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Abstract: X-shaped flapping wings have excellent maneuverability and flight capabilities under
low-Reynolds-number conditions. An appropriate tail can extend the range of a vehicle and improve
its stability. This study takes two typical configurations, the inverted T-tail and the inverted V-
tail, as the research object. Considering the wings’ flexible deformation in the flapping process, the
computational fluid dynamics method was used to calculate the vehicles” aerodynamic characteristics,
taking into account the aerodynamic interaction effect of the wings and tail. The results show that
the wake of flapping wings can significantly reduce the forward flight performance of the tails.
The maximum L/D ratio of the two tails decreased by about 38%, and the static stability was also
dramatically reduced in the forward flight. The inverted V-tail has better performance in fast forward
flight, while the inverted T-tail had better control characteristics at low speeds. The relationship
between the tail layouts and aerodynamic performance is also discussed. When the inverted V-tail is
in the optimal position, the longitudinal control moment can be doubled in the hovering state. This
research provides a reference for the design and arrangement of flapping wings with tails, which is
beneficial to the performance improvement of vehicles.

Keywords: X-wing; flapping wing; tail design; aerodynamic; interference

1. Introduction

Flapping wing micro aerial vehicles (FMAVs) are a kind of aircraft designed according
to the bionics principle. They have been applied increasingly widely in military and civilian
fields owing to their excellent characteristics, such as small size, low noise, and high flight
efficiency under low Reynolds numbers. According to the layouts of FMAVs, biological
flapping wings can be divided into two types: vehicles directly imitating flying-animal
shapes and motions, including insect-like FMAVs, bird-like FMAVs, bat-like FMAVs, and
vehicles based on bionics-inspired innovation, such as flapping rotary wings [1,2] and
X-shaped biplane flapping wings [3].

Recently, X-shaped flapping wings have attracted increasing attention from
researchers [4,5] due to their high propulsion efficiency, stable flight trajectory [6], hovering
ability, and strong maneuverability. The dynamic and control characteristics of flapping
wings are the focus of our attention in this article. Although there are some methods by
which to control the attitude of the vehicle, such as by changing the asymmetrical aero-
dynamic force of the flapping wings [7-10], it is often necessary to add additional control
mechanisms and weight. Due to the weight constraints of flapping-wing aircraft being
relatively strict, an increased weight often limits the flight performance of the vehicle, such
as flight range and time. The DelFly Nimble uses a torque coupling servo to achieve high
agility in tailless layouts. However, the hover duration is reduced by 55% as compared to
the DelFly II.

At present, attitude stability and control of X-shaped flapping wings are mainly
achieved by deflecting the tail control surface, the same as occurs with fixed-wing air-
craft [11]. This is a mature and stable way to control the attitude adjustment and trajectory
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change of the flapping wing, by the deflection of the tail-control surface. A good design of
the tail can not only enhance the static stable margin and control the characteristics of the
flapping wing but can also reduce wake effects or even make full use of the vortex energy
to improve the flight performance. Therefore, it is important to have a detailed tail design
for flapping-wing vehicles.

However, in current tail designs, the influence of the flapping wake on the control
effect of the tail is rarely considered. When examining tail design, Grauer [12] used the
wind-tunnel test method to measure the tail control effect at different forward velocities
and attack angles in steady states. The interaction between the wings and tail were not
considered in the dynamic modeling.

To date, there have been some studies on the aerodynamic interaction between wings
and tails. The majority used the CFD method to study the two-dimensional flapping-
tail interference. Tay [13] used the immersed boundary method to study the wing-tail
effect of a two-dimensional X-shaped biplane flapping wing. Their study showed that
a horizontal tail can improve both the thrust and aerodynamic efficiency of the vehicle.
Compared with a single flapping wing, the overall efficiency and the average thrust of each
wing was increased by 17% and 126%, respectively, under the appropriate arrangement
of the tail position and setting angle. Wang [14] used the dynamic mesh method to
analyze the influence of reduced frequency on the thrust coefficient. The results showed
that reduced frequency was the key parameter affecting the thrust. A higher reduced
frequency strengthens the vortex shedding and results in an increase in the thrust coefficient.
Deng [15] calculated the unsteady aerodynamic force of the X-wing using CFD simulation
by employing the overset method and showed the vortex structures during the flapping
process. Yang's [16] research showed that the pitching and plunging motion of flapping
wings can increase the maximum lift coefficient and stall angle of the horizontal tail, as
compared with the steady state. However, due to the limitations of a two-dimensional
numerical simulation, there were some differences between the results and the actual flow.

Some researchers have also studied the aerodynamic interference mechanism of the
three-dimensional flapping-tail interference using the particle tracing method. By using
the PIV method, Percin [17] analyzed the complete wake topology and evolution of this
specific X-shaped MAYV in forward-flight conditions in detail, but experiments using the
particle tracking method were unable to quantitatively study the interference degree, as
the experiment preparation processes were cumbersome. In addition, due to the extremely
small size and light weight of the flapping wings, the experiments for the measurement of
the force on the tails inevitably introduces other large disturbances.

