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Recently, the growing amount of unmanned aerial vehicles (UAVs) has brought a huge threat to the
safety management of manned aircraft operation, in which the UAV airborne collision is an incident that
would lead to serious damage to the manned aircraft and will affect its operational safety significantly.
In the present paper, the bird strike data over the year of 1990~2019 is analyzed, which demonstrates
that the engine is the most vulnerable component under bird strike, and the most severe hazard would
happen during the flight phases of take-off, climb and approach. The dynamic response of UAV airborne
collision with the manned aircraft engine is simulated based on the combination of FEM (Finite Element
Method) and CFD (Computational Fluid Dynamics) simulations. Not only the damage of fan blades but
also the thrust loss of the engine core caused by the damage in the compressor core is taken into
account. The damage severity level of the engine under UAV airborne collision is studied by considering
different collision configurations, different collision positions and different flight phases. Both the damage
of fan blades and the percentage of thrust loss are considered to reflect the influence of UAV airborne
collision on the aircraft operation. It is expected that this study can be used to guide the airborne safety
assessment of UAV airborne collision.
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manned aircraft caused by the UAV airborne collision should be
investigated carefully.

1. Introduction

Recently, the application of unmanned aerial vehicles (UAVs)

has been getting more and more popular in the fields of airspace
surveillance, target tracking, and aerial mapping [1-3]. It is esti-
mated that the number of UAVs over the world will reach 4.7
million unities by the year 2020 [4], which would lead to great
threats for the safety management of manned aircraft operation
[5]. Based on the data of UAV involving incidents given in Ref. [6],
a statistics of the number of UAV involving incidents over the past
ten years is presented in Fig. 1, which shows that the UAV involv-
ing incidents increase significantly since the year of 2016 due to
the increasing applications of UAVs. Once a UAV intrudes on the
restricted airspace over the airport, the airport runway should be
closed to avoid the collision chance between the UAV and manned
aircraft [7]. As an important safety issue, the potential damage of
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1.1. Existing works

Focusing on this problem, many experimental and simulation
works have been conducted to assess the collision severity of
manned aircraft struck by UAVs. For instance, Olivares et al. [8,9]
performed the pioneering studies to analyze the UAS airborne col-
lision severity level of different components of commercial aircraft
subjected to the striking by quadrotor and fixed-wing UAVs. A se-
ries of outdoor experiments of UAVs impacting onto a windscreen
of commercial aircraft were carried out by Lu et al. [10] to re-
veal the influence of pitch and yaw angles of UAVs on the damage
of windscreen. Additionally, the experimental and simulation stud-
ies on the UAS airborne collision to the horizontal stabilizer were
also carried out to evaluate the damage severity caused by the
UAV impinging [11]. From these researches, it is concluded that
UAV impacts are likely associated with higher damage levels than
bird strikes for an equivalent initial kinetic energy due to the hard-
bodied construction of the UAVs with their components composed
of dense and rigid materials.
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Nomenclature of abbreviations and symbols

UAV Unmanned aerial vehicle

FEM Finite element method

CFD Computational fluid dynamics
LPC Low-pressure compressor
HPC High-pressure compressor

IGV Inlet Guide Vane

TP_1_damage Pressure ratio in damaged stage-1 LPC

'p_ENG_damage Engine pressure ratio with considering the dam-
age of engine core

Tp_ENG no Engine pressure ratio with no damage of engine core

Pout_1_damage Output pressure damaged stage-1 LPC

Pin_1_damage Input pressure damaged stage-1 LPC

FOD Foreign Object Debris Tp other Engine pressure ratio without considering ith (i =IGV,
rp eng  Engine pressure ratio 1,..., N) stage
Pin Input pressure of the engine m Mass flow rate at the exhaust of the engine
Pout Output pressure of the engine Vv Mass flow velocity at the exhaust of the engine
Pin i Input pressure of ith (i =IGV, 1,..., N) stage A Area of engine inlet
Pout i Output pressure of ith (i =IGV, 1,..., N) stage T Engine thrust
rpi Pressure ratio of ith (i =IGV, 1,..., N) stage AT Thrust loss of engine
rp GV Pressure ratio of IGV stage D Depth of the damage of fan blades
T'P_i_damage Pressure ratio in ith (i =IGV, 1,...,N) damaged w Width of the damage of fan blades
stage 0 Drop angle of UAV adopted in the drop test simulation
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Fig. 1. Number of UAV involving incidents over the past ten years [6].

Particularly, the damage of the manned aircraft engine induced
by the UAV ingestion has aroused wide attention. For instance,
the damages of the fan blades, containment ring, and nose cone
of manned aircraft engines caused by the UAV ingestion were in-
vestigated by D’Souza et al. [12], in which influences of collision
position and postures on the damage of manned aircraft engine
were analyzed in detail. The damage of engine fan blades under
the bird and UAV strikes was compared by Bayandor et al. [13,14]
and they demonstrated that the UAV strike would result in much
more severe damage compared to the bird strike. A similar con-
clusion also has been demonstrated by Lyons and D’Souza [15].
However, there are also some limitations in their studies, e.g., a
non-specific engine model in service was employed in D’Souza
et al.’s works [12,15], and only a simplified drone model is used
in Bayandor et al.’s studies [13,14]. In our previous study [16], a
UAV impacting onto a specific engine (CFM-56-5B) was analyzed
to investigate the damage of fan blades under different UAV colli-
sion positions and postures. However, a significant drawback of all
these works is that only the damage of engine fan blade is taken
into account, while the potential damage of engine core due to the
ingested debris is not analyzed. Furthermore, the resultant thrust
loss of engine due to the UAV ingestion also has not been revealed
in all previous studies.

Due to the limited information of UAV strike incidents, the
studies on the UAV airborne collision incidents are still very lim-
ited by comparing with those of bird strikes which have been
reported extensively in the last decades. Because the bird strike
and drone collision are both happened suddenly and unpredictably,
the statistical analysis of the data of bird strikes might be useful
as a start point to explore the damage severity assessment of UAV
airborne collision.

12% Engine
2%

Fig. 2. Damage percentage of different components under bird strike.

1.2. Relevant statistics of bird strike damage

As is known to all, the bird strike is an airborne collision be-
tween a flying bird and a manned aircraft, which is a major threat
to the safety of civil aviation as this incident can lead to serious
structural damage [17-22]. According to the Federal Aviation Ad-
ministration (FAA), it was reported that more than 258 people had
been killed and at least 245 aircraft have been destroyed under
the bird strike accidents during the year of 1988-2014 [23]. The
bird strike performances of the wing leading edge [24,25], wing
flap [26,27], engine [28], and windshield [29,30] were extensively
investigated by several researchers.

