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Abstract

The extensive application and development of drones provides high potential
airborne collision between manned aircraft and civil Unmanned Aerial Vehicles (UAVs)
or known as drone. This phenomenon is a serious threat to aircraft operation safety. The
objective of this paper is to investigate the dynamic response of the aircraft wing section
commuter category when experienced the drone collision. The ‘Mavic’ drone with a mass
of 735 g was used as an impactor in simulation. Explicit dynamic code ABAQUS was
employed to simulate the collision process based on the difference of collision scenarios
to assess the hazard. The results showed that 735 g drone collision at the aircraft
maximum approach flap speed and cruising speed could cause some damage on the
wing front spar. The 735 g drone collision is more serious than 910 g bird strike
providing information that component hardness plays an important role in wing damage.
Furthermore, the potential source of ignition may be caused by the lithium-ion battery
penetrated the airframe.
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1. Introduction

Aircraft components are vulnerable to collision from foreign objects such as debris,
hail, or bird strike. The flight safety operations of civil aircraft are under threat from
these collision incidents and may cause catastrophic accidents. Nowdays, the rapid
growth in UAVs makes the impact scenarios even more complicated. (Jenkins & Vasigh,
2013) estimates that the total UAV market will grow to a total economic impact of $82.1
billion by the end of 2025. The airworthiness verification of aircraft structure in facing of
drone collision has not been taken into account in its design process. That is, the
possibility of impact between aircraft and UAVs exists, whereas its safety risk is
unknown. So, evaluations of collisions between UAVs and commercial aircraft are
necessary to minimize future damage.

The background of this research is because there are no regulations governing the
airworthiness of a drone collision. In addition, up to now, there is no collision simulation
between the drone and the commuter wing leading edge for commuters that could be
found in published reports. Several published reports such as (Song et al,
2017)(Schroederi et al., 2017) investigated the dynamic response of a high-bypass
engine during drone ingestion, different risk levels were classified and a comparison with
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bird ingestion. (Meng et al., 2019) performed a collision simulation between a structure
level drone and a commercial airliner horizontal stabilizer section to investigate the
dynamic response of primary operation components with PAM-CRASH code. (Lu et al.,
2020) performed a collision simulation using numerical and experimental between
drones and nose aircraft. The research shows the configuration, material, weight, speed,
and attitude of drones have significant effects on the impact damage to the windshield.

Based on the explanation of the paragraph above, this research performed a
numerical test of the drone collision on the component of the wing section of the
commuter category aircraft. The drone with 735 g was used as projectile and a section of
a commuter category aircraft wing was employed as the target specimen. The objective of
this paper is to investigate the dynamic response of the aircraft wing section when
experienced the drone collision and compare it with the effects of bird strike and drone
collision. Thus, it can be seen the ability of the wing structure to withstand the impact
loads due to drone collisions and bird strikes. In addition, the difference in damage
between the drone collision and bird strikes can be obtained. The investigations are
performed numerically using the finite element method.

2. Methodology
2.1. Method

Drone collision experimentally provides a direct method to evaluate the damage
severity but the high cost of the test makes it's challenging to enumerate all collision
scenarios. With the finite element method (FEM), the collision scenario will be more
efficient. Drone collision ground test still needs to be conducted to validate numerical
simulations. However, due to limited equipment, testing was only carried out
numerically. The collision simulations in this study were performed by explicit dynamic
finite element solver ABAQUS. The simulation model was performed based on the
difference of impact scenarios such as drone attitude (impact angle) and impact velocity
to evaluate the damage severity. Comparison with bird strike was also performed in this

paper.

2.1.1 The drone

The drone model used in this study has a geometry similar to 'Mavic’ supplied by
DJI. General size of the drone was about 435*517*70 mm and the total weight (with
camera) was 735 g. This mass was close to the bird mass required by the bird strike
resistance certification for airframe, namely 910 g. Geometric features and some minor
components were eliminated in modeling but their mass was added to the main
structure to keep the total mass and center of gravity unchanged. The thin-walled
structures such as the frame, propeller, and electronic board were modeled by shell
elements, whereas the battery, motors, and camera were modeled by solid elements. The
drone’s materials and mass distribution are shown in Figures 2-1a and 2-1b. Based on a
mesh convergence study in Subsection 2.3.3, the average element size for overall
components was 3 and 5 mm as shown in Figure 2-2. The mesh size of 5 mm for frame,
propeller, electronic board, battery, and motors, whereas the camera has the mesh size
of 3 mm because the geometric is smaller than others component. Overall, the drone
model consists of 8,681 shell elements and 2,832 solid elements.

