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Abstract

Inflatable wing is an inflatable membrane structure applied to the aerodynamic surface of aircraft which has
unique advantages. It is a special structure with promising benefits for application of small aircraft platforms
with limited volume because of the characteristics like light weight, small storage volume and rapid deployment.
However, the rippled surface and stereotyped structural configuration limit the performance of traditional
baffled inflatable wings. Based on the combination of traditional structure and aeroelastic tailoring design, a
design method of a new inflatable wing with swept arranged inflatable beams named swept baffled inflatable
wing is proposed to realize the purposeful design on shape and stiffness distribution for improving the
aerodynamic and aeroelastic performance. Geometric design method of swept baffled inflatable wing is
discussed. On this basis, the aerodynamic characteristics are compared and analyzed by computational fluid
dynamics method, the wet mode is analyzed with considering the influence of air and the flutter characteristics
are analyzed and compared by frequency domain method. The results show that the swept baffled structure
can improve the lift drag ratio and delay the classical flutter, so as significantly improve the aerodynamic and
aeroelastic performance of the inflatable wing. Works in this paper are of positive significance for the design
and application of inflatable winged aircraft.
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1. Introduction

Inflatable wing has the advantages of light weight, portability and low cost. It is widely used in loitering
munition and unmanned aerial vehicle (UAV) [1-7]. The chordwise rippled surface of the traditional
baffled inflatable wing leads to a high drag [8-10], and the high flexibility of the membrane structure
leads to serious aeroelastic effect [11-17], which limits the application of inflatable wing. Due to the
uniqgue mechanical behavior and structural configuration of inflatable membrane structure, the
aeroelastic design method for traditional rigid wing is difficult to apply to inflatable wing. Therefore, it
is of positive significance to develop an aeroelastic design method for inflatable wing.

Focusing on the shortcomings of the traditional configuration, a new swept baffled inflatable wing
with swept arranged inflatable beams is proposed based on the principle of aeroelastic tailoring. The
aerodynamic characteristics, structural dynamic characteristics and flutter characteristics of the
swept baffled inflatable wing are analyzed and compared with the traditional baffled inflatable wing.
The results show that compared with the traditional configuration, the swept baffled inflatable wing
has significant advantages in performance.

2. Structural design

According to the structural configuration, the inflatable wing is mainly divided into two types: multi
tube type and baffled type [18]. Due to the better bearing capacity, the baffled inflatable wing is more
widely applied [15]. However, due to the rippled shape and the high flexibility of membrane structure,
the aerodynamic and aeroelastic characteristics of the baffled inflatable wing are mediocre, which
limits the airworthiness of inflatable wing aircraft to a certain extent. Because the aerodynamic shape
is directly affected by the structure, the structural configuration and design method of inflatable wing
need to be further developed.
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Some scholars [18-20] have proposed the design method of baffle inflatable wing based on the
bubble principle, and achieved ideal results. On this basis, focusing on the shortcomings of the
traditional baffled inflatable wing in aerodynamic and flutter performance, and according to the
aeroelastic tailoring principle, the swept baffled inflatable wing is proposed in this paper. The design
method is as follows:
Taking the rectangular wing with symmetrical airfoil as an example, for the wing with determined
geometric parameters and airfoil, the main design parameters are spacing x and swept angle 6 of
inflatable beam. The total length / of a single air beam can be expressed as:
br

= cos 6 M
Where b is the chord length of the original airfoil after rounding the trailing edge. A designed swept
baffled inflatable wing as shown in Figure 1 can be obtained by the following steps: (a) Arraying
inflatable beams according to x. (b) Cutting off the array according to the target geometry after
trimming. (c) Filling the baffles and tip.

Figure 1 — Geometric model of swept baffled inflatable wing.

3. Aerodynamic characteristic analysis

Different from the airfoil of traditional baffled inflatable wing formed by inscribed circle, the airfoil of
the swept baffled type is formed by inscribed elliptical. Under the same number of inflatable beams
at section, the ripple of the swept baffled type is shallow, so the approximation effect to original airfoil
is ideal, as shown in Figure 2. In order to verify the aerodynamic performance of the proposed
configuration, the lift drag characteristics at different angles of attack are analyzed by computational
fluid dynamics (CFD).

The parameters of the designed inflatable wing are shown in Table 1. In order to improve the analysis
efficiency, the spalart allmaras (S-A) single equation turbulence model is selected, which with a high
solution efficiency for macro flow. The boundary condition is set as the pressure far-field, the
airspeed is set as Ma 0.2, the angle of attack (AOA) is set as 0 ° and 5 ° respectively, and the
pressure, density, momentum and vorticity viscosity are set as the second-order upwind format.
The results are shown in Table 2 and Table 3. When the number of cross-section air beams is the
same, the swept baffled type has more ideal lift drag characteristic. There are some performance
differences between the forward and backward swept schemes. It is considered that the incoming
flow is guided by the ripples between the air beams, forming spanwise flow and changing the
distribution of wing tip vortices, thus affecting the induced drag, as shown in Figure 3.
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Figure 2 — Airfoil comparison of swept baffled and baffled inflatable wings.
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(a) Path lines of integral (b) Path lines of forward-swept (c) Path lines of swept beam
inflatable wing at 5° AOA beam inflatable wing at 5° AOA inflatable wing at 5°AOA

Figure 3 — Comparison of path lines of inflatable wings at 5° AOA.

