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Aerodynamic and Static Aeroelastic Characteristics
of a Variable-Span Morphing Wing

Jae-Sung Bae,* T. Michael Seigler,Jf and Daniel J. Inman*
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

The morphing concept for unmanned aerial vehicles is a topic of current research interest in aerospace engi-
neering. One concept of morphing is to change the wing configuration during flight to allow for multiple flight
regimes. A particular approach to planform morphing is a variable-span morphing wing to increase wingspan to
reduce induced drag and increase range and endurance. The wing area and the aspect ratio of the variable-span
morphing wing increase as the wingspan increases. This means that the total lift increases while the induced drag
is reduced, whereas the wing-root bending moment increases, thus, requiring a larger bending stiffness of the wing
structure. Therefore, a study of the variable-span morphing wing requires not only aerodynamic analysis but also
an investigation of the aeroelastic characteristics of the wing. The aerodynamic characteristics of the variable-span
morphing wing are investigated, and a static aeroelastic analysis is performed.

Nomenclature
b = wing span of conventional wing
Cp = total drag coefficient
Cpi = induced drag coefficient
Cpo = profile drag coefficient
CL = lift coefficient
Cu = moment coefficient
D = drag
fo = aerodynamic force due to airfoil shape
and angle of attack
[GK] = generalized stiffness matrix
[K] = stiffness matrix
L = lift
M = moment
[M] = mass matrix
[Q] = aerodynamic influence coefficient
q = dynamic pressure
S = wing area of morphing wing
Sc = wing area of conventional wing
S = arearatio, S/S¢
\%4 = speed
X = wing displacement
Ve = wing extension
n = modal coordinate
o = air density

Introduction

ORPHING concepts for aerial vehicles, particularly un-
manned aerial vehicles, have been a significant topic in recent
aerospace research. The morphing wing is a birdlike wing that has
the ability to adapt to accommodate multiple flight regimes or to
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obtain better flight performance.! A number of studies investigating
morphing concepts have been performed over the past decade.

Methods of wing morphing include camber change,>* wing
twist, wing sweep change, and wing span change.” In camber
change, the adaptive airfoil can change camber to obtain a desired
lift, thus, eliminating the need for conventional control surfaces.
In morphing via variable twist, the wing is configured to optimize
the twist angle to obtain low-drag and high-lift aerodynamic char-
acteristics. The wing sweep change and the wing span change are
designed to change the wing configuration of an aerial vehicle for
various flight conditions. Variable wing sweep has been successfully
applied in various modern U.S. military aircraft such as the F-14,
F-111, and B-1 (Ref. 3). These aircraft change their wing sweep
angle to decrease drag as the speed increases.

Recently, Gern et al.? performed a structural and aeroelastic anal-
ysis of an unmanned combat aerial vehicle with morphing airfoils.
Sanders et al.® investigated the aerodynamic and aeroelastic char-
acteristics of a morphing wing with a conformal control surface.
Blondeau et al.’ developed an inflatable telescopic spar and per-
formed wind-tunnel test of a variable-span wing with this spar.

A variable-span morphing wing, as shown in Fig. 1, is designed to
change its wing span for various flight conditions to reduce drag. As
a result of increasing the wing span, the aspect ratio and wing area
increase and the spanwise lift distribution decreases for the same lift.
Thus, the drag of the morphing wing decreases, and consequently,
the range of the aerial vehicle is increased. Unfortunately, the wing-
root bending moment (WRBM) can be increased considerably due
to the increase of the wing span. Therefore, not only the aerody-
namic characteristics but also aeroelastic characteristics should be
investigated in the design of the variable-span morphing wing.

The purpose of the present study is to investigate the aerody-
namic and aeroelastic characteristics of a variable-span morphing
wing applied to a long-range cruise missile in an effort to increase
range. The panel code® used in this study is a subsonic doublet-
hybrid method (DHM) for the computation of subsonic aerody-
namic forces. MSC/NASTRAN is used to model the wing-box struc-
ture of the variable-span morphing wing. Effects of the wing span
changes on the aerodynamic characteristics and the spanwise load
distributions of the morphing wing are investigated. Advantages of
wing span change, such as increased range, are also considered.
Furthermore, aerodynamic deformations of the morphing wing are
calculated, and its aeroelastic characteristics are investigated.

