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Abstract; Transonic rudder buzz responses based on the computational fluid dynamics or computational structural
dynamics (CFD/CSD) loosely method are analyzed for a tailless flying wing unmanned aerial vehicle (UAV). The
Reynolds-averaged Navier-Stokes (RANS) equations and finite element methods based on the detailed aerodynamic
and structural model are established, in which the aerodynamic dynamic meshes adopt the unstructured dynamic
meshes based on the combination of spring-based smoothing and local remeshing methods, and the lower-upper
symmetric-Gauss-Seidel (LU-SGS) iteration and Harten-Lax-van Leer-Einfeldt-Wada (HLLEW) space discrete
methods based on the shear stress transport (SST) turbulence model are used to calculate the aerodynamic force.
The constraints of the rudder motions are fixed at the end of structural model of the flying wing UAV, and the
structural geometric nonlinearities are also considered in the flying wing UAV with a high aspect ratio. The inter-
faces between structural and aerodynamic models are built with an exact match surface where load transferring is
performed based on 3D interpolation. The flying wing UAV transonic buzz responses based on the aerodynamic
structural coupling method are studied, and the rudder buzz responses and aileron, elevator and flap vibration re-
sponses caused by rudder motion are also investigated. The effects of attack, height, rotating angular frequency
and Mach number under transonic conditions on the flying wing UAV rudder buzz responses are discussed. The re-
sults can be regarded as a reference for the flying wing UAV engineering vibration analysis.
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0 Introduction

The new UAV with tailless flying wing has
high aspect ratio characteristics, which can lead
to more and more serious nonlinear aeroelasticity
problems, and it is thus important to accurately
calculate the nonlinear aeroelastic responses for
the tailless flying wing UAVH?,

Lots of aircrafts and missiles had encoun-
tered buzz during flight at transonic or low super-

sonic regions, which could cause crashes™",

Buzz was a forced oscillation™.

Steger et al, [%7
studied transonic aileron buzz of the airfoil based
on implicit finite-difference computer code. Pak
et al." presented the generic National Aero-
Space Plane (NASP) configuration control sur-

face buzz, which was based on transonic small
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disturbance code with an interactive boundary lay-
er and an Euler/ Navier-Stokes (N-S) code. Par-
ker et al. "' studied the effects of NASP wing
geometry and aileron hinge stiffness on the buzz

[ proposed a control surface

behaviors. Nixon
buzz model which was essential for the limit cycle

researches. Fuglsang et al. "' investigated the

rudder buzz of T-45A Goshawk aircraft. Odd-

I3 utilized the mixed Eulerian-Lagrangian for-

var
mulation to study transonic aileron buzz instabili-
ties problems. Su et al. " developed a three-di-
mensional approach to predict transonic flaperon
buzz. Liu et al. *carried out the hopf-bifurcation
analysis to investigate the problems of control
surface buzz. Shi et al. '*! addressed the issue of
transonic control surface buzz. Zhang et al. ™"

numerically analyzed B-type buzz and C-type
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al. '®) introduced an implicit

buzz. Yang et
multiblock aeroelastic solver to the aileron buzz
simulations of the supersonic transport model of
the national aerospace laboratory of Japan. Tang

1. "Istudied the large aircralt aeroelastic mul-

et a
tidisciplinary design optimization.

The literatures about buzz are few, and
mostly concentrated on the wing. The buzz re-
sponses analysis that considered the detail aircraft
structural model had not be published yet. There-
fore, this paper mainly discusses the flying wing
UAYV structural model buzz responsesin detail, as
well as the rudder motion constraints at the end
of the flying wing UAYV rudder structural model.
The detailed structural and aerodynamic models
are built, and the computational fluid dynamics or
computational structural dynamics (CFD/CSD)
loosely coupling method is developed for the tail-
less flying wing UAV buzz analysis. The center
finite volume methods are used to solve the Reyn-
olds-averaged Navier-Stokes (RANS) equations.
The aerodynamic calculation uses the unstruc-
tured dynamic meshes based on the combinations
of the spring-based smoothing and local remesh-
ing methods, and also considers the structural ge-
ometric nonlinearities in the high aspect ratio fly-
ing wing UAV. The interfaces between the struc-
tural and aerodynamic domains are built with an
exact match surface, where load transferring are per-

formed based on 3D interpolation.