Table 1 — Geometric parameters of inflatable wing
7° number of inflatable beams at section Chord length /mm  Aspect ratio Airfoil

0 433.6 1.85
62566 13 405.5 198 NACAO0016

Table 2 — Comparison of aerodynamic performance of inflatable wing at 0°AOA

0/° 0 66 -66
Lift /N 0 0 0
Drag /N 51.00 36.21 39.54
Drag reduction ratio - 29.00% 22.47%

Table 3 — Comparison of aerodynamic performance of inflatable wing at 0° AOA

0/° 0 66 -66
Lift /N 277.59 258.60 258.93
Drag /N 61.98 45.09 49.11
Lift drag ratio 4480 5.735 5.272
Proportion of lift drag ratio increased - 28.01% 17.68%

4. Analysis of structural dynamic characteristics

4.1 Dynamic modeling of inflatable membrane structure

4.1.1 Dynamic modeling of prestressed membrane structure

The membrane balances the load outside the plane by forming the tension. For the inflatable
membrane structure, the tension is mainly caused by the inflatable internal pressure. Assuming that
the membrane material is isotropic, the equilibrium equation of prestressed membrane of micro
element is as follows:

0%z 0%z
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Where h is the film thickness, E is the young's modulus of the film material and p is the load on
element. Substituting equations (3) and (4) into equation (2), the static equilibrium equation of

prestressed membrane structure is obtained:

Eh|(0z\( #°z AN
7[(5] {aﬁ}(@j (aﬁ]]”jzo (5)

For the vibrating prestressed membrane, the shape of the membrane after compression deformation
can be taken as the reference configuration. The set xoy plane is consistent with the plane after
static deformation of the membrane. It is assumed that the vibration displacement win the Z direction
perpendicular to the xoy plane is small, and the tension change caused by vibration can be ignored.
Then the differential equation of motion of the free vibration of the membrane is [15]:
o*w 0’z 0%z
P 2 *ox? +Ty 6y2 (6)

4.1.2 Wet mode modeling
When the structure vibrates in the fluid, it will be affected by the added mass of the fluid attached to
the surface of the structure and the viscous blocking effect. The dynamic characteristic of the
structure is wet mode. It is different from the dry mode without considering the fluid [21]. Previous
studies have shown that the influence of air needs to be fully considered in the analysis of dynamic
characteristics of inflatable membrane structure [22-25]. Therefore, this paper will analyze the wet
mode of inflatable wing to lay the foundation for subsequent work.
The analysis methods of wet modal can be mainly divided into added mass method and fluid
structure interaction (FSI) method. The added mass method regards the influence of air on the
structure as the additional mass attached to the structure at the material interface, and the FSI
method regards air as the potential fluid and couples the flow field with the structure through the
boundary coordination conditions of the interface. In order to accurately reflect the effect of flow field
on the structure, the fluid structure coupling method is used to analyse the wet mode of inflatable
wing [23]. For ideal incompressible fluid, the basic equation under small disturbance is:
VP =0 (7)

Where P is the hydrodynamic pressure. The boundary conditions are:

oP, i

an - ,0 n
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Where P; to P, are the dynamic pressure at the fluid solid interface, fixed interface, free surface and
infinite boundary respectively, n and m is the normal direction of the interface, i, is the normal

acceleration and p is the density of fluid. The finite element equation is established by Galerkin
method:

HP + pBF =0
H=|||VNVNTdQ
] (©)
B-= (”NN;dSJA
S1
Where N is shape function of fluid element, Q is fluid element, Ns is shape function of interface, S;

is area of interface, A is coordinate transformation matrix and r is displacement vector. The motion
equation of structure can be expressed as:




DESIGN OF INFLATABLE WING

MF + Cgf + Kgr = F, + FF (10)
Where M is mass matrix of structure, Csis damping matrix of structure, Ksis stiffness matrix, Fc" is

dynamic force at interface and F. is external excitation vector. According to the principle of virtual
work:

BTP: FeP (11)
It can be obtained by simultaneous equations (8) - (11):
(Mg + M )i+ CsF + Kgr = Fe}

(12)
M,=pB H'B

Where M is added mass matrix of fluid, which represents the influence of flow field on structure [25].

