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Bird strikes are a threat that affects the structural integrity of aircraft, and unmanned
aerial vehicles (UAVSs) are no exception. Bird strikes cause changes to the shape of the
wing, including the airfoil, which affects the aerodynamic performance and flight safety
of the aircraft. Unlike commercial aircraft, UAV face unique risks from bird strikes due
to their smaller size and lighter structure. Manufacturers must conduct various tests
before a UAV is authorized for commercial use, one of which is structural strength.

Keywords:

Bird strike

Unmanned aerial vehicle
Wing deformation
Aerodynamic performace
Computational fluid dynamics

Numerical simulation of bird strikes is an important part of UAV component design to
reduce testing costs. This study aims to analyze the structural response and aerodynamic
performance of the UAV wing airfoil due to bird strike. The deformed wing geometry for
computational fluid dynamics (CFD) analysis was obtained from bird strike simulations
using the finite element method and the smoothed particle hydrodynamics (SPH) bird
model. The deformed wing geometry is analyzed using the CFD solver to obtain the
pressure distribution around the airfoil, pressure coefficient, lift, and drag. The results
show that there is only positive high pressure at the leading edge of the deformed airfoil.
The lift coefficient of the deformed wing is lower than that of the undeformed wing with
the change of angle of attack. In contrast to the lift coefficient, the drag coefficient of the
deformed wing is greater than that of the undeformed wing with a change in angle of
attack, due to the disruption of the pressure distribution.
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INTRODUCTION

Unmanned aerial vehicles (UAV) are versatile flying machines used in various applications
such as remote sensing, transportation, research, and search and rescue missions. However, one critical
hazard they face during flight missions is bird strikes. Such collisions can severely damage UAV
components, including the wing leading edge and nose, leading to deformation or structural failure.
High-speed impacts may result in bird penetration and catastrophic loss of strength, jeopardizing
mission success and safety [1], [2], [3]. [4], [5], [6], [7]. Thus, robust UAV designs capable of
withstanding bird strikes are crucial for ensuring operational reliability and safety.

Unlike commercial aircraft, UAV face unique risks from bird strikes due to their smaller size
and lighter structure. These factors make UAV more vulnerable to being perceived as threats or prey by
predatory birds [8], [9]. Various studies have analyzed the structural response of aircraft and UAV to
bird strikes, often focus solely on immediate structural damage and neglect the subsequent aerodynamic
implications. For instance, studies on aircraft primarily investigate deformation or penetration without
analyzing changes in lift or drag caused by such damage [10], [11], [12]. There remains a critical
research gap in understanding how permanent deformation caused by bird strikes affects the
aerodynamic performance of UAV wings, particularly in terms of altered airflow and pressure
distribution around the damaged surfaces.

This study addresses the gap in current research by not only analyzing the structural response
of UAV wings to bird strikes but also evaluating the impact of permanent deformation on aerodynamic
performance. Using a combination of finite element analysis (FEA) and computational fluid dynamics
(CFD), this research provides a comprehensive understanding of how deformed UAV wing geometries
influence aerodynamic parameters such as lift, drag, and pressure distribution, which are critical for
UAYV stability and efficiency.

The research aims to analyze the structural response of UAV wings to bird strikes at varying
collision angles using FEA software. The resulting deformed wing geometries will then be examined
using CFD software to assess their aerodynamic performance compared to undeformed wings. This
study seeks to establish correlations between structural deformation and aerodynamic efficiency,
providing valuable insights for designing UAVs with enhanced resilience and performance against bird
strikes.

METHODS

The finite element method is used to simulate the phenomenon of bird strikes [13], [14]. Smoothed
particle hydrodynamics (SPH) is used to model the behavior of bird material during a collision. A
numerical model was developed to analyze the dynamic response of the UAV wing structure due to bird
strikes, taking into account the operational speed.

During the collision with UAV, the bird experienced element distortion and behaved like a fluid.
Therefore, SPH, which is capable of addressing element distortion issues, is used for the bird model.
SPH has been included in many finite element method software to address problems with high levels of
element distortion [15], [16].

The shape of the bird is considered a hemispherical-ended cylinder. Barber et al. [17] investigated
bird species to determine the bird density to be used in the numerical study and found an average density
of 950 kg/m3. The total mass of the bird is 1 kg, which is similar to the mass of an eagle. The eagle is
considered because it is one of the largest bird species and can fly at heights of more than 100 m at high
speeds. The bird model has a length of 186 mm and a diameter of 93 mm (length-to-diameter ratio of
2:1). The bird model consists of 14,798 nodes and 80,901 tetrahedral elements (C3D4), equivalent to a
mesh size of 4.75 mm, which is converted into particles. In this study, the Mie-Griineisen equation of
state (Us-Up) is used to generate pressure profiles during the collision.

