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In this paper, the design concept of the aileron with a fixed connector and a moving connector has been explored due to the
improvement of aileron effectiveness. As usual, aileron reversal or the blocking phenomenon of multijoint fixed ailerons is a
hard nut to crack. In the present research, in order to improve aileron effectiveness, several examples are studied. The
connection position influences the stress, displacement, load distribution, and control effectiveness of the aileron or critical
flutter speed. As the joint positions are different, the wing-aileron connection stiffness is also changing. The sample of the beam
shows the weight reduction. The plate simulation indicates the decreased deformation and the better load distribution. The
aileron trimming demonstrates the improvement of aileron effectiveness. And the flutter speed coupled with the aileron is
different. All of these examples indicate the feasibility of this new concept of the aileron design, which means improving aileron
effectiveness based on changing the position of aileron connectors. Finally, three different modes for wing-aileron connections

are suggested for reference.

1. Introduction

An aileron is a hinged flight control surface usually forming
part of the trailing edge of each wing of a fixed-wing aircraft.
Ailerons are used in pairs to control the aircraft in roll or
combine the elevator for the aircraft’s pitching trim, which
normally results in a change in flight path due to the tilting
of the lift vector. Ailerons are quite often situated near the
wing tip but may sometimes also be situated near the wing
root. Modern large transport aircraft (e.g., bomber Boeing
B-2) also have a second pair of ailerons on their wings, and
the terms “outboard aileron” and “inboard aileron” are used
to describe these positions, respectively.

With the development of the control surface system,
several combination types of ailerons occur. Combining an
aileron and a flap is called a flaperon, which has the functions
of both ailerons and flaps. The ailerons are combined with
the elevators to form an elevon, which is applied to delta-

winged aircraft. Some high-speed aircraft are equipped with
inner ailerons to reduce the torsional deformation of the
wings caused by the deflection of the ailerons. Therefore,
the internal ailerons are also called high-speed ailerons.

In the design process of an aileron, four parameters need
to be determined. They are the aileron planform area, aileron
chord/span, maximum up and down aileron deflection, and
location of the inner edge of the aileron along the wingspan.
Based on the statistics, about 5 to 10 percent of the wing area
is devoted to the aileron, the aileron-to-wing-chord ratio is
about 15 to 25 percent, the aileron-to-wingspan ratio is about
20-30 percent, and the inboard aileron span is about 60 to 80
percent of the wingspan.

A number of aircraft when flying near their maximum
speed are subject to an important aeroelastic phenomenon.
No real structure is ideally rigid, and it has static and
dynamic flexibility. Wings are usually produced from aero-
space materials such as aluminum and composite materials
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and have structures which are flexible. This flexibility causes
the wing to not be able to maintain its geometry and integ-
rity, especially in high-speed flight operations. This phenom-
enon which is referred to as aileron reversal negatively
influences the aileron effectiveness.

Generally, in order to avoid this situation, the stiffness of
the aileron surface is often increased or the number of
support joints for the aileron is increased. Not only will this
raise the weight of the aileron structure, but by the use
of multijoint fixed ailerons, such as the General Dynamics
F-16 Fighting Falcon with a short wingspan and large aileron,
the axis of the aileron shaft will also be bent, which will affect
the flexibility of the operation, and even the jam phenome-
non, when the wing is deformed in flight. However, in an air-
craft with a long wingspan and several small ailerons, such as
the B-2, it can prevent the blocking phenomenon.

Since then, lots of scientists and experts had been
engaged in the design of ailerons, such as the weight loss of
ailerons and the improvement of aileron effectiveness.