In this study, considering the flexible deformation of the wings, the CFD method was
used to analyze the three-dimensional-wings—tail interference of the X-shaped flapping
wing. This article compares the aerodynamic characteristics of the conventional inverted
T-tail and the inverted V-tail that represent two types of tails. On the one hand, the height
of the tails relative to the wings are different. The inverted T-tail is located above the axis of
the fuselage, while the inverted V-tail is located below. On the other hand, the inverted
T-tail is composed of two faces at right angles to each other, while the V-tail is composed of
two faces that are slanted. The surface composition represents a different wetted area and
weight under the same projected area.

This article is organized as follows: based on the high-precision CFD simulation
method, we studied the law of aerodynamic interference between the wings and two types
of tails of the X-shaped flapping wing. The following section introduces the research model
and proposes a simplified flexible wing motion based on the experimental results. In the
third section, the aerodynamic characteristics of the X-wing vehicle with different tails are
analyzed according to the simulation results. Then, the effect of tail position and dihedral
angle are discussed. The microscopic mechanism of the flow is analyzed to explain the
flapping influence on different tails. The final section summarizes this article.
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2. Numerical Simulation Method
2.1. Reference Experimental Setup

The reference experimental setup is shown in Figure 1. The wings were made of
polyethylene material, and the surface thickness is approximately negligible. The roots
of the wings were fixed on the carbon-fiber fuselage, so the distance between root of
upper-wing and root of bottom-wing was quite close in the process of flapping.

- - Driving
= mechanism

Electromagnetism
actuator

Figure 1. Reference experimental setup.

For the research object of this study, we selected the conventional inverted T-tail and
inverted V-tail of the flapping wing, as shown in Figure 2. The inverted T-tail has better
performance in the hovering state and the process of take-off and landing. An inverted
V-tail can produce a positive lateral-directional coupling effect, which is beneficial for
improving the maneuverability of flapping wings [18]. The tail control surfaces used
electromagnetic actuators, which can be quickly deflected at the degree of 0 and +45.

(b)

Figure 2. Tail models. (a) The inverted T-tail. (b) The inverted V-tail.

2.2. Model Parameters
2.2.1. Wings Model

The coordinate system and parameters are defined in Figure 3. The moment reference
points in this paper are the origin points in the figure. The parameters of the flapping wings
are shown in Table 1.
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Figure 3. Coordinate system and parameters defined.

Table 1. Flapping wings parameters.

Parameters Data
Half span/cm 14
Root chord/cm 10
Area/cm? 426.4 (106.6 x 4)
Total stroke amplitude ®/deg 72
C.G position/cm 3.15
Flapping frequency/Hz 125

2.2.2. Tail Models

In Section 3.1, the force and control characteristics of the two are compared under the
condition of the same projected area of the stabilizer and control surface. The projection
area of the control surfaces is also the same. The parameters of the two tails are shown
in Table 2.

Table 2. Tail design parameters.

Parameters Inverted T-Tail Inverted V-Tail
Horizontal projection area 73.74 cm? 73.74 cm?
Vertical projection area 28.93 cm? 28.93 cm?
Total area 137.26 cm? 81.25 cm?
Weight 18¢g l6g

In Sections 3.1.2 and 3.2.1, the changes of control moment caused by the deflection of
the tail control surfaces are studied, and the tail models of undeflected and deflected are
shown in Figure 4a. In Section 3.2, the static stability of the inverted V-tail with different
dihedral angles is studied. The simulation model is shown in Figure 4b.
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Inverted T-tail

Control surface

Control surface no deflection Deflected 45 degrees downward Deflected 45 degrees to the left

Inverted V-tail

Control surface

Control surface no deflection Deflected 45 degrees downward Differential deflected 45 degrees

(b)

Figure 4. Tail models in the simulation. (a) Undeflected and deflected tail control surfaces.
(b) Inverted V-tail models with different dihedral angles.

2.3. CFD Method

Due to the extra complexity caused by wing flexibility, most earlier works focused
only on rigid wings or prescribed deformable wings. However, recently, interest in this
topic has grown, and there are an increasing number of studies regarding truly flexible
wings, both experiments and numerical simulations [19].

A flexible airfoil deformation law was necessary due to the weak rigidity and the
limitation at the root of the wings. In a previous study [20], the rigid kinematic wing
motion characteristics could not be matched with the experimental measurements, and the
upper and lower wings always had a large spacing in the flapping process, which affected
the simulation accuracy. The deformation of a flexible wing used in this paper draws
on the research [21,22] of two-winged FMAVs. The motion of flexible wing is defined by
Equations (1) and (2).

() = Amax - (1 — Ccos (27‘(]?1@ - time + n)) 1)
By = Binstroke (r) -sin(Zn]jqap - time y;,”Z;T < time < 57 ?
ty) — . . / X
Boutstroke (1) ~sm(27rjjqap < time ) - L, < time < H

where a ;) is the flapping angle, fg,, is the flapping frequency, and B, ;) is the chord torsion
angle that changes linearly with the span. B;.soke (1) and Bousstroke () are, respectively, the
maximum torsion angles in the instroke and outstroke stage, which are generally obtained
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from experiments or fluid—structure coupling simulations. r is the spanwise position setup
by the test or simulation. i’ is the distance of the section from the wing root. # is a positive
integer. T is the flapping period,
1
S
During the initial phase of the outstroke, the trailing edge deformation of the wings is
limited. The coordinate system of the wings is shown in Figure 5, and the deformation of
the wings during flapping is shown in Figure 6.