Analytical Methods

Variable-Span Wing Configuration

In Fig. 1 the concept of variable-span morphing for a long-range
cruise missile is demonstrated by showing the original wing, with
no extension, and the fully extend wing: In this case, full extension
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a) Original wing

b) 50% Span-extended wing
Fig. 1 Cruise missile with VSMW.
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Fig. 2 Configuration of VSMW.

represents a 50% increase in wing span relative to the original con-
figuration. Figure 2 shows a detailed configuration of the morphing
wing used in subsequent analyses. The root-chord length is 0.51 m,
the wing span of the original wing is 1.0 m, and the taper ratio is
0.6. The wing area of the original, or conventional, wing is 0.413 m?
with an aspect ratio of 5.0. The Mach number upper limit of a cruise
missile is approximately 0.7 and the wing load is in the range of
thousands of kilograms per square meters (hundreds of pounds per
square foot). Figure 3 shows the changes in aspect ratio and wing
area ratio of the variable-span morphing wing as the wing span in-
creases. The wing ratio is the ratio of the extended wing area divided
by the original wing area. The solid line with a hollow circle is the
aspect ratio change and the dashed line with a solid square in Fig. 3
is the wing area change. When fully extended to 50%, the aspect
ratio is 8.18 and the wing area is 0.568 m?. (The area ratio is 1.38.)

Aerodynamic and Structural Models

Figure 4 shows the aerodynamic and structural models of the
variable-span morphing wing. The aerodynamic mesh of the conven-
tional wing for the DHM code® is 10 x 20. DHM is used to calculate
the relationship between the pressure difference at the doublet point
and the downwash at the receiving point using the kernel function.”?
‘When the morphing wing is fully extended, the aerodynamic mesh is
10 x 30. The structural model used in the present study is a wing-box
model.” The structure of the variable-span morphing wing is com-
posed of two wings: One is a main wing box and the other is a mov-
ing wing box, which extends from the main wing. Each wing box
is composed of spar cabs, sparwebs, and skins. MSC/NASTRAN is
used for constructing the wing-box models. Table 1 shows the struc-
tural properties of the elements used in the building of the morphing
wing. Figure 5 shows the coupled finite element (FE) models of the
morphing wing with 0, 30, and 50% span extensions. The main

wing and the moving wing are composed of four wing-box sections
and two wing-box sections, respectively. In these FE models, the
moving wing box is constrained to the main wing box by using the
multipoint constraint elements of MSC/NASTRAN. The structural
characteristics of the variable-span morphing wing (VSMW) are
significantly dependent on the boundary conditions at the joint, and
the wing will contain some nonlinearities such as freeplay. These
problems should be explored but are not investigated in the present
study.

Table 1 Element properties of morphing wing

Structural element Unit Value
Main wing
Sparweb (shear panel) Thickness, mm 2.5
Rib (shear panel) Thickness, mm N/A
Skin (membrane) Thickness, mm 1.0
Sparcab (rod) Area, mm? 32.
Mass Mass, kg 0.9
Moving wing
Sparweb (shear panel) Thickness, mm 0.1

Thickness, mm N/A
Thickness, mm 0.04

Rib (shear panel)
Skin (membrane)

Sparcab (rod) Area, mm? 0.03
Mass Mass, kg 0.59
9.0 1.5
—O— Aspect ratio (AR)
- A io (S/
8.0 rea ratio (S/S) 14
7.0 . 1.3
= 9
] Lo —
©
9:_, 6.0 12 =
0 m
o) o
o
) <
< 5.0 1.1
4.0 1.0
3.0 L L L L 0.9
0 10 20 30 40 50

Inrease of Span'y /b (%)

Fig. 3 Changes of aspect ratio and wing area.
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Fig. 4 Aerodynamic and structural models.
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Fig. 5 FE models of VSMW with various span lengths.

Aerodynamic Coefficients
The wing area and aspect ratio of a conventional wing is fixed.

