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Analysis and Flight Test for Small Inflatable
Wing Design
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Abstract—This article discusses stress analysis and the shape
characteristics of the inflatable wing, and then introduces the design
method of inflatable wing, in order to accurately approximate a
standard airfoil. It specificaly analyses the aerodynamic
characteristics of the inflatable wing with the method of CFD, aong
with comparing to standard airfoil, afterwards we carries out the
manufacture of inflatable wing and the flight test.
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|. INTRODUCTION

HE inflatable wing, which is produced by using lightweight

flexible composite materials, is anew modality of structure
with using aspecial design concept. It has the advantages of low
cost, small volume, light weight, high reliability etc. Therefore,
for variety of types of aircraft, it has wide application and
research prospects [1].

Early in the last century 50's, Company Goodyear in the
United States of America has developed several aircrafts with
inflatable structure. The type GA-468 inflatable structure
aircraft was used to execute the mission of reconnaissance,
communications and so on.

Over the years, NASA has also developed inflatable UAVs
research. NASA tested an UAV named 12000 with an folding
inflatable wing , and achieved great success [2].Thewing, being
used of plastic film material, has advantages of low cost, light
weight, convenient manufacturing, folding, convenient
carrying, fatigue resistance, simple maintenance etc. Till 2001
June, 12000 UAVs have already completed 3 flight test in order
to validate the technology of inflation.

Big Blue, developed by University of Kentucky in the United
States, has developed into a series, and aready in practical
application [3]. In the research process, the load and
deformation, characteristics of structural mechanics of the
inflatable wing are analyzed by finite element method [4], and
then the result compared with experimental results. BIG BLUE
project is considered as the most comprehensive work of the
inflatable wing research.
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Fig. 2 Big Blue3

Thisarticle mainly aims at design, analysis, manufacture and
test of the small inflatable wing. Comparing with the previous
research of the design method, we do some improvement, and
mainly focus on the analysis of the aerodynamic characteristics
of the inflatable wing at the same time.

I1.DESIGN AND ANALYSISFOR INFLATABLE WING
A.Design for Inflatable Wing

At present, commonly used design methods for the inflatable
wing are: multi-cables structure and multi-pipes structure.

* Multi-cables structure

Multi-cables structure inflatable wing is characterized in that
the shape of the aerofail is constrained under the effect of each
cable. As each gasbag is communicated with another, the
bearing of the whole inflatable wing is uniform. It has a good
effect on preventing the wind deformation. At the sametime, the
performances of bending and torsion of the inflatable wing are
similar to the rigid wing. Due to the integral type, the
shortcoming is that once damage happens, the whole inflatable
wing will not be used again. In addition, the wing skin will meet
the problem of losing Stability in some conditions.

 Multi-pipes structure

Multi-pipes structure inflatable wing is characterized by the
use of different radius of the cylinders. These inflatable
cylinders are used as bearing structure; meanwhile, each
cylinder is closely arranged to another, keeping tangent with the
selected airfoil, inorder to maintain the airfoil and therigidity of
theinflatable wing. The skin outside cylinders can maintain the
surface shape. This scheme's main advantage lies in the
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independence of cylinders, so it has a very good anti break
capability. However, the performances of bending and torsion
are worse than multi-cables structure.

Fig. 3 multi-cables structure
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Fig. 4 multi-pipes structure

Comprehensive considering the factors such as design,
manufacture and practical application, this article selects the
scheme of multi-cables structure.

B. Stress Analysis for Inflatable Wing

In fact, the shape of the Inflatable wing is still different from
the standard airfail. It can only approach the standard airfoil to a
certain extent. Asfor the error, it depends on avariety of factors
such as the performance of the inflatable wing's material,
manufacture and design method. In this paper, the inflatable
wing research method is based on the theoretical analysis, and
then identifying the deformation characteristics of the inflatable
wing by stress analysis.
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Fig. 5 internally tangentia circular arc approach the airfoil

According to the bubble principle, method of using series of
internally tangential circular arc to approach the airfoil is now
more commonly used to design for inflatablewing [5], as shown
in figure 5. While this method is simple, it does not give a
specific description of the inflatable wing's shape.

References [6] and [7] also research on the shape of the
inflatable wing, but they did not describe the specific shape of
the cross-section of inflatable wing. Thus, nhow we start to do
thisjob.

