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Abstract

In the present study, a two-segment folding wing
model is used to investigate the influence of
morphing  process on the aeroelastic
characteristics. The structure model is
formulated by the Lagrange equations, and the
aerodynamic model based on the Doublet
Lattice method is formulated by the Kriging
agent model technique. The aeroelastic
response of the two-segment folding wing
during the morphing process is simulated, and
the results show that the morphing process will
change the dynamic aeroelastic stability, and
the influences of the folding and unfolding
processes are opposite.

1 Introduction

With the development of unmanned aerial
vehicle, many new aircraft concepts have been
proposed, and some of them, namely the
morphing wing aircraft, can change the
configuration to have a good multi-mission
capability. Compared with the conventional
aircraft, the structure the structure model of the
morphing wing aircraft changes a lot during the
morphing process. Besides, some other unsteady
aerodynamics can be induced by the rigid body
motion of the morphing wing aircraft.

Many researches on the aeroelastic
characteristic of the morphing wing aircraft
have been made, especially for the folding wing
aircraft. Snyder and Sander [1-3], Dunn [4] used
MSC.Nastran to make a parameter analysis of
the dynamic aeroelastic stability of the folding
wing, and the influences of folding angle and
spring stiffness were investigated. Lee and Chen
[5] used MSC.Nastran and ZAERO to
investigate the nonlinear aeroelastic problem of

the folding wing with hinge free-play, and the
limit cycle oscillation (LCO) behavior was
found. Wang and Dowell [6-8] simplified the
folding wing as several uniform plates, and the
Lagrange equations was used to couple the
beam-theory structure model and the strip-
theory unsteady aerodynamics model. The
flutter speeds of the folding wing with different
folding angles were obtained by the
experimental and theoretical methods, and the
results agreed well with each other. Tang,
Dowell and Attar [9, 10] investigated the
folding wing with geometry nonlinearity. The
LCO was found in the wind tunnel test, and the
theoretical results were also calculated, which
agreed well with the experimental results.

The studies mentioned above were all
investigated in the quasi-steady condition, and
some researches on the aeroelastic problem
during the morphing process were also done.
Reich, Bowman [11, 12] and Scarlett [13]
formulated a morphing aeroelastic system of the
folding wing, which was based on the flexible
multi-body dynamics method and their in-house
vortex lattice code, and the influence of the
folding angle on the hinge moments was
investigated. Hu and Yang [14] also formulated
the aeroelastic system of the folding wing,
where the Kriging agent method was used to
build the aerodynamics model during the
morphing process. The influence of morphing
process on the aeroelastic characteristic was
researched. Huang and Qiu [15] formulated the
aeroelastic system of a variable-span wing, and
the similar influence was also found.

In the present study, based on the Lagrange
equations and the Kriging agent method, the
aeroelastics modeling process of a two-segment
folding wing is proposed. The aeroelastic
responses of the folding wing during the
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morphing process are simulated, and the
influence of morphing process is investigated.

2 Structure modeling

As shown in Fig. 1, the folding wing consists
of two uniform rigid segments: the inboard plate
and the outboard plate. The inboard plate can
rotate along the x and Yy, axises, and two
rotation springs are defined along these two
directions. The outboard plate can fold along the
X, axis.

To formulate the multi-body dynamic
equation of the folding wing, two local
coordinate systems xY.z and XYz, are
assigned to the inboard and outboard plate,
respectively. And a ground coordinate system
XyZ is also defined. The rotation angle between
Y axis and y; axis is defined as «, the rotation
angle between Y axis and Y, axis is defined as
a,, and the rotation angle between X axis and
X, axis is defined as 6, .

x(x,)
Fig. 1 The sketch of folding wing

The kinetic energy of the folding wing is:
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where subscripts ¢, and ¢, denote the centroids
of the inboard and outboard plate, respectively.
I, and 1, are the inboard plate’s moment of
inertia about ¢, parallel to x and VY. ,
respectively. 1., and I, are the outhoard
plate’s moment of inertia about ¢, parallel to x,
and Y., respectively. Iz, is the outboard plate’s
moment of inertia about o, parallel to z,.
The potential energy of the folding wing is:
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U= %kalaf +%k91 o (2)

The folding angle can be described as Eq. (3):
ep (t) =, (1)~ (1) =, (0)— o (0) + ders (1) (3)

According to Eq. (3), the constraint equation
is formulated as:

C=[a, (t)-a (t) ][ @, (0) -, (0) |- deen (1) =0 (4)

Let q={e, a, 6} , and substitute Eq. (1)
and Eqg. (2) into the Lagrange equations. Then
combining the constraint equation, the dynamic
equation of the folding wing can be formulated
as:

M(q)d+Kq+Cgﬂ =1, (a.9)+f,
C=0

()

where C, is the constraint Jacobian matrix. f, is
called as quadratic velocity vector of the time
variant system, which is resulting from the
differentiation of the kinetic energy with respect
to time and with respect to the generalized
coordinate[16]. f, is the aerodynamic forces,
and will be introduced in the next section.