T

®)

Z

N

x x')

Figure 5. Flexible deformation of wing.

0.1T"* 1.0T"
Outstroke

Instroke
0.2T*

0.3T"

0.4T"

0.5T" 0.6T"

Trailing edge deformation limitation

Figure 6. The surface deformation during flapping.
The Reynolds number (Re) in this research is defined in Equation (4).

_ pUye f Lref
4

Re (4)
where p is the fluid density, L,y is the characteristic length, U, is the reference velocity,
and y is the dynamic viscosity of air. Similar to fixed-wing aerodynamics, the mean chord
length is utilized as the reference length. U, is taken as the maximum value of incoming
flow velocity and wing tip velocity in this study. Reynolds number in this research was
between 50,000 and 100,000.

Incompressible Reynolds-averaged Navier—-Strokes (RANS) equations were solved
using the finite volume method. The simulation software was Fluent 2020, and the cal-
culation method was based on the dynamic mesh method. The pressure-based method,
which is faster and has better convergence in solving a low-speed incompressible flow,
was used for the calculation. The turbulence model used the k — w SST model, which was
validated in previous works as suitable for calculating low Reynolds number of 3D flapping
wing aerodynamics [23,24]. The total number of grids was approximately 1,500,000. The
thickness of viscous boundary layer is ~0.6 mm. The height of the first grid of the boundary
layer is maintained at 0.05 mm, which meets the requirement of Y+ ~1. The grid height
ratio is 1.05 to meet the requirement of arranging enough layers of grids (layers > 10).
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Using tetrahedral mesh elements combined with the dynamic mesh method provides
this method with good boundary adaptability. The combination of spring smoothing and
remeshing methods ensured that the quality of the nearby meshes were maintained during
the movement of the flapping wing. The wings were initially at their maximum flapping
amplitude for the initial simulation state.

Since the flapping wing was quite thin, the airfoil shape used a flat plate without any
thickness. To ensure that the simulation was as close to the real situation as possible, the
minimum distance during movement was 0.002 m, where the upper and lower wings were
almost touching. The calculation domain was a cuboid with a size of 30c x 20c x 20c, where
c is the chord length of the flapping wing. The calculation time step was set to 0.0002 s.
The computation grids for the simulation are shown in Figure 7. The simulation method
was the same as the following verification method.

ISR

[ ST
NN

(@) (b)

Figure 7. Computational grids. (a) Initial computational grid. (b) Automatically remeshing computa-
tional grid.

The following defines the dimensionless quantities in this research.

Lift coefficient,
Lift

Cl= ——— 5
0.50V2S ©)
Drag coefficient,
Drag
Cd= ——= 6
0.50V2S ©)
Moment coefficient,
Moment
== 7
Cm = 550v2s1 @
Dimensionless time,
T* = time - fgqp 8)
Dimensionless velocity,
~ u
u= 9
Vref ©

where V is velocity of incoming flow, S is the surface area of wings. [ is the moment
reference length which is defined as the distance from the tail to the leading edge of the
wings in the following section. The reference velocity in this study is 4 m/s. The reference
point of the moment is set at the midpoint of the leading edge of the flapping wing (the
origin of the coordinate system).
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2.4. Numerical Methods Validation

The numerical example in this study used the test results of DelFly [25] to verify the
numerical method. DelFly II has a wingspan of 28 cm and a root chord length of 8.8 cm,
which are similar to those of the model studied in this research. The flapping frequency
in the experiment is 12 HZ, so the Reynolds number is also similar to that of this study.
A high-speed camera was used to measure the deformation of the flexible wings at each
stage of the flapping. The simulation conditions were consistent with the experiment.
In this section of the experiment, we simplified the measured deformation of the wings
to obtain the periodic aerodynamic force of the flapping wing and compared it with the
experimental measurement values. We assumed that the chordwise torsion angle of the
wing increases linearly outward along the span based on experimental observations. The
change in the chordal torsion angle was simplified to a combination of two sine functions
of different amplitudes. The simplified torsion angle and experimental values are shown in
Figure 8 [25].

T T T T
—A— Expriment -
— Simplified

30

20

10

40 | J

0.00 0.25 0.50 0.75 1.00
T*

Figure 8. Periodic change curve of torsion angle in 0.71 span.

The time-varying aerodynamic thrust of the period hardly changed after calculating
6 periods. The final result is shown in Figure 9. The simulation results were consistent
with the experimental results. The average periodic thrust obtained by the simulation was
0.169 N, for which the difference was within 1% when comparing with the experimental
results (0.17 N). This indicates that the method adopted has high precision.

T T T T T
—Test

0.6 e Simulation 7
044 4
£
@
=
=<
=024 i

0.0 -

0.0 0.5 1.0 L5 2.0
T*

Figure 9. Comparison of simulated thrust and experimental thrust.
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Grid and time-step convergence tests were also carried out, as shown in Figure 10.
The convergence study used the simulation conditions in Section 3.1.1 (4 m/s velocity,
0° angle of attack). Three types of grids and three types of time-step sizes were tested, and
their corresponding time-averaged forces were provided in Table 3. The results showed
that type-2 and type-3 were highly similar for different number of grids, and the results
of type-2 and type-5 with different time-step sizes were also highly similar. Thus, for
efficient computation, the type-2 grid and type-2 time-step size were selected for the
subsequent simulations.

