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An airborne collision between civil Unmanned Aerial Systems (UASs) and manned aircraft
is a potential threat to the aircraft operation safety. In this paper, a structure level UAS
collision ground test was performed on a commercial airliner horizontal stabilizer section to
investigate the dynamic response of this primary operation component. The projectile was a
3.4 kg quadcopter named ‘Inspire I’ . Explicit dynamic code PAM-CRASH was employed
to simulate the collision process and the modeling procedures were modified through
comparison with test data. The results showed that 3.4 kg drone impact at the airliner cruising
speed could cause some damage on the horizontal stabilizer front spar and the situation is
more serious than 3.6 kg bird strike in which the hardness of drone components rather than
kinetic energy is a decisive factor. The lithium-ion battery penetrated into the airframe had a
smoke sign in the test, which might be a potential ignition source.

I. Nomenclature

E = Young’s modulus

G = Shear modulus

p = Density

) = Poisson’s ratio

oy = Yield stress

Efail = Failure strain

A,B,n,C,m= Material constants in Johnson-Cook mode
T, = Room temperature

Tm = Melting temperature

0ij = Stress tensor

&ij = Strain tensor

éy = Reference strain rate

gl = Initial/ ultimate longitudinal fiber tensile damage threshold strain
d/ = Allowed ultimate fiber damage

dd’ = Scalar shear/transverse damage factor
Yo,Ye = Initial/critical shear damage value

Yo Y e = Initial/critical transverse damage value
Trax = Maximum tensile force

Smax = Maximum shear force

D; = Energy absorption distance after failure
D, = Ultimate failure distance

Po = Initial pressure in Murnaghan EOS

po = Initial density in Murnaghan EOS

B,y = Material constants in Murnaghan EOS



I1. Introduction

Aircraft structures are vulnerable to impacts from foreign objects such as debris, hails or bird strike. These impact
incidents are serious threats to the operation safety of civil aircraft and may cause catastrophic accidents. According
to FAA’s reports [1], more than 245 aircraft and 258 people were lost in wildlife strike incidents since 1990. Nowadays,
the explosive growth in civil UASs makes the impact scenarios even more complicated. The Association for
Unmanned Vehicles Systems International (AUVSI) forecasted that the UAS market volume would reach 4.7 million
units by 2020 [2]. UP to now, at least 28 collision or near collision incidents between UASs and trunk liners have been
reported since 2014, the number of which increased year by year.

Concerns about UAS operation safety issues have continued for more than ten years. Up to now, much interest has
been directed to the collision avoidance algorithms [3,4] or collision avoidance systems [5]. Although these methods
may to some extent reduce the risk of accidental collision incidents but seem to be useless to those malicious ones.
Damage assessment is still a crucial part of airworthiness certification.

UAS collision ground tests provide a direct method to evaluate the damage severity. But the high cost of test
procedures makes it’s challenging to enumerate all collision scenarios. With the rapid development of finite element
method (FEM), combined experimental and numerical methodology was proved to be an efficient way to improve the
design safety while significantly reduce certification costs, as pointed out by Georgiadis [6]. According to FAR 25.631,
a bird strike test can be replaced with an appropriate numerical analysis as long as the results have been validated
against a representative aircraft structure [7]. We think the same methodology could also be used on the damage
assessment of UAS airborne collision.

Civil Aviation Safety Authority [8] investigated the damage potential of UAS airborne collision on the engine
ingestion, fuselage, and cockpit windshield and made a rough estimate of the penetration velocity. The Department
for Transport, the Military Aviation Authority and the British Airline Pilots’ Association [9] performed a UAS
collision ground test to investigate the hazard to the windshield. During the test, drones were dismantled and launched
by a gas gun, which could hardly reflect real collision scenarios and the correlation between simulation and experiment
was not satisfactory. Song et al [10,11] investigated the dynamic response of a high-bypass engine during drone
ingestion, different risk levels were classified and a comparison with bird ingestion was performed. Recently, FAA
reported the quadcopter [12] and fixed-wing [13] UAS airborne collision severity evaluation. In which a series of
component level tests were performed to calibrate the numerical model and damage severity of different collision
scenarios on commercial transport jet and the business jet was evaluated. It was concluded that UAS collision could
introduce severe damage to aircraft structures. However, the simulation models have not been validated by structure
level test data yet.