By learning from bird strike, a total number of 131,032 bird
strike incidents during the period 1990-2019 was collected [31].
From these data, the damage percentage caused by the bird strike
on different components of aircraft can be obtained, as presented
in Fig. 2. It is found that the engine part is more susceptible to
be damaged under bird strikes by comparing to the other manned
aircraft parts. As is known to all, the engine part is the sole com-
ponent to provide the power and thrust to the whole manned
aircraft; hence, the failure of this part may cause loss control of
aircraft and eventually lead to catastrophic accidents. As the most
critical component in the commercial aircraft, the engine ingestion
of UAVs will be focused in the present work.

Next, the data analysis on the bird ingestion incidents was per-
formed to detect which type of engine is the most used one. From
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Fig. 3. Damage level of bird ingestion incidents under different flight phases. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this

article.)

the database sweep study done, it was found that CFM56, P&W,
and GE are the top three engine types involving an airborne colli-
sion incident with the bird. Hence, the concentration will be paid
on the simulation of UAV collision on the CFM56-5B engine in the
following sections. In addition, the data of bird ingestion incidents
are detailed analyzed to estimate the severity level under differ-
ent flight phases, as presented in Fig. 3. It is found that most bird
strike incidents appear during the approach, climb, take-off, and
landing flight phases. Besides, the most severe damage often hap-
pens during climb and take-off flight phases, whose rates can reach
41% and 39%, respectively. The proportion of severe damage cases
under the approach phase is about 15%, which also poses a sig-
nificant hazard to the aircraft engine. Hence, a significant concern
will be paid to the climb, take-off, and approach flight phases in
the following studies.

1.3. Bird strike to engine

Due to the high chance of severe damage accidents under bird
ingestion, the problem of birds strike on an aircraft engine requires
careful investigation. Hence, the literature review on experiment
and simulation studies of bird ingestion is carried out to provide a
preliminary understanding of the dynamic response of aircraft en-
gine under striking load. For the simulation study of bird ingestion,
Meguid et al. [32] classified the bird into three different geometry
configurations (i.e., straight and hemispherical-ended cylinders, as
well as an ellipsoid) and investigated the impacting response of a
single fan blade subjected to bird strike by using the finite element
method (FEM). Vignjevic et al. [33] treated the bird as Smoothed
Particle Hydrodynamics (SPH) particles and analyzed the influence
of bird shape, bird impact location, and impact timing on the de-
formed shape of the fan blade. With the aid of the same simulation
method, Zhang and Fei [34] detected the influence of bird geom-
etry and impact orientation on the bird striking onto a rotating
jet-engine fan blades. Zhang et al. [28] analyzed the influences of
arbitrary yaw/pitch angle on the bird-striking response of a rotary
jet-engine fan blades. For the experimental study of bird inges-
tion, Liu et al. [35] built a real bird-striking experimental system
by launching the bird onto the rotary engine blades to assess the
dynamic damage of the engine blade. A numerical analysis model
based on the SPH method was also established to investigate the
influence of bird speed, mass, rotating speed, and impact location
on the dynamic deformation process of the engine blades. A sim-
ilar study was also performed by Hou et al. [36] to evaluate the
damage of a rotary engine fan assembly with hollow blades sub-
jected to bird strikes.

It is noted that the engine fan blades mentioned above are
mostly made of titanium alloy Ti-6Al-4V, and there are also some
works on rotating composite engine blades subjected to the bird

strike. For instance, Zhou et al. [37] numerically simulated the
damage of rotating laminates induced by the bird strike based on
the SPH-FEM approach. The same method is also adopted by Zhou
et al. [38] to analyze the deformation and stress responses of a
simplified slender composite blade impacted by the bird projectile.
Moreover, the experimental study for the bird strike on a simpli-
fied composite blade-like plate was carried out by Liu et al. [39]
to evaluate the damage level of the composite engine blade caused
by a bird strike.

Besides, there are also some bird ingestion certifications that
have focused on the thrust loss of engine led by the bird inges-
tion. For example, in the engine certification for the ingestion of a
single bird with a maximum weight of 1.35 kg, it is required that
the bird strike should not cause a sustained thrust or power loss
of more than 25% and shall not result in hazardous engine condi-
tions [40]. For engine ingestion test of large bird (weight between
1.85 kg and 3.65 kg) certification regulation, it is required the air-
craft engine shall enable to maintain at least 50% thrust after a
large bird impact, and this must be proved for the entire engine
certification test [41]. Besides, it also has to be proven that the en-
gine inlet can withstand a large bird impact with no damage to
significant components of the engine [41]. However, most previous
evaluations are solely dependent on experiments, and no simula-
tion results on thrust loss have been reported.

1.4. Contribution of this paper

From the above literature review, although many works have
been performed to evaluate the damage of bird strike on the air-
craft engine, most of them are only focused on the damage of the
engine fan blades. There are two main problems remained to be
solved:

a) The UAV debris may be ingested into the engine compres-
sor core and cause damage to the engine compressor blades,
which has not been studied in previous works. By comparing
it with the bird strike, the UAV debris would lead to much
more serious damage to the engine compressor blades due to
its higher density and rigidity.

b) Although the damage of the fan blades has been studied by
many researchers, the consequences of a UAV collision on
commercial aircraft, especially on the thrust loss of aircraft en-
gine are still unclear.

Facing these two problems for the UAV airborne collision to the
manned aircraft engine, the following methods will be carried out:

a) For the first problem, by adopting the collision simulation of
the UAV impinging on the engine fan blades, the damage of
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the fan blades can be analyzed. Moreover, the collision simu-
lation will be continued to see the damage of the compressor
blades induced by the UAV debris ingested into the engine
compressor core. From these simulation studies, the damage
of the fan blades and compressor blades both can be obtained.

b) To solve the second problem, the operational effect caused by
UAV ingestion is analyzed by combining the damage of the
fan blades with the thrust loss of the compressor core. The
pressure ratio in the compressor can be analyzed by using
CFD (Computational Fluid Dynamics) simulation, and the failed
compressor blades will lead to the reduction of pressure ratio
in the compressor, which can be used to define the thrust loss
of the aircraft engine.

