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Abstract: The spanwise morphing wing can change its aerodynamic shape to suit its flight environ-
ment, thereby having the potential to improve the flight performance of the aircraft, especially in
gusty conditions. To investigate the potential of morphing wings, the aerodynamic performance
of a spanwise morphing wing with a flapping wingtip in a gust environment was analyzed in this
paper. The aerodynamic characteristics of the morphing wing are hard to measure accurately, and
thus a wind tunnel test was carried out to study the influences of morphing parameters, such as
the morphing length, amplitude and frequency on the gust alleviation effect. The flow mechanism
of the designed spanwise morphing wing was analyzed in detail by the instantaneous lift results
of the wind tunnel test and the flow field results of the CFD method. The results have shown that
with appropriate morphing parameters, the spanwise morphing wing designed in this paper can
effectively achieve gust alleviation during flight. The conclusions obtained in this paper can be useful
guidance for the design of morphing aircraft.

Keywords: gust response; unsteady aerodynamics; morphing wing; computational fluid dynamics

1. Introduction

As mission scenarios in military and civil aviation have become more complex and
changeable, traditional aircraft have gradually been unable to meet the requirements for
efficient flight, high-speed maneuvering, mission adaptation, high autonomy and other
capabilities of aircraft. Alternatives such as adopting new aerodynamic layouts, propulsion
systems and materials can improve flying efficiency. Among all these methodologies, the
morphing wing has attracted extensive attention recently [1–3].

The inspiration for morphing wings comes from flying creatures. Insects can quickly
and passively change the chord shape by flapping their wings up and down and improve
their aerodynamic performance by changing the camber of the airfoil [4]. Birds can change
lift and thrust by changing the overlapping of feathers, controlling the spanwise camber
deformation of their wingtip feathers, moving the position of the bastard wing, and actively
folding wings in the process of flapping up and down [5,6]. Bats have a highly flexible
membrane structure and a high degree of freedom of joints, so they have considerable
maneuvering ability during flight [7,8]. Moreover, in a strong wind environment, which is
common in nature, flying creatures, such as owls, achieve stable flight by changing their
wings and body posture [9]. Large birds, such as albatrosses, realize the utilization of wind
energy through the simple movement of their wings [10]. Learning from nature, it can be
seen that morphing wing technology can improve not only the aerodynamic efficiency of
aircraft but also possibly improve their flight ability in gusty environments.

Through studying flying creatures, various types of aircraft with morphing capabilities
have been developed [11,12]. Among them, the spanwise morphing wing has greatly raised
researchers’ attention [13,14]. The morphing actuator structure of the morphing wing is
often complex, which imposes a large structural weight on the aircraft. However, the
spanwise morphing wing has fewer morphing actuators and can be integrated with the
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wing structure, thus effectively improving reliability. Additionally, the spanwise morphing
wing has significant deformation, which can adapt to more flight conditions. Moreover,
it has the advantages of low lift drag and long endurance [15]. Most designs of spanwise
morphing wing allow for the spanwise shrinkage of the wings, which can reduce the
spanwise length and facilitates aircraft storage in hangars [16].

Due to the various advantages of the spanwise morphing wing mentioned above,
there have been many research studies on it in recent years, and some achievements have
been attained. The Khalifa University of Science and Technology designed an active span
morphing wing for small UAVs. By actively extending the span up to 25%, the aerodynamic
efficiency of the morphing wing can be enhanced [17]. Cellular metamaterials have also
been used to implement spanwise morphing, which allows the wing to have significant
deformation while maintaining its load-bearing ability [18]. The gear-driven autonomous
twin-wing SPAR (Gnatspar) mechanism was developed to achieve a 20% variation in
wing length [19]. A rack-and-pinion-driven rigid extension length device was invented,
so that the left and right wings could be independently controlled, and the extension
length variation could reach 50%. On this basis, a multi-mission UAV with asymmetric
extension length variation was developed [20]. Though many different kinds of spanwise
morphing wings have been studied, there are a few studies investigating the spanwise
morphing wing with a flapping wingtip. By combining the effects of the fixed wing and
the appropriate reciprocating flapping of the wingtip, the flight performance of an aircraft
can be significantly improved, especially in gusty conditions. Therefore, the purpose of
this paper is to study the factors affecting the flight performance of spanwise morphing
wings with a flapping wingtip and reveal the inherent law.