The horizontal stabilizer is one of the primary operational components of the aircraft, the leading edge of which
must be certified for 3.6 kg bird strike resistance. No significant damage should be detected on the front spar (part of
the torsion box) and control devices in order to ensure the operation safety. Many researchers introduced novel designs
such as aluminum foams filler [14], sandwich structure [7], and triangular reinforcement [15]. However, these
reinforcements were mainly targeted at bird strike problems, the threats associated with UAS airborne collision have
not been fully considered during civil aircraft design or operation process.

Up to now, almost no structure level test data of UAS collision on horizontal stabilizer leading edges could be
found in published reports. In this work, such test was performed, a section of a commercial airliner horizontal
stabilizer (already certified for 3.6 kg bird strike) was employed as the target specimen and the projectile was a 3.4 kg
drone. The collision simulations were carried out by explicit dynamic finite element solver PAM-CRASH. The
simulation model was modified by comparing the morphology and strain signals with test data and showed acceptable
agreement. A comparison with bird strike was also clarified in this paper. Based on these results, the threats associated
with UAS airborne collisions to the horizontal stabilizer was summarized, which is of certain reference value on the
security risk assessment of civil aircraft under UAS airborne collision.

I11.  Description of the FE model

A. The Drone

‘Inspire I’ professional supplied by SZ DJI Technology Co., Ltd. was selected to be the representative quadcopter
in the test. Its general size was about 410*440*330 mm and the total weight (with camera) was 3.428 kg, which was
close to the bird mass required by the bird strike resistance certification for tail leading edges (3.6 kg). Reverse
engineering method was applied to generate the drone FE model, the drone was dismantled and the sizes of
components were obtained through manual measurements. Some minor components and geometric features were
eliminated, their mass was added to the main structure to keep the total mass and center of gravity unchanged. Shell



elements were used to represent thin-walled structures such as the fairing and brackets, solid elements were used to
represent the battery, motors, and camera. Although these components had their own internal structures, they were
treated as homogeneous entities to simplify the simulation model. Based on a mesh sensitivity study in Section 2.5,
the average element size was about 4-5 mm and shown in Fig. 1c, for some minor components, smaller mesh size was
employed based on their geometric features. The drone model contained 22,971 shell elements and 11,544 solid
elements. The materials and mass distribution are shown in Fig. 1a and b.
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6061-T6 aluminum alloy
electronic boards

motor

Component | Mass/kg | Center of gravity/mm

Total UAS 3.428 (-197,0, 5)
motors| 0.462 (-214,0,12)
battery| 0.57 (-271,0, 4)
camera| 0.64 (-125,0,-161)

Fig. 1 a) Drone materials b) mass distribution c) element size

B. Horizontal stabilizer leading edge

A commercial airliner horizontal stabilizer leading edge segment was prepared for the test. The segment was about
1 min length and the total mass was 9.96 kg. It consisted of a skin, a triangular reinforcement, seven ribs, and a front
spar, as shown in Fig. 2a. Notice that the triangular reinforcement was a novel anti-bird strike design introduced by
Liu et al [15], as can be seen from Fig. 2b that during the bird strike process, the skin would deform along the
reinforcement and form a knife-like a shape, the bird would be cut into two parts and slid away from the leading edge,
which could mitigate impact loading and provide better protection for the front spar. The triangular reinforcement was
manufactured by bending two layers of 1 mm 7075-T6 aluminum alloy to an open angle of 85°with a curvature less
than 5 mm, then fix them on ribs by connectors.