The outline of this paper is presented as follows: in the in-
troduction part, a data study on the bird strike was performed
to exhibit the most critical engine type and flight phases. Next,
the methodology adopted in this paper will be discussed in de-
tail in Section 2. The simulation on the UAV airborne collision on
the aircraft engine is carried out by combining FEM with CFD,
which are explained in detail in Section 3. Then, the validation
of the UAV and engine models is presented in Section 4. In the
next section, several numerical simulations are performed to de-
termine the damage severity of the engine impinged at different
collision configurations and positions under the take-off, climb,
and approach flight phases. Finally, several conclusions are drawn
in Section 6.

2. Methodology of analysis

To assess the damage severity of the UAV airborne collision,
a two-stage simulation approach will be employed. In the first
stage, the damage of fan blades and engine core (including a low-
pressure compressor (LPC) and high-pressure compressor (HPC))
caused by UAV airborne collision will be studied. In the next stage,
the thrust loss of engine cone resulted by the engine core damage
will be estimated.

2.1. Engine damage assessment

The region to be considered in our study is highlighted in Fig. 4,
in which the region of fan blades and engine core (including LPC
and HPC blades) will be taken into account. The first stage is car-
ried out by FEM to check the damage of UAV airborne collision
damage of fan blades, LPC and HPC blades. Subsequently, in the
secondary stage, the thrust loss caused by the damage of engine
core blades will be estimated by using the reduction of pressure
ratio obtained via CFD simulation.

As shown in Fig. 5, the UAV-engine assembly system for UAV
ingestion simulation is presented, in which the UAV will impact
the rotating engine with an initial velocity (the relative velocity
between UAV and engine). Moreover, accurate material proper-
ties and boundary conditions will also be provided for the UAV-
engine system. After the UAV ingestion simulation, the damage
of fan blades, LPC and HPC blades can be examined. The de-
tailed models for the UAV and engine will be explained in Sec-
tion 3.

2.2. Thrust loss estimation

In this subsection, the estimation method for the thrust loss of
the engine core is explained. A diagram for the engine core with
IGV (Inlet Guide Vane), LPC, and HPC is presented in Fig. 4. The
engine pressure ratio (rp gng) can be achieved by using the output
pressure dividing the input one [43]
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p_ENG = Pout/Pin (1)

in which Py, and P, denote the input and output pressures of
the engine, respectively. Similarly, the pressure ratio in each stage
also can be derived by using the behind pressure P, ; dividing
the front one Pj, ;, i.e.,

Tp_i = Pout_i/ Pin_i (2)

in which ith (i =IGV, 1,..., N) denotes the stage number of the
engine core, wherein the subscript IGV denotes the IGV stage, and
N is the total number of stages in the engine core. Then, the en-
gine pressure ratio of the engine can be re-calculated by

N
rp_ene =rpcv | [ e 3)
i=1
Once the blade in one stage is damaged, one can get the pressure
ratio in this damaged stage rp_j_damage- Take the damage of stage-
1 LPC as an example, the engine pressure ratio rp_gnG_damage With
considering the damage of this stage can be re-evaluated as

T'P_ENG_damage = Pout_damage/ Pin = (PinTp_1_damage” P_other)/ Pin (4)
=TP_1_damage! P_other

in which rp_1_damage can be calculated by using the behind pressure

Pout_1_damage Of the damaged stage-1 LPC dividing the front pres-

sure Piy_1_damage» and Tp_omer is the pressure ratio of other stages,

which satisfies,

N

rP_other:rP_lGVHrP_j (Jj=2,...,N) (5)
j=2

Here, the pressure Pour 1_damage Can be obtained by using CFD
simulation.

The engine thrust (T) provided by the engine core is a key in-
dex to monitor the state of commercial aircraft operation, and this
engine thrust can be qualified by using the input and output pres-
sures, i.e., [44]

T =mV + A(Pout — Pin) =mV + A(rp_eng — 1) Pin (6)

in which m and V are the mass flow rate and velocity at the ex-
haust of the engine, respectively; A stands for the area of engine
inlet.

The total thrust loss can be obtained by considering the drop of
engine pressure ratio caused by engine core damage r'p_gnG_damage
led by different stages together. Finally, the thrust loss of engine
(AT) also can be derived by

AT = (I'p_ENG_no — 'P_ENG_damage)/TP_ENG_no % 100% (7)

in which rp_gnG_damage denotes the engine pressure ratio without
engine core damage. The goal of our CFD simulation is to evaluate
the drop of engine pressure ratio caused by engine core damage
'P_ENG_damage-

To exhibit the process of thrust loss estimation much more
clearly, a flow chart is given, as shown in Fig. 6. Firstly, the dam-
age of each stage of the engine core will be checked based on the
UAV collision simulation via FEM. If this stage is not damaged, the
engine pressure in this stage remains the same as the undamaged
engine, which can be obtained by the engine pressure data [45].
If one stage is damaged, an equivalent CAD model (shown in Sec-
tion 3.2) will be established to obtain the engine pressure in this
damaged stage. Finally, the total engine pressure and the corre-
sponding thrust loss can be evaluated.
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Fig. 4. Regions of fan blades, LPC, and HPC considered in this study (Modified from Ref. [42]).
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Fan blades

Engine core

(b)

Fig. 5. UAV-engine assembly system for UAV ingestion simulation: (a) front view; (b) isometric view.

2.3. Simulation scenarios and parameters

In our study, the influence of flight phase, collision configura-
tion and position both will be analyzed. Here, three flight phases
including take-off, climb, and approach flight phases are consid-
ered, in which the aircraft velocity, engine rotation speed, and
inclination angle of the engine for different flight phases are dif-
ferent. In the UAV airborne collision study, the relative velocity
between the manned aircraft engine and the UAV is an impor-
tant parameter which may affect the severity level significantly.
As pointed out in Ref. [12], the operational velocity of manned
aircraft can be approximated as the relative velocity in the simula-
tion study because the operational speed of UAVs is much smaller
than that of the manned aircraft engine. The parameters for these
three different phases that will be considered in the present work
are listed in Table 1. Besides, in most cases, the UAV is flying
horizontally, while the manned aircraft flies with different angles

under different flight phases. Hence, the horizontally moving UAV
impacting onto the engine with inclination/declination angles is
considered in this work. The largest flight angles which may lead
to more serious damage on aircraft engine are selected, i.e., 10°,
18°, —10° are taken into account for the take-off, climb, and ap-
proach flight phases, respectively, as depicted in Table 2. Due to
the flight angle of the aircraft, one has two collision configura-
tions (i.e., positions above and below the nose cone) for each flight
phase.