To increase the lift, the lift coefficient should be increased. This is
typically accomplished via an increase in the angle of attack. Al-
ternatively, a VSMW can change its lift coefficient, wing area, and
aspect ratio by changing its wing span. Hence, we should compare
the lifts of the conventional wing and the morphing wing instead of
the lift coefficient Cy, which requires a new definition for the aero-
dynamic coefficient. The definitions of the aerodynamic coefficients
used in the present study are

C.S=L/qSc, CuS =M/q5cC, CpS=D/qSc (1)
where, S(=S/S¢), Sc, and g(=pV?/2) are the area ratio, the area
of the conventional wing, and the dynamic pressure, respectively.

Aeroelastic Equations
The aeroelastic equations for the wing structure can be written as

[MI{x} + [K{x} = {f} @

where {f} and {x} are the acrodynamic force vector and structural
displacement vector, respectively.

For the static problem, such as divergence or aecrodynamic defor-
mation, Eq. (2) can be written as

[K1{x} = {f} 3)
In Eq. (3), the aerodynamic force vector can be written as
{(F1={r} +{fo} “

where the first term, { f (x)}, is due to the wing deflection and the
last term, { fo}, is due to the airfoil shape or the angle of attack.

When the modal approach is used, Eq. (3) can be transformed to
the generalized coordinates of Eq. (2) as

[GK{n} = [o1" (£ ()} + (&1 { fo} ®)

where {n}, and [¢] are the displacement vector and the modal matrix,
respectively. These quantities are defined as

{x} = [¢1(n} (6)
[GK] = [¢]"[K1[$] = []] (7

where [G K] and [¢] can be obtained from the free-vibration analysis
of Eq. (2). _

The generalized aerodynamic influence coefficients (AIC) [Q]
are introduced as follows:

(91" {f ()} = qlo]"[QlIg)n} = q[O]{n} ®)

Finally, the generalized static aeroelastic equations can be written
as

[GK1{n} = q[O1{n} + (o] (fo) &)

For a given dynamic pressure, Eq. (9) can be solved iteratively to
obtain the modal displacement {n}. Also, Eq. (9) can be solved
directly if (|G K] — ¢[ Q]) is not singular, and the wing displacement
can be easily obtained from Eq. (6).

Divergence is a static aeroelastic instability, and the divergence
equations can be obtained from Eq. (9). When the last term on the
right-hand side of Eq. (9) is ignored, the divergence equations can
be written as

Apin} = [GK1'[Q1{n} (10)

where
Ap=1/g9p (11)

The Ap; (i =1~ n) can be obtained by solving the eigenvalue prob-
lem of Eq. (11). When the largest positive value of the real eigen-
values is taken, divergence speed V), can be calculated by

Vo = /2/pho (12)

Aerodynamic Characteristics

Aerodynamics

Figure 6 shows the lift coefficient contours of a VSMW for
changes in wing span and angle of attack. The contours of Fig. 6 are
similar to a flat surface, which means that the lift coefficient C. S
is linearly proportional to both the angle of attack and wing span.
For the same wing span and angle of attack, the lift coefficient at
M =0.7 is larger than that of M =0.0. Figure 7 shows the angle of
attack required to produce the desired lift. As shown in Fig. 7, the
lift coefficient is linearly proportional to the angle of attack, (AOA).
Hence, to obtain the same lift, the conventional wing requires a
larger AOA than the variable-span morphing wing.

Figure 8 shows the lift coefficient contours for changes of the
wing span and Mach number when the AOA is 1.0 deg. The contours
represent a curved surface, and the increment of the lift coefficient
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Fig. 6 Lift coefficient contour for AOA and increase of wing span.
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Fig. 8 Lift coefficient contour for Mach number and increase of wing
span, AOA = 1.0 deg.

increases as Mach number increases. When Mach number is 0.7,
the lift coefficient of the 50% extended wing is 1.6 times of that of
the original wing. Figure 9 shows the effect of the wing span on the
lift coefficient when the AOA is 1.0 deg. Figure 9 shows that the
lift coefficient of the morphing wing increases linearly as the wing
span increases, and the lift coefficient derivatives increases as Mach
number increases. Figure 10 shows the lift coefficient derivatives,
as, obtained from a linear regression analysis of the data from Fig. 9,
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Fig. 9 Increase of span vs lift coefficient, AOA =1.0 deg.
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Fig. 10 Mach number vs lift coefficient derivative, AOA =1.0 deg.
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Fig. 11 Spanwise lift distributions.

of the morphing wing as a function of wing span. The lift coefficient
derivative is defined as

aC.S
9(ye/b)

The derivatives increase exponentially as Mach number increases.