The leading edge specimen was fixed on a Q235 steel fixture and then mounted on the rocket sled. To obtain a
balanced aerodynamic load, the specimen was set to be perpendicular to the impact direction (no swept angle). Two
semi-oval Q235 fixtures were fixed on two sides of the specimen to restrict displacement along impact direction. Both
the leading edge and fixture were represented by shell elements, through a mesh sensitivity study in Section 2.5, an
average mesh size of 5 mm was employed for the leading edge and fixture mesh size was about 15 mm. The whole
model contained 84,124 shell elements.
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Fig. 2 a) Geometric details and materials of the leading edge specimen. b) Schematic of the triangular
reinforcement. ¢) Fixture and boundary conditions.
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C. Constitutive model for materials

The aluminum alloy 2024-T3, 7075-T6, and 6061-T6 were represented by the elastic-plastic material with isotropic
damage model, the flow stress and strain rate dependent behavior were described by Johnson-Cook’s law [16], the
expression is:

o=(A+Be")1+CIn&)1-(T)™) (1)
And
T*z(T_Tr)/(Tm _Tr) (2)

During the collision process, most of the material failure was due to tensile stretching caused by the displacement
of the impact region [15]. Therefore, the maximum tensile strain value was employed as the mesh elimination criterion.
All these parameters were obtained through static tests on electromechanical load frames and dynamic tests on Split
Hopkinson Bars (SHBs) and are listed in Table 1. Notice that we did not measure the temperature rising and only used
the first and second term of J-C model. The Q235 steel was represented by a linear elastic model without failure,
where E = 200 GPa and ju=0.3.

Table 1. Parameters of aluminum alloy

A [MPa] B [MPa] n C Emax
2024-T3 280 400 0.2 0.015 0.2
7075-T6 480 400 0.42 -0.001 0.12
6061-T6 324 114 0.42 0.002 0.12

The CFRP material was represented by a PAM-CRASH built-in unidirectional composite global ply model based
on ref [17]. It corresponded to a homogenized, global description of the fiber and matrix phases. Three global
composite ply damage phenomena were considered: matrix microcracking, fiber/matrix debonding and fiber rupture.
The elastic stress-strain relation is formulated below:

£ 1/E, -v,/E, 0 0 0 \foy
&y | |-v,/E, 1/E, 0 0 0 |lo, ©)
2,'=| 0 0 16, 0 0 [o,
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2, 0 0 0 0 1/G,)|oy

Some basic elastic parameters are listed in Table 2. For fiber tensile damage, the damaged Young’s modulus E;
was calculated by:
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Where &'=0019, &' =0.023, and d/ =0.99 was employed in this paper, reflected a brittle fracture for the fiber. The

parameters were measured by tensile loading in the fiber direction.

Two scalar variables, d and d” were employed to quantify the matrix related damages. d was related to the damage
due to debonding between fibers and matrix, and 4’ was related to the matrix microcracking parallel to the fiber
direction. The damage evolution functions are defined as below:

2 2 2
Y = lop+oy, +b1 (o) (shear damage) (5)
G, 2 E,
2
Y'= 5@ (transverse damage)
2 E,

Where <a>=a if a>0, else=0. (because the microcracks grow when the composite ply was under tensile transverse
loading and close under compression) b was the coupling factor between shear and transverse damage (default
value=E,/G12). The damage scaler d and d' were calculated from:

d=(Y-Y,)/Y, (shear damage) (6)
d'=(Y-Y'))/Y', (transverse damage)

Where Y, =0.345 \/MPa , Y, =3.42 \\MPa, Y',=0.282 \/[MPa, and Y* =679 \/MPa These parameters were measured
by loop loading. The damaged Young’s modulus E; and shear modulus Gi thus can be calculated by:
{Ez =E;(1-d) @
G, = Gloz (1-d)
A mesh elimination criterion based on the maximum shear strain (5%) was employed to avoid large mesh distortion

associated with stiffness degradation.
Table 2. Elastic parameters of CFRP

Young’s modulus Young’s modulus Poisson’s ratio Shear modulus
E; [GPa] E>[GPa] Vi G1:[GPa]
191 9.9 0.33 63

The polycarbonate (PC) and polyamide6 (PA6) material were represented by the elastic-plastic model and were
assumed to be ideal plasticity. The mechanical properties were supported by SZ DJI Technology Co., Ltd and are
listed in Table 3. The maximum tensile plastic strain was set to be the criterion for element elimination and the
parameters were modified through comparison with test data. Different values ranged from 0.1 to 0.4 at an interval of
0.05 were tested and finally, the value 0.2 was employed in the simulation.