In addition, the influence of the collision position on the dam-
age of the engine is also examined. The collision position can be
defined by using the percentage along the fan blade, in which
0% position denotes the root of the fan blade, while a 100% po-
sition stands for the tip of the fan blade. To capture the worst
cases under the airborne drone collision, three collision position
cases including 12.5%, 25%, and 75% positions are considered, in
which more debris may be ingested into the engine core for the
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FEM simulation to get the damage of engine core under drone collision
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Fig. 6. Flow chart for thrust loss estimation by combining FEM with CFD.

Table 1
Parameters in different flight phases.
Parameters Flight phase
Take-off Climb Approach
Relative velocity (knot) [46] 145 175 250
Engine rotation (RPM) [47] 5000 3000 3000
Inclination/Declination angle ~ 5°~10° (10°) [48] 18° [48] —10°~—2°(—10°) [49]

former two positions (i.e., positions 12.5% and 25%), and more
bending damage of fan blades may happen for the 75% position.
Hence, six separate cases including 12.5% above and below, 25%
above and below, as well as 75% above and below for each flight
phase, will be considered. As shown in Table 2, configurations for
the above and below the nose cone for each flight phase are pre-
sented.

3. Modeling of analysis

Based on the two-stage simulation, the FEM model for the UAV
impinging the engine model will be set up firstly to check the
damage of fan blades and engine core. Then, the CFD simulation
modeling is built to estimate the thrust loss caused by the engine
core damage.

3.1. UAV-engine assembly model

The FEM simulation of the UAV airborne collision is prepared
by using ABAQUS software and solved with Dynamic/Explicit for-
mulation [50]. To assess the damage severity level caused by the
collision of UAVs, a typical medium-sized drone DJI PHANTOM 3
with dimension 289.5 x 289.5 x 196 mm and weight 1.28 kg is
chosen. Besides, as mentioned above, CFM-56 is the most used
engine category all over the world, and a typical engine type
CFM-56-5B is chosen as the commercial aircraft engine for this
study.

As shown in Fig. 7, all components for the engine model are
presented, which include nose cone, fan blades, fan disc, fan for-
ward shaft, compressor wall, LPC blades, and stage-1 HPC blades.
Here, all the 36 fan blades of the aircraft engine are connected
to a fan disc and a nose cone, as well as a fan forward shaft. All
stages of LPC and stage-1 of the HPC are taken into account. The
LPC section contains 4 stages, and each stage includes one stator
and one rotor. Besides, the stage-1 HPC section also has one stator
and one rotor. All these components of the engine are assembled
for the collision simulation. For the UAV model, more concerning
is focused on the key critical components such as motors, battery,
camera, main body, landing gear, electronic board, and propellers,
which are measured separately to ensure accuracy, as presented in
Fig. 8.

As depicted in Fig. 9, the UAV-engine system combining the
aircraft engine with the UAV is assembled for the drone inges-
tion FEM simulation. All engine parts excepted for the fan blades
are meshed by using the hexahedral element with the C3D8 type.
Most parts of the fan blade are meshed with hexahedral element
with the C3D8 type, and the root of the fan blade is meshed by us-
ing tetrahedron element with the C3D4 type (shown in Fig. 10(b)).
The maximum and minimum element sizes for the fan blade
are about 1.7 mm and 12.1 mm, respectively. A total number of
944,292 mesh elements are generated for the whole engine model.
To ensure the accuracy of simulation, the mesh size of the twelve
fan blades that would have contacted with UAVs during the col-
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Table 2
Schematic representation of flight angle under different flight phases.
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Configuration Take-off (10°)

Climb (18°)

Approach (—10°)

Above nose cone

100% Tip

@'

12.5% above
nose cone

25% above
nose cone

75% above

Below nose cone

nose cone

7

12.5% below
nose cone

25% below
nose cone

75% below
nose cone

Compressor wall

Fan blades

()

IGV blades HPC blades

LPC blades

IGV: Inlet guide vane
LPC: Low-pressure compressor
HPC: High-pressure compressor

(b)

Fig. 7. Manned aircraft engine model considered in this study: (a) isometric view; (b) side view (internal components: IGV, LPC blades, and stage-1 HPC blades).

lision process is refined. The first three fan blades with a graded
size wherein the contact region has the smallest size are presented
in Fig. 9(b), and the element size changes smoothly from this con-
tact region to the tip and root regions of the fan blade. Moreover,
the region of the refined element for the fan blades is different for
different UAV collision positions, and the graded element distribu-
tions of fan blades for the collision position 12.5%, 25%, and 75%
are shown in Figs. 10(a)-(c), respectively.

All UAV parts are meshed as hexahedron with C3D8 element
type except the thin-walled structures such as the main body is
meshed as shell element type S4. Some minor components such as
the electronic bits are treated as constraint masses attached to the
main board of the UAV. The main body is meshed with a minimum
element size of 0.75 mm and a maximum element size of 2.0 mm.
The average element size with about 4.0~5.0 mm is adopted to
mesh the other parts of the UAV, and the total element number for
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No. Parts Material

1 Body (Outer Shell) PC

2 Motor Al/Steel

3 Propeller Nylon

4 Landing gear PC

5 Camera with gimbal Al

Battery Li-Po

Electronic Board FR-4
Internal housing PC

Blade 1

(b)

Fig. 9. FEM model for UAV ingestion simulation: (a) isometric view of UAV-engine assembly model; (b) engine fan blades at UAV striking position are refined.

the UAV is about 104,928. The detailed FEM model for this UAV is
depicted in Fig. 9(b).

The interaction behavior between the UAV and engine is mod-
eled as a general contact algorithm with a friction coefficient of
0.41 [51]. The element-based surface behavior is employed in the
simulation to allow eroding contact surface, i.e., once an element
fails, its faces are removed from the contact domain, and the ex-
posed faces will be activated. The fan blades, blade disc, nose
cone, front forward shaft, LPC rotor, and HPC rotor blades are al-
lowed to be moved rotationally, while no translational movement
along the engine axis of rotation is employed on the whole engine
parts.

3.2. CFD model for damaged engine core

After one gets the damage of LPC and HPC blades from FEM
simulation, the CFD simulation will be carried out to estimate the
thrust loss caused by LPC and HPC blades damage. The CFD simu-
lation can be carried out for each stage of LPC and HPC to check
the contribution of thrust loss caused by each damaged stage. Be-
fore the CFD simulation, an important step is to build an equivalent

model based on the damage level of LPC and HPC blades obtained
from FEM simulation. Clearly, the blade can be wholly removed
once this blade is fully fractured by the ingested debris. More-
over, as pointed out by the accident report [52], the blade will
lose its ability to provide the thrust when this blade is signif-
icantly distorted or bending, which can be removed in the CFD
model. Similarly, a half blade can be established in the CFD model
when a blade is half-destroyed or half-bending. The details for the
equivalent model established in the CFD simulation are presented
in Table 3.