1 CFD/CSD Coupling Method

The aerodynamic structural coupling analysis
belongs to the aeroelastic category . There exist
two kinds of aerodynamic structural iteration
methods. One is the loosely coupling method,
and the other the tightly coupling method. It is
hard to solve the structural dynamic equations
and aerodynamic control equations simultaneous-
ly. Hence, the tightly coupling method is not ap-
plicable to engineering analysis but only for theo-
retical investigation. The general method for air-
craft aeroelastic calculation is the loosely coupling
method, namely solving the structural dynamic
equations and aerodynamic control equations inde-
pendently, and transferring the deformation dis-

placements and aerodynamic forces only on the

aerodynamic structural coupling surfaces.

As the aerodynamic structural loosely cou-
pling occurs only on the coupling surfaces, the
coupling equations are introduced by equilibrium
and compatibility conditions of the interface sur-
faces. Accordingly the aeroelastic equations and

boundary conditions can be represented as

MU+ CU+KU=F @) &)
%M Qdo +H<G— Qq) - dS=
¢ Q S
A mv,
RerF ds (2)
o e n=—pn, u, =ur 3)

Eq. (1) is the structural dynamic equation,
where M is the mass matrix, C the damping ma-

trix, K the stiffness matrix, U the deformation

displacement. U the deformation velocity. U the
deformation acceleration, F(¢) the aerodynamic
force. Eq. (2) is the integral form of the unsteady
N-S equation, where G and FV are the symmetri-
cal and dissipation terms respectively, (2 the con-
trol volume, and S the control surface. Eq. (3)
expresses the normal vector equilibrium and dis-
placement compatibility conditions of the inter-
face surface respectively, where o, is the interface
surfaces structure stresses, n the interface sur-
faces normal vector, p the interface surfaces aero-
dynamic pressure, u, the coupling surfaces struc-
tural meshes displacement, and u; the coupling
surface aerodynamic meshes displacement. Based
on the CFD/CSD loosely coupling method™*?,
the tailless flying wing UAV rudder responses are
studied by solving Eqs. (1—3).

2  Geometry Model of Flying Wing
UAV

The wingspan of the tailless flying wing
UAV is 15 m, the wing area is 23.5 m”, and the
average aerodynamic chord lengthis 1 661. 1 mm.
There are eight boxes and four root ribs in the fu-
selage. The inside wing structure is composed of
wall plates, girders, wing ribs, including four
beams and six ribs. The outside wing consists of

three beams and sixteen ribs. There are three



No. 1 Xu Jun, et al. Transonic Rudder Buzz on Tailless Flying Wing UAV 63

rubs behind the outside wing from 2 500 mm to
7 500mm, i.e. rudder, aileron and elevator. The

geometry model of the flying wing UAV is shown

in Fig. 1.

Fig. 1 Geometry model of flying wing UAV

The material of the flying wing UAV is
1.Y2024 with density of 2 770 kg/m®, elasticity
modulus of 71 800 MPa, and Poisson’s ratio of
0.33. The model uses a symmetry constraint.
The first four modals of the tailless flying wing
UAYV are 11. 645, 22. 921, 47. 494, and 74. 242
Hz, as shown in Fig. 2. The aerodynamic struc-
tural coupling surfaces include the fuselage,

wing, rudder, aileron, elevator and flap.