Table 3. Parameters of PC and PA6

Density Young modulus Poisson’s ratio Yield stress Failure strain
P [kg/mS] E [GPa] A% Oy [MPa] Emax

PC 1180 2.35 0.3 62 0.2

PA6 1350 6.2 0.3 70 0.2

Sahraei et al [18,19] studied the mechanical properties of pouch lithium-ion batteries, and a 60% porosity of the
active particles with the voids filled with electrolyte was estimated by them. So they used a crushable foam element
in the first approximation. A similar model was employed in this paper and some basic parameters are listed in Table
4.

Table 4. Mechanical properties of the battery

Density Young modulus Poisson’s ratio
p [kg/m?] E [MPa] v




1750 500 0.01

D. Joints model
Mesh independent PLINK elements were employed to simulate fastened joints. Penalty stiffness was internally
calculated to achieve a stable response. A user-defined rupture model is expressed as follow:

-
TMAX SMA)(

T and S mean the tensile force and shear force calculated during the simulation process. Ultimate tensile load Twmax
= 3000 N and shear load Suax = 4200 N for rivet code ‘4.0-8-CPH’ was measured on the SHBs. n = 1.5, m = 2.1 were
determined according to ref [20]. To eliminate oscillations in stress, T and S were set to be the average value in thirty
integral circles. A displacement-based post failure softening relevant was applied with D; = 0.5 mm and D, =1 mm
mean the energy absorption distance after failure was initiated and the ultimate failure distance respectively. To avoid
local stress concentration induced by PLINK elements, six additional points at a radius of 3 mm were added to every
PLINK element. The tail leading edge model contained 753 PLINK elements.

Complicated connection relationship between different drone components makes it difficult to set PLINK elements
corresponding to real bolts arrangement. Instead, modified TIED elements with the same rupture model were
employed. Since TIED elements were mesh dependent and the rupture parameters were related to mesh size, extensive
parametric studies were performed to determine suitable parameters for the impact scenario. The welding connections
in the fixture were also represented by TIED elements but no rupture model was considered here.

E. Computational model

A mesh sensitivity study was performed to obtain a balance between accuracy and computational efficiency. To
perform the study, some representative drone components, i.e. the battery cell and motor were impacted to an
aluminum alloy flat plate (500*500*2 mm, 2024-T3, same as the leading edge external skin) at a velocity of 151 m/s.
the mesh sizes of the FE model were 15 mm, 10 mm, 5 mm, 3 mm and 2 mm. The internal energy of the battery cell
was employed as the criterion and shown in Fig. 3. It can be seen that the performances of the FE models were almost
identical when the mesh size was below 5 mm. The morphology of the plate impacted by the motor also shows that
the mesh elimination criterion still worked well when the mesh size increased from 2 mm to 5mm. Finally, an average
element size of 5 mm was employed in this work.

The explicit analysis was employed in this simulation. Its effectiveness in solving highly non-linear problems has
been reported by many authors. To capture all energy associated with the stress wave propagation during the impact
process, the critical time step was around 1.6*10-7 s. The time step required for stability was computed by the program,
and the solution was stable with the default time step scale factor (constant value = 0.9).

The contact behavior was represented by a PAM-CRASH built-in ‘self-impacting node to segment’ contact. This
contact type required the definition of one surface (slave) only. Each node/edge of the slave side was checked for
penetrations to the segments/edges of the slave side. Penalty method was employed to avoid perforation. The friction
behavior between the drone and the leading edge was governed by Coulomb friction law and the constant friction
coefficient was set to be 0.26 according to a material handbook. The average contact thickness was set to be 1 mm,

and local contact thickness was modified to avoid initial penetration.
15mm 10mm plastic strain
0.500
-— |[ 0450
. 0400
. D350
— 0300

Smm 3mm 2mm — 0250
. _ 0200
f A B 0150
i 0.100
I[ 0.050
i

Fig. 3 Mesh sensitivity study

Maximum
5500

Aluminum alloy plate

so0e - UAS baltery cell

4500 - Fixed BC

=
=1
=]
o

3500

Internal energy, J

w
=1
=]
o

2500

2000
10mm 5mm 3mm 2mm

Element size



IV.Experimental validation

A. Test collision scenario determination

In this section, a series of simulations were performed to study the effect of different impact locations and drone
postures on the dynamic response of the horizontal stabilizer, among which the most serious scenario shall be
employed in the UAS collision ground test.

