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Abstract. In order to improve the aerodynamic characteristics of the drone wings, CFD method
was used to simulate and calculate the lift coefficient, drag coefficient, and lift-drag ratio under
different relative inflow velocities, as well as the velocity and pressure fields under different attack
angles. Modal calculations were conducted on the wing to obtain the first four modal shapes,
providing a basis for analyzing flutter characteristics. An iterative calculation method of
incompressible potential flow-boundary layer based on surface element method was combined
with the software XFOIL to optimize the airfoil at low wind speeds. The results indicate that the
airfoil is susceptible to stall at high angles of attack, with the pressure of the separation flow being
nearly equivalent to that at the separation point. Subsequent to separation, there is an increase in
differential pressure resistance, resulting in a marked rise in the drag coefficient. At the optimized
angle of attack, the lift-drag ratio of the optimized wing increases by 12.58 %, while there is a
decrease of 0.084 % in lift coefficient and an increase of 11.21 % in drag coefficient.

Keywords: aerodynamic characteristics, CFD, modal analysis, attack angle, finite element
analysis, optimization.

1. Introduction

Drones have many advantages over manned aircraft, including a simpler system, lighter
weight, lower cost, and no threat to the safety of pilots during flight [1]. With the continuous
development of drone technology, its application range in both military and civilian fields is
becoming wider and wider. In the military field, drones are widely used for tasks such as
reconnaissance, surveillance, and strikes [2, 3]. In the civilian field, they are used for geographic
mapping, aerial photography, and environmental protection. The diversification of market demand
has driven continuous innovation in the aerodynamic shapes of drones. From the initial fixed-wing
and rotor layout to the current composite wing, the aerodynamic shapes of drones have undergone
significant changes. Aerodynamic elastic statics and aerodynamic elastic dynamics are the two
disciplines studied most in aircraft design. Aerodynamic elastic statics mainly studies the twist
distribution of the wing in static conditions, the influence of control surfaces, the redistribution of
aerodynamic loads on the wing, and problems related to wing shape and structural design [4]. In
aerodynamic elastic dynamics, on the other hand, the main focus is on issues such as wing flutter,
control surface whistling, aircraft vibration response, and response to gusty winds [5, 6].
Currently, there are two main aerodynamic layouts for composite wing drones, one is tiltable, and
the other is equipped with a rotor on a crossbar. When the wing is divided into an inner wing and
an outer wing, the inner wing section is usually a rectangular wing, while the outer wing section
is a trapezoidal wing. The inner wing section is connected to the fuselage and has a simple
rectangular wing shape, which is easy to manufacture. The outer wing section is a trapezoidal
wing mainly because its airflow distribution along the span is close to an elliptical wing, and no
sweep angle is needed to reduce drag. Its own induced drag is also close to the minimum value.
The spar has a significant impact on the aerodynamic characteristics of the wing, so the
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aerodynamic elasticity analysis of the composite wing is crucial. This paper conducts aerodynamic
elasticity analysis and optimization of the wing based on the CFD method, providing a reasonable
reference for improving the quality and stiffness of the drone wing in the subsequent process.

2. Simulation and analysis of aerodynamic characteristics of wings
2.1. The establishment of CFD model

Aerodynamic elasticity of the wing in a steady state is studied, including its deformation under
aerodynamic loads and the stable characteristics of the resulting static deformation. The drone has
a symmetrical structure, as shown in Fig. 1. It has a two-segment, high aspect ratio wing, with the
inner segment being a rectangular wing and the outer segment being a trapezoidal wing. The tail
wing has a inverted V-shape and is combined with a boom at the end. The wing being studied is
in a cruising state, and a simplified wing model is used, without considering the effect of ailerons
separately but treating the main wing and ailerons as a single wing surface for analysis. At the
same time, displacement is not considered, and the fuselage width is converted into the length of
the inner wing segment. Based on the span of the inner and outer wing segments, the number of
spars on the wing was determined, with the inner wing segment spars being uniformly distributed
and the outer wing segment spars being spaced further apart from the root to the tip, as shown in
Fig. 2.
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Fig. 3. The result of mesh division

When conducting finite element analysis, the quality of the mesh has a particularly significant
impact on the calculation results. The smaller the mesh volume, the closer it is to the actual
situation of the discrete object, but the smaller the volume brings an increase in the number, and
the increase in the number of mesh elements will lead to an increase in the calculation volume,
affecting the calculation efficiency. In this paper, the mesh division of the wing's outflow field is
carried out using the Pointwise software, and the surface of the wing is divided into structured
meshes, while the outer 10 layers are also divided into structured meshes. The rest are divided into
unstructured meshes. A total of 4 sets of meshes with different numbers of nodes are generated by
changing the number of nodes at the leading and trailing edges to verify mesh independence. The
size of the flow field is the distance from the leading edge to the velocity inlet is 5 times the chord
length, the distance from the pressure outlet is 10 times the chord length, the upper and lower are
2.5 times the chord length, and the spanwise direction is 2 times the chord length. Through the
verification of finite element meshes, it can be seen that the difference in lift and drag coefficients
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is minimized when the number of elements is between 2 million and 3 million. This indicates that
the mesh has achieved mesh independence at this interval, and the mesh results are shown in
Fig. 3.