0.30 . : . . 0.05 : : : : .
typel —typel
type2 type2

o type3 O  type3

0.25 type4 -

0.00
z Z
< 020 - 4 g_?
- a
-0.05
0.15 i
0.10 — : : -0.10 L— . :
0.0 0.5 1.0 0.0 0.5 1.0
T* T*

(a) (b)

Figure 10. Comparison of different types of time steps and grid numbers. (a) Lift comparison.
(b) Drag comparison.

Table 3. Averaged thrust in time-convergence and grid-convergence tests.

Type Grid Number  Time Step Size (s) Averaged Thrust (N)  Averaged Lift (N)

1 823,035 0.0002 —0.0424 0.1967
2 1,527,842 0.0002 —0.0391 0.2027
3 3,145,743 0.0002 —0.0386 0.2031
4 1,527,842 0.0004 —0.0385 0.2034
5 1,527,842 0.0001 —0.039 0.2029

3. Results and Discussions

In this section, the aerodynamic characteristics of the wings and tails are discussed.
The contribution of the tail to the stability and maneuvering of the aircraft is analyzed.
Then, the relationship between the tail layout and maneuvering characteristics is studied
by changing the tail-installation position. Finally, the aerodynamic interaction mechanism
of the wings and tail is explained in detail, according to the results of the flow field analysis.
Table 4 is a general overview of the simulation conditions in each section.
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Table 4. Simulation conditions and research objectives.

Control Surfaces’

Section Objective Function Variables Deflection Angle
Aerodynamic forces Lift Angle of attack
Secion3.1.1 - ¢ yings and tail Drag. [0°,5°,10°, 15°,20°, 30°, 40°, 50°, 60°] 0
L/D ratio
Cmx Angle of attack
. Control moment of [0°,5°,10°, 15°, 20°, 30°, 40°, 50°, 60°] o
Section 3.1.2 . Cmy . 45
tails Crmyz Velocity
[0m/s,2m/s,4m/s,6m/s,8m/s, 10 m/s]
o . Cmy
. Longitudinal static Angle of attack 5
Section 3.1.3 - ability of tails Pressure center [0°, 5%, 10°, 15, 20°, 30°, 40°, 50°] 0
Aerodynamlc center
. Lateral static stability Cmx Body side-slip angle o
Section 3.1.4 of tails Cmyz [0°, 2.5°,5°,10°, 12.5°, 15°] 0
Pith control Tail position
Section 3.2.1  Effect of tail position =~ momentYaw control [115 em, 13 em, 145 em, 16 em, 17.5 cm] 45
moment
. Effect of V-tail Directional static o Ano o Aro o 5
Section 3.2.2 dihedral angle stability [22.5°,30°, 37.5°,45°, 52.5°] 0
3.1. Analysis of Aerodynamic Characteristics
3.1.1. Force Characteristics
First, the aerodynamic characteristics of the flapping wing were analyzed by applying
changes to angle of attack (0° to 60°). The force characteristics of the flapping wing with
the two types of tails were calculated in a fixed incoming flow velocity (4 m/s). Figure 11
shows the aerodynamic force of the whole vehicle at different angles of attack. The two
types of tails had no obvious influence on the lift coefficient slope, maximum lift coefficient,
or zero-lift drag coefficient of the whole aircraft. When the angle of attack was less than
20°, the ratio of the tail lift to the whole lift of the vehicle changed within a small range,
by approximately 4.6% for the inverted T-tail and by approximately 7.1% for the inverted
V-tail. As the flapping wings were located in front of the tail, the wings were less affected
by the tail. The curve of the flapping wing’s lift versus the angle of attack was similar to a
straight line, and the slope of the lift line was approximately 2.47. As the angle of attack
gradually increased, when the angle of attack was greater than 20°, the proportion of the
tail lift increased approximately linearly, and the tail drag increased rapidly.
2~0 T T T T T T T T T T T T 040 0.6 T T T T T T
--®-- wings only (no tail configuration) --®-- wings only(no tail configuration)
—A— wings and T-tail 10.35 0.5} —A—wings and T-tail b
1.6 - - B~ wings and V-tail do30 & —B— wings and V-tail
- B— T-tail(tail/vehicle) oA 0.4 b
12l —A— Veilailivehicle) - _ _ g — J0.25 ;; ________
_ g BN = 03 .
S & ™y 020 2 0o
0.8+ = “o .
: e 1015 3 :
P S, = 1010 E 0.1 -
0.05 0.0 _
0'0 1 1I 1 2I 2I 1 1 4I 4: 1 1 1 ()()0 _O ] ) ) ) ) ) )
0 5 10 15 OArf]j(;fotaclg/o 5 50 55 60 65 10 0 ” 20 20 P "
£ Angle of attack(®)
(a) (b)

Figure 11. Flapping wing vehicle force characteristics. (a) Lift coefficient curve. (b) Drag coefficient curve.
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Compared with the fixed-wing configuration at the same Reynolds number, the
flapping-wing vehicle had a better stall performance owing to the delayed stall mechanism.
From the lift and thrust curves, it can be seen that when the flapping wing was cruising in
flight at a velocity of 4 m/s and at a 10° angle of attack, the lift and thrust generated by the
flapping wing were in balance with gravity and drag, respectively.