Gusty wind will change the attitudes of an aircraft suddenly and cause the aircraft
to shake, thus posing a serious threat to flight performance and safety. Early technology
to resist gusty wind often suggests to strengthen the structure, but this also increases
the structure’s weight. In recent years, with the development of flexible aircraft which
are more sensitive to gusty wind, gust alleviation technology has been put forward with
higher requirements. Some studies have shown that spanwise morphing wing aircraft
have the potential to achieve gust alleviation during flight [21–23]. Welstead et al. [24]
designed a gust alleviation device with multiple free-wing segments, which could realize
significant spanwise morphing and thus had a good alleviation effect on gust changes
in both time and space. In the event of gusty winds, swinging wingtips can mitigate the
effect of gusts and improve aircraft performance [25–27]. Castrichini et al. [28] designed a
folding wingtip device for gust alleviation. The wingtip control and aircraft attitude control
were independent of each other, which reduced the difficulty of gust alleviation control but
also increased the weight of the wingtip. By mounting a passive gust alleviation device
at the wingtip, the researchers found it can have great benefits on gust alleviation and
flutter suppression [29]. For large passenger aircraft with a high aspect ratio wing, research
has also shown the effectiveness of employing a passive twist wingtip to realize gust
alleviation [30]. The gust alleviation effect is related to a variety of factors. The relationship
between gust frequency and morphing frequency is one of the vital factors which is rarely
seen in existing studies.

In order to investigate the influence of morphing parameters, morphing frequency and
gust frequency on the gust alleviation effect, providing a basis for the design of active gust
alleviation using morphing wing technology, this paper takes the spanwise morphing wing
with a flapping wingtip as the research object to analyze its aerodynamic performance in
gusty environments. The experimental demonstration is carried out through a wind tunnel
test. Based on the test results, the influences of morphing parameters such as the length,
amplitude and frequency on the gust alleviation effect are researched. The mechanism of
different morphing parameters is analyzed in detail from the instantaneous aerodynamic
data and flow field by using the CFD numerical simulation method.

The rest of the paper is arranged as follows. Section 2 introduces the wind test model,
the test process and the data processing method. Section 3 gives the results and discussions
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of the wind tunnel test and the numerical simulation. The conclusions are presented in
Section 4.

2. Test Model and Method
2.1. Wind Tunnel Test Model

In this paper, 3D printing technology is used to make spanwise morphing wings with
different morphing part lengths. The geometrical details of the morphing wing are as
follows: the half-span (represented by the symbol ‘b’ in the text) is 71 cm, the aspect ratio is
19.8, the airfoil used is SD-2048 and the length of the morphing part is 1/2, 1/3 and 1/4 of
the half-span, respectively, as shown in Figure 1. The movement of the spanwise morphing
wing is the flapping of the morphing part. The motion driver is the steering gear. By
setting its flapping rule programmatically, the steering gear can reciprocate according to the
sinusoidal rule within the specified range of the flapping angle, and its motion frequency is
up to 5 Hz.

Figure 1. Comparison of three spanwise morphing wings.

The experiment was carried out in the D4 wind tunnel at Beihang University. The
length of the wind tunnel experimental section is 2.5 m × 1.5 m × 1.5 m. The maxi-
mum wind speed in the test section is 60 m/s. The flow velocity of this experiment is
6–14 m/s. The FC6D50 six-dimensional force/torque sensor (Shanghai Naichuang Test
Technology Company, Shanghai, China) is selected as the force-measuring device. The
sensor has a diameter of 5 cm, a height of 4.9 cm and a small volume, which can greatly
reduce the influence of the sensor on the experimental results. The measuring range of
the force is Fx = Fy = 100 N and Fz = 200 N, and the measuring range of the torque is
Mx = My = Mz = 8 Nm.

To simulate a gusty environment, a gust generator was placed at the inlet of the wind
tunnel, which was directly driven by a stepper motor, thus generating a sine-type gust. The
whole gust generator is composed of a motion controller, a stepper motor, a power supply
and a wing segment. Figure 2 shows the control system of the gust generator.