Without loss of generality, we consider the simple condition
that the inflatable wing only contains two cables, as shown in
Fig.6.
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Fig. 6 stressanalysis for inflatable wing

Takethe upper half to consider, tensions separatel y generated
by three sections of skinare T, T,. T,, at the nodes A and

B, the angle between the direction of the force and the
horizontal direction are @, . 4, . Q5. Q,, three skin
lengthsare L, L,. L,, pressure difference between inside
and outside is P, force of two cablesare F, F,, lengths are
H., H,.

For the node A:
In the horizontal direction, according to the force balance:

T, cosa, =T, cosa, D
In the vertical direction, according to the force balance:
F =T,sna, +T,sna, 2
Similarly, the node B:
In the horizontal direction, according to the force balance:
T,cosa, =T,cosa, ®)
In the vertical direction, according to the force balance:
F,=T,sina,+T,sna, 4
For the upper half, the force balance is only in the vertical
direction, it is:
T+T,+F+F =P(L +L,+L;) (5)
For the L3 skin segment:
In the vertical direction, according to the force balance:

pHz - T, cosa, (6)
2
For the L1 skin segment:
In the vertical direction, according to the force balance:
H
P—L=T,cosa, ()
2

In addition, in fact, consider that the stress of the skin is
uniform, so:

L_T )
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T

T 9) Importing the model generated by Pro.E, to thevsok
M3

TZ
M, GAMBIT to carry out the grid pre-processing, we get
unstructured triangle meshes about 50000, as shofigq 8.

M,. M, M are lengths of three segments of skin:

M
M. = (90+a,)r L,

= — (10)
180 1+ sim,
M2 - (0'2 +a3)77|:! : I-2 i (11)
180 sina, + sim, ;4—‘
2
M, = (90+a, )]TD L (12) H
|

180 1+ simg,

We first design the length and position of the eabit means
L, L, L, H, H, Pare given parameters, according to
solved the Eq.(1) ~ Eq.(9) these nine independpmtons, we
can gain the nine unknowlis T, T, F, F, a, a, a, a.So
we can get the value of angig a,. a, a,So far, the skin

segments' arc shape of the nodes A and B can lghlyou
determined.

o

k

I1l.  AERODYNAMIC CHARACTERISTICS ANALYSIS FOR
INFLATABLE WING

A.Model Preprocessing for Inflatable Wing

The choice of standard airfoil is NACA0012.We ube t
commercial softwarro.E, for modeling, as shown in figure 7:
outline is standard airfoil, while the inflatabléng is internally
tangential to the standard airfoil.

Fig. 8 50000 grids Computational domain
According to the general theory of finite element can
know that computational domain mesh number andityenl
directly affect the accuracy of the results.
Therefore, in order to verify whether the resuliséd on the
¢ o . 50000 grids can meet the precision requirementheald do
that, take leading edge circle’s center point ef standard grid convergence analysis. We respectively géae

airfoil; take it§ diameter.to I.eng.th for the ficsible. 200000 encryption grids and 20000 sparse gridshasn in
» Then according to the distribution of the cabledcalate the fig. 9.

angle at each node.

» Onthe upper surface, draw circle arcs with appadpradius,
which the arcs must to meet node angle conditiahksging
internally tangential with the standard airfoil.

* Due to the Symmetry, thus we can get the undeacerf

* Until now, we get the model of the inflatable wing.

The specific steps are as follows:

 According to the standard airfoil data, designdrtribution
of the cables, including the cables' number (4 ~s7
appropriate), cables' position, cables' lengthsandn. After

Fig. 7 inflatable wing modeling by Pro.E

Fig. 9 200000 encryption grids and 20000 sparsksgri
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Set the work condition:

Reynolds number iisx 10°, attack angle is°3

Through iteration, the result is shown in Tablié& results of
the differences are relatively small, using 5000@g to

calculate is reliable, and so we can use it to yaeal
aerodynamic characteristic of the inflatable wing.

TABLE |
LIFT COEFFICIENT UNDER DIFFERENT NUMBER OF GRIDS
condition number of grids lift coefficient
Re= 200000 0.3391
1x10°%;
attack 20000 0.3247
angle=3
50000 0.3328

B. Analysis of the Result

We use commercial software Fluent to calculatértfiatable
wing and the standard NACA0012 airfoil in a senéangles of
attack getting the lift and drag coefficient. Thee make
comparison of the differences between the two.

