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Abstract 

The development of advanced on-demand air mobility services, also referred to as air taxis, is on the rise to 

help divert pressure from existing transportation modes. Due to more frequent take offs and landings, air taxis’ 

close encounter with birds and drones drastically increases within the latter’s flight or operating altitudes. In 

this study, finite element methods and analysis are used to investigate damage due to direct and oblique 

impact from a bird and drone on the engine of a modern air taxi following existing certification standards. A 

bird surrogate modeled using the Smoothed Particle Hydrodynamics (SPH) method, and a quadcopter drone 

were used as projectiles. Results from the impacts are analyzed and compared to investigate the post-impact 

damage of the aircraft engine. 
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1. Introduction  

Traditional transportation modes are reaching their infrastructure and capacity limits, yet the demand 

for transportation is ever-growing due to the rapid progress in globalization. Advanced air mobility 

(AAM), also referred to as on-demand air mobility (ODAM) services [1-3], are on the rise due to their 

potential for addressing shortcomings related to current transportation systems. Traditionally, the 

aviation industry's focus has been on enabling long-distance travel, which is why aircraft typically fly 

at higher altitudes. However, with the increasing interest and demand for ODAM services, many 

companies are in the process of developing flight solutions that can make short-distance air travel 

possible; one such company is e.SAT GmbH’s Silent Air Taxi [4], a piloted four-passenger aircraft. 

Any air transportation system is prone to foreign object impact (FOI) such as bird-strikes during take-

off and landing. ODAM aircraft make more frequent stops in regional areas, and therefore need to 

fly at relatively lower altitudes, making them more susceptible to bird-strikes, as depicted in Fig. 1. 

Wildlife-strikes, which primarily include birds, terrestrial mammals and reptiles, were reported to be 

around 241,000 [5], from over 2,000 U.S. airports from 1991 to 2021. The number of strikes reported 

to the FAA increased from 1,850 in 1990 to a record high of 17,228 in 2019, a 9.3-fold increase. In 

2019, birds were involved in 94% of the reported strikes. The annual cost of wildlife-strikes was 

projected to be 116,984 hours of aircraft downtime and $205 million in monetary losses [5] to the 

U.S. civil aviation industry in 2019. The actual number of bird-strike incidents may be higher as the 

data only reflects the reported incidents.  

The Federal Aviation Administration (FAA) has implemented guidelines and requirements to 

enhance aircraft safety against bird-strikes. Small aircraft such as e.SAT, as well as other ODAM fall 

within the purview of the FAA's 14 CFR PART 23 [7], which focuses on airworthiness standards for 

normal, utility and commuter category airplanes. In terms of bird impact airworthiness standards, the 

guidelines stipulate that for Level 4 airplanes, the canopy and its supporting structure in front of the 

pilot must be able to withstand the impact of a 2 lb bird at the aircraft's maximum approach flap 
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speed without experiencing penetration [7]. In addition to bird-strikes, collision incidents of 

unmanned aircraft systems (UAS) such as drones are also becoming more common. Concerns 

about UAS operation and safety have been ongoing [8-10], where focus has been given to 

developing advanced collision avoidance algorithms and systems. Damage assessment however 

remains a crucial aspect of reducing any catastrophic damage to civilian aircraft structures from UAS 

collisions. It has been shown extensively by Bayandor and the team [11-14] since 2015 that even 

drones within mass ranges similar to those of the certification birds for small and large piloted aircraft 

can pose grave collision and damage threats to their respective aircraft platform. 

 

 

Figure 1 – Reported number of bird-strikes as a function of flying altitude of aircraft [4, 15]. 
 

Currently, no specific requirements are set to address UAV/drone impact scenarios, and there are 

no regulations or guidelines specifically tailored to airplanes smaller than the Level 4 category which 

have a maximum seating configuration of 10 to 19 passengers. It is worth noting that ODAM 

airplanes are typically smaller than Level 4 category aircraft. Based on statistics regarding bird-

strikes [5, 6], these smaller aircraft face a similar risk as Level 4 aircraft when it comes to bird-strikes, 

particularly impact into the aircraft engines. The engine fan creates a large negative pressure 

gradient that in turn increases the chances of ingestion. Research and investigation have revealed 

that the jet engine has the highest chance of being subjected to foreign object impact or FOI [16, 17] 

among other potential impact locations on the aircraft. 