Figure 2. The system of gust generator and control structure diagram.
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The stepper motor runs at a fixed angle for each pulse. The rotating speed is controlled
by the pulse interval time of the modulating stepper motor controller. Thus, the gust
generator can operate according to the specified motion law.

2.2. Test Process and Data Processing Method
2.2.1. Test Process

The test model was firmly connected with the 6-DOF sensor and installed on the model
bracket with a variable angle of attack (AOA), which could easily measure the force and
the moment of the wing under the different AOAs. The rotation axis is around the wing’s
spanwise axis. The gust generator is installed on one side of the incoming flow, the upper
end is fixed by a bearing and the lower end is directly driven by a stepper motor, as shown
in Figure 3. In this paper, a gust model with a maximum vertical velocity of 2 m/s was
selected. Meanwhile, considering the strength of the wing model and the characteristics of
the wind tunnel, the inlet velocity was set at 11 m/s. The motion parameters of the gust
generator are G1 (deflection angle 15◦, deflection frequency 1 Hz), G2 (deflection angle 16◦,
deflection frequency 0.5 Hz) and G3 (deflection angle 14◦, deflection frequency 2 Hz).

Figure 3. (a) The wing model and (b) the gust generator installed on the tunnel.

Before the test process of the experiment condition, the spanwise morphing wing was
adjusted to the specified AOA, the wind tunnel blowing equipment and gust generator
were started up, and the sensor data of this period were collected to measure the gust
response of the wing without morphing. Then, when the gust generator was rotated
to an appropriate angle, the spanwise morphing mechanism was activated so that the
phase difference between the gust and spanwise morphing was almost zero, and the
data required for the test were collected. That is, when the wind speed was down, the
morphing part flapped downward to increase the lift force; when the wind speed was
up, the morphing part moved upward to reduce the gust load. In the whole process, the
unsteady aerodynamic force caused by the spanwise morphing reduced the fluctuation
of the lift force and increased the average lift force. The preset morphing angle and gust
velocity change are shown in Figure 4.
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Figure 4. Curves of morphing angle and gust velocity.

The test parameters are shown in Table 1, from which we can see there are 36 test
conditions in total. For each test, the aerodynamic data at four AOAs are measured for each
model. In each state of the AOA, the stepper motor is controlled to generate the specified
test condition gust; the frequency and amplitude of the morphing part are controlled by the
modulated steering gear through the single chip microcomputer, and the curve of the lift
force, the thrust force, the torque and other changes with time are measured and recorded.
The design of the test condition is to compare the aerodynamic characteristics of the large
and small AOAs when the gust frequency is equal to, far greater than and far less than
the morphing frequency. Considering the test restrictions, the form of fixed morphing
frequency and amplitude to change the gust characteristics is adopted.

Table 1. Test parameters.

Morphing Part Length Angle of Attack Gust Model Morphing Parameters

b/2 0◦ G1(deflection frequency 1 Hz)
Frequency: 1 Hz
Amplitude: 40◦b/3

4◦ G2(deflection frequency 0.5 Hz)
10◦

b/4 12◦ G3(deflection frequency 2 Hz)

2.2.2. Data Processing

The measured data, due to the existence of multiple noises such as the vibration of the
actuator and the morphing wing structure, need to be processed by filtering. In this paper,
the Fourier transform method is used to realize the low-pass filtering of the collected data,
thereby eliminating the interference of noise and obtaining the accurate average lift force.

Figure 5 shows the comparison between the originally collected data and the data after
Fourier low-pass filtering. The test conditions are as follows: the incoming flow velocity is
11 m/s, the AOA is 0◦ and the gust model is G1. As can be seen from Figure 5, the data
curve processed by Fourier filtering completely shows the aerodynamic characteristics
under this test condition. The curve is smoother, and the data spike caused by the noises
is eliminated.
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Figure 5. Comparison between Fourier filtering data and original data.

Since the morphing part of the wing is flapping, the lift force measured by the test
is the combination of inertia and aerodynamic force. In time domain data analysis, the
inertial force value may be greater than or close to the aerodynamic force value, so it is
necessary to subtract the inertial force from the measured data. In this paper, the influence
of the inertial force on the aerodynamic force is removed by theoretical calculation.