The behavior of the bird model during the collision must be validated by comparing the simulated
pressure profile with the theoretical calculations, namely the Hugoniot pressure and the stagnation
pressure. Validation is carried out by simulating bird strikes on a flat plate. According to Lavoie et al.
[18], the collision test was conducted on a plate measuring 305 mm in width and 12.7 mm in thickness,
made of Rolled Homogeneous Armor (RHA) steel and clamped around its edges. The collision was
conducted perpendicularly with an initial speed of 100 m/s.
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Figure 1 Comparison of numerical simulation pressure and theoretical calculation

The comparison of simulated and theoretical pressures is shown in Figure 1. The Hugoniot
pressure (Py) and stagnation pressure (Ps) show values of 81 MPa and 5.27 MPa, respectively. The
stagnation pressure is obtained by calculating the average pressure between 1/3 T and 2/3 T [19]. The
numerical value calculated for the stagnation pressure is 5.4 MPa, which corresponds to the theoretical
value. A good correlation indicates the effectiveness of the bird model in describing bird behavior. The
predicted pressure reflects the theoretical profile, where there is an initial pressure peak followed by a
steady-state phase.

In this study, the UAV wing uses the FX 84-W-127 airfoil. The analyzed part of the UAV wing
is shown in Figure 2. The wing is modeled with shell elements with a thickness of 0.5 mm and five
integration points above and below that thickness. The wing model is fixed at the trailing edge and
symmetric boundary conditions are applied in the X-plane as shown in Figure 2(a).
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Figure 2 Geometry of the UAV wing and boundary conditions

The construction of the UAV wing consists of skin and internal structure, including the core
and spar (see Figure 2(b)). Skin, core, and spar assigned glass fiber reinforced plastic (GFRP), foam
(expanded polystyrene foam, EPS), and carbon fiber reinforced plastic (CFRP) materials, respectively.
The properties of the GFRP, CFRP, and foam materials adopted from the research of Abdel-Ghany et
al. [20] and Shah & Topa [21]. Foam material requires hardening behavior with yield stress and uniaxial
plastic strain parameters, obtained from the stress-strain curve [21], and a crushable foam model.
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The bird impact test was conducted at various orientation angles, namely 0°, 5°, 10°, and 15°,
measured against the bird's longitudinal axis, as shown in Figure 3. These angles were tested to
determine the maximum deformation on the leading edge of the UAV wing. Variations in impact angles
were conducted because, in reality, the attitude of birds during collisions varies. Therefore, a parametric
study on the collision angle between birds and UAV wings is necessary.

9-15"

Figure 3 Top view of the scenario showing the variation in collision angles between the bird and the wing

The type of simulation is Dynamic/Explicit with a time of 0.015 seconds, which is considered
based on the length of the bird and the collision speed (35 m/s). The collision speed is considered based
on the relative speed between the UAV (25 m/s) and the bird (10 m/s) General Contact is used to analyze
the contact between the bird and the wing structure as a whole. The interaction between the external
and internal structures is defined using Tie Constraints. The element size used is 4 mm based on a mesh
convergence study to ensure accurate results.

There are two main aerodynamic forces, namely lift and drag, that act on the airfoil structure as
it moves through the airflow. Drag is a parasitic force that acts along the flow direction opposite to the
aircraft's motion. The computational fluid dynamics model was implemented to investigate the influence
of wing profile changes on airflow, lift, and drag.

If an airfoil is subjected to airflow at a certain angle of attack (o), there is a pressure difference
between the upper and lower surfaces. This difference generates a force vector at the aerodynamic
center, namely lift and drag. The total lift and drag forces are calculated by integrating the normal and
tangential pressure components along the airfoil surface [22]. The integration can be realized through a
closed curve that defines the airfoil profile. Equations (1) and (2) are each used to calculate lift and drag
forces.

= jﬁpn -kdS @)

= jgpn -idS (2)

Lift and drag forces are denoted by the symbols L and D, while S represents the area of the
airfoil, n is the unit vector perpendicular to the airfoil surface, k is the vertical unit vector perpendicular
to the airflow direction, and i is the horizontal unit vector parallel to the airflow direction. The values
of C, and Cp, are calculated using the lift and drag forces obtained from computational fluid dynamics
simulations, using Equations (3) and (4). The air density and air flow velocity are expressed respectively
by p and v.