In the last century, many authors introduced the active-
control conception of ailerons and morphing-wing aileron
controllers from a 2-D wing to a 3-D one. Jacobs [1] investi-
gated aileron effectiveness for subsonic energy-efficient trans-
port models with a high-aspect-ratio supercritical wing. He
first proposed that the ailerons were designed as a preliminary
active-control concept with gust-load alleviation, maneuver-
load alleviation, and a flutter-suppression system. After that,
Suleman et al. [2] presented the results of wind tunnel testing
performed on a three-dimensional adaptive wing structure.
The aeroelastic performance of the wing using traditional,
aerodynamic control surface methods was compared to the
results obtained using piezoelectric actuators bonded to
the skins of the wing. After 10 years, Pankonien et al. [3]
indicated that smart materials had been widely applied in
morphing aerospace structures, improving performance
and reducing weight and mechanical complexity when com-
pared to conventional actuators. A year later, Pankonien et al.
[4] proposed the concept of the Synergistic Smart Morphing
Aileron (SSMA), which combined the fast, conformal actua-
tion of Macro-Fiber Composites (MFC) with the high spe-
cific work of shape memory alloys (SMA). Additionally, the
SSMA demonstrated the ability to mitigate aeroelastic
effects and flow separation near stall via novel reflex actua-
tion. In the same year, Koreanschi et al. [5] designed a
morphing wing-with-aileron system. The aileron shape-
changing methods were evaluated by them according to their
improvement of the lift coeflicient and their delay of the
boundary layer detachment. Makarov and Pavlenko [6] used
computational fluid dynamics to model the flow field over
several variants of an aileron on a high-lift wing airfoil. The
hinge moment coefficient was obtained. And then, Vincent
and Botez [7] demonstrated a multidisciplinary project for
morphing-wing aileron control.

For a missile control system, Johnson and Lind [8]
showed sweeping of the model through many ALPHA/BETA
orientations, while the control system automatically trimmed
out the three primary moments. It also produced trim maps
of normal, side, and axial forces as well as the pitch, yaw,
and roll commands required for the trim.

International Journal of Aerospace Engineering

As for UAVs’ and MAVS’ control, Sellers and Corder [9]
showed that a complete pass at a high angle-of-attack was
performed to establish the trim position for all control sur-
faces; Halland and Mason [10] demonstrated that a basic aer-
obatic flight maneuver from which other maneuvers could be
derived was the aileron roll.

According to the transport aircraft’s aileron design,
Pratheepanand Bruce [11] pointed out that the cantilever wing
with an aileron control surface was designed and its effects on
aerodynamic and structural characteristics were computed.

Lastly, Elham and van Tooren [12] introduced the wing
box structure of commercial aircraft, and the effect of aileron
effectiveness on it was investigated by them.

The above researches considered the aileron control,
function, and tests and discussed some advantages and disad-
vantages. In the current study, it focused on changing the
locations of the aileron joints to obtain the best effectiveness
of the aileron.

2. Static and Dynamic Aeroelastic
Analyses of Ailerons

The control force or moment of the aileron is related to the
height (air density), the speed, and the overload (accelera-
tion) of the aircraft’s flight. The aileron manipulation falls
within the flight envelope each time. Simultaneously, the
flight of the aircraft is free for flutter in the flight envelope,
when the control surfaces deflect.

2.1. Static Aeroelastic Trim. In general, static aeroelastic anal-
ysis has three approaches. Here, two of them are introduced,
namely, the compliance method and the modal method.

2.1.1. Compliance Method. The influence coefficient of the
flexibility of the wing surface is obtained by means of the
structural finite element analysis method. Based on the bal-
ance between the elastic force of the wing structure system
and the steady aerodynamic force, the characteristic equation
of static divergence analysis by the flexibility method is estab-
lished. The static aeroelastic equation of this method can be
expressed as

I
(Tcs,zzczzTgsAsch,B - > u.=u, (1)
9o

where u_ is the deformation vector of aerodynamic grid
control points, T, is the transformation matrix that con-
verts the displacement vector of the structural node, C,, is
the compliance influence coefficient matrix based on nodes,
T}, is the transposition matrix, A, is the steady aerody-
namic influence coefficient matrix, T, g4 is the transforma-
tion matrix, qp, is the divergent dynamic pressure, and I is
the identity matrix.