The impact velocity was set to be 151 m/s, this velocity combined the drone’s maximum velocity of 25 m/s and
airliner velocity of 126 m/s at an altitude of 500 m according to its flight envelope. Two impact locations were
investigated, on the rib and between ribs, as shown in Fig. 4a. Fig. 4b shows that the battery cell and some other drone
components broke the triangular reinforcement and hit the front spar when the impact location was between two ribs,
which was assumed to be more serious than the on rib situation.

Different drone postures were also investigated, while the center of gravity of the drone was kept still. The attack
angle varied from -45¢ to 45 at an interval of 22.5° and the yaw angle varied from 0° to 180° at an interval of 45,
The impact scenarios were marked 1#-5# and shown in Fig. 4c and d. The internal energy of the front spar reflected
the deformation severity of this primary structure and was employed as the criterion to evaluate the collision
consequences. From the results in Fig. 4e, it can be assumed that the drone with no attack angle and no yaw angle
would cause the most serious consequence. And this collision scenario shall be employed in the collision test.

—a— attack angle
—e—yaw angle

400 -

N
o
=]

w2 3 4 o
impact scenarios
Fig.4 a) Different impact locations and b) damage characteristics. Different c) attack angle and d) yaw angle
and e) front spar internal energy

B. Test procedure

The UAS collision ground tests were performed at the experimental base of Aerospace Life-support
Industries.,Ltd. Fig. 5. illustrates the arrangement of the test apparatus. The leading edge specimen and aircraft head
structure (employed in the windshield collision test) were mounted on a rocket sled. The sled can move freely along
the lubricated steel track and the launch point was 300 m from the suspended drone. The fuel in the booster rocket
was carefully calculated to provide enough thrust and achieve the expected speed of 151 m/s at the impact point. The
actual velocity of the sled was measured through radiotelemetry and shown in Fig. 6. The velocity at the impact point
was 152.8 m/s, about 1.2% higher than expected one, then the fuel exhausted and the sled reaches the maximum speed
of 159.2 m/s. After that, the sled was slowed down to stop by the friction with track and water brake. Fig. 7a. shows
the rocket sled employed in collision ground test.
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Fig.6 The velocity of the rocket sled

According to the results in Section 3.1, the drone was suspended horizontally with no attack angle and no yaw
angle. The motors were set to be energized during the impact process to reproduce real impact scenario and to see
whether the impact loading would cause short circuit or explosion of the lithium-ion battery cell. 8 KEVLAR strings
were used to suspend the drone at the target impact location, as shown in Fig. 7b. the arrangement of these strings
should follow the guidelines below: i) All six degrees of freedom for the drone should be restricted by strings and
withstand the turbulent flow caused by rocket sled’s movement; ii) No strings should contact with the horizontal
stabilizer structure before the drone; iii) All strings should break immediately at the time of impact and have little
interference on impact loading and debris trajectory.

Six high-speed cameras were employed in the test, two of them at 3,000 frames per second were fixed on the
rocket sled (1 and 2 in Fig. 5) and were protected by aluminum alloy shields from the debris during the test process.
Another two cameras (4 and 5 in Fig. 5) at 5,000 frames per second were placed near impact point to monitor the
damage characteristics of the leading edge specimen. The frame rate for the cameras was not very high and was just
enough to capture the damage caused by some typical drone components. Last two cameras (3 and 6 in Fig. 5) were
placed 50 meters away from the track to monitor the movement of rocket sled during the whole test process at 240
frames per second. 11 strain gauges (type BE350-3AA) were arranged on the horizontal stabilizer to record the
dynamic strain response of the structure, as shown in Fig. 7c. S1-S5 were arranged on the leading edge ridge line, S6-
S9 were arranged on the upper and lower side of the skin, S10-S11 were arranged on the front spar. All these gauges
were at least 15¢cm from the impact point to protect them from the debris of the drone. The oscilloscope at the frequency
of 50,000 Hz was also fixed on a rocket sled.