The lift and drag of the tails in steady and unsteady conditions was compared, as
shown in Figure 12. The steady setting was that the tail was only affected by the uniform
incoming flow. It can be clearly seen that the tails were disturbed by the unsteady incoming
flow, and the lift-drag characteristics showed clear changes. For the inverted T-tail, the
aerodynamic efficiency was greatly reduced; the tail lift-line slope was reduced from
2.49 to 0.75, and the maximum L/D ratio was reduced from 3.02 to 1.96. The angle of
attack that corresponds to the maximum L/D ratio shifted backward. The inverted V-tail
aerodynamic characteristics were also significantly degraded. Therefore, it is necessary to
consider the flapping interference in the aerodynamic modeling of tails.

] »5 .| | T T T
—n— T-taill(no wings,stelady) ' ' ' —B— T-tail(no wings,steady)

- O- T-tail(wings flapping,unsteady) 09~ T-tai.l(wings. flapping,unsteady) A
1.2 —A—V-tail(no wings,steady) - —A— V»ta¥l(n(? wmgs,stgady) A~
- A= V-tail(wings flapping,unsteady = A= V-tail(wings flapping,unsteady) /

0.9 i
@)
0.6
0.3
1
0.0 '
0 10 20 30 40 50 0 10 201 " 3(1( L 50
Angle of attack(®) Angle of attack()
(@) (b)
T T T T
—m— T-tail(no wings,steady)
—0O— T-tail(wings flapping,unsteady)
° —A— V-tail(no wings,steady)
= -A—V-tail(wings flapping,unsteady)
-
a 4
—
1 1 1

10 20 30 40 50
Angle of attack(®)

(0)

Figure 12. Tails’ force characteristics. (a) Lift coefficient curve. (b) Drag coefficient curve. (c) L/D ratio.

The drags of two tails were similar in Figure 12b. However, the maximum L/D ratio
of the inverted V-tail was 47.4% greater than that of the inverted T-tail. In Section 3.3, the
reasons for the different changes in the aerodynamic characteristics of the two tails are
discussed based on the results of the flow field analysis.

3.1.2. Moment Characteristics

In the forward flight state at 4 m/s velocity, the control moment of the tails decreased
continuously with the increase in the angle of attack. Figure 13 shows the curve of the
control moment changing with the angle of attack when the inverted T-tail and V-tail
deflected 45°. The three moments were approximately linear and decreased rapidly, that is,
the control effects caused by the tail control surfaces at a large angle of attack were weak.
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Cmy

0.0

-1.0

-1.5

T

—M— inverted T-tail
—@— inverted V-tail

T T T T 1 . 5 T T T T T T T T T T
—M—inverted T-tail
—@— inverted V-tail

| — — -linear fit of inverted V-tail _ ] 1.0 -~ = — -linear fit of T-tail |
. e o ~I linear fit of V-tail
S =
= @)
Z 1 05F 1
L L + L + L + L 0.0 . 1 . 1 . 1 . 1 . 1
10 20 30 40 50 0 10 20 30 40 50
Angle of attack (°) Angle of attack(®)
(a) (b)
0.6 T T T T T T T T T
—Mm—inverted V-tail
— — -linear fit of inverted V-tail
0.4 -
g
O
02F 4
0.0 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50
Angle of attack (°)
()

Figure 13. Moment coefficient at different angles of attack on tails. (a) Pitch moment coefficient.
(b) Yaw moment coefficient. (c¢) Roll moment coefficient.

When the angle of attack was less than 30°, the pitch moment of the inverted T-tail
decreased relatively slowly due to the effect of the wake reducing the incoming angle.
When the angle of attack was greater than 30°, the pitch moments of the two tails were
almost the same. Due to the lateral-directional coupling of the inverted V-tail, the yaw
moment was slightly smaller than the inverted T-tail, but, at the same time, it produced a
roll that was beneficial to the aircraft’s lateral-directional maneuvering and improved flight
performance. In a cruising state (4 m/s, 10°), the pitch control moment of inverted V-tail
is 12.8% greater than that of the inverted T-tail. Although the directional control moment
is 23% lower, it generates a positive roll moment of 50% of the value of the directional
moment at the same time, which is beneficial for maneuvering.

In this section, the control moment characteristics under different inlet velocities are
also discussed. The inlet velocity range was set as 0 m/s to 10 m/s, and the angle of attack
was 0. The pitching moment coefficient decreased with increasing incoming flow velocity,
as shown in Figure 14. When the incoming flow velocity was less than 4 m/s, the tail was
significantly affected by flapping, and the pitching moment coefficient was larger than the
coefficient at a faster speed. At this time, the pitching moment coefficient decreased rapidly
with an increasing velocity. As the velocity increased to more than 6 m/s, the wing flapping
had a smaller effect on the tail control, and the moment coefficient changed little with the
incoming velocity. Under all the speed conditions, the pitching moment of the inverted
V-tail was always better than that of the inverted T-tail. The trend of the yaw moment was
similar to that of the pitch moment.
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00 T T T T T T T T T T
—m— inverted T-tail 201 —H— ?nvened T-tai‘l 1
—@— inverted V-tail —@— inverted V-tail
08 F . L5} ]
> N
=) =
© e Ciot |
-1.6 F _
0.5F 4
24 F | | | | | . 1 1 1 1 1
0 2 4 6 8 10 0 2 4 ' 6 8 10
Velocity (m/s) Velocity (m/s)
(a) (b)

Figure 14. Moment coefficient at different flow velocities. (a) Pitch moment coefficient. (b) Yaw
moment coefficient.