Inertial forces are derived by the following process. As shown in Figure 6, the ori-
gin of the coordinate is the rotation axis of the morphing part; ϕ is the flapping angle,
controlled by a single chip microcomputer, f = 1 Hz; ω is the angular velocity; α is the
angular acceleration. 

ϕ = 40 sin(2π f t)
ω = 80π f cos(2π f t)
α = −160π2 f 2 sin(2π f t)

(1)

Figure 6. Diagram of inertial force in the morphing part.

an and at represent the circumferential and radial acceleration of flapping, respectively.{
an = ω2r
at = αr

(2)

Fn and Ft are inertial forces in the circumferential and radial directions, respectively;{
Fn = −man = −mrω2

Ft = −mat = −mrα
(3)



Aerospace 2023, 10, 328 7 of 19

After force decomposition, the inertial forces Fx and Fy in the geodetic coordinate
system are obtained, where Fy is the inertial force in the direction of the lift force.{

Fx = Ft sin ϕ + Fn cos ϕ = −mr
[
ω2 sin ϕ + α cos ϕ

]
Fy = Ft cos ϕ− Fn sin ϕ = −mr

[
ω2 cos ϕ− α sin ϕ

] (4)

The required parameters of inertial force in the morphing part are calculated, which
are shown in Table 2.

Table 2. Parameters corresponding to different morphing part lengths.

Morphing Part Length Weight m (g) Distance to the Rotation Axis r (mm)

b/2 55.38 127.5
b/3 27.31 85.4
b/4 17.08 63.9

Finally, the variation of the inertial forces of the three models over time is obtained,
as shown in Figure 7. The morphing angle upward is positive. When the morphing
angle upward reaches the maximum, the inertial force reaches the minimum. When the
morphing angle downward reaches the maximum, the inertial force reaches the maximum.
By subtracting the inertial force data calculated theoretically from the lift data collected by
the test, the pure aerodynamic lift completely caused by the wing morphing movement is
obtained. The comparison between the original data and the pure aerodynamic lift force is
shown in Figure 8.

Figure 7. Theoretical calculation of inertial force and spanwise morphing angle.

Figure 8. Comparison between the original data and the pure aerodynamic lift force (morphing part
length b/3, AOA 4◦).



Aerospace 2023, 10, 328 8 of 19

2.3. Selection Reasons of the Testing Parameters

Before the selection of the morphing part length, flapping amplitude and morphing
frequency, careful consideration was taken based on the test results. In this section, the
selection reasons for these testing parameters are provided.

2.3.1. Morphing Part Length

Before choosing the morphing part length distribution, the influence of the morphing
length on the aerodynamic characteristic is investigated. When the flapping amplitude is
40◦ and the morphing frequency is 1 Hz, the variations of lift and drag coefficients with
morphing part lengths are shown in Figure 9.

Figure 9. Comparisons of lift/drag coefficients with different morphing part lengths.

From Figure 9, it can be seen that the spanwise morphing wing has a better aerody-
namic characteristic at a certain point between the b/2 and b/4 morphing part length.
However, searching for this point is complicated, and the improvement is limited even if it
is found after a lot of effort. Therefore, after comprehensive consideration, the b/2, b/3
and b/4 morphing part lengths were selected.

2.3.2. Flapping Amplitude

Before setting the flapping amplitude at 40◦, the influence of the flapping amplitude on
the aerodynamic characteristic is investigated. When the morphing frequency is 1 Hz, the
variations of the lift and drag coefficients with flapping amplitude are shown in Figure 10.

Figure 10. Comparisons of lift/drag coefficients with flapping amplitude.
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From Figure 10, it can be seen that with the increase in flapping amplitude, the lift and
drag coefficients both decrease gradually. Therefore, choosing a relatively small amplitude
is more appropriate. However, a flapping amplitude of 30◦ is too small, whereas 45◦ will
lose too much lift. Therefore, we set the flapping amplitude at 40◦.