There are certification guidelines that the FAA has established and developed based on extensive 

fuselage drop tests and bird-strike trials. However, these certification tests can only be obtained at 

high costs. The improvements in computational processing power fortunately have made advanced 

computer modeling a more reliable and cost-effective option for conducting certification studies using 

high-fidelity simulations [18, 19]. Based on this computational approach, analyses of FOI were 

considered and carried out in this study on a modern ODAM air taxi similar to eSAT. The study 

focused on bird impacts onto the aircraft engine. Although currently not a required certification 

directive, a drone impact study was also conducted, with relevant simulations performed on the 

engine. Fan blade damage was analyzed resulting from direct and oblique impacts by both bird and 

drone and compared. LS-Dyna, a commercially available explicit finite element (FE) code [20], was 

used due to the time-dependent nature of the impact events modeled. It should be noted that the 

simulated aircraft fuselage and engines in this study included the primary structural details only, and 

therefore it is envisaged that their impact response would be quite different to the actual full dynamic 

characteristics of the aircraft and engines modeled. 

2. Computational Modeling 

A commercial FE code, LS-Dyna, with several user-defined measures added by the authors, was 
used to perform  simulations of the bird and drone impacts on a modern ODAM aircraft engine to 
investigate its impact and post-impact damage response. A detailed computer-aided design (CAD) 
model of a modern ODAM aircraft was developed for this study, shown in Fig. 2. Advanced material 
models and computational techniques were incorporated into the simulations to describe the damage 
criteria with the onset of damage and progressive failure of the engine and its components. Typical 
values were chosen for several parameters and variables, otherwise not available in the literature.  
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Figure 2 – CAD model of ODAM aircraft developed for this study. 

2.1 Engine FE Model 
The aircraft engines were modeled after a design representative of the engine of a small modern 
ODAM aircraft powered using an electric powertrain. Figure 3 shows the FE model of the engine 
developed for this study. The model consists of 15 Titanium (Ti-6AL-4V alloy) fan blades of 40 cm 
height, modeled using fully integrated solid elements. The blades were represented using the 
Johnson-Cook (J-C) material model. Various J-C model parameters have been referenced in the 
literature [21-29] for the effective modeling of Ti-6Al-4V. These parameters were obtained using 
different specimen sizes and strain rates. The J-C model is derived from an empirical approach that 
considers the large deformation, strain rate hardening, and thermal softening, as shown in Eqs. (1) 
through to (3). 

𝜎 = [𝐴 + 𝐵𝜀𝑛][1 + 𝐶 𝑙𝑛𝜀∗][1 − 𝑇∗𝑚] (1) 

𝜀∗ =  
𝜀̇

𝜀𝑜
 

(2) 

𝑇∗ =  
𝑇 − 𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡 −  𝑇𝑟𝑜𝑜𝑚
 

(3) 

 

where 𝜎 is the effective stress, 𝜀 is the effective plastic strain, 𝜀∗ is the normalized effective plastic 

strain rate, n is the strain hardening coefficient, 𝑇𝑚𝑒𝑙𝑡 is the melting temperature, typically taken as the 
solidus temperature for an alloy, 𝑇𝑟𝑜𝑜𝑚  is the standard room temperature and A, B, C, and m are 
constants [17, 29] that are evaluated experimentally. Fracture in the J-C material model  [29] is derived 
from the following damage law as shown in Eqs. (4) and (5). 

𝐷 =  ∑
∆𝜀

𝜀𝑓
 

(4) 

𝜀𝑓 = [𝐷1 + 𝐷2 𝑒𝑥𝑝(𝐷3𝜎∗)][1 + 𝐷4 𝑙𝑛𝜀∗][1 + 𝐷5𝑇∗] 
(5) 

 

where ∆𝜀 is the increment of effective plastic strain during an increment in loading and σ∗ is the mean 
stress normalized by the effective stress. The parameters D1, D2, D3, D4 and D5 are constant [29].  
 

 

Figure 3 – Discretized engine model. 
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The lightweight and high-strength aerospace-grade aluminum alloy (AL 6061-T6) was selected as the 
material for the connection between the aircraft and engine casing as it is commonly used in structures 
of light aircraft and used in the FE model. The J-C material model was selected for the hard engine 
casing design and incorporated into the model using fully integrated shell elements. The 
reinforcement structure was also modeled internally to ensure structural stability. Other outer 
components of the engine model included the spinner, fan stage, exhaust cone, and three support 
struts connecting the engine to the aluminum casing. FOI into the engine typically results in damage 
to the fan blades and the casing for the most part [30] as the impactor gets disintegrated after colliding 
with the fan blades and casing. Therefore, to minimize the computational time for the simulations, the 
engine spinner, fan stage, exhaust cone, and support struts were assumed to be rigid bodies in the 
model with 304 stainless steel material properties and were modeled using fully integrated shell 
elements. The engine interior included a two-bearing system and a drive axle. These were also 
represented using the 304 stainless steel alloy, which has high strength and excellent corrosion 
resistance in high-temperature situations, making it suitable  for applications in the aerospace. The 
interior components were modeled using fully integrated shell elements. 