4.2 Wet modal analysis of inflatable wing

In order to verify the accuracy of the established model, the inflatable beam is selected as an
example to be verified. The geometric, material parameters and boundary conditions are consistent
with previous studies. Inflation internal pressure is 1 kPa [25] and the Lanczos method is adapted to
analyze modal parameters. Average error of the results is 6.35%, and the modal shapes appear in
pairs, which is consistent with the previous research, as shown in Figure 4 and Table 4. Therefore,
it is considered that the accuracy of the constructed model is desirable.

On the basis of the verified method, the wet modal analysis of the inflatable wing with different 6 is
conducted. Referring to the previous research, the same membrane material as the inflatable beam
is selected. The wing root is fixed and the internal pressure is 5 kPa. The results show that the swept
angle has an obvious effect on the vibration mode of the swept baffled inflatable wing. The natural
frequency of bending mode increases slightly, while the natural frequency of torsional mode
decreases, as shown in Figure 5 to 6 and Table 5.

i

Figure 4 — Wet modal shape of inflatable beam

Figure 5 — 1st wet modal shape comparison of inflatable wings

Figure 6 — 2nd wet modal shape comparison of inflatable wings
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Table 4 — Natural frequencies comparison of inflatable beam in wet mode

Natural frequency order 1 3 5 7
Simulation result /Hz 16.605 32.159 40.129 62.239
Result in [26]/Hz 17.091 35.591 44.332 60.771
Average error 6.35%

Table 5 — Natural frequencies comparison of inflatable beam in wet mode

0/° 0 66 -66
Frequencies of 1st wet mode /Hz 14.377 14.656 15.542
Frequencies of 2nd wet mode /Hz 45.516 40.783 40.697

5. Flutter analysis

5.1 Mechanical modeling of flutter

For the two degree of freedom wing shown in Figure 7, the motion equation can be expressed as:
mf{.+8aa+Khh=L (13)
S h+ld+K,a =M,

Where m is mass of wing section, h is deflection at elastic axis of wing, S, is the static moment of

the wing section to the elastic axis, K» and K. are the bending and torsional stiffness of the wing

respectively, L is aerodynamic force, I, Is the inertia of the wing section to the elastic axis and Mg is

the aerodynamic moment. It is assumed that the wing vibrates harmonically during flutter, which can

be expressed as:

h — h eiwt
o (14)
a=ae"
The flutter determinant can be obtained by simultaneous equations (13) and (14):
a a
|AF| — 11 12 (15)
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Where wqand wyis the natural frequencies of pure torsion and bending modes of the wing section
respectively, xq Is the distance from the center of gravity to the elastic axis, r is the radius of gyration
of the elastic axis, ais the distance from the elastic axis to the half chord length. The leading direction
is set to positive direction.
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ah xab

Figure 7 — Motion model of 2-DOF inflatable wing

5.2 V-g method
V-g method is a classical frequency domain method in flutter analysis. The principle is to introduce
the structural damping coefficient g into the motion equation of the wing. The sum of structural
damping force and elastic restoring force can be expressed as:
(1+ig,) K,h=(1+ ig, ) ma? he™ } (17)
(1+ig, ) K,a=(1+ig, ) laaw?a,e™
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Introducing the intermediate variable Z as equation (19), and expressing g in the form of equation
(20). Flutter frequency can be obtained by solving the flutter determinant when g = 0 [26].

=(

(19)

_Z (20)

Referring to the previous research on the flutter analysis of inflatable wing, the Theodorsen function
is used as the aerodynamic input [27], the natural frequency and modal shape of wet mode is used
as the structural input, and g is taken as O for obtaining the conservative value. The flutter
characteristics of inflatable wing with different 6 are analyzed by V-g method. The V-g diagram is
shown in Figure 8. In conclusion, the flutter speed of the baffled inflatable wing analyzed in this paper
is about 67.5 km / h. The forward sweeping of the inflatable beam moves the elastic axis of the
inflatable wing forward, and the moment of aerodynamic force to the elastic axis is reduced to a
negative value, which reacts with the inertia term and then delays the flutter. When the inflatable
beams sweep backward, the rigid center will move backward correspondingly. As a large swept
angle is adopted in this paper, the rigid center will exceed the center of gravity, and there will be no
classical flutter [26].
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Figure 8 — V-g graphs comparison of inflatable wings

6. Summary and discussion
The contents of this paper are summarized and the work is conducted as follows:

(1). Focusing on the unsatisfactory performance of the traditional baffled inflatable wing, this paper
proposed the swept baffled inflatable wing, and analyzed the design method.

(2). The CFD method is used to compare the aerodynamic characteristics of inflatable wings with
different swept angles of inflatable beams, and the aerodynamic performance advantages of the
swept baffled types are analyzed.

(3). The frequency domain flutter analysis method is conducted to compare the flutter characteristics
of inflatable wing considering wet mode. The conclusion shows that the swept baffled structure can
significantly delay or even eliminate the classical flutter of inflatable wing.
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