Then, the total thrust loss can be obtained by combining all
these thrust losses led by different stages together. For instance,
the CFD models for the stage-1 LPC with no blade damaged and
with six LPC blades missing are presented in Figs. 11(a) and (b),
respectively. The total mesh number for LPC and HPC sections
is around 1.5 million of tetrahedron elements. The k-¢ realizable
turbulence model is solved for both LPC and HPC sections. The
boundary conditions for the LPC and HPC section setup in the CFD
simulation under three different flight phases are presented in Ta-
ble 4.
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Refined region

e
O

(©)

Fig. 10. Details of element refinement for the fan blade under the collision position of (a) 12.5%, (b) 25%, and (c) 75%.

(a) S
Case 1: No LPC
blades damage

(b)

Case 2: Six stage-1
LPC blades detached

CFD model of stage-1 LPC blades

Fig. 11. CFD model of engine core: (a) engine core with no blade damaged; (b) engine core with six blades missing in stage-1 LPC.

By using this simulation, the pressure behind the compressor
blades can be obtained, and the deviation of the pressure caused
by the six stage-1 LPC blades missing can also be obtained, which
can be used to calculate the drop of pressure ratio in the compres-
sor core caused by six stage-1 LPC blades damaged. By adopting
the CFD simulation for each damaged LPC and HPC stages, the
thrust loss of engine induced by UAV airborne collision can be es-
timated.

3.3. Material properties of engine and UAV

The material properties for different components of the engine
and UAV are different. For the engine, the fan blades and com-

pressor blades of CFM56-5B are typically made of titanium alloy
Ti-6AL-4V. In this numerical simulation, the Johnson-Cook plastic-
ity material model is adopted to simulate the damage behavior of
the titanium alloy Ti-6AL-4V. The effects of plastic strain and strain
rate are both taken into account in this model, which can be ex-
pressed as [28]:

o =[A+B(ep)"][1+CIn(e*)][1— (T*)"] (8)

where o is the effective stress, and ¢, stands for the effective plas-
tic strain; £* = £, /&o denotes the dimensionless plastic strain rate,
in which &, and &g are, respectively, the plastic strain rate and
the reference strain rate (usually defined as 1 s~!). T* denotes
the homologous temperature of the material, which is not taken
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Strategy for establishing equivalent model in the CFD simulation.
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Fracture from FEM Description

Strategy

Equivalent model in CFD

Whole blade broken

Whole blade distorted

Half of blade broken

Half of blade distorted

Wholly removed

Wholly removed

Half removed

Half removed

Table 4
Boundary condition adopted in the CFD simulation for different flight phases.

Flight phase Section Mass flow Total pressure
rate (kg/s) (Pa)
Take-off LPC 32.72 101,325
HPC 32.72 220,000
Climb LPC 3947 101,325
HPC 39.47 220,000
Approach LPC 56.41 101,325
HPC 56.41 220,000
Table 5
Johnson-Cook material parameters used in Eq. (8) for Ti-6AL-4V.
Material A (MPa) B (MPa) n C E (GPa) v o (kg/m?)
Ti-6AL-4V [34] 1098 1092 093 0.014 113 0.33 4430

into consideration in the present model. A, B, n, and C are the
quasi-static yield stress, the initial hardening modulus, the work
hardening coefficient, and the strain rate dependency coefficient,
respectively, which are listed in Table 5. In the UAV collision pro-
cess, most of the materials are failure because of tensile stretching,
and the mesh will be eliminated as the tensile threshold strain is
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achieved. The failure strain of Ti-6AL-4V is set as 0.11 [53]. The
nosecone and containment ring are made from aluminum which
is modeled as elastic-plastic material with its material properties
listed in Table 6, and the mesh elimination criterion of this mate-
rial is defined by the maximum failure strain.

The material properties of UAVs are derived from Ref. [8], in
which detailed materials used for each part are shown in the ta-
ble of Fig. 8. The rotor and stator parts of the motor are made
of Aluminum and Steel alloy, respectively, which are modeled as
the elastic-plastic material model, and detailed material param-
eters are listed in Table 6. Other polymer materials of the UAV
like polycarbonate polymer (PC), Nylon, and FR-4 are also modeled
as the elastic-plastic criterion with ideal plasticity and strain-rate
independent, which can be adopted for both quasi-static and dy-
namic conditions. The maximum tensile plastic strain is employed
for the criterion of element elimination for these materials, as pre-
sented in Table 6. The element will be eliminated as the plastic
strain is larger than the maximum failure strain. The battery of the
UAV is made from lithium-ion polymer (Li-Po) with 60% poros-
ity inside the cell body. Hence, the crushable foam element is
adopted to model the mechanical behavior of battery, and some
basic mechanical parameters are given as follows [54]: density
o = 1755 kg/m3, Young's modulus E = 500 MPa, and Poisson’s ra-
tio v =0.01, and failure strain &pyqy = 0.375.
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Material properties of aluminum, steel, PC, nylon, and FR-4 used in UAV model.

Material Density Young's modulus Poisson’s Yield stress Ultimate tensile Failure strain
(kg/m3) (GPa) ratio (MPa) stress (MPa) (%)

Aluminum [55] 2600 66 0.33 170 330 0.14

Steel [56] 7800 210 03 460 560 0.215

PC [12] 1197.8 2.59 0.37 50 50 0.50

Nylon [12] 1340 2.20 0.42 105 130 0.25

FR-4 [57] 1900 22 0.21 105 282 0.0195

Fan blade

Nose cone

(a) (b)

Fig. 12. FEM model of FOD striking on engine fan blades: (a) isometric view of FOD-
engine assembly, (b) enlarged view.

4. Model validation

In this section, the validation study will be carried out by com-
paring the numerical results with previous experimental works.
Firstly, the engine model is validated by using Foreign Object De-
bris (FOD) impinging onto engine fan blades to check the damage
of fan blades predicted by the present model and experiment. Sec-
ondly, the UAV model under low-speed impact is validated by
comparing the numerical results with the drop-test experiment
done by Olivares et al. [8]. Thirdly, the validation for the present
UAV striking onto the rotating aircraft propellers is carried out
to check the damage of UAV model under the high-speed im-
pact.

