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Abstract: Aiming at the experimental test of the body freedom flutter for modern high aspect ratio
flexible flying wing, this paper conducts a body freedom flutter wind tunnel test on a full-span flying
wing flutter model. The research content is summarized as follows: (1) The full-span finite element
model and aeroelastic model of an unmanned aerial vehicle for body freedom flutter wind tunnel test
are established, and the structural dynamics and flutter characteristics of this vehicle are obtained
through theoretical analysis. (2) Based on the preliminary theoretical analysis results, the design and
manufacturing of this vehicle are completed, and the structural dynamic characteristics of the vehicle
are identified through ground vibration test. Finally, the theoretical analysis model is updated and
the corresponding flutter characteristics are obtained. (3) A novel quasi-free flying suspension system
capable of releasing pitch, plunge and yaw degrees of freedom is designed and implemented in the
wind tunnel flutter test. The influence of the nose mass balance on the flutter results is explored.
The study shows that: (1) The test vehicle can exhibit body freedom flutter at low airspeeds, and the
obtained flutter speed and damping characteristics are favorable for conducting the body freedom
flutter wind tunnel test. (2) The designed suspension system can effectively release the degrees of
freedom of pitch, plunge, and yaw. The flutter speed measured in the wind tunnel test is 9.72 m/s,
and the flutter frequency is 2.18 Hz, which agree well with the theoretical results (with flutter speed
of 9.49 m/s and flutter frequency of 2.03 Hz). (3) With the increasing of the mass balance at the
nose, critical speed of body freedom flutter rises up and the flutter frequency gradually decreases,
which also agree well with corresponding theoretical results.

Keywords: high aspect ratio flexible flying wing; body freedom flutter; ground vibration test; wind
tunnel test; quasi-free-flying suspension system

1. Introduction

The high aspect ratio flexible flying wing (HARFFW) is a quite favorable configuration in
unmanned aerial vehicle (UAV) development because of its excellent aerodynamic performance.
Usually, the rigid body pitch mode frequency of the flying wing will increase due to the tailless
design, and the elastic modal frequency decreases due to the aspect ratio and flexibility of the wing
increases. The coupling of the short period pitch mode with the wing elastic mode will result in a
special type of aeroelastic instability problem, which is called body freedom flutter (BFF). There are
two folds of hazards coming from the BFF: (1) When dynamic pressure is lower than the flutter
boundary, the handling quality of the aircraft will be adversely affected by the elastic mode of the
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wing. (2) Once the dynamic pressure is reaching the flutter boundary, the aircraft will undergo severe
pitching oscillations and diverging wing bending motion, leading to a catastrophic aircraft failure.

Theoretical analysis methods for the BFF problem include classical frequency domain method [1],
state space method [2], robust modeling and analysis framework research method [3], fully coupled
linearization method under aeroelastic trimming conditions [4]. The theoretical analysis of BFF shows
that for the HARFFW, the BFF speed is significantly lower than that results calculated based on the
cantilever wing model; the elastic degrees of freedom of the aircraft, the structural characteristics of the
fuselage and the wing structure characteristics will have significant impact on the BFF characteristics.

Since the BFF problem may affect the flight dynamics of flexible configuration with large aspect
ratio or large slender ratio, several modeling schemes for this special configuration are developed.
Comprehensive theoretical models [5] are established regarding flight dynamics and aeroelasticity
coupled with large body movement and small elastic deformation. Moreover, improved aeroelastic
analysis method are developed considering additional terms, i.e., the influence of unsteady aerodynamic
force and gravity, combing with the control system [6]. High fidelity aeroelastic simulation analysis is
also studied by implementing the computational fluid dynamics (CFD) method [7]. More recently,
flight dynamics model considering elastic effect are developed based on mean axis motion equation [8].
The research on the multi-disciplinary optimization framework for the solar powered high altitude
long endurance (HALE) UAV shows that the design of HALE aircraft is mainly subject to the stiffness
constraints, which is different from the strength constraints of the traditional aircraft.