2.1.2 The commuter aircraft wing

The outer wing structure has a length of 2,000 m is used as the target in the impact
simulation. The swept angle of the wing was 3.5° and the impact direction was along the
aircraft’s flight path. The wing mass was 21.81 kg consisting of skin, 11 ribs, and 2
spars fixed to the root as shown in Figures 2-3a and 2-3b. Each component on the wing
is modeled with a shell element, S4R. The local mesh is employed on the wing, which is
10 mm in the impact area and larger in the area far from the impact as shown in Figure
2-3c resulting in 68,919 elements. Tie constraints are employed to simulate the rivets
joining between skin and ribs and skin and spars.
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2.1.3 Constitutive model for materials

The aluminum alloy 2024-T3, 6061-T6, and polycarbonate (PC) were implemented by
incorporating isotropic hardening using the Von Mises yield criterion. The mechanical
properties of aluminum alloy 2024-T3, 6061, and PC are investigated by ASM Inc. and
DJI Technology Co., Ltd and listed in Table 2-1. Von Mises is a simple and convenient
criterion to apply as it defines a smooth and continuous yield surface with good
approximation at high stresses (Dar et al., 2013). At given principal stresses oy, 0,, and
o3, the yield criterion is defined as

(0, — 02)* + (0, — 03)* + (0, — 03)% = 20, (3-1)
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Figure 2-1: (a) Drone materials and (b) mass distribution
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Figure 2-2: Drone element size

The maximum principal strain criterion implies that if the maximum tensile principal
strain exceeds the prescribed limits, then the material will instantaneously fail. Failure
is predicted when either of the principal strains ¢; or ¢,, resulting from o; or g,, equals or
exceeds the maximum strain ¢ corresponding to the yield strength o, of the material in
uniaxial tension or compression. For yielding in tension the minimum principal strain &
would equal the yield strain in uniaxial tension (Dar et al., 2013). If the strains are
expressed in terms of stress, then

81



Jurnal Teknologi Dirgantara Vol. 19 No. 1 June 2021 : 79 — 92 (Budi Aji Warsiyanto et al.)

o, v

& =E_E(02 +03)
oy, = 0, —v(0, + 03) (3-2)
Ot
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The mechanical properties of the glass-epoxy composite were measured by (Wagas et
al., 2019) as shown in Table 2-2. Based on the study of (Sahraei et al., 2012)(Sahraei et
al., 2014), the cells of lithium-ion batteries and a 60% porosity of the active particles are
constructed with crushable foam material in the first approximation, which the
mechanical properties are shown in Table 2-3.

Code Component Thickness
(mm)
Skin 0.6

Spar 1.2
Rib 0.6

Tie constraint

(b) (©

Figure 2-3: (a) Geometric details, (b) boundary conditions, and
(c) element size of the wing

Table 2-1: Mechanical properties of the material

o Elastic . , Yield Ultimate o
Density p Poisson’s Failure
kem-3 modulus E rati stress stress o, strain &
(kgm-3) (GPa) ov o, (MPa) (MPa) max
2024-T3 2,780 73.1 0.33 345 483 0.18
6061-T6 2,700 68.9 0.33 276 310 0.12
PC 1,180 6.2 0.3 62 75 0.2

Table 2-2: Mechanical properties of glass-epoxy

A Elastic Elastic Shear Shear . . - 5
Density p 1 Poisson’s Poisson’s
kgm-3) modulus modulus E; modulus G;; modulus ratio Vo, v ratio v
( E, (GPa) E; (GPa) G5 (GPa) G, (GPa) B Vi 23
2000 45 10 ) 3.85 0.3 0.4
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Table 2-3: Mechanical properties of the battery

Density p (kgm-3) Elastic modulus E (GPa) Poisson’s ratio v

1,750 0.5 0.01

2.1.4 Computational model

To obtain a balance between accuracy and computational efficiency was performed a
mesh sensitivity study. Drone component, i.e motor was impacted to an aluminum alloy
2024-T3 skin of wing at a velocity of 80 ms-1. The mesh sizes of the skin were 30 mm,
15 mm, 10 mm, 7 mm, and 5 mm. The internal energy of the skin was employed as the
criterion which is shown in Figure 2-4. It can be seen that the performances of the FE
models were almost identical when the mesh size was below 10 mm which equals
45,200 elements. Finally, an average element size of 10 mm was employed in this
research.