4.1. Validation of engine model

To validate the FEM model of CFM-56-5B engine, the fan blades
installed in this engine are taken as the specimen for this valida-
tion study. The geometry and finite element model of this engine
are presented in Section 3.1, and its material properties are given
in Section 3.3. After setting the material properties for fan blades
of this engine, the damage of engine fan blades under the strik-
ing of FOD will be analyzed. To investigate the performance of fan
blades under high-speed collision, several collision velocities are
taken into account. The particle of FOD is modeled as 3 mm steel
ball projectile traveling with different impact speeds, as depicted
in Fig. 12.

The damage sizes including the width and depth of the fan
blade predicted by experiment and FEM simulation under differ-
ent collision velocities are compared in Fig. 13. It is clear that the
width and depth of damage both enlarge as the collision veloc-
ity of FOD increases. Besides, the damage sizes of the fan blade
under FOD collision predicted by FEM simulation agree well with
that predicted by experiment [58]. Moreover, Table 7 compares the
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damage pattern of the fan blade under FOD collision under three
different collision velocities (280 m/s, 200 m/s, and 120 m/s) for
experiment and FEM simulation. One can also find that the dam-
age severity enhances as the impacting speed of the FOD increases.
By comparing the results of the experiment and simulation, a good
correlation of the fan blades damage can be observed between
these two results, indicating that the material properties defini-
tion and the FEM model of the engine established in the present
study is reasonable, which can be further used for the UAV colli-
sion simulation.

4.2. Validation of UAV model under low-speed impact

The deformation of the UAV model under low-speed impact
is validated by comparing the numerical results with the experi-
ment done by Olivares et al. [8]. In their experiment, a free-drop
test is conducted by using UAV (PHANTOM 3) dropping on a steel
plate with a released height of 5.18 m. A similar condition is fol-
lowed in the present FEM simulation where the UAV is striking
onto a rigid wall with an initial velocity of 10.12 m/s, and the de-
tails on the FEM model of UAV are mentioned in Section 3.1. The
deformed shapes of the UAV at different instances of the impact
predicted by the FEM simulation and by the experimental analysis
are compared in Table 8. It is found that the deformed shape pre-
dicted by the FEM simulation consists well with that obtained by
experiment [8], indicating the present FEM model can accurately
predict the deformation history of UAV subjected to the impact
loading. Besides, in Olivares et al.’s experiment [8], the reaction
force can be measured by employing the force sensor at the bot-
tom of the rigid plate. This reaction force also can be exported
in our FEM simulation, which gives a comparison with Olivares
et al.’s experiment [8], as depicted in Fig. 14. One can found that
there is some deviation between experiment and simulation dur-
ing the period of 20-30 ms, which may cause by the fact that
the drop angle 6 of the UAV (i.e. the angle with respect to the
vertical direction shown in Fig. 14) adopted in the simulation is
not exactly the same to that during the experiment. Hence, three
drop angles, i.e., 6 = 20°, 6 =22.5° and 0 = 25° with a devia-
tion of 2.5°, are chosen in our simulation study. As can be seen
in Fig. 14, even though some deviations can be observed for the
time history of reaction force, all simulation results show almost
the similar change trend to the experiment, which illustrates that
the present model can be used to analyze the impact behavior of
UAVs.

4.3. Validation of UAV under high-speed impact

To evaluate the damage of UAV model under the scenario of
high-speed impact, the third validation is conducted by using the
present UAV (PHANTOM 3) striking onto the rotating aircraft pro-
pellers, which is given a comparison with previous experiment
study [59]. In this experiment, a UAV is impacted on the propellers
of Aircraft Antonov AN-2. This system is composed of 4 blade
propellers with a span of 1.5 m and made from Aluminum. The
relative speed between the drone and propeller is set as 16 m/s,
and the rotation speed is treated as the 50% of thrust level [60],
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Fig. 13. Comparison between simulation and experiment for the damage size of fan blades under different collision velocities.

Table 7

Comparison between experiment and simulation for damage of fan blades under different collision velocities.

Collision velocity 280 m/s

200

m/s 120 m/s

Experiment [58]

Simulation

Piece out

Damage type
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.

ko
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i.e., 1670 RPM. The collision process of the UAV predicted by FEM
simulation and experiment are compared in Table 9 for different
instances. It can be found that the UAV is cut into much small
debris due to the rotating aircraft propellers. The damage of UAV
predicted by FEM simulation fits with the experimental observa-
tion, indicating the present FEM simulation can capture the col-
lision process accurately and can be used to predict the damage
behavior of UAV collision into operating engine with high rotation
speed.
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5. Results and discussion

In this section, the influence of the UAV collision configuration
and collision position, as well as the flight phase on the dynamic
response and thrust loss of the CFM-56-5B engine will be studied.
As discussed in Section 2.3, we will analyze the influence of two
collision configurations (i.e., above and below the nose cone cases),
three collision positions (i.e., 12.5%, 25%, and 75% collision posi-
tions), and three flight phases (i.e., take-off, climb, and approach).
The plan of our study is shown in Table 10. In Section 5.1, the ef-
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Comparison of the deformed shape predicted by the FEM simulation (¢ = 25°) and experimental study in differ-

ent instances.

Time Experiment [8]

Present FEM simulation

0 ms

15 ms

25 ms

40 ms
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Fig. 14. Comparison of the time history of the reaction force predicted by the FEM
simulation and experimental study [8].

fect of collision configuration on the damage of fan blades under
the take-off flight phase will be studied to determine the worst
collision configuration. Next, the damage of fan blades and engine

13

core will be analyzed for different collision positions and different
flight phases in Sections 5.2. Finally, in Section 5.3, the resulted
thrust loss of the engine will be studied for different collision po-
sitions and flight phases based on the worst collision configuration
and position.

5.1. Determination of worst collision configuration

In this subsection, the effect of collision configuration (i.e.,
above and below the nose cone) on the damage of fan blades will
be investigated to determine the worst collision configurations. As
presented in Table 11, six collision positions including three po-
sitions above the nose cone as well as three positions below the
nose cone are compared for the take-off flight phase. The simu-
lation parameters are derived from Section 2.1, and the material
parameters are derived from Section 3.3. It is found that the frac-
ture of fan blades happens for all collision positions except for
the above nose cone at the 12.5% collision position. By comparing
with the position cases above the nose cone, the damage caused
by the below nose cone collision position cases is much more se-
rious. Hence, the cases for the collision position below the nose
cone will be focused on in the following studies for the take-off
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Comparison between experiment and simulation for damage of UAV (PHANTOM 3) striking onto rotating aircraft propellers.