The relative motion of the hub was directly connected to the deformable axle as it undergoes 
comprehensive damage during the FOI. To retain the rotational motion, the drive axle was designed 
with a two-bearing system. Having a thrust bearing at the front and a ball bearing at the end of the 
axle helped restraining the translational motion of the assembly. Constraint-based tied contacts were 
used at the connection points for different components of the assembly. The tied constraint approach 
is well suited for connecting two parts with dissimilar mesh refinements [17, 30]. This is since elements 
do not need to be matched. It allows nodes of the follower component to be tied to the lead element 
based on proximity (offset option), hence enabling many nodes to be tied to a single element. The fan 
blades were connected to the fan stage hub using rigid constraints at their bases. The end nodes of 
connection to the aircraft and support struts were modeled as fixed rotational and translational 
boundaries, as shown in Fig. 4. 

 

 

Figure 4 – Boundary constraints in engine model. 
 

Centrifugal loads were present within every blade before the impact due to fan assembly rotation. 
Therefore, pre-loading of the fan blades was essential before activating the dynamic analysis [31]. 
Without dynamic relaxation, the instantaneous rotation can induce large unrealistic loads called 
centrifugal shocks in the blades before impact that can give rise to inaccurate impact-induced loads 
and forces. Therefore, dynamic relaxation (DR) was used to pre-stress the engine blades, where 
forces imposed on the blades by static or dynamically stable conditions were applied to the initially 
un-deformed blades. As the blades deform, nodal velocities were damped out at each time step [32] 
and tabulated. These nodal velocities and stresses were then applied as initial stresses and strains 
to the blades, resulting in pre-stressing of the blades before impact, simulating the engine in full 
motion. For the rotational motion of the assembly, the angular velocity was set to 500 rad/s, which is 
typical for similar type aircraft engines.  

Upon impact, the blade that first came into contact with the projectile mass was subjected to high 
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crushing forces on the leading edge. The projectile material continued to flow over the blade and 
induced additional loads across its surface, in the direction opposite to the rotational direction. Any 
unbalance on the fan assembly due to impact can result in the blades located on the opposite side of 
the impact location to come into contact with the casing. This can produce large forces acting 
perpendicularly on the blade tip and down through the length of the blade, as well as shear loads on 
the blade tip [30]. Consequently, the contact of the blades with the casing can further result in normal 
and shear loads at the location of the contact between the blade tips and casing. 

2.2 Impactor Models 

Bird-strike on aircraft is classified as a soft-impact event. Soft impact occurs when the projectile has 
a much lower strength than the target, causing extensive deformation of the projectile [31, 33-41] over 
the target surface. Therefore, effective bird impact modeling requires to incorporate aspects of the  
theory of hydrodynamics. Based on this theory, upon impact, a shock is formed as a soft body comes 
into contact with a target. As the shock runs through the soft impactor in the opposite direction of the 
impact, it obliterates the internal bonds of the impactor and creates a release regime behind it and 
close to the impact side, where the soft matter having been transformed to a liquid bulk breaks from 
its original volumetric shape and disperses over the target. As the dispersion over the target at the 
point of impact and its vicinity continues, it produces a steady flow regime. 

In this study, Smoothed Particle Hydrodynamics (SPH) technique is used to develop a representative 
FE bird model. The SPH soft body modeling approach requires the use of an equation of state (EOS) 
to represent the hydrodynamic pressure-volume relations in order to describe the high-pressure fronts 
created by the impactor. Several relevant equations have been used in past for bird impact studies 
[31, 43-49]. To simplify and streamline the analysis, water material properties can substitute  the bird 
in the EOS. This follows by calibrating the EOS values until the peak pressure or impact pressure-
time history profile observed approaches the experimental results reported by Wilbeck [38, 49]. In this 
study, a linear polynomial EOS was used based on Siddens et al. [30] 

Following the current standard practices for the bird modeling approach, a cylindrical shape with 
hemispherical caps was considered to approximate the bird geometry. FAA 14 CFR § 23.2320(b) [7] 
requires the canopy of a Level 4 aircraft to withstand an impact without penetration from a 2 lb (900 
g) bird. Considering this requirement, a bird mass of 900 g (2 lb) was modeled, constituting a large 
pigeon-size surrogate. Figure 5 shows the SPH bird model developed. A length-to-width ratio of 2 
was chosen with a total number of particles of approximately 35,000. A density of 950 kg/m3 was used 
for the bird model, representative of water density with 10% air porosity. 