1

L= EpszCL 3)
1

D= EPUZSCD (4)

The fluid domain is modeled as a C grid to avoid boundary effects. The boundary is located at
15 times the chord line (c) of the airfoil (see Figure 4) [22]. This fluid domain is used in the analysis of
aerodynamics performance of undeformed and deformed airfoils. The phenomenon of turbulence behind
the wing due to viscosity can be modeled using a fine mesh in the body of influence (boi) section, as
shown in Figure 4.
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Figure 4 Computational fluid dynamics domain

The air flow velocity is applied at the inlet with sine (sin) and cosine (cos) components to
describe the angle of attack (a). The boundary condition of the airfoil surface is enforced as a no-slip
wall. The reference pressure needs to be set to provide a relative zero pressure at the outlet. Reference
pressure can be determined using Equation (5). The gas constant is denoted by the symbol R, T is the
temperature, and p is the air density.

P = pRT (5)
Reu

= 6

P uc ( )

The air density varies based on speed and is evaluated using Equation (6). Dynamic viscosity is
denoted by the symbol u, u is the air flow velocity, R is the Reynolds number, and c is the airfoil chord
line. The Reynolds-averaged Navier-Stokes (RANS) model is applied with a turbulence model. Poly-
hexagonal mesh is applied at locations near or far from the wing. The surface mesh of the wing has a
minimum size of 0.002 m and a maximum size of 1 m, while the buoy has a size of 0.2 m.

RESULT AND DISCUSSION
Response of UAV Wing Structure Due to Bird Strike

Figure 5 shows the deformation of the UAV wing due to a bird strike at a 0° angle for various
impact times. Deformation increases significantly when the collision duration reaches 6 ms, with the
highest-pressure distribution concentrated around the collision area. The maximum deformation
indicates the accumulation of kinetic energy from the bird collision. These results are consistent with
previous studies [11], [23] which show that deformation due to bird collisions depends on the bird's
kinetic energy and the strength of the wing material [24], [25]. However, these results differ from the
study by Rezai et al. [26], which showed a more uniform deformation distribution. This is due to the
differences in the internal structure of the UAV wing and the properties of the materials used. The UAV
wing in this study uses GFRP material in the skin, CFRP in the spar, and foam inside, which combines
the rigidity of GFRP and CFRP materials with the flexibility of foam.

Figure 6 shows the deformation of the bird model and UAV wing at a 0° angle with varying
collision times. The deformation of the bird model increases with the duration of the collision, indicating
the transfer of kinetic energy to the bird's body and the UAV wing. At 15 ms, the bird model was almost
completely destroyed, which spread widely across the surface of the UAV wing. These results are
consistent with previous research [26] that highlighted the duration of the collision in relation to the
level of material damage. However, the bird model shows a more global energy distribution level, unlike
the study by Rezaei et al. [26] which focuses more on local deformation. This difference is due to the
more detailed bird model in this study.

ISSN: 2528-2778 (Print); ISSN: 2684-9704 (Online) 15



Budi Aji Warsiyanto, et al.: Aerodynamic Performance Degradation in UAV Wings Due to Bird Strike: A Finite
Element and CFD Study

+3.191e+01

E +3.546¢+01

+2.837¢+01
+2.482¢+01
+2.128e+01
+1.773e+01
+1.418e+01
+1.064¢+01
+7.092¢+00
+3.546¢+00
+0.000e+00

(©) (d)

Figure 5 Deformation of the UAV wing after experiencing a bird strike at an angle of 0° and time differences of

impact: (a) 1.5; (b) 4.5; (c) 6; and (d) 15 ms

o g

(@)

(b) (©) (d)

Figure 6 Deformation of the bird model and UAV wing at an angle of 0° and collision time differences: (a) 1.5;

(b) 4.5; (c) 6; (d) and 15 ms

Figure 7 shows the displacement of the leading edge of the UAV wing due to bird strikes at
different angles. It was found that a collision angle of 0° resulted in a maximum displacement of 22.86
mm, while the displacement decreased at larger angles, indicating the influence of the collision angle
on the dynamic response of the structure. This is because the collision energy at a 0° angle is directly
absorbed by the wing, while the energy is dispersed at larger angles, there by reducing the displacement.
These results are consistent with previous research that showed the angle effect on the distribution of
collision energy [16], [27], even though different materials were used. Figure 7 shows that after the bird
strikes, leading edge experiences maximum deformation, then oscillates back to a semi-stable state due
to the elastic response of the material. The change in impact angle affects the degree of displacement
and oscillation because the energy distribution is different.
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Figure 7 The movement of the UAV wing's leading edge for varying collision angles
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Aerodynamic Performance UAV Wing Due to Bird Strike