To obtain the accurate aerodynamic characteristics of the rocket sled and verify the data collection system, a
preliminary test was performed on the windshield with a 0.3 kg drone, as shown in Fig. 7d. During the test, all high-
speed cameras were trigged correctly and captured the whole collision process. Three of the four strain gauges
arranged on the windshield had valid data while the weld point of one gauge was broken due to impact loading. The
KEVLAR strings (maximum loading was 600 N) used to suspend the drone were too strong and couldn’t break



immediately at the time of impact (red circles in Fig. 7d.) and they were replaced by KEVLAR string with a maximum
loading of 300 N in the formal test.

[a] [b]  KEVLARstings

0.3kg drone

Fig.7 a) Rocket sled used in the UAS collision test. b)The drone suspended by 8 KEVLAR strings. ¢)Strain
gauges on the leading edge specimen. d) A preliminary test on the windshield with a 0.3 kg drone.

C. Comparison between test and simulation results
Experiment

Slmulanon

S

Fig.8 Images from high-speed camera and simulation during the UAS collision test.

During the UAS collision process, the leading edge external skin and triangular reinforcement were fractured and
considerable portions of UAS mass (including the lithium-ion battery cell) penetrated into the airframe, while two
arms and motors slid away from the upper skin. The bracket of the drone’s camera was broken and the camera slid
away along the lower skin. The deformation characteristics captured by high-speed cameras were compared with the
simulation results at different time intervals in Fig. 8. From the figures, we can assume that the penetration happened
about 1.2-1.8 ms after the collision began and the triangular reinforcement seems to be useless against UAS collision.
Good agreement between the test and simulation results was achieved in deformation characteristics.




Fig.9  Comparison of damage characteristics on between the test and simulation

Structural component
»

/

¥ <
Ultrasonic ranging Lithium-ion pouch
module cell

Fig.10 Drone components penetrated into the airframe

Fig. 9. illustrates the damage features of the leading edge specimen after the collision and that from the simulation.
the acceptable agreement can be observed in the deformation area (188 mm versus198 mm), but the fracture size
from simulation was reasonably smaller than the test (76 mm versus 94 mm). Notice that there was a fracture on the
left side of the leading edge, that’s probably because the drone tilted to the left during the collision process and the
left arm scratched the upper skin. Which was not reflected in the simulation. Fig. 10 shows some drone components
penetrated into the airframe, the lithium-ion battery cell was crushed and showed some smoke and charred smell
right after the test, which indicated that short circuit probably happened and the cell shall be a potential ignition
source.

Fig. 11. shows the comparison between surface strain signals measured by strain gauges on the leading edge
specimen and that from the simulation. Six of the eleven gauges get acceptable data while the others failed due to
impact loading. The simulation results have some discrepancies with test data, which can be attributed to the
randomness factors during the collision process and the differences between the simplified drone FE model and real
drone structure. The survived strain gauges were about 30 cm from the impact point and the measured stain singles
were less than 0.5%, which indicated that the dynamic response of the leading edge was a local behavior, that is
different from bird strike and shall be discussed in Section 5.

According to the airworthiness standards, it can be assumed that at the impact velocity of 151 m/s, primary
structure of the horizontal stabilizer would not suffer much, but fire risk of the lithium-ion battery should be
considered and the residual strength should be evaluated to ensure the flight safety..
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Fig.11 Comparison between measured and simulated strains on horizontal stabilizer leading edge