Beside the theoretical analysis, the BFF test, including wind tunnel and flight flutter test, are also
quite complex elements of the testing campaign. Comprehensive experimental validation studies of BFF
usually include the design and processing of the flexible flying wing aircraft and the formulation of the
test scheme [9,10], updating of theoretical analysis model by ground vibration test [11], and verification
of theoretical analysis by wind tunnel test [12]. When the theoretical model is updated according to
the ground vibration test data, the accuracy of model modification can be improved by optimization
algorithm according to the complexity of the model. One should pay close attention to the influence of
model support system on the test results in wind tunnel test.

In recent years, the X-56A multi-utility technology test bed (MUTT) [6], which is used to study the
BFF and active flutter suppression of BFF vehicle, has completed the flight dynamics simulation and
aeroelastic simulation, the aeroelastic modeling method is verified through the flight test data [7]. Based
on the scaled model of X-56A MUTT, BFF vehicle conceptual design [8,9], theoretical modeling and
analysis [13,14] and active flutter suppression controller design [15–18] studies have been completed
and verified by closed-loop flight tests have been carried out [19,20].

The traditional wind tunnel test include hard supporting fixtures [21,22], including abdominal
support, tail support, back support [23], etc. With the development of mechanism technology, parallel
support system and rope traction support system have emerged [24–26]. However, for the BFF wind
tunnel test, it is necessary to release the rigid body freedom of the model to simulate the “free flight”
state, especially the pitch and plunge degrees of freedom. In the BFF wind tunnel test for flying wing
half model, there are side wall track support system [27], a lateral support system installed at the
bottom of the wind tunnel [28]; in the wind tunnel test using full-span model, there are beam support
system [29] and flexible support system [30].

To the best of the authors’ knowledge, there is no public report available on the body freedom
flutter wind tunnel test of the full-span flying wing model which is capable of free flying. In this work,
a BFF flying wing UAV model is designed and a novel quasi-free-flying support system is introduced
into the full-span BFF wind tunnel test.

The rest of the paper is organized as follows. In Section 2, the basic theory of BFF analysis is
introduced. In Section 3, the structural finite element method (FEM) modeling and aeroelastic modeling
of the UAV along with the BFF wind tunnel test are introduced, and the preliminary theoretical analysis
is conducted. In Section 4, the design and processing of UAV are completed, and the theoretical
analysis model is modified by the ground vibration test. In Section 5, the quasi-free-flying suspension
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system design and the comparison between the test and theoretical results are supplied; in the final
Section, the overall work is summarized and pertinent conclusions are drawn.

2. Theory of Aeroelastic Modeling

2.1. Structural Dynamics

For a n-degree of freedom (DOF) system [31], define n generalized coordinates q1, q2, . . . , qn,
the displacement of any point in the system can be expressed as:

→
r =

→
r (q1, q2, . . . , qn, t) (1)

For the wing located in xoy plane, as shown in Figure 1, the normal motion of the wing will cause
additional unsteady aerodynamic force, the normal displacement expanded in the modal space is
written as:

za =
∑

m
qm(t)zm(x, y) (2)

Then the kinetic energy of the system is casted as:

T =
1
2

∑
m

∑
n

.
qm

.
qnMmn (3)

where the generalized mass is presented as:

Mmn =
x

mzmzndxdy (4)

Selecting the modal coordinates that satisfies the following normalization conditions:

Mmn = Mmδmn, δmn =

{
0, m , n
1, m = n

(5)

Equation (3) can be written as:

T =
1
2

∑
m

.
q2

mMm (6)

Similarly, the elastic potential energy of the wing structure in the modal coordinate is:

U =
1
2

∑
m

∑
n

qmqnKmn (7)

where Kmn is the generalized stiffness matrix.
Using the modal coordinates satisfying the normalization condition, one can write:

Kmn = ω2
mMmnδmn (8)

where ωm is the mth order natural frequency.
The potential energy and kinetic energy of the system obtained above are substituted into the

Lagrange equation:

−
d
dt
∂(T −U)

∂
.
qi

+
∂(T −U)

∂qi
+ Qi = 0 i = 1, 2, . . . (9)

Thus, the equations of motion of the wing structure can be obtained.
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Figure 1. Deformation diagram of wing structure.