Fig. 2 The first four modals of flying wing UAV

3 Rudder Buzz Response

The constraints of the rudder are illustrated
in Fig. 3. The rudder motion conditions are con-
straint on the {lying wing UAV structural model.
The rudder deflection motion are constraint on
the two end surfaces of the rudder shaft under the
cylindrical coordinate, as shown in Fig. 3. The
rudder deflection movement is defined in the Y di-
rection in the cylindrical coordinate. Here, the
motion equation of the rudder is

B(t) =Py + B, sin(wr) 4

Fig. 3 Constraints of the rudder buzz

where the average rudder angle B, = 0. 0° and the
maximum rudder angle 3, =10.0°.

The RANS N-S equations with the shear
stress transport (SST) aerodynamic turbulence
model, and the finite volume method are used to
discretize the N-S equation. The second-order

lower-upper symmetric-Gauss-Seidel iteration
with a Newton-like pseudo time sub-iteration
method (LU-SGS-TS) is used. The unstructured
dynamic meshes uses the combination of the
spring-based smoothing and local remeshing
methods.

The CFD/CSD loosely coupling method is
developed to calculate the tailless flying wing
UAYV rudder response. The coupling calculation
time step is 0. 001 s, and the aerodynamic conver-
gence error is set as le— 6. The Reynolds-aver-
aged Navier-Stokes RANS equations with the
SST turbulence model are used to simulate the
aerodynamic. The initial parameters are as fol-
low: H=8 km, Ma., =0.95, w,=15 Hz, ¢=07,
E=0, Re=1.612¢7.

The rudder buzz responses are shown in
Fig. 4, compared the outside and inside monito-

ring points of the rudder. The vibration responses

Fig. 4 Rudder buzz responses
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of the rudder, aileron, elevator and flap induced
by the rudder motion can be found in Fig. 5.
Figs. 6, 7 show the surface pressure coefficient
and the structural deformation of the flying wing

UAYV, respectively.

t/s

Fig.5 Vibration responses

Fig. 6 Surface pressure coefficient of flying wing UAV

Fig. 7 Structure deformation of {lying wing UAV

4 Analyses of Buzz Response Param-

eters

The effect of attack angle on the rudder ban-
gle time responses is demonstrated in Fig. 8,
where both the outside and inside monitoring
points of the rudder buzz responses are given.
The outside monitoring point of the rudder angle
responses is periodic, and different angles have
different response amplitudes. As the attack an-

gle increases, the amplitude of rudder angle re-

20 40 60 80

t/s
(a) Outside monitoring point

20 40 60 80
t/s

(b) Inside monitoring point
Fig. 8 Effect of attack angle on rudder angle (H =

8 km, Ma.. = 0.95, w, = 15 Hz, £=0)
sponse decreases.

The effect of height on the rudder angle time
responses is shown in Fig. 9. The outside monito-
ring point of the rudder angle responses is period-
ic, and different heights have different response
amplitudes. The overall rudder angle response
amplitude at 8 km is large, while the overall rud-
der angle response amplitude at 10 km is small.
Fig. 9(b) shows that the rudder angle responses
of 10 km and 5 km converge well.

The effect of Mach number on the rudder an-

40 60 80
t/s
(a) Outside monitoring point

40 60 80
t/s

(b) Inside monitoring point
Fig. 9 Effect of height on rudder angle (Ma.. =0. 95,

w, =15 Hz, « °, £=0)
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gle time responses is presented in Fig. 10, where
the outside and the inside monitoring points of the
rudder buzz responses are provided. In Fig. 10,
the outside monitoring point of the rudder angle
responses is periodic, and different Mach num-
bers have different angle response amplitudes.
The overall rudder angle response amplitude at
Ma = 0. 95 is large, however the amplitude at
Ma=0. 85 is small. Fig. 10 (b) shows that the
rudder angle responses converge well when Ma=
0.85 and Ma=1. 05.