3 Aeroelastics modeling

Before the aeroelastics modeling, the
aerodynamics model is formulated. The AIC
matrices at different folding angles are obtained
by the Doublet Lattice method, and then the
Kriging method is used to build the
aerodynamics model of the folding wing during
the morphing process. The details about this
aerodynamics modeling process can refer to
[14], and the aerodynamics can be formulated as:

1 ., E” E” 2
fS—EpV {AO(aFA)ﬁLV Al(aFA)S+V2A2(aFA)S }ZS
; . (6)

+EpV2If)(aFA)[SI—EIQ(aFA)} E(apa )5z,
where f; and z, are the force and displacement
vectors for the interpolated structural nodes,
respectively. Aj(ae) , Alam) , A(am) |
D(as) , R(ess) and E(ep,) are the agent
models of the coefficient matrices.

To Substitute Eq. (6) into Eg. (5), the
transformation matrix S between 9 and z, is
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formulated, and the following equations can be
obtained:
z,=5q
f, =S'f, .
z, :Sq+SFAdFA ( )
Z,= Sq+SFAdFA
Substituting Eg. (6) and Eq. (7) into Eq. (5),
yields:

Md+Kg+CiA=1, +Aq+Ad+Ad,,

+ Azq + Azdm + If)xa 8
C=0
where
A, ==pV’STAS, A, :%prSTAls ,
-1 a R T
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X, =(s|—%ﬁeJ_ E(SA+Seadea)
To solve Eg. (8), transform it into Eq. (9)
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4
where ¥ =-C,—-2C.q —(Cq(il)ﬁI q.
Besides, according to the defining of X, , the
following equation can be obtained

%, = % RX, +ESq+ES,Adiea (10)

The computational algorithm proceeds of Eq.
(9) can refer to [16].

4 Example

The structural and aerodynamic parameters of
the two-segment folding wing are: I=1m
c=05m m=20kg , k, =k, =1x10* N-m/Rad |
p=1224kg/m*

To validate the structure model of the present
method, the dynamic responses during the
morphing process are simulated, and the
comparison with the result obtained by
MSC.ADAMS is shown in Fig. 2, where the
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folding angle changes from 60" to 0", and the
unfolding rate is 10°/s.
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Fig. 2 The comparison of the response during the
morphing process

The flutter speed of the folding wing at
different folding angles, i.e. flutter speed under
quasi-steady condition, obtained by the present
method are compared with those obtained by
MSC.Nastran, as shown in Fig. 3:
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Fig. 3 Comparison of the flutter speed of the folding wing
at different folding angles

As discussed in Section 2, f, is the additional
term in the dynamic equation of a time variant
structure induced by the morphing process of
the folding wing, so that the aeroelastic
response with and without f, are simulated to
examine the influence of the morphing process
on the aeroelastic response. The air speed is set
to be 130m/s, marked by the solid line as shown
in Fig. 3. It can be seen that during the
morphing process, the aeroelastic system is
unstable when the folding angle is smaller than
20° , while stable when the folding angle is
larger than 20°.

Fig. 4 and Fig. 5 show the & responses of the
folding wing morphing from 60 to 0", with the
unfolding rate of 5°/s and 20° /s, respectively.
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Fig. 4 The &, responses of the folding wing morphing
from 60° to 0", the unfolding rate is 5°/s
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Fig. 5 The &, responses of the folding wing morphing
from 60° to 0, the unfolding rate is 20° /s

Fig. 4 and Fig. 5 indicate that during the
unfolding process, the morphing process of the
folding wing will induce an additional positive
damping effect on the aeroelastic system. And
because of this damping effect, the critical
folding angle at which the stability of the
aeroelastic system changes is decreased, and the
damping influence increases with the increasing
of unfolding rate.

Fig. 6 shows the 6 responses of the folding
wing morphing from 0 to 60" and the folding
rate is 20° /s. It can be seen that during the
folding process, the morphing process of the
folding wing will induce an additional negative
damping effect on the aeroelastic system.
Therefore, the critical folding angle is increased.
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Fig. 6 The &, responses of the folding wing morphing
from 0" to 60°, the folding rate is 20° /s

5 Conclusions

In the present study, the aeroelastics model of
a two-segment folding wing is formulated, and
the influence of morphing process on the
aeroelastic characteristics is investigated.

From the simulated aeroelastic responses, it
can be concluded that an additional damping
effect will be induced on the aeroelastic system
during the morphing process. So that when the
flutter occurs or exits, the corresponding folding
angle will be different from that obtained in the
quasi-steady condition, and the difference
becomes more significant with the increasing of
the morphing rate. Besides, the additional
damping effects caused by the folding and
unfolding processes are opposite.
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