When the characteristic equation (1) is solved, the
maximum eigenvalue of the matrix, T,,,C, T5 AT 4
can be found, whose reciprocal is the critical divergent
dynamic pressure.
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2.1.2. Modal Method. The modal method selects the super-
position of the required first few natural modes (under the
condition of guaranteeing accuracy) to describe the deforma-
tion of the wing surface, which is different from the physical
displacement deformation vector of the nodes selected by the
flexibility method. The characteristic equation of static diver-
gence analysis here is

(K - qDAs)q =0, (2)

where K is the generalized stiffness matrix, A, is the gen-
erated steady aerodynamic influence coefficient matrix, and
q is the generalized coordinate matrix.

When the characteristic equation (2) is solved, the mini-
mum eigenvalue of the matrix is found, which is the critical
divergent dynamic pressure.

2.2. Symmetric Longitudinal Trim. The different pitching
trim cases for the aileron and elevator are listed in Table 1.

2.3. Antisymmetric Rotational Trim. The following chart (see
Figure 1) shows the typically rolling trim of the aileron.

2.4. Aileron Effectiveness. Factors affecting the design of the
aileron are the required hinge moment, aileron effectiveness,
aerodynamic and mass balancing, flap geometry, aircraft
structure, and cost. One of the most important factors is aile-
ron effectiveness, which is a measure of how effective the aile-
ron deflection is in producing the desired rolling moment or
pitching moment.
Aileron effectiveness is defined as follows:

_ (0G94,

= 5¢00,),” (3)

where C; is the roll or pitch moment coefficient of the air-
craft, §, is the aileron deflection angle, the subscript e repre-
sents elasticity, and the subscript r represents rigidity.

In the previous studies, we observed the relationship
between aileron effectiveness and flight speed (see Figure 2)
when the aileron deflection angle was fixed.

Also, we saw the relationship between aileron effective-
ness and flight altitude (see Figure 3), as the aileron deflection
angle was fixed.

From Figure 3, when the flight altitude is rising, aileron
effectiveness also increases. However, while flight speeds are
going up, aileron effectiveness goes down.

2.5. Flutter Analysis. The inherent characteristics of the over-
all structure caused by the support stiffness weakness of aile-
rons will inevitably lead to flutter or divergence ruin.

In the present research, the P-K method is used to calcu-
late the flutter speeds, which can be written as

_ _ 1 _
p"Mq+Kq- 5 pV*Aq=0, (4)

where p is the eigenvalue which is equal to yw + wi (nondi-
mensional Laplace), M is the generalized mass matrix, K is

TaBLE 1: Trim cases.

Cases  Load factor  Flight speed (Mach)  Flight altitude (ft)
1 1g 0.6 12000

2 Ig 12 300

3 1g 12 12000

4 4g 1.2 12000

the generalized stiffness matrix, q is the vector of generalized
coordinates, and (1/2)pV? is the flight dynamic pressure.
By use of the flutter equation to compute the flutter speed,
plots of V versus g can be used to determine the flutter speed(s)
(where damping goes through zero to positive values).

3. Influences of the Locations of Joints for
Support Stiffness

As can be known, the difference in support stiffness will affect
the distribution of loads. In the present research, several
examples will demonstrate it.

3.1. Example of Weight Reduction. A solid beam was 3 meters
long, whose radius was 0.006 m. The material is steel, the
density is 7800kg/m®, Young’s modulus is 2.1E10", and
the Poisson ratio is 0.3. The load, 200 N, was applied at the
left end, and the other one, 100N, was applied at the right
end. In Case 1, the fixed support was located in the middle
of it. In Case 2, the fixed support was situated at 1/3 of it.
Figure 4 shows two cases.

Through static analysis and calculation, we can see
Figure 5.