2.3.3. Morphing Frequency

Before setting the morphing frequency at 1 Hz, the influence of the morphing frequency
on the aerodynamic characteristic was investigated. When the flapping amplitude is 40◦,
the variations of lift and drag coefficients with morphing frequency are shown in Figure 11.

Figure 11. Comparisons of lift/drag coefficients with morphing frequency.

From the figure, it can be seen that with the increase in the morphing frequency, the lift
and drag coefficients also increase. However, the change is not obvious between 1 Hz and
3 Hz. At the same time, considering the need to study the relationship between morphing
frequency and gust frequency, the morphing frequency is set at 1 Hz, which can help
establish a dimensionless relationship with gust frequency.

3. Results and Discussions
3.1. Influence of Morphing Parameters

In this section, the morphing frequency is fixed at 1 Hz, the flapping amplitude is 40◦,
and the gust amplitude is 2 m/s. The aerodynamic characteristics of different spanwise
morphing wings are analyzed under three kinds of gusts (the gust frequency is equal to
the morphing frequency; the gust frequency is two times the morphing frequency, and the
gust frequency is 0.5 times the morphing frequency). The gust alleviation effect can be
concluded from the reduction in drag force, pitch moment and bend moment.

3.1.1. The Gust Frequency Is Equal to the Morphing Frequency

Firstly, the lift force, drag force, bend moment and pitch moment of the b/2, b/3
and b/4 morphing part length models at different AOAs are compared under a G1 gust.
Figure 12a shows the lift forces of different wing models at different AOAs. It can be seen
that the lift force of the spanwise morphing wing with the morphing part lengths of b/3
and b/4 is significantly compensated. The larger the length of the morphing part, the more
obvious the increase in the lift force is. Moreover, when the length of the morphing part is
b/3 and the AOAs are 0◦, 4◦, 10◦ and 12◦, the lift force increases by 5.1%, 40%, 22.2% and
12.4%, respectively. However, when the morphing part length is b/2, it is so large that a
vibration phenomenon occurs in the wing model, especially in the case of a large AOA.
Therefore, the lift force of this case is even smaller than the gust response value. Figure 12b
shows the variation in the drag forces of different morphing lengths at different AOAs.
Due to flapping at the wing tip, the wind area of the morphing wing becomes larger and
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the drag force increases significantly in the whole process of movement. Moreover, the
larger the morphing part and AOA are, the larger the drag force is. It can be seen that the
wing with a b/3 morphing part length has greater lift than the wing with a b/2 morphing
part length, and greater drag than the wing with a b/4 morphing part length.

Figure 12. (a) Lift force and (b) drag force of different wing models at different AOAs.

Figure 13 shows the variations of the bend moment and the pitch moment. Figure 13a
shows the curve of the pitch moment with the AOA. It can be seen that the pitch moment
decreases with the wing tip flapping. The pitch moment decreases more with the increase
in the morphing part length. For the b/2 morphing part length, the pitch moment decreases
by 4.3% and 10.6% at the AOAs of 10◦ and 12◦, respectively. Figure 13b shows the curve
of bend moment with the AOA. The positive value represents the tensile force on the
lower surface. It can be seen that when the wing tip starts flapping, the bend moment
is significantly reduced, which helps to ensure the wing’s structural safety and prevent
damage from wind gusts. As the morphing part length increases, the bend moment
decreases. For the b/2 morphing part length, the bend moment decreases by 17.1% and
14.1% at the AOAs of 10◦ and 12◦, respectively.

Figure 13. (a) Pitch moment and (b) bend moment of different wing models at different AOAs.

3.1.2. The Gust Frequency Is Different from the Morphing Frequency

For the condition that the gust frequency (2 Hz) is greater than the morphing frequency
(1 Hz), the variation law of force and moment is analyzed. Figure 14 shows the lift and drag
forces of different wing models at different AOAs. For the lift force variation in Figure 14a,
when the morphing frequency is less than the gust frequency, the lift force of the wing is
very close to that of the gust response. For the drag force variation in Figure 14b, it can be
seen that the drag force of the spanwise morphing wing increases slightly compared with
the gust response.
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Figure 14. (a) Lift force and (b) drag force of different wing models at different AOAs.

