
collapse of a paraglider during operation in a windnel based on video photogrammetry combined
with a laser sheet. None of the investigationshef three dimensional measurement, surface contour
and pressure distribution on the flexible surfatthe present shape paraglider wing has been dione.
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our previous paper [11] we had discussed the omeerBional for pressure distributions and two
dimensional measurements for surface profilesefilfle wing. As the surface of the paraglider i$ no
flat, the three dimensional measurement will shiogvtietter result than two dimensional measurement.
In our previous work we had performed the presanckprofile measurements at the central line on the
surface of the wing along the chord line. In thap@r two dimensional for pressure distributions and
three dimensional for surface profiles measuremsemng. along the chord as well as along the span,
results will be discussed.

2. Experimental Procedure

One cell model of a paraglider wing canopy wasetkty the wind tunnel of 1360 értest section at
Nagoya University, Aerodynamics and Propulsion lrabary. The experimental set-up and procedure
are same as our previous work [11] but the modepamation technique is little bit different thare th
previous model [11]. For the convenience of markimg measuring points on the inflated surface, we
have drawn 29 and 77 parallel lines along the trarse and longitudinal direction on the surfacéhef

soft cloth, respectively, before wrapping along gegimeter of the rigid ribs. The usual paraglider
wing canopy is free from wing tip vortex/three dms@nal effect due to the curvature along the span
of the wing canopy. As we made only one cell modeltainly the both sides of the model will be
affected by wing tip vortex. Two pieces of acryditeets, each sheet size 500mmx500mm, are attached
on the both ends (sides) of the model to avoiditing tip vortex/three dimensional effect.

3. Resultsand Discussions
3.1. Inflated wing shape

C. Matos et al [9] used Video-based photogrammeieyhod combined with a laser sheet to measure
the section profiles of a paraglider wing cell mlode this studies we have measured the inflated
surface coordinates directly by using the samespresprobe tip which was used to measure the
surface pressure. Through the surface geometrjtsethe attack angles of the paraglider wing cell
model was 0° to 30°, and measured from leading &algrailing edge & span wise ( wing’s one side to
another side ) . The paraglider wing cell modehlghtess curvature on the back half of the chord lin
than the front half. All measurements were condligtesuch a way that the model inflates into alstab
shape without any appreciable fluctuations of theylvcloth. Fig. 1 shows the measured shape of
inflated cell model at various attack angles.

As shown in Fig. 1, it is found that at zero attaciglea leading edge collapse/deformation begins
from the central/middle section of the upper swefat the paraglider cell model, more of the leading
edge collapses at the central section and thepselldecreased outwards along the span. Due to the
leading edge deformation the lip of the upper awdel surfaces become closer to each other, regultin
in a small opening of air intake. As more of thadieg edge collapses, the effective air intake Hteig
decreases further. If the air intake height becotoesmall, the air intake no longer covers thegean

of movement of the stagnation streamline. Consdtyehe stagnation point moves onto the upper
surface of the lip. Due to the movement of the rsaign point onto the upper surface of the lip,
increased the pressure on the deformed leading ®adfmce and the net pressure force acting on the
deformed portion of the upper surface is partiaiyanced by the tensile force of the surface wisch
connected to the rigid ribs. The ribs of the maxmi#l could not keep the airfoil shape if they werade

of soft clothes because the membrane force tencisnpress the leading part of the ribs.
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The shape of the inflated cell model changes a@btiwhen the attack angteincreased slowly by
small increments. The leading part of the uppefasarsuddenly moves upward and forth, as a result
there was no longer deformed/dented portion intfianthe cell model as well as the effective air
intake height increases. This implies that thersiign point moves to a point located ahead ofathe
intake. A further increase in attack angléarger than two degrees makes no significant charair
intake size and overall inflated wing shape, onliertation changed. In all cases of attack angle
ranging from 2 to 30 degrees, the inflated surfaxstion is above to the rib of the wing. At 2,ads6
degrees attack angles the rear portion (near to trailing edge) of treggglider cell model surface
seems to be flat along the span. And at 8, 10l&ndttack angles, the inflated surface near the
trailing edge inflates more than the others attaogle o, that is, the inflated surface makes large
curvature due to maintaining high inner pressurehef cell model. For this large curvature of the
inflated surface fluid flows smoothly over the sagé with small pressure gradient .