2.2. Effect of relative inflow velocity

The aerodynamic characteristics under the condition of relative inflow velocity of 4 m/s, 5 m/s
and 6 m/s are researched in the paper. By changing the flow velocity, the Reynolds number can
be changed, and the variation curves of the CL (lift coefficient), CD (drag coefficient), and C/CLD
(lift-drag ratio) with the a (angle of attack) under three different conditions can be obtained, as
shown in Fig. 4. It can be seen that the surface of the wing experiences changes in lift and drag
under the action of aecrodynamic forces. The lift coefficient of the wing increases continuously
with the increase of the angle of attack, and then decreases after reaching a certain value. The drag
coefficient of the wing increases continuously with the increase of the angle of attack. The lift-drag
ratio increases first and then continuously decreases with the increase of the angle of attack. The
drag coefficient is maximum at low wind speeds mainly because at low Reynolds numbers, the
viscous effect in the boundary layer increases, causing an increase in frictional drag on the airfoil
surface and making it easier for the boundary layer to separate from the airfoil. As the relative
flow speed increases, the lift-to-drag ratio of the airfoil becomes larger, meaning that the
aerodynamic performance of the airfoil improves. As the angle of attack increases, the drag
coefficient rises, first rising slowly, and then rising sharply when the angle of attack reaches a
certain degree. The increase in drag is mainly due to pressure difference drag. Along the lower
surface of the airfoil, the flow of air from the stagnation point accelerates first and then decelerates.
As the angle of attack increases, the stagnation point moves backward, and the acceleration and
deceleration in the front half of the airfoil become slower.
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Fig. 4. Aerodynamic characteristics with different relative inflow velocity

2.3. Effect of angle of attack

At a flow velocity of 6 m/s, the flow velocity was simulated and analyzed for attack angles of
5° and 15°, as shown in Fig. 5 and Fig. 6. It can be seen that the attack angle has a significant
impact on the velocity and pressure fields. After the maximum speed point, the airflow begins to
slow down, so the surface pressure continues to increase. At small attack angles, the flow does not
separate, and the airfoil’s entire upper surface is covered by a decelerating surface boundary layer.
At higher attack angles, the airflow on the upper surface of the airfoil begins to separate clearly.
After separation, the flow leaves the surface and does not continue to decelerate, so the pressure
does not continue to rise. After separation, the pressure coefficient is basically equal to the
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pressure coefficient at the separation point. The earlier the separation, the lower the pressure in
the separation region, and the greater the forward pressure pushing force on the airfoil will be
reduced, making the rearward pressure pushing force greater than the forward pressure pushing
force, thus producing a significant pressure difference resistance. The proportion of pressure
difference resistance in the total resistance increases as the attack angle increases. Separation may
occur under an adverse pressure gradient, because the flow under an adverse pressure gradient
must advance against the increase in pressure, and it uses deceleration to exchange for the increase
in pressure. However, within the boundary layer on the edge, the fluid loses part of its momentum
due to viscous resistance, and the loss of momentum is most severe near the airfoil surface.

s = S

a) Velocity field b) Pressure field
Fig. 5. Velocity field cloud and pressure flow diagram with attack angles of 5°

a) Velocity field 7 ) Pressure field
Fig. 6. Velocity field cloud and pressure flow diagram with attack angles of 15°

2.4. Modal analysis of wing structure

The wing modal analysis was performed using the default method of Nastran’s Lanczos
algorithm, which is an algorithm that transforms a symmetric matrix into a symmetric triangular
matrix through an orthogonal similarity transformation. This method is similar to the subspace
method for large structural symmetric mass and stiffness matrices and has fast convergence. The
form of flutter occurrence in the wing is mainly concentrated on low-order bending-twisting
coupled modalities, so the modal analysis of the wing was performed with modalities that included
bending-twisting modalities. Based on the results of modal analysis, the first four modalities were
selected, as shown in Fig. 7.

a) Ist order (10.25 Hz)  b) 2dd order (42.26 Hz)  c¢) 3rd order (57.39 Hz)  d) 4th order (74.05 Hz)
Fig. 7. Results of the first four modal analysis

According to modal analysis, the first four modal frequencies are small, the equivalent mass
is large, and the participation coefficient is high. The flutter of the wing mainly occurs in the
low-order modal, so the low-order modal is the worthiest of attention. The first modal frequency
is the smallest, and from the first modal cloud map, the bending of the wing is mainly along the
wingspan, and the displacement deformation of the wing has only one peak, which appears at the
wing tip. The second modal of the wing is a two-curve along the span, and the deformation of the
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wing appears in two peaks, at the middle of the span and the wing tip, and the maximum
displacement deformation of the wing appears at the wing tip. The displacement deformation of
the wing increases as the modal number increases. The third modal is chordwise bending, and the
displacement of the wing is mainly in the horizontal direction, and the maximum displacement
occurs at the wing tip. The bending-twist coupled modal is mainly the third and fourth modal.