As can be seen from Figure 5, the highest stress in Case 1
appears at the central constraint, with a value of 1710 MPa,
while the peak stress of Case 2 occurs at 1/3 of it, which is
1180 MPa. The reason is listed as follows: in Case 2, the
moment is exactly balanced at the constraint point and only
the shear force of 300 N exists. But in Case 1, there is not only
the shear force at the constraint point but also the unbal-
anced bending moment so the stress is larger than that in
Case 2.

And then, the radius of the beam under Case 2 was chan-
ged to 0.00529m and Case 1 remained unchanged. Static
analysis was carried out. The results are listed in the following
Figure 6.

As can be seen from Figure 6, the highest stress in Case 1
appears at the central constraint, with a value of 1710 MPa. In
Case 2, however, the peak stress arrives at 1720 MPa at the
fixed point. At this point, the maximum stress of the two
beams is almost the same, but the beam radius in Case 1 is
0.006 m, and in Case 2, it is 0.00529 m, so the weight in Case
2 is reduced by 22.66%.

3.2. Example of Support Load Distribution. Two plates
with the same size and thickness were used in static anal-
ysis. And the materials were similar. The loading position
and applied forces on those two plates were identical,
except that the constrained positions on the left side were
different. The fixed points in Case 1 were at one-quarter
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Defined trim: 1g level
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FIGURE 1: Antisymmetric trim for ailerons.
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FIGURE 2: Aileron effectiveness vs. flight speed.
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FIGURE 3: Aileron effectiveness vs. flight altitude.

and three-quarters of the left side, while in Case 2, they were
located at one-third and two-thirds. Figure 7 shows FEMs
and boundary conditions.

After static analysis, the compared results are indicated in
Table 2.

From Table 2, the stress is similar; Case 1 has approxi-
mately 29 percent less displacement than Case 2; in Case 1,
the support loads of two joints are distributed reasonably
which are all in the same magnitude, and the load distribu-
tions in Case 2 are not reasonable, in which their load ratio
is more than 3 times.

3.3. Example of Aileron Effectiveness. The two-beam structure
was used in the wing, which had 19 ribs. The wing semispan
was more than 10m. The GFEM (Global Finite Element
Model) was employed to express it. Please see Figure 8.

There were six potential joints in this model (see Figure 9).

From Figure 9, the wing was connected with the aileron
by beam elements. The rotational DOF of the beams along
the aileron axis was released.

3.3.1. Static Aeroelastic Symmetric Trim of the Aileron. The
wing-aileron connection is supposed to have a pitching
trim, which is like the elevon’s function. The root of the
wing was symmetrically supported (in this model, we con-
strained 2, 4, and 6 directions), when static aeroelastic trim
was performed.

The aerodynamic meshes of the main wing surface, the
aileron, and the flap were established in Figure 10, which
were coupled with the corresponding structures. The rotation
axis and operating surface of the aileron were also defined.

Flight velocity and air density were defined, and the
deflection angle of the aileron was set. According to different
connecting positions between the wing and aileron, three
cases were built up in Figures 11-13. Please note that one
of the joints was fixed.

In the current study, to simplify the calculation and anal-
ysis, the aileron deflection was 5° and the static aeroelastic
pitching trim was carried out. The loads and moments of



International Journal of Aerospace Engineering

123456

[ A [
|

I I
1.5m (Case 1)

123456

[ » [

‘ 1.0m (Case 2) ‘

FIGURE 4: Finite element models for two cases.
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FIGURE 6: Stress contour plot.

FiGURE 7: FEMs of plates.



TaBLE 2: Comparison of two cases.

Case Stress (Mpa) Displacement (mm) Joint 1 (N) Joint 2 (N)
1 435 6.26 21310 58690
2 439 8.83 6020 73980

'

Tt 1
i wjp)
i

FIGURE 9: Six wing-aileron connectors.

the rigid and elastic ailerons were obtained, and the aileron
effectiveness was calculated, which is listed in Table 3.

Case 2 was selected as the location layout of the wing-
aileron joint under the flight condition.