As shown in figure 10, we can see that the stresmif
NACAO0012 and the inflatable wing irf@ngle of attack is basic
and same, not different too much.

Fig. 10 streamline of NACA0012 and the inflatabliegv

Then we get the results of the standard NACAO01Dibs$
(blue line)and the inflatable wing's (red line)tfiefficient, drag
coefficient and lift to drag ratio with the variati of angle of
attack of the curve, as shown in figure 11 & 12.
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Fig. 11 lift coefficient and drag coefficient curve
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Fig. 12 lift to drag ratio curve

It can be seen from the results that:

» Both the drag coefficient and the lift coefficienf the
inflatable wing are less than standard NACAQO1fdis, as
well as the lift-to-drag
deformation of inflatable wing indeed lead to theewall

aerodynamic performance decrease somewhat, busaot

much.

Analysis of the reasons of reducing resistance:
The static pressure distribution of NACA0012 airfand

inflatable wing in 3angle of attack, is shown in figure 13. To

the inflatable wing, vortex occurs on its concamd aonvexity
surface to avoid the separation of the laminar flingrefore the
frictional drag is down, while pressure differendeag slightly
increasing. However, for us, in this low flow spesud high
Reynolds number condition, the frictional drag isoren
important than total drag is far greater than thesgure
difference drag, so the comprehensive effect is tiva drag
coefficient decreases.

ratio, because of the shap
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Fig. 13 static ressure distributin of NACA001#ail and inflatable
wing

« The results show that, through to the inflatablagrsection

of the reasonable design, which to some extent

approximation standard airfoil, can achieve goddatf and
the prior inflatable wing design aspects of theglesethod
is feasible.

IV. MANUFACTURE AND FLIGHT TEST FOR INFLATABLE WING
A.Manufacture for Inflatable Wing

Manufacture process of the Inflatable wing is mamibout
cutting, heat sealing, and finally check the gghttiess.

* Model tailoring

Airfoil interception plays an important role to tidlatable
wing, so the line length measuring and cutting estgind
accuracy must be very highly demanded.

In practice, we use Pro.E to do the measuring wAftkr that
the cutting work began. In the cutting processribn must
also be taken to keep a width boundary for hedirgeside, as
shown in figure 14:

Fig. 14 model cutting

* Heat sealing

Because of the limit of heat sealing machine, weukhdo
the job in a proper order, otherwise we are unabdfose up the
skin. Therefore, in carrying out the heat sealmgmust design
the order:

Heat seal the gas nozzle, and the nozzle sealithg atings

middle part of the surface, as shown in figure 15.

Heat seal internal cables structure, as showrgindi 16.

Heat seal the skin, finally close up the airfadliling edge, as

shown in figure 17.

Finally check the gas tightness of the inflatabiegw

Fig. 17 heat sealing of the tailing edge

By monitoring internal pressure, determine that tees
tightness is good.

Fig. 18 part of the inflatable wing
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B.Flight Test for Inflatable Wing analysis and testing of the inflatable wing. Thetretep will
Firstly, we made a small model UAV (without wingsy focus on this aspect of the work.
ourselves. Then install the inflatable wing, usiing rope to fix * Another future work is carrying small cylinder tortrol the
it. The specific parameters of the small model Us¥hat: inflatable wing expand in the air.
Fuselage length is 100 cm;
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Fig. 19 'p gpei for the flight test

On March 28 2012, we did the first flight test. Daghe lack
of the aileron, aircraft cannot do the rolling aohtbut because
of the inflatable wing has certain flexibility, the course of the
flight, it can also form a dihedral angle, so tihéas natural roll
stability. Turning control used the rudder and atev
compensating the height. In a word, the flight isstelative
successful.

Fig. 20 flight test

V.CONCLUSIONS ANDFUTURE WORKS

Through our research, it can be concluded as follows:

¢ By given the inflatable wing design parametershwiie
design method of stress analysis, we can desarflzable
wing shape closely to the standard airfoil in these section.

* The successful flight test for the small inflatablemg UAV
proves that: using inflatable wing can satisfy some
requirements of the common flight.

e Currently, we have not done mechanical performance
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