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Abstract

An explicit numerical analysis was
employed to assess the dynamic damage
development in advanced high-bypass
propulsion system in the event of a drone
ingestion. CFRP was implemented in the fan
blade design and rate-dependent metal alloy
properties were considered. Details of
damage history on the subjected propulsion
system were discussed.

1 Introduction and Motivation

Unmanned aerial systems (UAS) have
had a huge increase in popularity in the last
few years. They are cheap, lightweight, and
extremely versatile. There applications range
from agriculture to security. Studies have
shown that the UAS market is expected to
grow to 2.5 billion dollars by 2025 [1].

Recently, the FAA approved the use of
UAS in commercial applications in June
2016 [2]. This implies that air traffic getting
more complicated by UAS. As popular as
UAS are in the commercial market, they are
currently more available in the private and
hobbyist market.

In the private market, there is an
amount of ambiguity, as the owners do not
need to be licensed or register their vehicle.
The hobby used may not be award of all the
potential risk and the required restrictions
associated with  flying their UAS.
Additionally there is little accountability for

the hobbyist flyer as drones cannot readily be
tracked or identified. This presents a
significant danger to the established aviation
industry.

Gettinger and Michel collected and
analyzed all the reported drone sightings
around manned aircraft in the USA. Their
study spanned a year and a half and
comprised of 921 incidents. 58.8 % of those
incident were within a 5-mi radius of an
airport and 90.2 % were sighted above 400 ft.
Both of which are restricted for UAS to fly in

[3].

Currently, the FAA has numerous
regulations for soft body impact and
ingestions [4-6]. It is believed that an
encounter with a soft body ingestion will
cause less damage than an UAS impact or
ingestion of similar size and mass due to the
material strength of the internal components
such as the batteries, motors, the frame,
cameras and additional payloads. These hard
body ingestions are not yet understood and no
certification is yet required for such an event.

In a hearing before the U.S.
Subcommittee on Aviation it was exposed
that a large conflict in placing regulations on
UAS pilots is the lack of data available. Rep.
Todd Rokita tried to draw the comparison
between a Canadian goose collision and UAS
collision. Itis known that UAS are comprised
of heavier and stiffer components than that of



birds, but it was concluded that at the current
time the comparison was unquantifiable [7].
In this paper a UAS of similar size and mass
of a typical adult Canadian goose will be
modeled and ingested into a modern high
bypass engine. While this study does not
draw a direct comparison between a UAS and
goose ingestion scenario, it does aims to
further the understanding of hard body
ingestions, in an effort to begin to quantify
the risk presented by the increase in UAS.

2 Computational Setup

The current UAS market has a
significant diversity between its numerous
types of drones. These drones can be fixed
winged or multirotor. Additionally the size,
mass, and number of motor can vary from
drone to drone. For this analysis it was
desired to model a UAS that has the
capability to easily exceed the exceed the 400
ft UAS ceiling as well as be large enough to
be a reasonable threat to a high bypass

propulsion system in the event of an ingestion.

The drone model that was developed for the
investigation was 5.4 kg in mass and a
maximum diameter of 1.0 m.

The model contains the primary
components of the UAS. The frame, motors,
batteries, payload, and gimbal are all

included in the model. Since a high fidelity
multicopter UAS would be prohibitively
complex to simulate comprehensive damage
response prediction, the primary components
were simplified and geometrically defeatured
to reduce computational expense. The motor,
battery, payload, and gimbal each used a
bilinear constitutive damage material models
reflecting their respective primary material.
The UAS frame, including the arms, were
modeled with a full composite material
model utilizing Chang matrix failure criterion
[8]. Components that offer little mechanical
strength, such as rotor blades, electronics,
and wires are considered to be insignificant
in the ingestion scenario and are not
explicitly modeled, although their mass is
distributed in the model to insure that the
mass distribution is representative of an
actual UAS.

For this analysis it was desired to find a
commercially available UAS with roughly
the same dimensions as that of a typical
Canadian goose. According to the national
geographic, a typical Canadian geese is
between 3 and 9 kg and has a typical body
size 0.76-1.10 m [9]. Figure 1 depicts and
labels the major UAS component in the
model, while table 1 records the mass of each
component.