3. Optimization of wing structure
3.1. Numerical optimization method

With the rapid development of computer technology and computational fluid dynamics (CFD),
numerical simulation calculation of aerodynamic characteristics of airfoils has become an
important link in the process of airfoil aerodynamic design for wind turbine blades. Currently, the
methods for aerodynamic design of airfoils can be divided into two categories: one is the direct
numerical optimization method, also known as the forward design method; the other is the inverse
design method. Direct optimization combines CFD numerical calculation and optimization
algorithm to continuously modify the geometric shape of the airfoil until the optimization goal is
achieved. The design of wind turbine airfoils involves multidisciplinary, multi-objective, and
multi-condition problems. The inverse design method is to first give the target pressure
distribution on the airfoil surface, and then solve the aerodynamic profile of the designed airfoil
according to the target pressure distribution.

3.2. Optimization basis and calculation

The design requirements for wind turbine blades are very strict, especially for the airfoil at the
tip of the blade. Typically, this part of the blade occupies a position ranging from 70 % to 100 %
of the blade length and provides more than 60 % of the wind energy capture efficiency.
Additionally, as the blade length increases, the tip speed also increases, so the importance of noise
control requirements also becomes more important. For the airfoil at the root of the blade, more
emphasis is placed on meeting the needs for structural strength and stiffness, while ensuring
structural stability under the premise of maximizing lift-to-drag ratio and reducing roughness
sensitivity. To ensure a smooth and smooth overall shape, the various airfoils must have good
geometric compatibility. By using the coefficient of the basic function in the improved Hicks-
Henne type function as the design variable and selecting 10 disturbance points on both surfaces
for a total of 20 design variables, an interface between MATLAB and XFOIL was created in
MATLAB and the XFOIL program was called to perform acrodynamic performance calculations.
Through calculations, the shapes of the initial model (model A) and the optimized model (model
B) can be compared as shown in Fig. 8.
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Fig. 8. Comparison of wing shape before and after optimization

Using XFOIL software, the aerodynamic performance of the reference wing and optimized
wing were calculated separately, as shown in Fig. 9. Through the calculation, the lift coefficient,
drag coefficient, lift-to-drag ratio, and pressure coefficient curves of the wing can be obtained. By
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comparing, it can be seen that the optimized wing has an improved lift-to-drag ratio by 12.58 %
at the optimized attack angle, while the lift coefficient decreased by 0.084 % and the drag
coefficient increased by 11.21 %.

Through the optimization of the wing shape, the improved parameters mainly include the lift-
to-drag ratio, the lift coefficient, and the drag coefficient. The lift-to-drag ratio is the ratio of the
lift to the drag of an aircraft at the same angle of attack during flight. The larger its value, the
better the aerodynamic performance of the aircraft. The lift coefficient is the ratio of the lift
generated by the aircraft under specific conditions to the product of the incoming flow velocity
and the reference area, while the drag coefficient is the ratio of the drag suffered by the aircraft to
the product of the incoming flow velocity and the reference area. When the increase in the lift
coefficient is faster than that of the drag coefficient, the lift-to-drag ratio will increase, indicating
an improvement in the aerodynamic performance of the aircraft.
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a) Model A b) Model B
Fig. 9. Comparison of aerodynamic characteristics

4. Conclusions

1) As the relative flow velocity decreases, the viscous effect of the boundary layer increases,
causing an increase in the frictional resistance on the airfoil surface and thus increasing the wing
drag coefficient and reducing the lift-to-drag ratio. At a large attack angle, the airfoil stalls, and a
separation flow forms at the trailing edge. After separation, the pressure is basically equal to the
pressure at the separation point.

2) To reduce the amount of computation and keep the airfoil with its shape characteristics, the
range of values for the design variables needs to be limited. Additionally, the geometric parameters
of the wing have a significant impact on aerodynamic performance, such as the maximum relative
thickness and its corresponding position on the airfoil chord line, which has a great impact on the
aerodynamic performance of the airfoil. The maximum relative thickness when it is large or small
will also affect the maximum lift coefficient of the airfoil. The maximum camber and its
corresponding position on the airfoil chord line will also have a significant impact on the
aerodynamic performance of the airfoil.
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