V.Comparison with bird strike

A. Bird model

145.2mm
pes2my

290.4mm

|
[

Fig. 12. The SPH bird model

The meshless Smoothed particle hydrodynamics (SPH) model was adopted to simulate the bird. It was developed
by Lucy in 1970s to overcome large mesh distortion in high-speed impact problems. This technique used discrete,
topologically independent particles instead of solid mesh, the interaction between these particles was controlled by
interpolation theory and smoothing kernel functions. Its advantages in stability and accuracy was emphasized in
Hemibs’s [21] review. The same conclusion was also drawn by Liu et al [22] through comparison between simulation
results from Lagrangian and SPH model and test data from bird strike on flat plates. Megiud [23] studied the effect of
different bird geometries on impact results through numerical method, and a cylinder with hemispherical ends with a
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length to diameter ratio of 2:1 was recommended. According to FAR 25, subpart 25.571, a 3.6 kg bird with an average
density of 900 kg/m?® was adopted, the SPH model contained 15,246 particles and is shown in Fig. 12. Notice that this
bird model is a homogenized approximation, which do not consider the differences between bird organs such as
muscles or bones, and can only be employed to predict the macro response of the structure in bird strike problems.
The equation of state (EOS) described the pressure-volume relationship of materials and is widely used to describe
the constitutive relations of fluid-like materials when the flow velocities remain well below the physical volume sound
speed. Which is a typical characteristic for bird materials during bird strike process, as pointed out by Welbeck [24].
Guida [25] and Somjver [26] employed different EOSs to study bird strike on aircraft structures and emphasized the
importance of selecting suitable EOS for different impact scenarios. In this work, Murnaghan EOS was employed and

the expression is:
V4
p=p0+Bl:(pJ - :l ®)
Po

McCarthy [20] performed bird strike tests on flat plates and determined B = 128 MPa and y=7.99 by inversion of
parameters.

B. Results and discussion

The comparison between 3.4 kg UAS collision and 3.6 kg bird strike is shown in Fig. 13a and b. the impact velocity
was 151 m/s. During the bird strike process, the triangular reinforcement cut the bird body and the debris slid away
from the structure, the skin suffered extensive permanent deformation but no penetration was observed. However, the
drone structures broke both the skin and triangular reinforcement and penetrated into the airframe, which may cause
damage to the front spar and control devices, according to airworthiness standards, the UAS collision was assumed to
be more dangerous. Under the same impact velocity, the kinetic energy of the drone was 95.2% of that of the bird,
and the severer impact consequences can be attributed to the following two reasons.

First, the bird material performed fluid like mechanics and would splash during the impact process, which would
increase contact area and mitigate impact loading. Under bird strike, an overall deformation of the leading edge
external skin can be observed from the strain cloud map. Also, the energy absorbed by the deformation of the airframe
was about 56% higher than UAS collision, the bird kinetic energy was dispersed and no penetration happened.
However, the drone structure showed solid characteristics during the collision process, the impact loading was more
concentrated and caused local deformation and penetration.

Second, Although the bird body contained bones, muscles, and other tissues of different densities, the bird strike
on flat plate tests [22] showed that it could still be treated as a homogenous entity in the simulation. However, the
drone contained hard blocks such as battery, motors, and camera, which could cause extremely high impact loading
and local high-stress areas. As can be seen from the curve in Fig. 16d that the contact force amplitude of UAS collision
was much higher than bird strike but the pulse width was rather short. These hard bocks would cause partial perforation
of the external skin and finally, lead to large penetration.

From the discussion above, it can be assumed that during the UAS collision process the hardness rather than kinetic
energy played the critical role, that is the biggest difference between UAS collision and bird strike.
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Fig. 13. Damage characteristics of a) UAS collision and b) bird strike. c¢) Aircraft internal energy and d)
contact force during the UAS collision and bird strike process

VI. Conclusion

In this paper, an attempt is made to analyze both experimentally and numerically a UAS collision against aircraft
horizontal stabilizer. The numerical framework was developed and validated with experimental data after numerical
validation various impact scenarios were simulated to study the risk of UAS impact on different locations of the
horizontal stabilizer. The comparison between UAS and bird collision with the subject target was also made. The
following conclusions from this study can be drawn:

1) The impact behavior simulated by the FE model developed in this paper was in acceptable agreement with test
data and the simulation methodology was proved to be an efficient way to reduce certification costs.

2) The commercial airliner cannot complete the flight safely when a UAS airborne collision happens at its cruising
speed, considering the damage to the horizontal stabilizer front spar and fire risk of the lithium-ion battery.

3) Some novel anti-bird strike designs such as triangular reinforcement were proved to be not so efficient against
UAS airborne collision, and new design principles should be considered.

4) UAS collision would cause more serious consequences than bird strike at the same mass level, the drone can
easily penetrate the skin and cause damages on primary structures of the aircraft. Relevant airworthiness standards
should be drafted to ensure the operation safety of manned aircraft.
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