Figure 15 shows the variations in the bend moment and the pitch moment. Figure 15a
shows the curve of the pitch moment with the AOA. It can be seen that the pitch moment
decreases as the wing tip starts flapping, except for the 0◦ AOA. Additionally, the larger
of the morphing part, the more obvious the decrease. For the b/2 morphing part length,
the pitch moment decreases by 3.0% and 4.4% at the AOAs of 10◦ and 12◦, respectively.
Figure 15b shows the curve of bend moment with the AOA. As shown in the figure, when
the wing tip starts flapping, the bend moment decreases obviously. Additionally, the larger
the morphing part, the smaller the bend moment. For the morphing part length of b/2, the
pitch moment decreases by 12.6% and 9.8% at the AOAs of 10◦ and 12◦, respectively.

Figure 15. (a) Pitch moment and (b) bend moment of different wing models at different AOAs.

Then, for the condition that the gust frequency (0.5 Hz) is less than the morphing
frequency (1 Hz), the variation law of force and moment is analyzed. Figure 16a shows the
variation of lift force with AOAs at different morphing part lengths. When the morphing
frequency is greater than the gust frequency, the lift force of the wing is smaller than that of
the gust response, and the lift force of the wing decreases with the increase in the morphing
part length. Figure 16b shows that the drag force of the wing with the morphing part is
close to the gust response result, and only the drag force of the wing with the b/2 morphing
part length is slightly greater than the gust response result. Therefore, it can be concluded
that when the gust frequency is less than the morphing frequency, the spanwise morphing
wing makes it not only difficult to achieve the effect of gust alleviation, but also has the
possibility of deterioration.
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Figure 16. (a) Lift force and (b) drag force of different wing models at different AOAs.

Figure 17a shows the variation curve of pitch moment with the AOA. It shows that
the pitch moment decreases significantly when the AOA is large (such as 10◦ and 12◦). The
values of pitch moment and gust response of the wing in the b/3 morphing part length are
very close. Figure 17b shows the variation curve of the bend moment with the AOA. As
can be seen from the figure, with the movement of the morphing part, the bend moment of
the wing becomes smaller. Additionally, still, the values of the pitch moment and the gust
response of the wing in the b/3 morphing part length are very close.

Figure 17. (a) Pitch moment and (b) bend moment of different wing models at different AOAs.

To sum up, generally, when the morphing frequency is equal to the gust frequency,
the spanwise morphing wing has a better aerodynamic performance. When the morphing
frequency is different from the gust frequency, the gust alleviation effect is not obvious,
and may even lead to the deterioration of aerodynamic performance.

3.2. Gust Alleviation Effect of Instantaneous Lift Force

In this part, the gust alleviation effect of the three spanwise morphing wing models
was analyzed in the case of the same gust frequency (1 Hz) and morphing frequency (1 Hz).
The AOAs of 4◦ and 10◦ were selected as examples to analyze the gust alleviation effect by
instantaneous lift force. The gust alleviation effect can be concluded from the reduction in
the amplitude change of the instantaneous lift force.

Figure 18 compares the lift gust response (without morphing) and gust alleviation
effect (with morphing) at a small AOA (4◦). Figure 18a shows the comparison results of
the wing with a b/4 morphing part length. It can be seen that since the morphing part
is relatively small, the instantaneous lift force of gust response and gust alleviation is
close. When the length of the morphing part increases to b/3, as shown in Figure 18b,
the instantaneous lift force of gust alleviation is less than that of the gust response, which
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can effectively reduce the pitch angle variation and improve flight stability. When the
length of the morphing part increases to b/2, as shown in Figure 18c, due to the large size
of the morphing part, the overload of the wing significantly decreases during the whole
process. Additionally, the instantaneous lift force of the gust alleviation within a period is
divided into two parts. In the first part, the wing’s lift force goes through a period similar
to the sine function, and its average value is also larger. In the second part, the variation
of the instantaneous lift force is consistent with that of the first part, but its average value
decreases significantly.
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Figure 19 compares the lift gust response and gust alleviation effect at a large AOA
(10◦). Since the critical AOA of the wing is also 10◦, the gust response is no longer a
regular sinusoidal shape. Figure 19a shows the comparison result of the wing with a b/4
morphing part length. It can be seen that the instantaneous lift force value and frequency
are almost the same. Figure 19b shows the comparison result of the b/3 morphing part
length. The frequencies and the instantaneous lift force variation trend of the two conditions
are basically the same. However, when the morphing part flaps downward, the lift force
is greatly eased. When the length of the morphing part increases to b/2, as shown in
Figure 19c, the frequency of gust response and gust alleviation is still consistent, but the
instantaneous lift force value of gust alleviation is greater than that of the gust response.
Therefore, at the critical AOA, the spanwise morphing wing with a b/3 morphing part
length is better and neither lacks adjustment ability nor has overshoot problems.
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Figure 19. Lift force variation of different morphing part lengths at 10◦ AOA. (a) b/4 morphing part
length, (b) b/3 morphing part length and (c) b/2 morphing part length.

