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Nomenclature

f = oscillation frequency
mx = rolling-moment coefficient in the body axis
t = time
� = angle of attack
� = angle of sideslip
�,  , � = Euler angles
�0 = pitch angle
 0 = yaw angle
�0 = roll angle
! = angular velocity

Subscripts

m = amplitude of oscillation angles
x, y = body coordinates

Introduction

T HE maneuvering flight of an aircraft is very complicated. It
usually consists of coupled motions about three body axes;

therefore, it is very important to simulate maneuvering flight and
measure the unsteady aerodynamics in the wind tunnel. Simple flight
maneuvers such as the cobra maneuver [1] and the wing rock can be
simulated easily, and tests have been conducted in many wind
tunnels [2,3]. However, for the complicated flight maneuvers, such
as theHerbstmaneuver [4], there is a yawing–rolling coupledmotion
about the body axes when the aircraft encounters high angles of
attack. Up to now, the wind-tunnel test data for such complicated
coupled motions are very few. The method of the linear
superposition is usually used to calculate the unsteady forces and
moments of coupled motion to analyze the maneuvering
characteristics of the aircraft. The linear superposition model is
suitable at low angles of attack, but whether it is suitable at high
angles of attack is still not clear. In [5], Zhongjun and Edward
adopted the quasi-steady aerodynamic model and the unsteady
aerodynamic model to simulate the coupled motion of the aircraft.
The results of the two methods are very different. In this

investigation, an aircraft configuration with a strake wing was tested
in a 3-m low-speedwind tunnel at NanjingUniversity ofAeronautics
and Astronautics (NUAA) with large amplitude oscillation. The
unsteadiness of the rolling moment as the model oscillates in a
yawing–rolling coupled motion is compared with that of in pure
yawing motion and rolling motion. The lateral dynamic derivatives
were obtained using a mathematical model with the fuzzy logic
algorithm and the dynamic derivative simulation. The unsteady
rolling moment for the yawing–rolling coupledmotion was obtained
by using the quasi-steady aerodynamic model or the unsteady
aerodynamic model, respectively, and the results are compared with
the experimental data. It is shown that the wind-tunnel tests can
provide better results for the unsteady aerodynamics of coupled
motion at large angles of attack.

Model and Wind-Tunnel Test

Wind Tunnel

All experimental investigationswere carried out in theNH-2 2.5m
high by 3mwide by 6m longwind tunnel atNUAA.NH-2 is a closed
return circuit low-speed wind tunnel, and the maximum velocity is
90 m=s.

Test Model

The test model is an aircraft configuration and is shown in Fig. 1.
It has a double ventral intake duct, and it has strake wings and a twin-
finned tail. The span of the model is 0.7364 m, the expanding length
is 0.5164 m, the wing area is 0:0888 m2, and the mean aerodynamic
chord is 0.2036 m.

Dynamic Experimental Equipment

The experimental equipment consists of the model support, the
drive setup of oscillation, the control setup, and the data acquisition
and processing system. The model support is shown in Fig. 2. The
swing cylinder 1 can be slipped along the immobility support to
change the pitch angles of the model and can drive the swing support
rotating about the O–O axes to carry out the yawing of the model.
The swing cylinder 6 can drive the support sting rotating about the
Z–Z axes to carry out the rolling of the model. The two swing
cylinders can be controlled independently.

The oscillation rules of yawing or rolling for the model are
described by

 0 � � m cos�2�ft� (1)

�0 � �m cos�2�ft� (2)

where  m and �m are the angle amplitudes for the model oscillating
in yawing or rolling motion, respectively. As the model oscillates in
yawing–rolling coupled motion, the frequencies in Eqs. (1) and (2)
are identical.

When the pitch angles of the model are different, the Euler angles
of the model are given, respectively, by

�� arcsin�sin �0 cos 0� (3)

 � arctan�tan 0= cos �0� (4)
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�� �0 (5)

The sideslip angle can be obtained from Eq. (6).

sin��� � sin� � cos��� � sin��� sin��� cos� � (6)

Test Result

As the pitch angle of the model was taken at 30 deg, the rolling
moments of the model were measured while the model oscillated in
yawing, rolling, and yawing–rolling motions independently, and the
results are shown in Fig. 3. It is shown that the hysteresis loop of the
rolling moment is counterclockwise for all motions and is indicated
that the unsteady rolling-moment characteristic for the yawing and
rolling motion is consistent with that of for the yawing–rolling
motion.

As the pitch angle of the model was taken at 60 deg, the rolling
moments of the model were measured while the model oscillated in

yawing, rolling, and yawing–rolling motions independently, and the
results are shown in Fig. 4. It is shown that the hysteresis loop of the
rolling moment for yawing or rolling motions is clockwise. But the
hysteresis loop of the rolling moment for yawing–rolling coupled
motion is counterclockwise. It is indicated that the unsteady rolling-
moment characteristic appears to have a hypostatic difference
between pure rolling and coupled motion.

Aerodynamic Modeling and Dynamic
Derivative Simulation

For the test result of pure motion, the variables of �, d�=d�, �,
d�=dt, and f were used as the modeling parameters to calculate the
mathematical model [6]. The aerodynamic hysteresis loop can be
obtainedwhen themodelwas oscillatedwith asmall amplitude by the
mathematical model. On this base, the dynamic derivative and
crossed derivative of rolling moment can be computed using the
dynamic derivative simulation [7].