Fluid dynamics analysis provides pressure distribution around the undeformed airfoil and the
deformed airfoil for comparison, as shown in Figures 8 and 9. In Figure 8, the increase from 0° to 30°
for the undeformed airfoil results in a greater pressure difference between the upper and lower surfaces.
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Figure 8 Pressure distribution around the airfoil before deformation at different angles of attack: (a) 0°; (b) 10°;
(c) 20°; (d) 30°

Figure 9 shows the pressure distribution for the airfoil that has deformed due to a bird strike. It
is evident that the damage to the airfoil disrupts the airflow around it and alters its aerodynamic
performance. This is evidenced by the irregular pressure distribution after the wing experienced
deformation due to the bird strike. There is only positive pressure on the leading edge and negative
pressure on the upper and lower surfaces in most a. The lift force in the collision area drastically
decreases due to the negative pressure distribution on most of the airfoil surface.
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Figure 9 Pressure distribution around the airfoil after deformation at different angles of attack: (a) 0°; (b) 10°;
(c) 20°; (d) 30°
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The pressure distribution along the airfoil is shown in Figures 10 (a) and (b), for the undeformed
and deformed wing profiles. It can be seen that the pressure distribution along the deformed airfoil is
disturbed by the damage caused by bird strikes. The pressure difference between the upper and lower
surfaces of the airfoil is small, thereby reducing the lift generated.
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Figure 10 Pressure distribution on (a) an undeformed airfoil and (b) a deformed airfoil at a 30° angle of attack

The lift coefficient (C,) was obtained from fluid dynamics computations for angles from 0° to
35°, and the results are shown in Figure 11(a). The deformed wing profile shows a lower C;, than the
undeformed wing profile at the analyzed o, averaging around 40.8%. Based on the obtained results, C;,
has a maximum value of 0.74 for the undeformed wing profile, whereas for the deformed wing, the
maximum C;, is 0.55, which occurs a = 30°.

The drag coefficient (Cp) is used to determine the drag force produced by deformed and
undeformed wings. Drag not only depends on the complexity of the wing profile and a, but also on the
viscosity and compressibility of the air. The compressibility of the air flowing around the UAV wing
can be neglected at low speeds. Therefore, in this study, the airflow is considered incompressible, while
the air viscosity is assumed to be constant. The changes Cj in the deformed and undeformed wing
profiles for angles of attack from 0° to 35° are shown in Figure 11(b). Bird strikes damage the wing
profile, causing an increase in the drag coefficient for all tested a values, averaging around 33.4%.
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Figure 11 (a) Lift coefficient and (b) drag coefficient for an airfoil experiencing deformation and not
experiencing deformation with a difference in o

The lift-to-drag coefficient ratio (C,/Cp) is a measure of aerodynamic efficiency, which is the
amount of lift obtained from the wing compared to the drag caused by the airflow. Figure 12 shows the
C./Cp ratio from 0° to 35°. It can be seen that the C,/Cp ratio of the deformed wing decreases
significantly compared to the undeformed wing, averaging around 54.8%.
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Figure 12 The C; /C), ratio of deformed and undeformed airfoil for different o

CONCLUSION

The aerodynamic performance of the UAV wing after a bird strike was analyzed using
computational fluid dynamics. In the presented study, the behavior of the bird was modeled using the
SPH method for its interaction with the UAV wing. Composite materials including GFRP, CFRP, and
EPS foam are applied to the UAV wing structure. The crushable foam model is adopted to address the
plastic deformation of the wing structure.

The impact angle significantly affects the distribution of stress and plastic deformation in the wing
structure. At the impact angle aligned with the UAV longitudinal axis, the wing experiences higher
stress, especially in the area around the leading edge. This indicates that the collision angle results in a
greater risk of structural damage. Variations in collision angles also affect the damage patterns, with
some angles causing more uniform damage, while others result in concentrated damage in the collision
area.

The UAV wing that does not experience deformation has a more stable airflow, uniform pressure
distribution, and higher lift coefficient and aerodynamic efficiency, compared to the wing that
experiences deformation due to bird strikes at all considered angles of attack. In other words, the
deformed wing profile has a reduced lift coefficient compared to the undeformed wing profile at the
examined a, averaging approximately 40.8%. The (C,/Cp) ratio of the deformed wing decreases
significantly compared to the undeformed wing, averaging around 54.8%. The deformation of the wing
results in an increased drag coefficient by approximately 33.4%, which significantly reduces the
aerodynamic performance of the UAV. The disturbed airflow and uneven pressure on the deformed
wings cause a decrease in the flight efficiency of the UAV wings.
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