3.1.3. Analysis of Longitudinal Static Stability

The position of the aerodynamic center is very important for the longitudinal stability
of the aircraft. By calculating the aerodynamic characteristics of the X-shaped flapping wing
in different flight conditions, the pressure center and aerodynamic center of the aircraft
can be obtained. Since flapping-wing vehicles often fly at low Reynolds numbers and high
angles of attack [26], the influence of drag/thrust needs to be considered when calculating
the aerodynamic center. When calculating the static stability of the vehicle, the control
surfaces of two types of tails do not deflect.

Considering the thrust, the pressure center position and the aerodynamic center
position, respectively, are

M
— e e 1
o Lcos®+ Dsiné (10)
(MG/ —M(;)x 0’ Xpo
Xap = £l (11)

Me/xpg — ngpel

where M is the pitching moment, L is the lift force, D is the drag force, 0 is the angle of
attack. 8" = 6 4+ A, and A# is the change of the angle of attack. All of these can be obtained
by a prior simulation.

The positions of the pressure and aerodynamic centers are shown in Figure 15a,b,
respectively. The pressure center of the wings was initially located at 0.25C (0.25 times
the chord length of the wings) and increased slowly with the increasing angle of attack.
When the angle of attack was greater than 30°, the pressure center of the wings hardly
changed and was finally located near the position of 0.3C. The aerodynamic center changed
relatively little and was always approximately 0.3C.

Q
Q 075 T T T T T o 20 T T T T
g —n— W%ngs . g —H— wings
R= —®—wings and T-tail 3 —@— wings and T-Tail
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o e
5050 1 2
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o 3]
© =
5 e m——m— Sost -
$025F mw—m— ™ 1 £
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(a) (b)

Figure 15. Pressure center and aerodynamic center move with the angle of attack. (a) Pressure center
position. (b) Aerodynamic center position.
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For flapping-wing vehicles with a tail, the pressure and aerodynamic center changed
significantly with the increasing angle of attack, and the pressure center continued to
move backward.

The gravity center of the vehicle was located 3.15 cm from the leading edge, which
was used to analyze the longitudinal static stability of the vehicle. Figure 16 shows the
longitudinal static stability of vehicles with different tails. Although the presence of tails
can greatly increase the longitudinal static stability, the unsteady incoming flow under the
interference of the wings greatly reduced the longitudinal stable effect of the tail. Compared
with the steady state, the longitudinal restoring moment of the inverted T-tail was reduced
by approximately 75% within the range of the 0° to 15° angle of attack, and the inverted
V-tail was reduced by approximately 60%.

1.0 T T . T B T T
—m— wings and T-tail(unsteady)
—@— wings and V-tail(unsteady)

0.5+ —B— T-tail(wings flapping, unsteady )

—@— V-tail(wings flapping, unsteady)
—B— T-tail(no wings, steady)

0.0 g ®— V-tail(no wings, steady) .
>
=
© .05 1
-1.0 7
-1.5 o |
1 1 1 1 1
0 10 20 30 40 50

Angle of attack (°)

Figure 16. The longitudinal moment coefficient with angle of attack.

The slope of the longitudinal moment curve with an inverted V-tail was obviously
greater than that with an inverted T-tail when the angle of attack was less than 30°. This
indicates that the vehicle with an inverted V-tail had better longitudinal static stability and
a greater stable moment. This is mainly because the inverted T-tail was greatly affected by
the wake, which reduced the incoming local angle in front of the tail. With angle of attack
in the range of 0° to 15°, the vehicle with an inverted T-tail exhibited longitudinal static
instability, so the center of gravity would need to be moved forward in actual flight.

3.1.4. Analysis of Lateral Static Stability

This section compares the lateral stability of the two tails with the same projection
area. The incoming velocity was set to 4 m/s at a 10° angle of attack, and the angle between
the flow and body axis changed from 0° to 20°.

The directional stable moment changed approximately linearly with the body side-slip
angle, as shown in Figure 17a. An unsteady incoming flow had little effect on the directional
moment by the inverted V-tail. However, this reduced the directional restoring moment of
the inverted T-tail by approximately 25%. The directional restoring moment of the inverted
V-tail was only one-third that of the inverted T-tail. The directional stability of the vehicle
with an inverted V-tail was only 55% of that of the vehicle with an inverted T-tail. Therefore,
to achieve the same stability, it is necessary to increase the vertical projection area of the
V-tail. However, the wetted area of the tail will also increase at this time.
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Figure 17. The lateral moment coefficient with body side-slip angle. (a) Yaw moment coefficient.
(b) Roll moment coefficient.