2.2. Doublet Lattice Method (DLM) for Unsteady Aerodynamics

For the flat wing as shown in Figure 2, the Euler method is used to describe the aerodynamic
motion characteristics at any point in the flow field. The wing is located in the xoy plane, the positive
direction of the x-axis is consistent with the far-field flow direction, the y-axis is pointing to the right,
and the z-axis is determined according to the right-hand rule.

Figure 2. Definition of coordinates in the Euler method.

For the flutter problem, small amplitude structural vibration based on the static deformation is
considered. The small disturbance hypothesis is well accepted as the motion induced velocity and
pressure of the flow disturbance are small compared with the those of the far-field flow. Usually,
the critical flutter stability condition corresponds to a simple harmonic motion [32]. For harmonic
oscillation, the linear small disturbance velocity potential equation is written as:

(
1−Ma2

∞

)∂2ϕ

∂2x
+
∂2ϕ

∂2y
+
∂2ϕ

∂2z
− 2i

(
Ma2
∞k

b

)
∂ϕ

∂x
+

Ma2
∞k2

b2 ϕ = 0 (10)

in the frequency domain, where k is the reduced frequency, and its expression is:

k =
bω
V

(11)

where b is the reference length and ω is the circular frequency, respectively.
The subsonic DLM is a panel method based on the linear velocity potential equation of small

disturbance, Equation (10). The lifting surface is divided into a number of aerodynamic grids, as shown
in Figure 3. The aerodynamic force acts at the midpoint of the 1/4 chord line on each grid element,
which is called the pressure point (F2 point in Figure 3); the midpoint of the 3/4 chord line is called the
control point (H point in Figure 3). The boundary conditions at these control points are met due to the
amplitude of the normal downwash velocity generated by the proper doublet line distribution.
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Figure 3. Schematic diagram of lifting surface grid in the doublet lattice method (DLM).

Suppose that the lifting surface is divided into n grids, and the pressure difference ∆p on each
grid is a constant, pressure doublets are arranged at the pressure points of each grid. According to the
theory of linear unsteady aerodynamics, the integral equation is satisfied at the downwash control
point of each aerodynamic grid:

wi = 1
4πρV2

n∑
j=1

1
2ρV2∆cp j ∆x j cosφ j

∫
l j

Ki jdl j

= 1
8π

n∑
j=1

∆cp j ∆x j cosφ j
∫

l j
Ki jdl j(i = 1, 2, . . . , n; j = 1, 2, . . . , n)

(12)

where

wi—The downwash at the 3/4 chord length point of the ith grid
∆cp j —The pressure coefficient on the jth grid, has the following relationship with the pressure difference

∆p j:∆cp j =
2∆p j

ρV2

∆x j—Mid section length of the jth grid

l j—Length at 1/4 chord F1F3 of the jth grid

ϕ j—the sweepback angle at 1/4 chord F1F3 of the jth grid
Ki j—Aerodynamic kernel function

The unsteady aerodynamic pressure distribution at the pressure point is written in matrix form as:

∆p =
1
2
ρV2D−1w (13)

where

∆p is pressure distribution vector at the point of pressure action
w is the downwash vector at the downwash control point
D is the aerodynamic influence coefficient matrix

Assuming that the structure is under a small deformation motion, and n-order vibration modes
are considered, and the modal expansion is used to express its vibration motion, then the normal
displacement of any point of the structure can be expressed as:

z = Fq (14)

where q is the generalized coordinate vector and F is the modal matrix.
For a thin airfoil, the boundary condition is satisfied at the H-point, so hence relationship between

the downwash velocity of each aerodynamic grid H-point and the vibration mode coordinate is:

w =

(
F
′

+ i
k
b

F
)
q (15)

where F
′

is the derivative of matrix F with respect to x at point H.
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The expression of unsteady aerodynamic pressure distribution in frequency domain is:

∆p = Pq (16)

where P is the pressure coefficient matrix, and the expression is:

P =
1
2
ρV2D−1

(
F
′

+ i
k
b

F
)

(17)

Frequency domain aerodynamics can be calculated by DLM, which is directly used by p-k method
to perform flutter calculation.