Motors \ Battery

Payload

Gimbal

Fig. 1 Developed UAS model for ingestion



Table 1 UAS bill of materials

Motors Frame Battery Payload Gimbal

Total

Mass (kg)| 0.95 1.45 1.9 0.9 0.2
Qty. 6 1 1 1 1
Material | Copper CFRP  Li-ion Surrogate Aluminum

5.4

Table 2 Material properties solid components

Component Material Denisty Modulus Poisson Ratio Yield Stregth Tangent Modulus
kg/m3  (GPa) - (MPa) (MPa)
Battery Li-Po 1135 0.5 0.3 30.0 50.0
Motor  Copper | 7700 117.0 0.34 70.0 300.0
Gimbal Aluminum| 2700 68.9 0.33 276.0 27.6
Payload Surrogate| 1000 50.0 0.3 500.0 50.0

The virtual propulsion system used in
this study is a 2.9 m diameter high-bypass
commercial jet engine. In order to achieve a
high fidelity damage prediction, the virtual
propulsion model includes fully assembled
front inlet fan section, low pressure
compressor (LPC), casings, and bearing and
shaft system. Considering the contemporary
fan blade design, the advanced aerodynamic
carbon fiber fan blade was implemented. The
orientation of each individual orthotropic ply
was assigned based on a reduced thickness
fan blade developed by Miller et. al [10,11].
The propulsion system used in the analysis
can be seen in fig. 2. The virtual system used
in this investigation was developed
previously and successfully predicted the
dynamic response and the damage mechanics
of the system subjected to a foreign object
ingestion [12-14]. By employing the same
virtual engine model, a drone ingestion into a
propulsion system simulation was conducted.

The chance to encounter UAS for the
airplane becomes higher when the airplane
flies at low altitude such as taking off or
landing. Therefore, the ingestion scenario
was assumed when a propulsion system is

being operated at max thrust during taking off.
The operating condition varies among each
engine designs. For the virtual propulsion,
the rotational speed of the entire fan assembly
is set as 2160 RPM (226 rad/s) [15, 16].
Considering the stall speed for a jumbo
passenger aircraft during taking off, the drone
ingestion speed was defined as 92 m/s.

Fig. 2 Virtual Propulsion System

3 Results and Discussion

Upon ingestion, the UAS impacts 7 of
the 18 blades. Each of the affected blades are
subjected to various amounts of damage



depending on what part of the UAS made
contact with them. Blades that were only
impacted by one or two of the UAS arms
experienced little to no permanent damage,
while the blades that impacted the more UAS
arms as well their attached motors began to
see notable irreversible damage, typically on

the blades leading edge. As expected, blades
that contacted the UAS hub, where the most
substantial components are located (i.e. the
battery, payload, and gimbal) saw the most
severe damage. These blades were subjected
to peak forces up to 82.2 kN in a 0.0125 sec
impact window.

Peak Force: 82.2 kN
Impact Window: 0.008 sec
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Fig. 3 Force-time history of blades 3-6
Table 3 Tabularized blade impact sequence
Bladel Blade2 Blade3 Blade4 Blade5 Blade6 Blade?7
Arm 1 2 3 - 2 3 -
Motor - 1 1 - - 1 2
Frame - - - 1 1 - -
Battery - - - 1 1 - -
Payload - - - 1 1 - -
Gimbal - - - 1 - - -

Figure 3 shows the force time history of
the impacted fan blades excluding less
significantly impacted blades 1, 2, and 7 who
only contact two or less UAS arms (the
impact window of Blades 3-6 was 0.0045
seconds less than the full impact window).

Table 3 summarizes the impact sequence of
each fan blade by tabularizing which blades
were impacted by various components of the
UAS. Blade 3 was the last blade to not slice
through the main hub of the UAS frame.
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Fig. 4 Post-impact average composite damage fringe plot

The following blade sliced into the center of
the UAS hub. Hence, the total impulse on
blade 4 is significantly larger than any other
fan blades subjected to impact and
subsequently it experienced the heaviest
damage of any of the other blades. This
instantly resulted in partial removal of Blade

\

After the major interaction, the force
magnitude of the neighboring fan blades
gradually reduced. Blade 5 was subjected to
the second largest impulse not because of its
slice pattern on the UAS but because it was
exposed to the large debris created from the
blade 4 impact, included the ejected pieces of
fan blade. Blade 6 experience the same order
of magnitude of Blade 3 because it was
shielded from the remaining debris by Blade

Fig. 5 Full time lapse of ingestion scenario

5. Figure 4 shows the composite damage of
the the subjected fan blades after the UAS
fully passed through the front inlet section.
Figure 4 depicts the average compressive
damage through the thickness of each blade,
where 1 is no damage at all and 0 is fully
damaged.

The post-impact damage magnitude
continuously elevated in a combination of
continuous rotation and casing contact. As a
result, an extremely high bending load
developed at the fourth fan blade root. The
dmaage surpassed the untilmate strength and
the fan blade was ejected from the fan
assembly. After the ejection, the ejecta was
then lodged in between the adjacent fan blade



and casing. This resulted in critical damage
on the adjacent fan blade.

The detachment of the fan blade
directely resulted in an imbalanced rotation
of the entire fan assembly. This will esclate
the damage on the entire propulsion system,
since the clearance between the fan blades
and casing are a fraction of centimeter. Based
on previous work [14], remain debris from
the fan blade out can be ingested by the LPC
resulting in compressor stall.

4 Conclusion

Base on the preceding analysis, the
ingestion of a 5.6 kg UAS potentially cause
catastrophic damage to the engine and poses
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