The dynamic derivatives obtained from the pure rollingmotion are

m!x
x �m

_�
x sin��� and m�

x sin��� � !2
xm

_!x
x . The dynamic derivatives

obtained from the pure yawing motion are m
!y
x �m

_�
x cos��� and

m�
x cos��� � !2

ym
_!y
x . As an example, the computed results of several

dynamic derivatives at two typical pitch angles are given in Table 1.
In the course of dynamic derivative simulation, the simulation

results of dynamic derivatives were significantly affected by the
magnitude of the oscillation frequency and the angle amplitude.
According to themagnitude of the angular velocity of the yawing and
rolling motions while an aircraft was oscillating in a yawing–rolling
coupled motion, the dynamic derivatives were calculates. In this
paper, the oscillation angle amplitude is 1 deg and the oscillation
frequency is 32 Hz.

Fig. 1 Photo of the BJ-1 fighter model.
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Fig. 2 Sketch of model support.
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Fig. 3 Unsteady rolling moment at different motions (�0 � 30 deg).

-40 -30 -20 -10 0 10 20 30 40
β(o)

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

m
x

yaw-roll
yaw
roll

Fig. 4 Unsteady rolling moment at different motions (�0 � 60 deg).
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Usually, the small perturbation principle is used to calculate the
dynamic characteristics of flight, and the linear superposition
principle is adopted to obtain the forces and moments of yawing–
rolling coupled motion. When the sideslip angle is in small
amplitude, the rolling moment can be described in the following
form:

mx �mx0 �
nh
m�
x sin��� � !2

xm
_!x
x

i
�

h
m�
x cos��� � !2

ym
_!y
x

io
�

�
h
m!x
x �m

_�
x sin���

i
!x �

h
m
!y
x �m

_�
x cos���

i
!y (7)

The previous research showed that the term of !2
xm

_!x
x and !2

ym
_!y
x

had a small effect onmx and so it can be ignored. The first two terms
on the right-hand side of Eq. (7) can be substituted by the static value
corresponding to �, and the dynamic derivatives of the third and the
fourth terms can be obtained using the dynamic derivative
simulation. The two terms of !x and !y can be considered the
corresponding angular velocity in the yawing–rolling coupled
motion.

Figures 5–7 display the comparison between the result from
superposition theory and the test result with the model in yawing–
rolling coupled motion at different pitch angles. From Figs. 5 and 6,
the superposition result and the test result are accordant for the
quantity. For the movement direction of the hysteresis loop, both
directions are accordant while the angle of attack is less than 45 deg.
For example, when �0 in Fig. 6 is 45 deg, the hysteresis loop of the
rolling moment of the superposition result and the test result are
counterclockwise. It shows that the single free aerodynamic

Table 1 Dynamic derivative at two pitch angles

�0 m!xx �m
_�
x sin��� m

!y
x �m

_�
x cos���

30 deg �0:1148 �0:3184
60 deg 0.1865 0.1621
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Fig. 5 Comparison between the quasi-steady superposition result and

the test result (�0 � 30 deg).
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Fig. 6 Comparison between the quasi-steady superposition result and

the test result (�0 � 45 deg).

-8 -6 -4 -2 0 2 4 6 8
β(o)

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

m
x

exp
cal

Fig. 7 Comparison between the quasi-steady superposition result and
the test result (�0 � 60 deg).
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Fig. 8 Comparison between the unsteady superposition result and the

test result (�0 � 30 deg).
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Fig. 9 Comparison between the unsteady superposition result and the

test result (�0 � 60 deg).
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superposition result at the medium and large angles of attack has
accuracy on a certain extent and can reflect the aerodynamic damp
characteristic and divergent characteristic.

As showing in Fig. 7, the single free aerodynamic superposition
result and the test result have a large deviation on the quantity at very
large pitch angles, and the direction of hysteresis loop appears
contrary to change. It is shown that the superposition principle
cannot reflect the aerodynamic damp characteristic and divergent
characteristic at very large pitch angles.

Unsteady Aerodynamic Superposition

The unsteady aerodynamic superposition model can be described
simply in Eq. (8).

mx �mx0s �mxr �mxy (8)

where mx0s can be obtained from the static test as the model was
supported at a yawing angle and a rolling angle.mxr can be obtained
from the pure rolling motion test by taking out the static rolling
moment from the unsteady rolling moment. mxy can be obtained
from the pure yawing motion test by the same method as above.

When the pitch angle is taken at 30 and 60 deg, the comparison
between the unsteady aerodynamic superposition results, and the test
results with the model in the yawing–rolling coupled oscillation can
be seen in Figs. 8 and 9. It is obvious from the figure that the linear
superposition results and the test results have a large difference not
only on the quantity but also on the direction of hysteresis loop. It can
indicate that the unsteady superposition principle is not suitable
anymore at large pitch angles due to the nonlinear behavior of
aerodynamic characteristic.

Conclusions

By the comparison with the results of two linear superposition
models and the test results of the model in the yawing–rolling
coupled oscillation, it is found that, for the configuration of aircraft

discussed in this paper, the single free aerodynamic quasi-steady
linear superposition principle can reflect the unsteady aerodynamic
characteristics at medium and large pitch angles, such as 30 deg.
However, when the pitch angle is larger than 50 deg, the single free
quasi-steady aerodynamic superposition results do not match the test
results for the model oscillating in the yawing–rolling coupled
motion, and the quasi-steady superposition principle is not valid
anymore. The unsteady aerodynamic superposition results cannot
reflect the hysteresis characteristics of the yawing–rolling coupled
motion even at small pitch angles. It is also shown that for a high
maneuvering aircraft, the accurate unsteady aerodynamic results at
large angles of attack can be obtained only by the coupled wind-
tunnel tests.
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