3. Preliminary Modeling and Analysis of BFF Wind Tunnel Test UAV

In this section, a full-span FEM and an aeroelastic model of the BFF wind tunnel test
UAV are established. The structural dynamics and flutter characteristics are obtained through
theoretical analysis.

3.1. Modeling and Analysis of Structural Dynamics

In order to simplify the structural design, the BFF wind tunnel test UAV uses a single-beam wing,
and the main beam is made by carbon fiber composite material. To reduce the structural weight and
additional stiffness, both the fuselage and the wing are made of foam material. A full-span FEM is
established as shown in Figure 4. The detailed parameters of the UAV are summarized in Table 1.

Figure 4. FEM of body freedom flutter (BFF) wind tunnel test on the unmanned aerial vehicle (UAV).

Table 1. Detailed parameters of BFF wind tunnel test on the UAV.

Items Value

Total weigth (kg) 2.072
C.G. (from nose, mm) 385

Wing span (mm) 2000
Aspect ratio 10
Taper ratio 1

Swept-back (degree) 22.0

In this FEM, beam element is used to model the carbon fiber composite spar. Because of the
slenderness of the spar, the carbon fiber composite is simplified to an isotropic beam for modeling
purpose. To facilitate the observation of the modal shapes, a set of weightless rigid beam elements are
connected to the main spar. In addition, the mass characteristics of airborne equipment are modeled
by concentrated mass elements.
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The structural dynamic characteristics are analyzed under free-free boundary conditions, and the
first three elastic modes of the UAV are obtained. The modal frequencies are summarized in Table 2,
and the corresponding mode shapes are shown in Figure 5.

Table 2. First three elastic modal frequencies of BFF wind tunnel test on the UAV.

Modes Frequency (Hz)

Symmetric 1st bending 3.40
Antisymmetric 1st bending 10.70

Symmetric 2nd bending 16.67

Figure 5. First three elastic modal shapes of BFF wind tunnel test UAV.

3.2. Aeroelastic Modelling and Analysis

According to the requirements of the DLM for the division of the aerodynamic panel mesh,
a full-span aerodynamic lifting surface model, as shown in Figure 6, is established for unsteady
aerodynamic calculations.

Figure 6. Aerodynamic lifting surface model of BFF wind tunnel test UAV.

An aeroelastic model is established by using spline interpolation between aerodynamic lifting
surface model and structural FEM, and flutter analysis is performed using p-k method. The flutter
characteristics of this UAV obtained initially are shown in Figure 7. For the convenience of observation,
only the v-g and v-f curves of rigid body pitch mode and wing symmetric first bending mode branch
are given.

It can be seen from Figure 7 that as the airspeed increases, the frequency of the pitch mode
gradually increases, and the frequency of wing symmetric first bending mode gradually decreases.
When the airspeed reaches 12.52 m/s, the wing symmetric first bending mode’s damping changes
from negative to positive, which represents flutter at this point. The flutter frequency is 2.53 Hz.
The flutter is caused by the coupling of pitch mode and wing first symmetric bending mode, which is a
classical BFF.



Fluids 2020, 5, 34 8 of 16

Figure 7. Initially flutter characteristics of BFF wind tunnel test on the UAV.

4. Ground Vibration Test and Model Updating

Based on the results of the preliminary theoretical analysis in Section 3, this Section completes the
design and process followed to perform the BFF wind tunnel test UAV. Then, the structural dynamic
characteristics of the UAV are identified through ground vibration test. Finally, based on the results
of ground vibration test (GVT), theoretical analysis model is updated and the revised aeroelastic
characteristics are obtained.