 

 

Figure 5 – (a) Cylindrical shape with hemispherical caps SPH bird impact model, (b) Quadcopter 
drone model used in this study. 

 

The drone model was developed with a similar mass (900 g) to the bird model. As described above, 
birds are considered soft body objects with fluidic behavior during the impact. In contrast, drones have 
solid bodies that do not behave fluidic upon impact. Furthermore, during the impact, drones can break 
into smaller pieces with high density which can still cause further damage to other parts of the aircraft. 
Therefore, a drone impact scenario is considered a solid body impact. For this study, a quadcopter 
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drone was modeled with the main body, internal components, and propellers. The internal 
components included the battery, circuit board, motor, and other electronic components/circuit board. 

The battery was assigned lithium polymer (Li-Po) properties and was located inside the main body of 
the drone. Various electronic components with a range of material properties similar to circuit boards 
were included in the model and were assigned material properties of a glass-epoxy composite 
material [50]. The propellers were modeled using Nylon material properties and the main body, rotor 
hub, and arms were assumed to be made of acrylonitrile butadiene styrene (ABS). The motor was 
assumed to be made of aluminum alloy (AL 6061-T6). Elastic-plastic type material model was used 
to represent the material behaviors of the drone components [50] using fully integrated solid elements, 
except for the propellers which were represented using fully integrated shell elements. 

2.3 Direct and Oblique Impact Locations 

Direct and oblique impacts into the engine scenarios were modeled for both bird and drone impactors, 
as shown in Figs. 6 and 7. The target point was approximately 50% of the blade length for the direct 
impact scenarios based on the FAA regulations as per 14 CFR § 33.76(d)(3) [7], and approximately 
75% of the blade length for the oblique impact scenarios. The velocity for the impact scenarios was 
determined to be 81 m/s, which corresponds to a combination of typical approach speeds of a small 
aircraft and a large pigeon. For consistency, drone impact was performed at the same velocity. The 
drone model was tilted forward by 25º based on the maximum tilt angle for similar-sized drones. The 
oblique impact scenarios for the bird and drone models considered the projectiles tilted diagonally at 
an angle of 45˚ from the line of direct impact and were moved upwards in the Z-direction to ensure 
impact occurs with blades and the casing primarily. 
 

 

Figure 6 – Bird direct and oblique impact scenarios considered. 
 

 

Figure 7 – Drone direct and oblique impact scenarios considered. 
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3. Results and Discussion 

The results of the bird and drone impact scenarios are presented in the form of von Mises stress as 
they provide a good overall behavior of the impacted structures, and plastic strain fringe plots in 
grayscale, highlighting the damage. Additionally, the impact force and energy-time history plots are 
also presented for each scenario and compared between the two impactors. 

Stress and plastic strain results for the direct bird impact scenario are shown in Figs. 8 and 9. The 
impact sequence showed stress propagation as the impact progressed due to the bird model hitting 
and flying over the fan blade surfaces, while  later getting sliced due to the fan rotation. The slicing of 
the bird model lead to a large SPH scatter due to particle acceleration, where kinetic energy from the 
fan rotation was transferred to the projectile mass. Stresses exceeding 300 MPa were recorded in the 
fan blades that come into direct contact with the bird. The resulting plastic strain in the impacted 
blades were found to be negligible as seen from the impact sequence in Fig. 9. 

 

 

Figure 8 – Stress fringe plots for direct bird impact scenario. 

 

 

Figure 9 – Plastic strain fringe plots for direct bird impact scenario. 
 
