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Abstract. In order to ensure the stability of light fixed-wing aircraft during flight missions,
considering the effects of relative airflow velocity and angle of attack, the distribution
characteristics of velocity and pressure fields under different conditions, as well as the law of
change of dynamic parameters, were derived by using aerodynamic methods. In the free modal
condition, the modal truncation method was used to simulate and analyze the low-order modal
shapes. Based on the modal analysis results, the sweep frequency range was set to 3-50 Hz, with
a step size of 1.6 Hz, for a total of 30 substeps. A harmonic load of 1500 N was applied to the
fuselage, and the displacement-frequency response curves and stress-frequency response curves
of the fuselage structure and wing structure were extracted after the calculation. The results shows
that the maximum lift-drag ratio occurs when the angle of attack is 6°, and the peak displacement
deformation of the aircraft occurred around 24 Hz.
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1. Introduction

In recent years, the aviation field of small aircraft and drones has entered a sustained growth
phase, with increasing demand. Most small aircraft are fixed-wing models, characterized by fast
cruising speed and high maneuverability, but they also have problems such as high price, high fuel
consumption, and low survival rate in flight accidents. The two main goals of the world aviation
market’s competitiveness are economic and environmental sustainability, aiming to minimize the
aircraft's lifecycle costs and improve its environmental friendliness and comfort [1]. In light of the
current trends in the aviation industry, light fixed-wing aircraft must have high strength and
lightweight features in order to capture the market. By using high-strength composite materials
and designing the structure and materials in a rational way, the weight of the aircraft can be greatly
reduced, maintenance costs can be lowered, fuel economy can be improved, and the benefits of
weight reduction can be achieved. Computational fluid dynamics (CFD) is a branch of mechanics
that studies the essence and mechanisms of fluid motion through numerical simulation and
visualization post-processing methods based on computational mathematics, modern fluid
mechanics, and computer science [2, 3]. The application of CFD methods in practical engineering
not only shortens the R&D cycle, greatly reduces the burden of wind tunnel tests, but also ensures
aircraft performance and improves structural safety, achieving the goal of reducing economic
costs. Meanwhile, the study of inherent characteristics and vibration characteristics of aircraft in
the field of aerospace is of great significance for subsequent problems caused by vibration, such
as structural damage [4, 5]. At present, the study of aircraft vibration characteristics is an important
reference for aircraft structural vibration reduction design and fatigue research. Based on the fact
that fixed-wing aircraft is in an unconstrained state in flight, this paper proposes a free modal
analysis to study the characteristics of natural frequencies and modal shapes [6]. On the basis of
modal analysis, a specific sweep frequency range is selected, and harmonic loads are applied to
the structure at different locations either statically or under pressure, to study the dynamic response.
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2. Analysis of aerodynamic response characteristics
2.1. The establishment of CFD model

The finite element modeling of the entire aircraft includes the fuselage, wing, and tail sections,
which are modeled based on the structural features of a light fixed-wing aircraft, as shown in
Fig. 1. Considering that the aerodynamic characteristics are mainly influenced by the components
in contact with the fluid, the landing gear, nose ventilation port, and duct fan are not included in
the calculation range when building the structural model. Due to the complexity of the aircraft
structure model, ICEM was used for non-structured mesh generation to reduce the mesh division
and calculation time. To ensure good mesh quality and no impact on calculation accuracy, a model
check was conducted after importing the model to ensure no gaps or sharp bodies or surfaces. The
external flow field boundary conditions are divided into inlet, outlet, and wall surfaces. The
far-field front and side are set as velocity inlet boundaries, where the angle of attack is determined
by changing the inflow direction. The far-field rear is set as a pressure outlet, and the aircraft
surface is set as a wall boundary. The entire calculation domain is a rectangular box, with the
far-field dimensions set as 15 times the average aerodynamic chord length in front, above, and
below the aircraft center of gravity, and 20 times the average aecrodynamic chord length at the rear.
The flow field region is shown in Fig. 2.