The dynamic explicit analysis was employed in this simulation because of its
effectiveness to solve highly non-linear problems. The critical time step was 1*10-5 s to
capture all energy associated with the stress wave propagation during the impact
process. The friction behavior between the drone and the wing was set to be 0.26 based
on a material handbook. The skin, spar, and rib structure are modeled using a 4-node
shell continuum (S4R) element with 5 integration points along the direction of the
element thickness. Hourglass control with enhanced is used to prevent artificial zero
energy deformation mode. Additionally, the integration point is used to prevent
volumetric locking during impact. General contact was employed to define all contact's
behavior for each component.

150 - ° °
us] 7
140-
135—-
130—-
125
120 - T : . : . . . .
0 40000 80000 120000
Element numbers

Internal energy (J)

Figure 2-4: Mesh convergence study

3. Result and Analysis
3.1. Different impact location and drone attitude

Variation of simulations was performed to study the effect of different impact
locations and drone attitudes on the dynamic response of the wing and determine the
most serious scenario to damage the wing structure. The impact velocity was used to the
simulations of different impact location and drone attitude was 80 ms-l. This impact
velocity was relative value which consists of the drone's maximum velocity of 18 ms-!
and aircraft velocity of 62 ms! at the aircraft maximum approach flap. The aircraft
velocity was chosen because the airworthiness regulations for bird strikes, namely CASR
23.775 (Republic Indonesia Ministry of Transportation, 2014) set the impact parameter
for commuter aircraft was a 910 g bird when the velocity of the aircraft is equal to the
aircraft's maximum approach flap speed. Two locations of impact were analyzed, namely
on the rib and between ribs as shown in Figure 3-1a. Figure 3-1b shows that there was
global deformation at the leading edge of the wing and that there was no serious damage
to the wing structure when the impact location was on the rib. However, when the
impact on between the ribs, the drone broke the skin and hit the front spar so it is
considered to be more serious than the rib situation. Figure 3-2 shows the wing internal
energy for the difference in collision, that is, on the rib and between the ribs. It is seen
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that the internal energy between the ribs is lower than collision on the ribs. This is due
to when the collision on between the ribs, the skin structure fails so that the energy
absorbed by the deformation is lower than the collision on the rib (no damage and the
wing structure absorbs energy by deformation).

Different drone attitudes (impact angle) were also simulated, while the center of
gravity of the drone was not changed. The attack angle varied from —-45° to 45° at an
interval of 22.5°. The impact scenarios were marked #1-#5 as shown in Figure 3-3. The
principal strain of the wing was employed as the criterion to evaluate the impact
consequences. Based on Figure 3-4, it can be assumed that the drone with no attack
angle (0°) would cause the plastic strain reaches a value equal to the strain failure. This
is supported by Figure 3-5 which shows the comparison of internal energy of wing for
different drone attitudes. As explained by the difference in impact location (on rib and
between rib), the internal energy with no attack angle (0°) has the lowest value because
the skin structure fails so that the energy absorbed by the deformation is lower than
others scenario.