As the impact progressed, the fan blades continued to rotate. An unbalance in the rotation of the fan 
assembly was noted which lead to the fan blades coming into contact with the casing, resulting in 
sliding of the blades across the casing. This resulted in further damage in the form of permanent 
deformation in the casing as well as failure on the tip of the blades. 
Stress and plastic strain results for the direct drone impact scenario are shown in Figs. 10 and 11. The 
impact sequence showed stress propagation as the drone went over the fan blade surfaces after the 
initial collision and was sliced by the rotating assembly. The collision of the drone model with the fan 
blades resulted in the drone breaking apart, which lead to the acceleration of drone debris due to the 
transfer of kinetic energy from the fan rotation to the projectile mass. Simulation results showed a large 
number of drone elements being deleted from the domain due to the activation of the erosion-based 
contact algorithm to limit large element deformations and avoid negative volume calculation. Due to 
drone element deletion, it is possible that the resulting drone debris in the simulations may not be 
inflicting as much damage as it could if the deleted drone element mass could be retained and hence 
could continue to collide with the engine. Stresses exceeding 300 MPa were recorded in the fan blades 
that came into direct contact with the drone. The resulting plastic strain in the impacted blades were 
found to be higher than the direct bird impact scenario. One of the impacted blade was noted to have 
extensive damage and failure due to its collision with the solid-body drone. 
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As the impact progressed and the fan blades continued to rotate, a slight unbalance in the rotation of 
the fan assembly was noted which lead to a number of fan blades in the opposite side of the impact 
coming into contact with the casing. This led to the sliding of the blades across the casing, resulting in 
further damage in terms of permanent deformation in the casing and failure of the blade tips. It is 
possible that if the deleted drone elements, and hence mass, could be preserved within the 
computational domain, they could continue to collide with the fan assembly and cause further 
unbalance and damage. 
 

 

Figure 10 – Stress fringe plots for direct drone impact scenario. 
 

 

Figure 11 – Plastic strain fringe plots for direct drone impact scenario. 
 
Stress and plastic strain results for the oblique bird impact scenario are shown in Figs. 12 and 13. The 
impact results showed stress propagation as the bird model collided with the fan blades and slid over 
the blade surfaces. The slicing of the bird model due to fan rotation lead to a large scatter of the SPH 
particles near the blade tips against the casing. Stresses exceeding 300 MPa were recorded in the fan 
blades that came into direct contact with the bird model. The resulting plastic strain in the impacted 
blades were found to be mostly at the blade tips as seen from the impact sequence in Fig. 13. 
 

 

Figure 12 – Stress fringe plots for oblique bird impact scenario. 
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Figure 13 – Plastic strain fringe plots for oblique bird impact scenario. 
 
As the impact progressed, rotational unbalance was noted which led to the fan blades coming into 
contact with the casing. This led to the sliding of the blades across the casing. Due to the bird SPH 
particles being scattered near the blade tips and the casing after the initial impact, more permanent 
deformation in the casing and blade tips was observed, when compared to the direct impact scenario. 
Stress and plastic strain results for the direct drone impact scenario are shown in Figs. 14 and 15. The 
impact results showed stress propagation as the drone further collided with the fan blades and their 
surfaces, while the fan assembly was rotating. The collision with the fan blades resulted in the drone 
breaking apart, with its fragments accelerated within the engine cavity due to the high kinetic energy 
transferred from the rotating fan assembly. The majority of the drone debris was noted to collide with 
the casing. Stresses in the fan blades that came directly into contact with the drone were found to be 
much higher than in the oblique bird impact scenario. The resulting plastic strain in the impacted blades 
were also found to be higher than the oblique bird impact scenario. One of the impacted blades was 
noted to have extensive damage and failure due to its collision with the solid-body drone, similar to the 
direct drone impact scenario. 
 

 

Figure 14 – Stress fringe plots for oblique drone impact scenario. 
 

 

Figure 15 – Plastic strain fringe plots for oblique drone impact scenario. 
 
As the impact progressed and the fan blades continued to rotate, an unbalance in the rotation of the 
fan assembly was noted which lead to the fan blades in the opposite side of the impact region coming 
into contact with the casing. This lead to the sliding of the blades across the casing resulting in 
permanent deformation in the casing as well as failure in the blade tips. It is possible that if the deleted 
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drone element mass was preserved, further damage to the casing and blades could have ensued. 
The impact force-time histories are plotted and compared between the direct and oblique impact 
scenarios for the bird and drone in Figs. 16 and 17. Impact force results are provided for the first four 
individual fan blades that came into contact with the projectile. For the direct impact scenario, the 
highest impact force was recorded on the second blade that came into contact with the bird SPH model, 
registering approximately 24 kN, whereas for the drone case, it was also the second blade that came 
into contact with the drone model, however registering a peak force of nearly 120 kN. Subsequently, 
the impact with the third blade also resulted in a much higher peak force for the drone model (80 kN) 
when compared to the bird model (12.5 kN).  
 

 

Figure 16 – Impact force comparison between bird and drone cases for direct impact scenarios. 
 