Figure 17b shows the analysis of the lateral static stability of the vehicle. It can be
seen from the figure that the inverted V-tail had a positive effect on the lateral stability
of the aircraft, while the inverted T-tail had the opposite effect. Due to the asymmetry of
the incoming flow, both the horizontal tail and the vertical tail of the inverted T-tail will
produce opposite rolling moments, resulting in lateral static instability. At this time, it is
necessary to adjust the control surface to increase the lateral stability of the aircraft.

3.2. Influence of the Tail Layouts on the Aerodynamic Characteristics
3.2.1. Effect of Tail Position on the Control Moment

The control efficiency of the tail depends on the forward flow relative to the tail. In
general, the greater the flow speed is, the stronger the control ability of the tail. However,
at a forward speed of 0 m/s, for instance, the flapping wing was hovering, and the tail
still needed to have sufficient maneuverability. Therefore, the simulation condition in
this section was set to 0 m/s. By changing the positions of the tails, the aerodynamic
characteristics were obtained. In the simulation, the distance between the leading edge and
tails was set from 11.5 cm to 17.5 cm in intervals of 1.5 cm.

The tail used the accelerating gas generated by the flapping wings to generate the
control moment. When the tail was close to the flapping wing, the aerodynamic influence
of the flapping wing is greater; additionally, the aerodynamic force arm of the tail was
also smaller.

The pitching and yaw moment results are shown in Figure 18. When the leading
edge of the tail was 14.5 cm away from the leading edge of the flapping wing, the pitching
and yaw moments of the inverted T-tail were the absolute maximum, the yaw moment
of the inverted V-tail was the absolute maximum, and the pitching moment was locally
maximized. At the optimal position, the moment of the inverted T-tail was nearly doubled
as compared with the initial position. The horizontal tail volume coefficient and vertical
tail volume coefficient were 0.31 and 0.027, respectively, at this time.

The maximum pitching moment of the inverted T-tail is nearly twice that of the
inverted V-tail. The maximum yaw moment of the inverted V-tail is 50% stronger than that
of the inverted T-tail. Due to the symmetry of the flapping wing vehicle, the longitudinal
moment control capability is of greater concern. Therefore, the inverted T-tail is more
suitable to be selected at low speed and hovering conditions.
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Figure 18. The relationship between tail position and control moment.

The farther the tail position, the smaller the degree of undulation of the control moment
was, so the unsteady effect became weaker. The pitch moment time-history of the inverted
T-tail in different tail positions is shown in Figure 19. When the tail position was located at
17.5 cm, the mean value of the moment was larger, and the fluctuation of the moment was
relative minimum. When the tail position was located at 11.5 cm, it was strongly disturbed
by the flapping wing, and the variation of the moment within the period was the largest.

As the tails moved away from the flapping wing, the phase of the peak moment also
shifted back.

0.004 T T T
T—tail (11.5 cm)
T—tail (13 cm)
—o— T—tail (14.5 cm)
0003 L —v— T—tail (16 cm) |
g —o— T—tail (17.5 cm)
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T
o
=
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=
=
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0.0 0.5 1.0
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Figure 19. The momenty time history of inverted T-tail.

3.2.2. Effect of V-Tail Dihedral Angle on Directional Static Stability

The vertical stabilizer area can affect the directional stability of the aircraft. For
the inverted V-tail, the larger the dihedral angle A is, the stronger the directional static
stability. The following compares the directional stability of the inverted V-tail with five
dihedral angles.

The directional stability was relatively less disturbed by the flapping wing wake, so
the restoring moment changed with the side-slip angle, showing good linear characteristics,
as shown in Figure 20. Increasing the dihedral angle of the V-tail effectively increased the
lateral force and yaw moment of the tail and improved the heading stability. As the dihedral
angle increased, the heading stability gradually increased. The greater the dihedral angle

is, the greater the distance of the tail surface from the most affected line, which increases
the effect of the tail at the same time.
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Figure 20. The relationship between the tail yaw restoring moment and body side-slip angle.

The static stability of the inverted V-tail with a 41.5° dihedral angle was similar to
that of the inverted T-shaped tail. Its vertical projection area was 61.8 cm?, which was
approximately 2.14 times that of the inverted T-tail.

3.3. Analysis of Flow Mechanism

The flow field under the effect of interaction between the flapping wings and tails
is presented in this section, and the flow mechanism of the unsteady effects is illustrated.
The reasons for the different aerodynamic characteristics of the two types of tails are
also explained.

3.3.1. Clap—Peel Mechanism

The clap—peel mechanism increases the induced flow velocity produced by the flapping
wings, which periodically increases the control effect of the tail. Figure 21 represents the
vorticity change and streamline change across a flapping cycle in a cruise state (4 m/s 10°).
A backward momentum jet was produced due to the wings flapping, which hit the tail and
increased the moment for control, making tail control more efficient.

T'=0.125 l__ T°=0.25 l_ T'=0.375 l_x Y Vorticity
- E — 200

66.6667
-66.6667
=200

Figure 21. Vorticity and streamlines in the section of y = 0.15 span with the inverted T-tail.