(0°) (2°)

(8°) (30°)
Fig.1. Wing shape at different attack angles.

At the higher attack anglesa small portion, near the central line regionthef upper leading edge
shows like flat. There is no pressure gradientat tegion which is also observed in upper surface
pressure distributions. As the leading edge is fire® other forces than tensile force acting altregr
edge lines so it could make smallest radius of atwre. It has also been observed, wrinkle generates
far away from the central line and near to ribsichtstarts from the leading edge and diagonallysgoe
toward the trailing edge up to 40% (about) of therd length afterward disappear. Wrinkle generates
from the leading edges near to ribs because tles gidading edge) of the inflatable material axedi

with rigid ribs and during inflation of the uppeurgace the free leading edge moves/displace towards
the trailing edge as well as towards up from itfgioal position (attack angle must be greater than
zero) but the edges couldn’'t move and consequerdkimum tensile force acts on the wrinkle line.

3.2. External surface pressuredistribution
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In this studies external pressure on the inflatethase of the cell model has been measured botigalo
the chord line from leading edge to trailing edgd along the span from one end to another end over
the pre-marked point at different attack anglesThere are no significant changes of the external
surface pressure distributions for different RegsdNumber [11], that's why we have studied only one
Reynolds Number for this paper. The pressure digion results are discussed below

3.2.1. External surface pressurealongthe chord

As shown in Fig. 2, the upper and lower surfacessree distributions are presented as a plot ofeupp
surface pressure coefficient,{Cand lower surface pressure coefficienj €action of local chord
projected to the plane of the leading edge and titard length ( dimensionless distan¢€). And
considering the profiles, fraction of local spawjpcted to the plane of the model ends (ribs) atal t
span length. Profile 1x(S=0.0) begins from one rigid rib position (end) apwbfile 7 /S=0.5)
represent the central line of the span. It is fotivat at zero attack angle the upper and lowemsarf
pressures are almost equal (close to the ambieptessure) except the deformed portion on the uppe
surface, that happens due to the separation ofmtie stream flow at the beginning of the inflated
leading edge of the upper surface, because theattag point of the uniform stream is located oa th
deformed portion of the upper sheet. As the attaalea increased by small increment (from zero to
two degrees) the stagnation point moves to theoint fof air intake from the upper surface (deformed
upper leading edge) and consequently there is gparame deformed portion on the upper surface of
the cell model as well as cell model inflates fudiyd get the real shape of the wing. At 2 to 8 elegr
attack angles, when the stagnation point is located ahead oathmtake the separated flow region is
restricted to a vicinity of the leading edge ofheit upper or lower surface. As the attack angle
increases stagnation point moves toward the leagtigg of the lower surface and the external pressur
on the lower surface increases. On the other hwedyelocity of fluid turning the apex of the upper
surface increases, resulting in a large magnitficegative pressure there.
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Fig. 2 Pressure distributions at different attacglas and profiles (Cont'd)
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Fig. 2. Pressure distributions at different attangles and profiles

The abrupt changes in the upper surface pressdreeiso a kink of the upper surface profile causgd
the three dimensional geometrical and dynamicakitootion of the sheet. As the attack angle
further increases to 15 degree, start to genenatsdparation bubbles on the upper surface aetre
portion of the cell model because the fluid is ader able to follow the contour of the curved aoef
and it separates from the surface. At 20 degreelatinglea, the upper surface down stream flow
appears a clear separation zone which was abouta2&&cof the upper surface just before the trailing
edge. At 30 degree attack anglethe value of pressure coefficients (near aboub)zes almost
unchanged along the upper surface just after théilg edge. At large attack anglesthe leading
edge pressure coefficients of the lower surfacealm®st equal to unity and greater than the interna
pressure coefficient there. Therefore, this papushed inward by the internal air. However, sitihee
leading edge is located upside and downstreameofetiiding edge of the lower perimeter of the rigid
rib, this part is pulled by the rib similarly togteading edge of the upper sheet.