Fig. 1. The overall model of a drone Fig. 2. The wing model

The accuracy of the mesh generation directly affects the calculation efficiency and result
accuracy, therefore, when conducting surface mesh division for the aircraft body, due to the fact
that the boundary far-field size is much larger than the geometric size of the aircraft, using global
dimensions would result in an excessively large number of cells for the aircraft, and therefore,
local refinement is needed. Mesh convergence analysis is used to verify the accuracy of the
calculation results, and in this paper, a non-structured tetrahedral mesh is used as the main mesh,
therefore, mesh convergence analysis was conducted for different mesh scales, and the aircraft
model was calculated using four different mesh numbers. It aims to discover the characteristics
and laws of fluid motion and use them to achieve accurate analysis. In the field of aircraft structure
design, CFD methods have been successfully applied in the initial design stage, and numerical
calculations have become the main computational analysis method for typical aircraft structures,
with wind tunnel tests serving only as a verification method.

2.2. Aerodynamic calculation and analysis

Because the cruising maximum Mach number of this type of aircraft is approximately 0.23, its
flow can be approximated as an incompressible flow. In order to improve the convergence speed
and efficiency of the calculation, the turbulence model is selected as the Spalart-Allmaras
turbulence model, and the SIMPLE incompressible flow algorithm based on pressure is selected.
The viscous flux is computed using the center format, the inviscid flux is computed using the
second-order upwind scheme, and the gradient is built using the least-squares method based on
the mesh center. The relevant aerodynamic characteristics of the aircraft are computed at a certain
flight altitude, where the air density is 1.18 kg/m® and the viscosity coefficient is
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1.7894¢-5 kg/(m/s), and the incoming flow speed is selected as 220 km/h and 260 km/h,
respectively, corresponding to flight Mach numbers of 0.18 and 0.21. The characteristic length is
taken as the average acrodynamic chord length of the aircraft. After the acrodynamic calculation,
the pressure distribution of the fixed-wing aircraft is analyzed at different Mach numbers with
different angle of attack selected at —8° and —3°. In the finite element analysis based on FLUENT,
the pressure and velocity distribution cloud map can be obtained as shown in Fig. 3 and Fig. 4. It
can be seen that at the same cruise Mach number, the peak pressure load distribution is found at
the nose, leading edge of the wing, and the leading edge of the tailplane. As the angle of attack
increases, the pressure difference between the leading edge and the trailing edge of the wing
increases, while the pressure difference between the upper and lower surfaces of the wing
decreases. The pressure distribution on the fuselage and wing changes gradually, with the order
of magnitude within the normal range. At the same angle of attack, as the Mach number increases,
the order of magnitude of the pressure difference also increases, and the overall pressure layout is
relatively reasonable. As the Mach number and angle of attack increase, the magnitude of the
velocity also increases. The velocity distribution is larger and more noticeably different at the
leading edge and the top surface of the cockpit, while it is relatively smooth and without separation
at other locations. Overall, the velocity distribution is relatively reasonable.
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Fig. 3. The distribution characteristics of pressure field
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Fig. 4. The distribution characteristics of velocity field

Through continuous iterative calculations, the variation curves of the CL (lift coefficient), CD
(drag coefficient), and K (lift-drag ratio) with the a (angle of attack) under three different Mach
numbers conditions can be obtained, as shown in Fig. 5. When the angle of attack is positive, the
lift coefficient of this type of aircraft increases with the increase in Mach number.
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Fig. 5. Aerodynamic characteristics at different Mach numbers