Time Experiment [59]

FEM simulation

0.0 ms

7.9 ms

15.6 ms

20.3 ms

flight phase. Accordingly, the collision position below the engine
nose cone is taken into account for the climb flight phase be-
cause the angle direction in this phase is similar to that in the
take-off flight phase. In contrast, the position above the engine
nose cone is considered for the approach flight phase due to the
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opposite angle direction by comparing it with the take-off flight
phase.

The deformation process of the engine fan blades under the col-
lision position 25% during the take-off flight phase is presented in
Fig. 15 under different time steps. It can be seen that the UAV has
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Table 10
Results presented in this section.
Cases Take-off Approach Climb
12.5% 25% 75% 12.5% 25% 75% 12.5%
Above Section 5.1 Section 5.1 Section 5.1 Sections 5.2 & 5.3 Sections 5.2.1 & 5.3.1 Sections 5.2.1 & 5.3.1 -
Below Sections 5.1, 5.2.2 & 5.3.2 Section 5.1 Section 5.1 - - - Sections 5.2.2 & 5.3.2

Table 11

Damage of rotating fan blades under different collision configurations during take-off flight phase.

Cases Position 12.5%

Position 25%

Position 75%

Above nose cone

s, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.379e+09

+0.000e+00

Description of failure

root

Below nose cone

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.379e+09

+0.000e+00

Five fan blades are broken from the
root.

Description of failure
root

Six fan blades are broken from the

Two fan blades are broken from the
root, and one is broken in the tip

Two fan blades are broken in the tip,
and two blades are material loss.

been cut into much small debris by the rotating fan blades, and
some debris may be ingested into the compressor core once the
collision position is closer to the nose cone. Besides, one can also
find that several fan blades are broken under the take-off flight
phase, which may lead to the windmill phenomenon of the engine
and result in the loss of the whole engine thrust [61]. From the
simulation, one can get the deformation and damage of every fan
blades, and then the contact force of the fan blade that has the
largest deformation or damage is presented. As plotted in Fig. 16,
the contact forces in the fan blade with the largest damage are
compared for different collision positions. The take-off flight phase
is taken into account, and the calculation parameters including the
relative velocity are derived from Table 1. One can observe that
the peak contact force is the largest for the position 75%, followed
by the positions 25% and 12.5%, respectively, indicating the contact
force gets larger as the collision position is close to the tip of the
fan blade.

5.2. Damage assessment study

5.2.1. Effect of UAV collision position

Another comparison of different collision positions is given in
Table 12 for the flight phase of approach. Here, only the worst
cases are taken into account, i.e., the position above the nose cone
is examined. From this table, only the small bending deformation
of fan blades can be found for all three collision position cases
under the approach flight phase, which is much smaller by com-
paring with the take-off flight phase. This is due to the fact that
the rotation speed in the approach flight phase is much lower
than that in the take-off flight phase. Additionally, the debris will
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be ingested into the engine core and would cause the damage of
both the LPC and HPC blades for the 12.5% collision position case,
while only some damage of LPC blades can be observed for the
25% collision position case. Besides, no damage on the LPC and
HPC blades is found for the 75% collision position case because no
debris is ingested into the compressor core under this collision po-
sition.

The UAV collision process of the aircraft engine under the ap-
proach flight phase for the collision positions 25% and 12.5% are
presented in Figs. 17 and 18, respectively. It is demonstrated that
the UAV will be cut into an amount of debris, and some of them
will be ingested into the engine core, while the damage on fan
blades is very small for these two collision positions. By compar-
ing these two figures, the ingested debris will cause the damage
of LPC and HPC blades for the collision position 12.5%, while only
some damage of LPC blades can be observed for the collision posi-
tion 25%. The thrust loss caused by the damage of the compressor
core for position 12.5% and position 25% can be determined by CFD
simulation.

5.2.2. Effect of flight phases

The influence of the flight phase on the damage severity of
the engine is examined in this subsection. Here, the 12.5% col-
lision position is taken into account. For take-off and approach
flight phases, the collision position above the nose cone is con-
sidered, while the collision position below the nose cone is taken
into account for the climb. Besides, the calculation parameters in-
cluding the relative velocity for different flight phases are derived
from Table 1. As presented in Table 13, the damages of fan blades
and compressor core are compared for different flight phases. It
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(d)f,=512ms”

Fig. 15. Deformation process of the UAV strike on the 25% collision position under take-off flight phase: (a) t; = 0 ms; (b) t; = 1.79 ms; (a) t3 =3.58 ms; (b) t4 = 5.12 ms.
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Fig. 16. Contact force in rotating fan blade for UAV collision under take-off flight
phase.

can be concluded that the flight phase plays an important role
in the damage of the engine, and much more significant damage
can be detected during the take-off phase, followed by the flight
phases of approach and climb. During the take-off flight phase, the
windmill phenomenon would happen because at least three fan
blades are damaged. During the approach phase, even though no
significant damage on the fan blades is found, the debris will be
ingested into the engine core and cause the damage of LPC and
HPC blades. A similar phenomenon can also be observed for the
climb phase, but the ingested debris can only result in the damage
of LPC blades.
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In addition, the contact force of the fan blade caused by differ-
ent flight phases is also compared in Fig. 19. The numerical results
indicate that the flight phase will affect the contact force signif-
icantly, i.e., the peak contact force is largest under the take-off
flight phase, followed by climb and approach flight phases, respec-
tively. Besides, the peak contact force appears at different times
for different flight phases, which is mainly attributed to the fact
that the initial velocities for these three flight phases are differ-
ent. The initial velocity is the largest for the approach flight phase,
which will result in the peak appearing earliest, followed by the
climb and take-off flight phases, respectively. Furthermore, one can
observe three peaks for the climb flight phase, and two peaks of
the contact force can be found for the take-off and approach flight
phases. This multi-peak phenomenon is caused by the fact that
the UAV is a typical non-homogeneous made of multi-components
with different stiffness, and the fan blade may be impacted by
different components at different times during the whole engine
ingestion process.

5.3. Thrust loss study

5.3.1. Effect of collision position

According to Eq. (6) and the data in Ref. [45], the curve of
engine thrust versus the engine pressure ratio can be plotted in
Fig. 20(a). Based on this curve, the relationship between the thrust
loss (AT) and the drop of engine pressure ratio can be obtained
via Eq. (7), as depicted in Fig. 20(b). From this figure, the thrust
loss of aircraft engine can be obtained once the drop of the engine
pressure ratio is determined.