3.2.1 External surface pressure along the span

Fig. 2 shows the pressure distributions on the uppéd lower inflated surfaces of the cell modehalo
the chord against the dimensionless distatiCeand different profiles along the span at variotiack
anglesoa. From Fig. 2 it has been seen that the lower sarfaessure distribution along the span is
almost equal for each attack angleas the radius of curvature of the inflated losentface is too large
(tends to infinity) so the pressure gradient of tleghbors measuring points along the span are
negligible amount, but the pressure along the clypediually increases from the leading to trailing
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edge due to the shape of the wing model. It isdaiat at the attack angleranges 2 to 20 degree, for
upper inflated surface pressure distribution ,rti@mum pressures appear along the central linbeof
wing model except the rear portion of the cell modde radius of curvature of the upper inflated
surface gradually increases from leading edgeatiting edge and nearer to trailing edge the inflate
surface is almost flat due to model constructiarntéque (the inflated cloth was tapered toward both
ends so that the leading parts of the upper anérlewrfaces have freedom to deform when the cell
model inflates. The narrowest part of the cloth \attached to the trailing edges of the ribs, ard it
width was taken equal to the distance betweenigfe nibs). Pressure increases on the each ang ever
point towards the edges from the central line & dell model, as the height of the air intake is
maximum at the center and minimum on the edgebeswdlocity gradient is higher at the center on the
upper inflated surface than edges. At 8 degreeladiaglea, the variation of magnitude of negative
peak pressure coefficient between the centraldime the edges of the wing is about 0.2 for the wing
thickness difference 12%, which is consistent WN#hCA'’s airfoil data. Differences of negative peak
pressure coefficient between NACA 2430 and NACA @4lrfoil is about 0.15 at the same attack
anglea (8 degree). At 0 and 30 degrees attack anglemtie stream flow is fully separated on the
upper surface from the beginning of leading edge theans stable flight is impossible at these lattac
angles.
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Negative peak pressure coefficientsn) of upper surface are shown in Fig. 3 at differattack
anglesa excluding and including side effect. As shown ig.RB(a) we can see that the upper surface
pressure gradually increases towards the edges,the central section, of the wing but suddenlytsta
to fall down near to edges of the wing. If the wimags lift, then obviously the average pressurehen t
lower surface is greater than that on the uppdaser Consequently, there is some tendency foaithe
to leak or flow, around the wing ends from the highthe low-pressure sides. This flow establishes a
circulatory motion which ends downstream of the guiithis downstream induces a small velocity
component in the downward direction at the wingeBwithis effect increases the local flow veloaity
vicinity of wing but changes the direction of floas well as decreases the pressure gradient. In this
observation, it is found; about 15% wing's endsaamn the upper surface are affected by
downwash/wingtip vortex. This percentile may vaoy different model size.

4, Conclusions

Three dimensional measurements for inflated wirggpshand aerodynamic properties of paraglider’s
canopy were tested in the wind tunnel experimemguthe inflatable cell model. Fully inflated and
stable airfoil shape model has been found at atlatingle greater than zero. In this study, we have
concentrated the attention to the three-dimensisinabe of the inflated cell model and externalexef
pressure distribution all over the inflated surfatalifferent attack angle. The average lift cadint

of this measurement is slightly less than two disn@mal measurement’s result but the lift to dragra

is greater than that one.
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