4.1. Design and Manufacture of the BFF Wind Tunnel Test UAV

The computer aided design (CAD) model of BFF wind tunnel test UAV designed by Catia software
is shown in Figure 8. The beam of this UAV is made by carbon fiber composite material. In order to
reduce additional mass and additional stiffness, the fuselage and wings are made of foam, and the
wings are partition off and then glued to the main beam. The UAV includes two sets of control surfaces.
The inside flaps are used to introduce a sudden aerodynamic disturbance during the wind tunnel test
to trigger the UAV pitching motion, while the outside ailerons are used for attitude control. In addition,
to ensure the directional stability of the UAV, a pair of aerodynamically streamlined panels are located
at the tip of the wing as stabilizer surfaces.

Figure 8. CAD model of the BFF wind tunnel test on the UAV.

Based on the CAD model, parts processing and complete assembly of the UAV are carried out.
The wing is formed using foam thermal cutting technology. After that, it is glued to the main beam as
shown in Figure 9.
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Figure 9. Process of wing and beam bonding.

The completed UAV assembly is shown in Figure 10, and considering the future BFF flight test and
active flutter suppression test, the airborne equipment shown in Figure 10 is used in the following test.

Figure 10. Completed UAV assembly and airborne equipment.

4.2. Ground Vibration Test

The structural dynamic characteristics of the BFF wind tunnel test UAV were attained by
performing a ground vibration test on the UAV by hammer impact method. A single-point spring
suspension is used to simulate the free boundary. A Siemens LMS Scadas XS system is used for data
acquisition. The adopted accelerometer arrangement and ground vibration test setting are shown in
Figure 11.

The first three elastic modal frequencies of the UAV obtained from the ground vibration test
are summarized in Table 3. The corresponding mode shapes are shown in Figure 12. For ease of
observation, the displayed mode shapes are mainly beam mode, the fuselage is simplified into a
diamond-shaped plane.

Table 3. The first three elastic modal frequencies obtained from GVT.

Modes Frequency (Hz)

Symmetric 1st bending 2.90
Antisymmetric 1st bending 8.98

Symmetric 2nd bending 12.89
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Figure 11. Arrangement of a ground vibration test.

Figure 12. The first three elastic modal shapes obtained from GVT.

4.3. Theoretical Analysis Model Updating

Based on the results of GVT, the theoretical analysis model is updated. The main modified
parameter is the elastic modulus of the UAV’s spar. The revised theoretical analysis result of structural
dynamics and the test results are compared in Table 4.

Table 4. Comparison of revised theoretical analysis result and GVT result.

Modes
Frequency (Hz)

Error (%)
Tested Updated

Symmetric 1st bending 2.90 2.87 −1.03
Antisymmetric 1st bending 8.98 8.85 −1.44

Symmetric 2nd bending 12.89 13.79 6.07

It can be seen that the experimental and theoretical analysis results agree well, indicating that the
structured FEM can accurately reflect the structural dynamics of the UAV, and based on this model,
a reliable flutter solution can be obtained.

The flutter characteristics are re-calculated using the updated theoretical analysis model, and the
revised flutter speed and frequency of this UAV are shown in Figure 13.

After the parameter updating, a BFF flutter speed of 9.49 m/s and a flutter frequency of 2.03 Hz are
obtained. The flutter speed and damping characteristics are suitable for conducting a BFF experiment
in the wind tunnel.
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Figure 13. Revised flutter characteristics of BFF wind tunnel test UAV.

5. Body Freedom Flutter Wind Tunnel Test

In this Section, a suspension system for BFF wind tunnel tests is designed, which can release
the degrees of freedom in pitch, plunge, and yaw directions. Then, the suspension system is used to
conduct the BFF UAV wind tunnel test. Finally, the influence of mass balance at the nose on BFF results
is explored in the further wind tunnel test.

5.1. Suspension System Design

To release the rigid body DOF of the BFF UAV and reduce the wind tunnel test error, a suspension
system for the BFF wind tunnel test of the full-span high aspect ratio flexible flying is designed.
As shown in Figure 14, the system consists of tightwire and pulley set, which can effectively release
the pitch, plunge and yaw freedom of the model, and simulate the free flight state of the UAV to the
greatest extent.