Aerospace 2022, 9, 440

18 of 22

When T* was close to 0, the flapping wing was in a transition phase from outstrokes
to instrokes. At this time, the attached vortex on the flapping wing was thrown out. The
attached vortices on the outside surfaces of the wings (the upper surface of the upper
flapping wing and the lower surface of the lower flapping wing) appeared to fall off and
flow to the tail, resulting in an increase in the force on the tail. When T* was between
0.25 and 0.375, the shedding vortices moved to the vicinity of the tail. The attachment
vortex on the lower surface of the tail was greatly strengthened, and the attachment vortex
on the upper surface was slightly reduced, making the force on the tail appear to be at a
maximum, as shown in point A in Figure 22. Then, as the vortex disappeared, the force
gradually decreased.

T=0125 | Y Vorticity
- i 200
[ ‘ = 66.6667
S ' A -66.6667
- /'!‘ = .
—

Figure 22. Vorticity and streamlines in the section of y = 0.15 span with the inverted V-tail.

When T* was approximately 0.5, the flapping wings switched from instrokes to
outstrokes. The attached vortex on the flapping wing was ‘squeezed out’. The vortices
of the inside surfaces of the flapping wings gradually fell off and flew to the tail. The
attached vortex on the upper surface of the tail was remarkably enhanced, causing another
larger peak in the force of the empennage, as shown in point B in Figure 23. Therefore,
there were two maximum effects in a period. The range of the curve during a period was
approximately 62% times the average pitching moment.
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Figure 23. The pitch moment changes of the inverted V-tail.
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3.3.2. Wake Deflection Mechanism

The airflow passing by the flapping wings had more downward momentum, as shown
in Figure 24; in other words, the direction of the incoming flow was deflected downward
and was affected by wing flapping. The direction of the interference zone was consistent
with the direction of the incoming flow, and the influence degree gradually decreased from
the center of the interference zone to the outside. These characteristics are the same as
those for the wake of rotors in forward flight. The difference is that the influence of the
wake was significantly larger than that of the rotor. When the distance from the vehicle
axis was less than 1.5 times the span, the Z velocity disturbance was still greater than 15%
of the maximum disturbed speed. The tail position was affected by the clap and peel of
the flapping wings, where the X velocity periodically increased and decreased, as shown
in Figure 25.

Figure 24. Z-velocity distribution in the section of y = 0.175 span.
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Figure 25. X-velocity distribution in the section of y = 0.175 span.

A considerable area behind the flapping wings was obviously disturbed by the wake,
resulting in a significant reduction in the Z-direction velocity. The angle of attack of the
incoming flow at the tail was close to zero. On the one hand, the reduction in the angle of
attack also reduced the lift and drag of the tail. On the other hand, the decrease in angle
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of attack increased the stall angle of the tail, so that the tail was able to maintain a higher
level of control effect when the angle is 20° or less. When the angle of attack was above 20°,
the tails were farther from the line of greatest interference, so the wake interference was
relatively reduced. At this time, the drag of the tail increased rapidly, which reduced the
flight performance of the aircraft.

The control effect of the tails depends on the incoming flow to the tails. In the case of
hovering or low-velocity flight, the incoming flow is mainly determined by the induced
flow of the flapping wings. In this case, the control effect of the inverted T-tail, which was
greatly affected by the wake, was stronger than that of the inverted V-tail. In contrast, when
flying forward at a higher speed, the incoming flow was superimposed by the flow from
afar and the induced flow. In this state, the average of the induced flow in a period was
small, and its unsteady momentum jet was more likely to separate the attached vortex
of tails, which reduced the L/D ratio of the tail. Affected by this, in the forward-flight
state, the lift and longitudinal moment of the tail were smaller than those without wing
interference. The closer the tail is to the center of the interference zone, the more dramatic
the effect will be. Therefore, the longitudinal aerodynamic performance of the inverted
V-tail was better than that of the inverted T-tail when flying forward at a higher speed.

4. Conclusions

In this article, the aerodynamic characteristics of an X-wing flapping vehicle of various
tails of an X-wing flapping vehicle have been discussed. Based on the results of the
numerical analysis, the main conclusions of this study are as follows:

(1) Tails of different configurations are suitable for different flight states. In a hovering
state, the maximum pitch control moment of the inverted T-tail is nearly twice that
of the inverted V-tail. In a cruising state, the L/D ratio of the inverted V-tail is
47.4% higher than inverted T-tail, and the pitch control moment is 12.8% higher. The
inverted V-tail produces a directional control moment with a positive lateral moment,
which is beneficial to maneuvering.

(2) The correct tail layout can improve flight performance. The control moments of
the inverted T-tail and inverted V-tail reached the maximum when the vertical and
horizontal tail volume coefficient are, respectively, 0.31 and 0.027. The directional
static stability of the inverted V-tail with a 2.14-times vertical projection area is similar
to that of the inverted T-tail.

(3) In this paper, a simplified flexible deformation is proposed for X-shaped flapping
wings, and the simulation results are in good agreement with the experimental results.

This study provides support for the tail design of X-shaped flapping wings.
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Abbreviations

The following abbreviations are used in this manuscript:
L/Dratio  Lift to drag ratio
FMAV Flapping wing micro aerial vehicle

CFD Computational fluid dynamic
RANS Reynolds-averaged Navier-Strokes
CG Center of gravity
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