3.3. Numerical Results and Analysis

In this part, a numerical simulation is carried out to reveal the aerodynamic mechanics
of the spanwise morphing wing in a gusty environment. This section focuses on the
comparison of the aerodynamic characteristics of the spanwise morphing wing when the
gust is G1, the incoming flow velocity is 11 m/s, the morphing part length is b/3, the
morphing frequency is 1 Hz and the flapping amplitude is 40◦.

3.3.1. Numerical Simulation Model

To analyze the aerodynamic mechanism of the spanwise morphing wing in the gust
environment, a three-dimensional wing segment is set in front of the numerical wing model
according to the wind tunnel test to simulate the gust generator. The numerical simulation
model is shown in Figure 20. The CFD simulations are carried out by Ansys Fluent v18.2.
In the simulation scheme, the turbulence model is chosen as the Spalart–Allmaras model
and the unsteady incompressible RANS equations are solved by the finite-volume method.
A second-order upwind scheme is used for convection terms. A second-order central
difference scheme is used for diffusion terms. The SIMPLE algorithm is used for pressure–
velocity coupling. The flapping of the wingtip is achieved by adopting the dynamic mesh
combined with user-defined functions. Based on the movement law of the flapping wingtip,
the morphing is realized by controlling the position of the grid nodes. The specific process
is shown as follows: {

θ′ = θmax × sin(2π f (t− ∆t))
θ = θmax × sin(2π f t)

(5)

r = (y′ − b)/ cos(θ′) (6)

{
z = z′+ r× (sin(θ)− sin(θ′))
y = b− bm + r× cos(θ)

(7)
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where y′ denotes the position of the node at the previous time, b denotes the half span, bm
denotes the length of the morphing part, θ′ denotes the morphing angle at the previous
time and f denotes morphing frequency.

Figure 20. Simulation model.

Through the above derivation, the position of each node at every moment is known,
and with the change in the calculation time step, the wing morphing occurs simultaneously.
Compared with the wind tunnel experiment results, the maximum errors of the average
lift force of the CFD simulation results are within 10%, and the accuracy of the numerical
simulation method has been proven in our previous work [11]. In this paper, the purpose
of the CFD analysis is to reveal the aerodynamic mechanism qualitatively, whereas the
quantitative analysis is presented in the wind tunnel experiment result.

In the calculation process, the phase difference between gust velocity and wing mor-
phing is not considered. The motion law of the gust generator and the spanwise morphing
wing are set, respectively. According to the distance between these two, the start time of
wing morphing is set to ensure that the phase difference between gust velocity and wing
movement is 0.

3.3.2. Pressure and Flow Field Analysis

In this section, the distribution of pressure and flow field of the spanwise morphing
wing at different moments are extracted to analyze the flow mechanism. Firstly, four typical
moments are extracted: the time of 0/4 T, which is the physical time of 0 s, the morphing
part flaps upward to the maximum; the time of 1/4 T, which is the physical time of 0.25 s,
the morphing part flaps downward to the equilibrium position; the time of 2/4 T, which
is the physical time of 0.5 s, the morphing part flaps downward to the maximum; the
time of 3/4 T, which is the physical time of 0.75 s, the morphing part flaps upward to the
equilibrium position.