Fig. 11 shows the effect of rotating angular
frequency on the rudder angle time responses,

where both the outside and the inside monitoring

0.95Ma
1.05Ma

80

t/s

(a) Outside monitoring point

60
t/s

(b) Inside monitoring point

Fig. 10 Effect of Mach number on rudder angle (H=

8 km, w,=15 Hz, «a=0°, £&=0)

10 rad/s
15 rad/s
20 rad/s

60 80 100
t/s
(a) Outside monitoring point

15 rad
20 rad/

80 100

t/s

(b) Inside monitoring point

Fig. 11  Effect of rotating angular frequency on rudder

angle (H =8 km, Ma.. =0.95, a =0°, £=0)

points of the rudder buzz responses are presented.
It can be seen that the outer corner of the rudder
angle responses is periodic. When the rotating an-
gular frequency differs, the angle response ampli-
tude and the rudder angle response frequency vary
correspondingly. Along with the increased rota-
ting angular frequency, the tip angle response
frequency ascends gradually, and the peak occurs
at the point of 20 rad/s. Fig. 11(b) also shows
that the responses of the rudder inside monitoring
point converge faster.

Fig. 12 plots the effect of attack on the vibra-
tion displacement responses of the rudder, aileron
and elevator. Though the rudder vibration dis-
placement responses at different angles show a
good periodicity, the responses of aileron and ele-
vator vibration displacement are evidently irregu-
lar.

Fig. 13 introduces the effect of height on the
vibration displacement responses of the rudder,
aileron and elevator. Despite the good periodicity
of rudder and aileron vibration displacements at

different heights, elevator vibration displacements

20 40 60 80 100 120
t/s

(a) Outside monitoring point of rudder

80 100 120

40 60 80 100 120

t/s

(c) Outside monitoring point of elevator

Fig. 12 Effect of attack on vibration
(H=8 km, Ma..=0.95, w,=15 Hz, £&=0)

displacement



Transactions of Nanjing U

66 rsity of Aeronautics and Astronautics 37

20 40 60 80 100 120
t/s

(a) Outside monitoring point of rudder

5 km
8 km
10 km

20 40 60 80 100 120
t/s

(b) Outside monitoring point of aileron

5km
8 km
10 km

20 40 60 80 100 120
t/s

(c) Outside monitoring point of elevator

Fig. 13 Effect of height on  vibration  displacement

(Ma..=0.95, w,=15 Hz, ¢=0°,

are irregular.

Fig. 14 shows the effect of Mach number on
the vibration displacement responses of the rud-
der, aileron and elevator. The rudder, aileron
and elevator vibration displacements at different
heights are periodic, and as the Mach number in-
creases, the vibration displacement responses of
the rudder, aileron and elevator responses are ob-
vious.

The effect of rotating angular frequency on
the vibration displacement responses of the rud-
der, aileron and elevator is presented in Fig. 15.
The rudder, aileron and elevator vibration dis-
placement response frequencies are different at
different rotating angular frequencies. The vibra-

tion displacement response frequency rises with

the increase of rotating angular frequency.

Figs. 16—19 demonstrate the effects of flight
parameters on the rudder angle acceleration of
tailless flying wing UAV, i. e. the effect of attack

angle on the rudder angle acceleration, the effect

20 40 60 80 100
t/s

(a) Outside monitoring point of rudder

0.85Ma
0.95Ma
1.05Ma

20 40 60 80 100 120
t/s

(b) Outside monitoring point of aileron

0.85Ma
0.95Ma
1.05Ma

20 40 60 80 100 120
t/s

(c¢) Outside monitoring point of elevator

Fig. 14 Effect of Mach number on vibration displace-

ment (H=8 km, w,=15 Hz, «=0°, £=0)

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s
(a) Outside monitoring point of rudder