Conversely, when the angle of attack is negative, the lift coefficient decreases with an
increasing Mach number. Regardless of whether the angle of attack is positive or negative, there
is no discernible change in the overall trend, indicating that while Mach number affects changes
in lift coefficient values during subsonic flight, it does not alter the underlying pattern. At a
constant Mach number, the lift coefficient demonstrates a nearly linear increase with rising angles
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of attack. The peak lift coefficient occurs at an angle of 14° after which its growth rate diminishes
significantly. Subsequently, at 15° angle of attack, there is a decrease in lift coefficient suggesting
an estimated critical stall angle for this aircraft to be approximately 14°. The drag coefficient for
this aircraft rises as Mach number increases and exhibits no significant deviation from its changing
trend; thus, indicating that Mach number has minimal impact on its variation during subsonic
speeds. At a constant Mach number, the drag coefficient changes in a parabolic form with changes
in the angle of attack. There is a critical point at an angle of —3°. As the angle increases, the drag
coefficient decreases on one side and increases on the other side. Notably at 14° angle of attack,
severe separation occurs on the airfoil's upper surface leading to sharp decline in lift and
continuous rise in drag. With increasing Mach numbers, changes in aircraft's lift-to-drag ratio
show marginal increments within small ranges without any distinct trends observed. At constant
Mach numbers however, there exists an initial rise followed by subsequent decline in lift-to-drag
ratio as angles increase; reaching maximum value at 6° before decreasing continuously thereafter.

3. Analysis of vibration characteristics
3.1. Modal analysis

Modal analysis is a type of analysis used in the field of engineering vibration to study the
inherent properties of mechanical structures. Each modal corresponds to a natural frequency and
mode shape. By studying the changes in natural frequencies and mode shapes, it is possible to
predict the vibration response of the structure within a certain frequency range. Modal analysis
can be applied in practical engineering for equipment fault diagnosis and dynamic design. As an
important method for studying the inherent properties of structures, modal analysis provides
important reference information for subsequent vibration analysis. The computational model is a
fixed-wing aircraft model, combined with modal analysis theory and the fact that fixed-wing
aircraft are in a state of unrestrained flight during flight. In this paper, the modal analysis module
of Workbench is used to perform a free modal analysis of the fixed-wing aircraft. Since the first
six frequencies of the free modal analysis results are close to zero, they belong to rigid body
modes, so the 7th mode of the aircraft is taken as the 1st actual mode. In practical engineering,
high-order modes have a small impact on low-frequency responses, and low-order modes are
usually studied. The modal truncation method is used. The first four modal shapes are shown in
Fig. 6.
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Fig. 6. Simulation results of the first four modal shapes

It can known that the first mode natural frequency is 3.232 Hz, and the deformation mainly
occurs in the tail section, with the most obvious deformation in the vertical tail. The deformation
of the vertical tail gradually decreases from the tip to the root, followed by the deformation of the
horizontal tail. The second mode natural frequency is 5.542 Hz, and the main deformation occurs
in the fuselage, wings, and tail, with the most obvious deformation in the fuselage. The
deformation gradually decreases from the bottom of the fuselage to the middle, and then gradually
increases from the middle to the top. The deformation of the wings and tail gradually decreases
from the tip to the root. The third mode natural frequency corresponds to 6.664 Hz, and the main
deformation occurs in the tail section, with the most obvious deformation in the horizontal tail tip.
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The deformation of the horizontal tail gradually decreases from the tip to the root, while the
deformation of the vertical tail gradually decreases from the root to the tip. The deformation of
the fuselage and wings is relatively smooth. The fourth mode natural frequency is 8.132 Hz, and
the maximum deformation occurs in the vertical tail.

3.2. Harmonic response analysis

In engineering, the vibration response at the structural frequency is often greater than that at
other frequencies, and the requirements for vibration testing are also to be conducted at the
resonance frequency. Harmonic response refers to any sustained periodic load that will produce a
sustained periodic response in the structural system. Harmonic response analysis is used to
determine the steady-state response of linear structures under harmonic loading, and harmonic
response analysis is performed to obtain the relationship between the displacement, stress, and
strain responses and the frequency under sinusoidal loading. By studying the relationship between
the response and frequency within a certain frequency range, the peak response can be obtained,
and then measures can be proposed to avoid and reduce vibration. Harmonic response analysis
does not consider the transient vibration caused by the initial state of the excitation and calculates
the vibration situation of the structure in the steady state. Harmonic response analysis can predict
the continuous dynamic characteristics of the structure and avoid the adverse effects of resonance
and fatigue caused by forced vibration. This analysis ensures that the structure avoids resonance
within a given frequency range and under sinusoidal loading.