CLye = (13)

Wing Load Distributions
Figure 11 shows the lift distribution along the span of the wing
for a Mach number of 0.0 and a lift coefficient of 0.4. For this flight
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Fig. 13 Bending moment distributions.

condition, the AOA of the morphing wing are 3.74, 2.30, and
1.72 deg for the 0, 30, and 50% span-extended cases, respectively.
The area under the lift distribution is equal to the total lift produced
by the morphing wing. To obtain the same lift, the lift per unit span
decreases as the wing span increases. This means that the wing load
of the VSMW is reduced as the wing span increases. Figure 12 shows
the torque distribution along the wing span. Note that the elastic axis
exists at 50% chord. The torque at the wing root decreases consid-
erably as the wing span increases, whereas the torque at the wing
tip increases only slightly. This means that the VSMW does not
require larger wing torsional stiffness as compared with the conven-
tional wing and the wing twist can be neglected in the design of the
morphing wing. Figure 13 shows the bending moment distributions.
In contrast to the torque distributions, the bending moment of the
morphing wing increases considerably as its wing span increases.
Here, the contribution of the moving wing on the bending moment
significantly increases, although the spanwise lift decreases. Thus,
the bending moment along the wingspan of the morphing wing is
much larger than that of the conventional wing. Figure 14 shows
the WRBM for the same flight condition (C, S = 0.4). The WRBM
of the morphing wing increases linearly as the wing span increases.
The WRBM for M =0.7 is less than that for M =0.0, but the differ-
ence is virtually nonexistent. The WRBM of the 50% span-extended
morphing wing is increased by approximately 50% compared to that
of the conventional wing. Therefore, we can assume that the wing
deformation of the morphing wing due to the bending moment is
more significant than that due to torque.
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Fig. 15 Effect of wing span on drag and range, M =0.0 and C.S =0.4.

Drag and Range

The total drag of the aircraft wing is a combination of the induced
drag and the profile drag. The profile drag can be approximated based
on an empirical database and can be defined as

Cpo=ap+a,Cy +02Ci (14)

where ay, a;, and a, are constants that are obtained by curve fitting
the profile drag. Thus, total drag coefficient can be defined as

Cp =Cpo+ Cp; (15)

Figure 15 shows the changes in both drag and range of the morph-
ing wing due to increased wing span. As the wing span increases, the
induced drag decreases, whereas the profile drag increases linearly.
The increase of the profile drag is due to the increase of the wing
area, although the spanwise lift distributions decrease as shown in
Fig. 11. The increase of the range can be calculated using'’

R= 2,/2/p(l/c,)[(CLS)%/CDS](WO% - Wﬁ) (16)

where ¢,, Wy, and W, are fuel consumption rate, gross weight with
full tank, and gross weight with empty tank, respectively. The total
drag of the morphing wing is decreased by approximately 25%, and
its range is increased by approximately 30%. This range increase is
the important advantage of the VSMW.



BAE, SEIGLER AND INMAN 533

Aeroelastic Characteristics

Static and Dynamic Characteristics

Table 2 shows the static deformations of the morphing wing when
the pressure acts on the upper skin. The total force due to pressure is
5.34 kN. For the 0% span-extended wing, the pressure is 17.2 kPa.
For 30 and 50%, the pressures are 14.2 and 12.8 kPa, respectively.
Although the same total force acts on theses wings, the wing-tip
deformation of the 50% span-extended wing is larger than those of
other wings. This means that the VSMW requires larger bending
stiffness than the conventional wing.

Figure 16 shows the variations in natural frequency as the wing
span increases. The natural frequency of the morphing wing de-
creases due to the increase in wing span. Because of to the 50%
wing extension, the natural frequencies of the lowest four modes
are considerably decreased by 36, 29, 50, and 34%, respectively.
Thus, the structure of the VSMW becomes more flexible than the
conventional wing.