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s

(b) Outside monitoring point of aileron

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s

(c) Outside monitoring point of elevator
Effect of rotating angular frequency on vibra-
tion displacement (H=8 km, Ma. = 0. 95,

a=0°, £=0)
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40 60 80
t/s

(a) Outside monitoring point

60
t/s

(b) Inside monitoring point

Fig. 16

Effect of attack on rudder angle acceleration

(H=8 km, Ma..=0.95, w,=15 Hz, £=0)

20 40 60
t/s

a) Outside monitoring point
gp

20 40 60 80
t/s

(b) Inside monitoring point

Fig. 17

Effect of height on rudder angle acceleration

(Ma..=0.95, w,=15 Hz, «=0°, £&=0)

of height on the rudder angle acceleration, the
effect of Mach number on the rudder angle accel-
eration, and the effect of rotating angular fre-
quency on the rudder angle acceleration, respec-
tively.

Moreover, Figs. 2023 show the effect of
parameters on the vibration acceleration of tailless
flying wing UAV , namely, the effect of attack
angle, the effect of height, the effect of Mach
number, and the effect of rotating angular fre-
quency on the vibration acceleration, respective-

ly.

40 60 80
t/s

(a) Outside monitoring point

20 40 60 80
t/s

(b) Inside monitoring point

Fig. 18 Effect of Mach number on rudder angle acceler-

10rad/s
15rad/s
20rad/s

40 60 80
t/s

(a) Outside monitoring point

10rad/s
15rad/s
20rad/s

40 60 80
t/s

(b) Inside monitoring point
Fig. 19

Effect of rotating angular frequency on rudder

angle acceleration (H=8 km, Ma

5 Conclusions

(1) The detailed structure and aerodynamic
model are developed to study the rudder buzz re-
sponses of the UAV with tailless flying wing by
using the CFD/CSD coupled method.

(2) The effect of rotation angular frequency
has the greatest influence on the buzz response
frequency than other parameters. As the rotation
angle frequency goes up, both the buzz angle re-
displacement frequency

sponse and response

increase correspondingly. However, the height,
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40 60 80 100
t/s

(a) Outside monitoring point of rudder

20 40 60 80 100
t/s

(b) Outside monitoring point of aileron

20 40 60 80 100
t/s
(¢) Outside monitoring point of elevator

Fig. 20  Effect of attack on vibration acceleration( H=

8 km, Ma.. =0.95, w,=15 Hz, £&=0)

a/(m-+ s?)

40 60 80 100
t/s

(a) Outside monitoring point of rudder

5km
8 km
10 km

20 40 60 80 100 120
t/s
(b) Outside monitoring point of aileron

5 km
8 km
10 km

20 40 60 80 100 120
t/s

(c) Outside monitoring point of elevator

ig. 21 Effect of height on vibration acceleration

(Ma..=0.95, w,=15 Hz, «=0°, £=0)

Fig. 23

rsity of Aeronautics and Astronautics

20 40 60 80 100 120
t/s

(a) Outside monitoring point of rudder

0.85Ma
0.95Ma
1.05Ma

20 40 (0] 80 100 120
t/s
(b) Outside monitoring point of aileron

0.85Ma
0.95Ma
1.05Ma

20 40 60 80 100 120
t/s

(c) Outside monitoring point of elevator

Effect of Mach number on vibration accelera-

tion (H=8 km, w, =15 Hz, «=0°, £=0)

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s
(a) Outside monitoring point of rudder

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s

(b) Outside monitoring point of aileron

10rad/s
15rad/s
20rad/s

20 40 60 80 100 120
t/s
(c) Outside monitoring point of elevator
Effect of rotating angular frequency on vibra-

tion acceleration ( H=8 km, Ma

a=0°, £=0)
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Mach number and attack angle do not affect the
frequency of the buzz angle response and displace-
ment response.

(3) Although providing a reasonable refer-
ence for the flight test data, this paper only de-
tailedly discusses the buzz responses induced by
the rudder rotation, without referring to the buzz
responses induced by elevator, aileron and flap.
which should be one of the research directions for

further investigation in this field.
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