\

A ol R

on rib between ribs

Figure 3-1: (a) Different impact locations and (b) damage characteristics
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Figure 3-2: Wing internal energy during the drone collision on between rib and rib
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Figure 3-3: Different drone attitudes
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Figure 3-4: The plastic strain at impact angle (a) 45°, (b) 22.5°,
(c) 0%, (d) -22.5°, and (e) -45°
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Figure 3-5: Comparison wing internal energy for the different drone attitudes

3.2. Different drone velocity

The impact velocity was varied to determine the minimum and maximum damage
when the 735 g drone crashed on the wing. Three different velocities were investigated
according to the following considerations. Firstly, based on (FAA, 2016), small UAVs are
not permitted to be operated over 400 feet (approximate 120 m). Secondly, the maximum
flight altitude of the above UAVs is restricted to be 500 m from the ground by DJI.
Thirdly, (FAA, 1993) states that unless otherwise authorized by the Administrator, no
person may operate an aircraft below 10,000 feet (approximate 3,000 m) MSL at an
indicated airspeed of more than 250 knots. Therefore, three different velocities of aircraft
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were 40 ms-! at take-off (approximate 120 m), 62 ms-! at approach (approximate 500 m),
and 103 ms! at cruising conditions (approximate 3,000 m) are determined based on the
flight envelope. The maximum flight speed of the drone was 18 ms-! thus the impact
velocities were 58 ms-!, 80 ms'!, and 121 ms-!.

Figure 3-6 show the result summary of drone collision with velocity impact
differences. It can be seen that at the velocity of 58 ms-!, the skin is no fracture so that
no drone component penetrated the structure of wing. At an impact velocity of 80 ms-1,
the drone broke the skin cause the maximum plastic strain exceeds the material failure
strain, namely 18%. However, the front spar remained intact. At higher impact velocity,
that is 121 ms-1, the drone caused more fracture to the skin and damage to internal
structures. The energy distribution is showed in chart form. At low impact velocity, the
structural internal energy is higher than the impact velocity of 80 ms! and 121 msL.
Furthermore, the residual kinetic energy at the impact velocity of 58 ms-! lower than the
impact velocity of 80 ms'! and 121 ms-l. The drone's internal energy increases 180%
when the kinetic energy was 4.35 times larger. At the impact velocities of 80 ms-! and
121 ms-1, the structural internal energy is lower than the impact velocities of 58 ms-!
because the structure failed at the initial impact so that no energy is absorbed by the
deformation of the structure.
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Figure 3-6: Summary chart of different drone velocities

According to the airworthiness standards, it can be assumed that at the impact
velocity of 58 ms-1, the aircraft could complete the flight. At the impact velocity of 80 ms-
1. the primary structure of the wing was not severely damaged, but the fire risk of the
lithium-ion battery should be considered. However, at the impact velocity of 121 ms-1,
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the front spar is subject to severe plastic deformation and the residual strength should
be evaluated to ensure flight safety.

3.3. Comparison with a bird strike
3.3.1. Bird model

One of the methods to simulate bird was Smoothed Particle Hydrodynamics (SPH).
The method was developed to overcome large mesh distortion in high-speed impact
problems. Particles are nodes that connect each element obtained from the mesh.
According to (Heimbs, 2011), SPH has the advantages in the accuracy and of the
computation process. The same result was also obtained by (Liu et al., 2014) through a
comparison between simulation results from Lagrangian and SPH model which is
crashed on flat plates. (Hedayati & Ziaei-Rad, 2013) studied the effect of different bird
geometries on impact results through the numerical method and obtained cylinder with
hemispherical ends with a length to diameter ratio of 2 was recommended. As mentioned
in Subsection 3.1, a bird with a mass of 910 g was adopted in this research based on
(Republic Indonesia Ministry of Transportation, 2014). The average density of birds was
938 kgm-3 based on a report from (SIMULIA, 2011). The SPH bird model has 11,797
particles as shown in Figure 3-7. Note that this bird model is homogeneous that does
not consider differences in bird organs such as muscles or bones and can only be used
to predict the macro-response of the structure in bird strike simulations.