3.3.2. Example of Static Aeroelastic Antisymmetric Trim of the
Aileron. Suppose that the wing and tails have a rolling trim.
The wing has an aileron and a flap. The structures of the
horizontal tail and vertical tail are equivalent to the plate ele-
ments. The horizontal tail contains the elevator, and the ver-
tical tail includes the rudder. The fuselage is expressed by an
equivalent beam and mass elements. The FEM is shown in
Figure 14. Antisymmetric constraints were set.
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FIGURE 11: Wing-aileron connection in Case 1.

The aerodynamic meshes of the main wing and tail sur-
face, the aileron, the flap, the elevator, and the rudder were
established in Figure 15 and were defined by the coupling
with the corresponding structures. The rotation axis and
operating surface of the aileron, elevator, and rudder were
also defined.

Two joints were used in the wing-aileron connection,
which was situated at Case 1, Case 2, and Case 3. The aileron
deflection was 15°, and the static aeroelastic rolling trim was
carried out. The loads and moments of the rigid and elastic
ailerons were obtained, and the aileron effectiveness was
calculated, which is listed in Table 4.

Case 3 was selected as the location layout of the wing-
aileron joint under the flight condition.

3.4. Example of Flutter Analysis. Generally, the vibration
analysis is done before the flutter analysis.
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FIGURE 13: Wing-aileron connection in Case 3.

TaBLE 3: Comparison of aileron effectiveness.

Cases Aileron effectiveness 77, (%)
1 34.58
2 88.29
3 71.25

3.4.1. Vibration Analysis. The end of the wing was clamped.
The first twenty modes of the model (see Figure 16) were
analyzed by the Lanczos method. And these significant 10
vibratory modes were selected in the flutter solution. These
modes included the bending and translational modes of the
wing; the in-plane and out-plane bending; and torsion modes
of the flap and aileron, such as the flap translation; and the
aileron deflection. Case 1 was taken as an example.

The 10 selected modes for flutter analysis are listed in
Table 5.

From Table 5, we can see that the flap and aileron modes
are inserted into the classic bending and torsional modes of
the wing, when the control surfaces are released. This will
make the control surface coupling flutter ahead of schedule.

3.4.2. Flutter Analysis. For flutter analysis, the unsteady
aerodynamic forces were obtained using Doublet Lattice
Method (DLM) for flight. The unsteady aerodynamic forces
upon the simulated beam were ignored. Aerodynamic trape-
zoidal panels of the wing are described in Figure 10.

Through the flutter analysis, the V-g and V-f curves of
Case 1 are shown in Figures 17 and 18, when M =1.3 and
density ratio = 0.6.

In Figure 17, damping of the second torsional mode of
the aileron changes from the negative value to the positive
at the speed of 410 m/s, and Figure 18 presents frequencies
of the first bending mode of the wing and the second tor-
sional mode of the aileron which are trying to go toward
the same value at the speed of 410 m/s, that is, around 1.3
M. At 410m/s, the critical flutter occurs, which is greater
than the maximum flight speed.

Through Figures 17 and 18, when the first bending mode
and the translational mode of the flap are coupled, the flutter
speed appears to reach 425 m/s. While the first bending mode
and the first torsional mode of the aileron are coupled, the
flutter speed may be higher.

By doing steps like Case 1, we can obtain the critical flut-
ter speed for Case 2 and Case 3, which is listed in Table 6.

4. Conclusions

The present research introduces several examples to high-
light the importance of the joint positions. The beam exam-
ple indicates that the different connection location can
reduce the stress and weight of the structure. The second
one, the plate simulation, demonstrates that it has the differ-
ent joint position, which makes the deformation less and the
distribution of the connection forces more appropriate. In
the third one, three cases for wing-aileron connections are
trimmed over the flight envelope. The best aileron effective-
ness is chosen from the different support locations of the aile-
rons. Finally, the flutter speeds are achieved in three cases,
which indicates that the wing surface is free for flutter,
coupled with the wing bending and the aileron torsion.