Figure 14. Suspension system for the BFF UAV wind tunnel test.

The wind tunnel test arrangement with this suspension system is shown in Figure 15.
The accelerometer layout used in the wind tunnel test is consistent with the ground vibration
test. During the wind tunnel test, a dampening sponge block is added in the plunge direction of UAV
as a limiting device in case of violent oscillations. When the BFF is divergent, this arrangement can
limit the UAV’s movement and provide protection, in case the UAV destroys or causes damage to the
wind tunnel.
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Figure 15. Wind tunnel test arrangement.

5.2. Body Freedom Flutter Wind Tunnel Test

The wind tunnel test arrangement shown in Figure 15 is used to conduct BFF wind tunnel test
under free-flight conditions. During the test, wind speed is continuously adjusted. A flap is used
to excite the UAV when the airspeed stabilized. At 9.72 m/s, a typical BFF phenomenon is observed.
The time-domain acceleration signal during flutter generation is collected, as shown in Figure 16a,
the corresponding frequency spectrum is shown in Figure 16b. The flutter motion is as shown in
Figure 17. The comparison of wind tunnel test results and theoretical analysis are summarized in
Table 5. It can be seen that the theoretical results agree well with the test results.

Figure 16. Time-domain acceleration signal and frequency spectrum of wind tunnel test.

Figure 17. BFF phenomenon observed during wind tunnel test.
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Table 5. Comparison of wind tunnel test results and theoretical analysis.

BFF Characteristic Analyzed Tested Error (%)

Flutter speed (m/s) 9.49 9.72 2.37
Flutter frequency (Hz) 2.03 2.18 6.88

5.3. Effect of Mass Balance at Nose on Characteristics of BFF

By gradually increasing the mass balance at nose of the UAV, it is also possible to explore the
mass effect on BFF characteristics. The wind tunnel test result and the analyzed result are compared
and summarized in Table 6. The time-domain acceleration signal and the corresponding frequency
spectrum are shown in Figure 18. The results show that as the mass balance at nose increases, the flutter
speed gradually increases, and the flutter frequency gradually decreases. The analyzed results show
similar trend as expected.

Table 6. Effect of additional weight at nose increasing on the BFF characteristics.

Additional Weight (kg)
Flutter Speed (m/s) Flutter Frequency (Hz)

Analyzed Tested Error (%) Analyzed Tested Error (%)

0 9.49 9.72 −2.37 2.03 2.18 −6.88
0.066 9.69 10.14 −4.44 2.00 2.09 −4.31
0.146 9.96 10.28 −3.11 1.95 1.86 4.84
0.221 10.23 10.56 −3.13 1.92 1.80 6.67

Figure 18. Time-domain acceleration signal and frequency spectrum at different conditions.
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By increasing the mass balance at nose leads to an increase in the pitch moment of inertia.
This knowledge can be used to optimize the weight distribution of the aircraft. Indeed, with a small
increase in the fuselage mass, which can improve the pitch moment of inertia, an increase in the flutter
boundary of BFF can be observed.

6. Conclusions

In this paper, the body freedom flutter of a full-span flying wing is studied through theoretical
analysis and wind tunnel tests. Comprehensive investigations including structural dynamic
modeling and analysis, aeroelastic modeling and analysis, ground vibration test, model updating and
quasi-free-flying BFF wind tunnel test are completed. Pertinent conclusions can be drawn as follows:

(1) The theoretical analysis results show that the BFF wind tunnel test UAV can encounter BFF at low
airspeed, which is suitable for performing BFF wind tunnel test.

(2) The modal characteristics of updated FEM agree well with the ground vibration test results,
indicating that the revised theoretical analysis model can accurately reflect the structural dynamic
characteristics of the UAV.

(3) Comparison of the wind tunnel test and theoretical analysis results shows that they agree well,
indicating that the designed quasi-free-flying suspension system can effectively guarantee the
test accuracy in wind tunnel BFF test.

(4) Increasing the mass balance at nose of the flying wing leads to an increase in the pitch moment of
inertia, which in turn increases the BFF boundary.
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