Once the damage of LPC and HPC blades is determined, the CFD
model (shown in Fig. 11) can be established to examine the pres-
sure ratio in each damaged stage. The total pressure distribution
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Fig. 17. Deformation process of the UAV strike on the 25% collision position under approach flight phase: (a) t; = 2.176 ms; (b) t; = 8.96 ms; (c) t3 = 17.90 ms.

Fig. 18. Deformation process of the UAV strike on the 12.5% collision position under approach flight phase: (a) t; = 2.176 ms; (b) t; = 8.96 ms; (c) t3 = 18.56 ms.
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Comparison of engine damage under different collision positions during approaching.

Position 12.5% (above)

Position 25% (above)

Position 75% (above)

Fan blade

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.379e+09
+1.264e+09
+1.14%+09

+5.745e+08
+4.596e+08
+3.447e+08
+2.298e+08
+1.14%+08
+0.000e+00

Description of failure Three fan blades are material loss.

Two fan blades are small bending

.~

Two fan blades are material loss.

and one is material loss.

LPC & HPC Blades

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+1.37%e+09
- +1.264e+09
- +1.149e+09
- +1.034e+09
- +9.192e+08
- +8.043e+08
- +6.894e+08
- +5.745e+08
- +4.596e+08
- +3.447e+08
- +2.298e+08
- +1.149e+408
- +0.000e+00

HPC blades broken

L'PC bl ki
€ Badeghoken No debris ingested into the

compressor core.

in no damaged stage-1 LPC, damaged stage-1 LPC, and damaged
stage-1 HPC are comparatively presented in Figs. 21(a), (b) and
(c), respectively. Here, the total pressures at some typical posi-
tions of compressor core highlighted in Fig. 4 are captured, which
can be adopted to evaluate the pressure ratio in each stage. After
getting the pressure ratio in each stage, the total pressure along
the engine core can be plotted in Fig. 22 for these three colli-
sion positions. From this figure, it is clear that the total pressure
changes significantly during the HPC part; hence, the damage of
HPC will result in much more thrust loss. After one gets the total
engine pressure ratio for each UAV collision case, the total engine
pressure ratio for position 12.5%, position 25%, and position 75%
cases are finally calculated as 1.23, 1.35, and 1.48, respectively. Ac-
cordingly, the drop of engine pressure ratio for these three cases
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can be calculated as 16.89%, 8.78%, and 0%, respectively. By us-
ing Fig. 20(b), the thrust loss for collision position 12.5%, 25%, and
75% cases can be finally assessed as 60%, 25%, and 0%, respec-
tively.

5.3.2. Effect of flight phases

The CFD simulation is also carried out to evaluate the thrust
loss caused by the damage of the compressor core. After obtain-
ing the pressure ratio in each damaged stage, the pressure along
the engine can be plotted in Fig. 23. The total engine pressure ra-
tios under the flight phase of take-off, approach, and climb are 1,
1.23, and 1.38, respectively. Accordingly, the thrust loss for take-
off, approach, and climb can be calculated as 100%, 60%, and 22%,
respectively.
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Approach

Climb

Table 13
Damage of fan blades and compressor core blades under different flight phases (collision position: 12.5%).
Take-off
Fan blade
S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.37%e+09
+1.264e+09

+2.298e-+08
+1.149e+08
+0.000e-+00

Description of
failure

Five fan blades are broken from the
root.

LPC & HPC Blades

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.37%e+09

Damage here will lead to excessive
engine vibration (Windmill).

+5.745e+08
+4.596e+08
+3.447e+08
+2.298e+08
+1.149e+08
+0.000e+00

Three fan blades are material loss.

Two fan blades are small
bending.

HPC blades broken

LPC blades bending
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Fig. 19. Comparison of contact force in rotating fan blade for UAV airborne collision
under different flight phases.

6. Conclusion and future work

In this paper, the UAV airborne collision on manned aircraft
engine is studied based on the combination of FEM and CFD simu-
lations to evaluate the influence of UAV collision on the operational
safety of manned aircraft. Firstly, it is found that the engine is
the most critical component, and take-off, climb, and approach
are the most hazardous flight phases through visiting the bird
strike data. Then, a UAV-engine assembly system is set up, and
the drone model with considering all internal components is vali-
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dated by comparing it with the previous experiment. The damage
of fan blades and compressor blades is simulated with the aid of
FEM simulation, and the percentage of thrust loss of the engine is
evaluated by the reduction of pressure ratio determined by CFD
simulation. Through numerical studies of UAV airborne collision
under different collision positions and flight phases, some mean-
ingful conclusions are drawn as follows:

a) Different collision positions would lead to different damages
of fan blades and compressor core, as well as different thrust
losses. The 75% collision position is much more critical to the
damage of fan blades, while more debris will be ingested to
the compressor core for the 12.5% collision position, which
would cause more damage to the compressor core and lead
to more thrust loss.

b) The flight phase will affect the damage level of UAV airborne
collision significantly. Much more significant damage can be
detected during the take-off phase, followed by the flight
phases of approach and climb. The windmill phenomenon
would happen for the take-off flight phase, while the dam-
age of LPC and HPC blades can be found for the climb and
approach flight phases, respectively.

¢) The collision position will significantly affect the thrust loss
of engine core, and the resultant thrust loss for the collision
position 12.5%, 25% and 75% cases can reach 60%, 25%, and
0%, respectively, for the airborne UAV collision happens during
the approach flight phase. Furthermore, the flight phase also
plays an important role on the resulted thrust loss under UAV
airborne collision, in which the largest thrust losses for take-
off, approach, and climb are assessed as 100%, 60%, and 22%,
respectively.
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Fig. 21. Total pressure in the damaged stage of compressor core for different collision positions under approach flight phase: (a) no damaged stage-1 LPC (collision position
75%), (b) damaged stage-1 LPC (collision position 25%), (c) damaged stage-1 HPC (collision position 12.5%).

This paper is a primary attempt to simulate the collision sever-
ity and resultant thrust loss of engine caused by UAV airborne
collision, and only one type of drone is considered. More studies
on the aircraft engine subjected to the strike of UAV with different
categories [10] can be further performed to build the risk matrix of
UAV airborne collision [62][63] in the future work. Vibration study
and frequency analysis [64][65] of the rotating fan blades damaged
[66] by the drone impact can also be relevant and useful to areas
of airworthiness for drone operations.
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