Most importantly, we compare three configurations of
connection locations of the ailerons and select the optimal
one. Furthermore, the selected case of the aileron configura-
tion offers reduced costs, schedule, and weight.

5. Final Remarks

This paper puts forward a kind of new concept for designing
the aileron, based on changing the wing-aileron connection
location. Through a fixed joint, the other one is adjusted,
according to the flight conditions. It is to improve the wing
connection (support) stiffness, redistribute the wing load,
and reduce the elastic deformation, and therefore, the aileron
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FIGURE 15: Aerodynamic meshes of the wing and tails.
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Z
TaBLE 4: Comparison of aileron effectiveness.
Cases Aileron effectiveness 77, (%)
1 25.15
2 54.78
3 61.27

effectiveness enhances. Moreover, the following advantages
are shown.

(1) The rigidity of the structure is increased, when we

adopt a multipoint connection, just like the conven-
tional wing-aileron connection; however, it is possi-
ble to bend the axis of the rotating shaft of the
aileron, leading to the phenomenon of jam. This
proposal suggests using a two-point connection to
avoid this occurrence. Additionally, by changing
the position of one of the wing-aileron joints, the

()

connection (support) stiffness can be changed to
reduce the deformation of the aileron and realize
the redistribution of the wing load. As a result, it
improves the aileron effectiveness

Several ailerons of large aircraft can prevent the
control blocking caused by the bending axis of the
aileron, but it adds a set of control mechanisms and
increases the processing cost

By suppressing the conventional aileron reverse, we
have to improve the stiffness, which increases the
structural dimension and causes the weight increase;
however, this proposal only changes the wing-aileron
connection position and modifies the wing-aileron
stiffness and the load distribution and, therefore, pre-
vents the aileron reversal

Most importantly, the paper only proposed a conception

for designing the new aileron, which had a potential func-
tion to enhance the control effectiveness. And realization
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TaBLE 5: Ten selected modes for flutter.
Order Name Frequency (Hz) Selected (X) Reorder
1 The first rigid mode of the aileron deflection 1.6E-5
2 The first bending mode of the wing 9.337 X 1
3 The first translational mode of the wing 25.73 X 2
4 The flap deflection mode & bending down mode of the aileron 26.92
5 The flap deflection mode & bending up mode of the aileron 31.056 X 3
6 The first bending up mode of the aileron 40.307 X 4
7 The deflection mode of the flap & aileron 4425 X 5
8 The local mode of the wing 46.21
9 The first torsional mode of the aileron 60.08 X 6
10 The second torsional mode of the aileron 65.58 X 7
11 The translational mode of the flap 66.27 X 8
12 The first torsional mode of the flap 73.04 X 9
13 The first torsional mode of the wing 75.29 X 10
14 The third torsional mode of the aileron 88.92
15 The second torsional mode of the wing 91.24
16 The third torsional mode of the wing 106.16
17 The translational mode of the flap 112.06
18 The fourth torsional mode of the wing 123.91
19 The second bending up mode of the aileron 126.24
20 The local mode of the flap 129.19
0.01
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F1GURE 17: V-g curve.

methods may be considered. Firstly, the aileron is still
designed with multiple joints; however, according to different
flight conditions, only two joints at different positions can
remain connected by relays. Secondly, the connectors work-
ing at the different flight conditions can also be reproduced
in the air through the memory function of the shape memory
alloy. Finally, it can also be fixed by one joint and the other

can be moved to different positions by sliding rails, due to
the different flight cases. Like this, the aileron’s operation effi-
ciency can be optimized.

Finally, these new aileron joints proposed are applicable
to the design of new aircraft, such as high-aspect-ratio
UAVs, high-aspect-ratio commercial aircraft, and flying-
wing aircraft.
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TaBLE 6: Comparison of the critical flutter speed.
Cases Flutter speed (m/s)
1 410
2 450
3 460
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uscript. 2: the banl.bdf data used to support the findings
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