Aerodynamic Deformations and Divergence Speeds

The flight condition used for calculating the aerodynamic defor-
mations of the VSMW is a Mach number of 0.0 and a lift coefficient
C.S of 0.4. When the modal matrix [¢] obtained from the free-
vibration analysis and DHM code is used, the AICs [Q] in Eq. (9)
are calculated and the second term { f} in Eq. (9) is calculated for
each AOA. The AOA for the 0, 30, and 50% span-extended morph-
ing wings are 3.74, 2.30, and 1.72 deg, respectively.

Figures 17-19 show the deformed wing shapes of the 0, 30, and
50% span-extended wing when the Mach number is 0.0 and the
lift coefficient is 0.4. When [ Q] and { f,} are used, the aerodynamic
deformations of the VSMW are calculated. When the dynamic pres-
sure is 17 kPa, the maximum deformations at the wing tip of the
main wing are 36.5, 97.9, and 213 mm for the 0, 30, and 50% span-
extended wings, respectively, and the twist angles at wing tip are
1.7,2.4, and 4.8 deg. The aecrodynamic deformation increases as the
wing span increases, and this is mainly due to the increase of the
bending moment as shown in Figs. 13 and 14 rather than the torque in
Fig. 12. Figure 20 shows the aerodynamic deformations of the mor-
phing wing at the wing tip trailing edge (TE) and leading edge (LE).
The aerodynamic deformations of the 50% span-extended wing in-
crease dramatically. The wing tip deformations of the 0, 30, and

Table 2 Applied pressures and static deformations
of morphing wing

Wing span, % Pressure, kPa Wing-tip deflection, mm %

0 17.2 64.6 (6.4)
30 14.2 143 (11)
50 12.8 230 (15)
120

& Conventional Wing (Main Wing) 1

100k__2nd Torsion —O— Morphing Wing

2nd Bending

©
o

Natrual Frequency (Hz)

40+
1st Torsion
20
1st Bending
0 ) ) ) :
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Increase of Span (%)

Fig. 16 Variations of natural frequencies.
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Fig. 17 Aerodynamic deformations of 0% span-extended morphing
wing, C1.S=0.4.
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Fig. 18 Aerodynamic deformations of 30% span-extended morphing
wing, C1.S =0.4.
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Fig. 19 Aerodynamic deformations of 50% span-extended morphing
wing, C1.S=04.

Air flow

50% span-extended wing are greater than 10% of their wing spans
when the dynamic pressures are 40, 20, and 15 kPa, respectively.
_Figure 21 shows the divergence characteristics of the wing. When
[Q] is used, the divergence dynamic pressure is calculated from
Eq. (10). When Eq. 12 is used, the divergence speed can be cal-
culated from the divergence dynamic pressure for a given flight
altitude. Divergence is a statically unstable phenomenon. The di-
vergence dynamic pressure of the 50% span-extended wing is
30 kPa when the Mach number is 0.0. But, the dynamic pressure
of 20 kPa is defined as statically unstable because the aerodynamic
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Fig. 21 Divergence characteristics of VSMW.

deformation is too large: The wing-tip displacement is larger than
10% of the wing span. The divergence boundary considerably de-
creases as the wing span increases. Hence, the aeroelastic character-
istics of the VSMW become worse, and it is important to investigate
static aeroelastic stability.

Conclusions
In this study, a VSMW is considered for reducing induced drag
and increasing the range of a long-range cruise missile. Both,
static aerodynamic and aeroelastic characteristics of the wing are

investigated. From the aerodynamic analysis, the effects of increas-
ing the wing span and the Mach number are studied. The results
indicate that, due to the increased wing span, the spanwise lift distri-
butions and the induced drag are considerably decreased; however,
the WRBMs are considerably increased.

The aeroelastic analysis shows that the flexibility of the morph-
ing wing structure increases as the wing span increases. At a given
flight condition, the aerodynamic deformation is much larger than
that of the conventional wing. Static aeroelastic considerations show
that a VSMW requires increased bending stiffness because the wing
deformation due to bending is much more significant than the defor-
mation due to twist, which demands that VSMW designers include
larger bending stiffness in their formulation.

Finally, we show that the important advantages of a VSMW are
a drag reduction and an increase of range. However, the increase of
the wing span can cause large deformations. Therefore, the designer
should consider aeroelastic phenomenon in the design of a VSMW.
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