The modal analysis of the entire aircraft was carried out, with the sweep frequency range
selected as 3-50 Hz, with a step size of 1.6 Hz, for a total of 30 sub steps. A harmonic load of
1500 N was applied perpendicular to the fuselage. The aircraft was divided into two parts: the
fuselage and wings, and the analysis was carried out separately for each part. The
displacement-frequency response curve and stress-frequency response curve of the fuselage
structure of the aircraft were extracted after the calculation, as shown in Fig. 7. Based on the curve
variation trend depicted in Fig. 7, it is evident that the fuselage displacement exhibits a prominent
peak near 24 Hz in the displacement frequency response curve, indicating that maximum
deformation of the fuselage occurs at this frequency. Similarly, in the stress-frequency response
curve, the fuselage stress also peaks near 24 Hz, signifying that maximum stress of the fuselage
appears at this frequency.

Amplitude (mm)
Amplitude (MPa)

6 10 20 2. . 0. E 10 2 ) '

Frequency (Hz) Frequency (Hz2)
a) Displacement-frequency response curve b) Stress-frequency response curve
Fig. 7. Harmonic response of the fuselage structure

The displacement-frequency response curve and stress-frequency response curve of the wing
are shown in Fig. 8. From the curve trend in Fig. 8, it can be seen that the displacement of the
wing in the displacement-frequency response curve peaks at around 24 Hz, indicating that the
wing undergoes the greatest deformation at this frequency. In the stress-frequency response curve,
the stress of the fuselage peaks at around 24 Hz and 34 Hz, indicating that the wing experiences
the greatest stress at these frequencies.

The ordinate in Fig. 7 and Fig. 8 refers to the peak response at different excitation frequencies.
Due to the influence of the mode shape, there are significant differences in the harmonic response
results under different excitation frequencies, which is also the reason for many peaks in harmonic

118 ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479



INVESTIGATION OF DYNAMIC RESPONSE CHARACTERISTICS OF LIGHT FIXED-WING AIRCRAFT.
QI ZHANG, ZHENG ZHANG, CHUNXIANG WANG

response results. When the external excitation of the aircraft structure approaches a certain natural
frequency, relatively high dynamic stresses may be produced, causing undesirable damage and
deformation. In aircraft structural design, not only the static strength and stiffness of the structure
must be considered, but also whether the vibration of the structure will cause structural failure.
The vibration characteristics of aircraft structures often have a very important impact on the
performance of the entire aircraft.
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Fig. 8. Harmonic response of the wing

4. Conclusions

1) In CFD model, fixed-wing aircraft models have many complex surface forms, so a
non-structured mesh is chosen for the discretization of the solution domain. Through the analysis
of the flow field, it can be seen that in the range of positive angle of attack, the increase in Mach
number will cause both the lift coefficient and drag coefficient to increase, while in the range of
negative angle of attack, the lift coefficient will decrease as the angle of attack increases, and the
drag coefficient will increase accordingly. The maximum lift-drag ratio occurs when the Angle of
attack is 6°, and the lift-drag ratio is as high as 13.06.

2) A free modal analysis was conducted on a fixed-wing aircraft, and the natural frequencies
and modes were analyzed. Based on the modal analysis, a harmonic response analysis was
conducted, where a harmonic load was applied along the vertical axis of the aircraft in the form
of a concentrated force and pressure load. The displacement and stress curves of the fuselage and
wings were calculated and analyzed as a function of frequency response, and the results showed
that the peak displacement deformation of the aircraft occurred around 24 Hz.
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