90 mm

181 mm

Figure 3-7: The SPH bird model

Hydrodynamics is described by the relationship of peak pressure to density ratio,
known as the Equation of State (EOS) as shown in Figure 3-8. EOS considers fluid
material variables, such as pressure, density, strain, and internal energy (Hedayati &
Sadighi, 2015). Characteristic for bird materials during bird strike process has been
investigated by (Barber & Wilbeck, 1987). (Smojver & Ivancevi¢, 2012) employed different
EOSs to study bird strikes on aircraft structures. The type of EOS used in this study is
tabular based on (SIMULIA, 2011) which is formulated as follows:

P = fi(evo) + Pof2(Evor) Em (3-1)

Where p and p, are the pressure and bird density at atmospheric pressure, f;(&,0;)
and f,(&,,) are the logarithmic functions of volumetric strain ¢,,,, with &,,; = In(py/p),
and E,, is the internal energy per unit mass. The contribution of internal energy to the
pressure is usually neglected when dealing with the hydrodynamic impact. Therefore,
fo(epor) =0 and p = f;(g,,;). Real bird has a porosity between organs thus reducing the
density which is the average density of birds ranges from 900-950 kgm-3 (Hedayati &
Sadighi, 2015). Porosity has a significant effect on the resulting peak pressure. For
example, a porosity of 0.1 can reduce peak pressures up to 50% compared to porosity of
0 (Wilbeck, 1978). In this study, a bird material with O porosity was employed to get
conservative results. Parameters of O porosity are shown in Table 3-1.
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Figure 3-8: Hugoniot pressure of water-like homogenized bird materials
(SIMULIA, 2011)

Table 3-1: Tabular EOS with 0% porosity parameters (SIMULIA, 2011)

No fl (MPa) &y No fl (MPa) &y
1 0 0 14 263,29 -0,088
2 15,82 -0,007 15 289,34 -0,095
3 32,56 -0,014 16 315,39 -0,100
4 51,17 -0,021 17 342,37 -0,107
S 68,85 -0,028 18 370,29 -0,113
6 87,45 -0,035 19 399,13 -0,119
7 106,06 -0,042 20 429,83 -0,126
8 127,46 -0,049 21 460,53 -0,132
9 147,93 -0,055 22 493,09 -0,138
10 168,40 -0,062 23 526,59 -0,144
11 191,66 -0,068 24 561,01 -0,150
12 213,98 -0,075 25 595,43 -0,156
13 238,17 -0,081

3.3.2. Result and discussion

The comparison between 735 g drone collision and 910 g bird strike is shown in
Figure 3-9 (a) and 3-9 (b). The impact velocity was 80 ms-! and the impact location was
between ribs. During the bird strike process, the skin of the wing cut the bird body and
the debris slid away from the structure, the skin suffered extensive permanent
deformation but no penetration was observed. However, during the drone collision
process, the drone broke the skin and penetrated the airframe, which may cause
damage to the front spar. According to airworthiness standards, the drone collision was
assumed to be more dangerous than a bird strike. Under the same impact velocity, the
drone’s kinetic energy was 81.1% of the bird's kinetic energy.
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Figure 3-9: Damage characteristics of (a) drone collision and (b) bird strike

The impact level consequences between drone collision and bird strike can be
considered for two reasons. First, the bird material was fluid-like would splash during
the collision so that increasing the contact area and decrease impact loading. In other
words, the stress distribution due to bird strikes is wider than the drone collision. In a
bird strike problem, the energy absorbed by the deformation of the aircraft structure is
5.9% greater than that of a drone collision as shown in Figure 3-10 and the bird does
not penetrate the aircraft structure. However, the drone component showed solid
characteristics during the collision process. The impact load was more concentrated
which is indicated by the maximum plastic strain only in the failure area. Additionally,
the impact load caused a local fracture of the skin and then cause large penetration due
to crack propagation. From the above discussion, it can be assumed that hardness plays
an important role rather than kinetic energy which is the biggest difference between
drone collisions and bird strikes.
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Figure 3-10: Aircraft structure internal energy

4. Conclusions

This research was performed to analyze drone and bird collision against aircraft
commuter wing section. When a drone airborne collision occurs at the aircraft maximum
approach flap speed and cruising speed, the commuter aircraft is in unairworthy
condition. In other words, the commuter aircraft cannot complete the flight safely. This
condition is caused by damage to the wing front spar and fire risk of the lithium-ion
battery. The thickness of the skin, spar, and rib have been proven ineffective against
drone airborne collisions so that increasing the thickness was needed. Drone collision
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would cause more serious consequences than a bird strike at the same mass, the drone
can easily penetrate the skin and cause damages to the primary structures of the
aircraft. Therefore, relevant airworthiness standards should be drafted to ensure the
safe operation of the aircraft.
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