Figures 21 and 22 show the pressure coefficient and vortex structure distribution of the
spanwise morphing part, respectively. From the distribution of the pressure coefficient, the
upper surface pressure at the time of 2/4 T is the maximum, and the lift force at this time is
the minimum. At the time of 3/4 T, the pressure on the upper surface is the minimum, so
the lift force is the maximum. In addition, the lift force of the spanwise morphing wing is
mainly affected by the vortex structure distribution at the trailing edge of the wing. The
trailing edge vortices at 3/4 T are larger than those at other times.
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Figure 21. Pressure distribution of spanwise morphing wing at 10◦ AOA. (a) Time of 0/4 T, (b) time
of 1/4 T, (c) time of 2/4 T and (d) time of 3/4 T.

Figure 22. Q criterion of spanwise morphing wing at 10◦AOA (Q = 50,000). (a) Time of 0/4 T,
(b) time of 1/4 T, (c) time of 2/4 T and (d) time of 3/4 T.

From the evolution of the pressure and vortex structure at each moment, it can be
seen that in the downward flapping process (0/4 T–2/4 T), the flapping speed gradually
decreases, and the lift force caused by the flapping also decreases during the process
from 1/4 T to 2/4 T, whereas the lift loss caused by the morphing increases, so the lift
force decreases to the minimum value. In the upward flapping process (2/4 T–3/4 T), the
flapping speed and the lift force increase; meanwhile, the lift loss caused by the morphing
decreases, so the lift force of the wing increases to the maximum. Compared with the
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gust response, during the morphing process, the morphing part flaps down/up, which
increases/decreases the lift force. The upward flapping and downward flapping of the
morphing part will simultaneously reduce the effective wing area and therefore reduce
the lift force. The change in lift force comes from the combined effect of the two. Since the
AOA is 10◦, the local speed upward gust will further increase the AOA, causing it to face
stalling. Therefore, the change in the vortex structure is more obvious, and the fluctuation
of the lift force is more severe.

4. Conclusions

In this paper, the gust alleviation effect of the spanwise morphing wing is studied. The
aerodynamic forces and moments of the spanwise morphing wing in the gust environment
are analyzed through a wind tunnel test, thereby the influence of morphing parameters such
as morphing frequency, morphing part length and AOA are studied. The flow mechanism
of the spanwise morphing wing is analyzed through numerical simulation. The conclusions
are as follows:

1. The wind tunnel results of the spanwise morphing wing show that when the gust
frequency and morphing frequency are equal, the wing with a b/3 morphing part
length has the greatest lift but also produces greater drag. When the gust frequency
is greater than the morphing frequency, the lift force of the gust alleviation is very
close to the lift force of the gust response, and the lift curves with different morphing
part lengths cross with each other, but the drag forces all increase. When the gust
frequency is less than the morphing frequency, the spanwise morphing wing not only
faces difficulty in achieving the effect of gust alleviation but also has the possibility
of deterioration.

2. The results of the instantaneous lift force show that the lift fluctuation is more stable
when the morphing part length is larger and the AOA is small. When the AOA is
large, the appropriate morphing part length will also make the lift fluctuation stable.
Therefore, the appropriate morphing part length can improve flight performance.

3. The numerical results show that from the distribution of the pressure coefficient and
the change in the vortex structure, it can be seen that the lift force decreases to the
minimum in the downward flapping process and increases to the maximum in the
upward flapping process. The lift force variation of the spanwise morphing wing is
mainly affected by the distribution of the vortex structure at the trailing edge of the
wing. In the process of morphing, the morphing part flaps down/up, making the lift
increase/decrease. The upward flapping and downward flapping of the wing will
simultaneously reduce the effective area of the wing and reduce the lift force. The
change in lift force comes from the combined effect of the two.

To sum up, from the above results, it can be concluded that when the morphing
frequency is equal to the gust frequency, the spanwise morphing wing designed in this
paper can effectively achieve gust alleviation. Moreover, the appropriate morphing part
length can increase the average lift force in the gust environment and at the same time
reduce the lift fluctuation of the wing, so that the flight of the aircraft will be more stable. The
conclusions obtained in this paper can be useful guidance for the design of the morphing
aircraft and significantly improve flight performance.
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