For the oblique impact scenario, the highest impact force was recorded on the second blade that came 
into contact with the bird SPH model, registering approximately 28.6 kN, whereas for the drone case, 
it was the third blade that came into contact with the drone model, registering a peak force of around 
200 kN. This highlights a substantial difference in the impact force between the bird and the drone 
models, underlining the severity and criticality of the impact of the fan blades with a solid body as 
compared to a soft body. 
 

 

Figure 17 – Impact force comparison between bird and drone cases for oblique impact scenarios. 
 
The results shown are without any data filtering, therefore it is possible that the instantaneous peak 
force magnitudes could be reduced after applying any filtering schemes. However, the conclusion 
based on these results would remain the same, that a drone impact leads to higher impact forces on 
the aircraft engine blades as opposed to a bird-strike. 
The energy-time histories for the direct and oblique impact scenarios are shown in Figs. 18 and 19 for 
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both bird and drone impacts. The results show the internal, kinetic and total energy of the impacted 
system. The hourglass energies were found to be zero due to the use of fully integrated elements in 
the simulations. The kinetic energy of the impacted system fluctuated around its initial value of 500 kJ 
due to the continuous rotational motion of the fan assembly throughout the impact window. This energy 
was noted to decrease as the impact progressed, which is expected as a portion of the fan blades 
kinetic energy was transferred to the projectiles during impact. 
 

 

Figure 18 – Energy-time histories for direct impact scenarios for bird and drone models. 
 

 

Figure 19 – Energy-time histories for oblique impact scenarios for bird and drone models. 
 

In contrast, the internal energy of the system increased as the impact progressed. As the contact took 
place between the projectiles and the system, the projectile slowed down due to the collision, which 
in turn reduced its initial kinetic energy. This energy was transferred to the impacted system where it 
was converted into internal energy, thereby                                  y    ’                y  

4. Conclusion 
Direct and oblique impacts using SPH bird surrogate and quadcopter drone FE model with a similar 
mass of 900 g, were simulated on a modern ODAM aircraft engine powered using an electric 
powertrain. The projectiles were targeted primarily at the fan blades at approximately 50% of the blade 
length for the direct impact scenarios and 75% of the blade length for the oblique impact scenarios, 
as well as the casing. The resultant impact forces, stresses strain, and energies were output and 
reported. For the impact cases considered as part of this crashworthiness study, the drone model 
produced higher peak forces in both direct and oblique impact scenarios. The impact forces resulting 
from the drone collision on the fan blades were significantly higher than those of the bird’ . The drone 
in both direct and oblique impact scenarios resulted in permanent deformation of the leading edge 
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and blade tip for multiple blades, and blade failure for one of the blades due to significant structural 
damage. The bird in both direct and oblique impact scenarios produced a similar magnitude of 
stresses in the blade as the drone, however, did not result in severe blade damage. In the bird 
scenarios, only some permanent deformation was noted, mostly at the blade tip.  

The stress distribution overall was found to be similar for both the bird and drone for direct impact 
scenarios, however, higher stresses were noted in the fan blades for the oblique impact case for the 
drone. In terms of damage to the fan blades, oblique impacts from the bird and drone models provided 
more adverse results as compared to direct impacts. In terms of casing damage, oblique impacts 
resulted in more direct contact between the projectiles leading to further unbalanced in rotation. The 
unbalance in turn caused the blades to slide across the casing, creating added permanent 
deformation for the casing and blade tips. When compared to the direct impact scenarios, it was 
observed that a lower level of unbalance in the fan assembly produced less permanent deformation 
at the blade tip and casing. 

The drone impact scenarios in this study had incorporated an erosion-based contact algorithm to 
ensure simulation stability. However, including this algorithm enabled element and, thereby, mass 
deletion from the computational domain after the initial impact. In contrast, the SPH bird model 
particles scattered across the fan blades and casing after the impact as no SPH particles were 
deleted. In real-life scenarios, after fragmentation, the drone pieces and debris can also create a 
scatter cloud hitting internal engine components, hence causing further damage to the engine than 
what is determined in this study. Nonetheless, considering the overall results of the analyses 
presented, it is shown that ingested drones with high stiffness components can cause critical damage 
to the conventional fan assemblies, as opposed to comparable soft bodies, based on which 
contemporary engine crashworthiness characteristics and airworthiness regulations have been 
developed and founded, respectively. Therefore, for the same mass category and based on a series 
of high-fidelity simulations, it is evident that impact of drones with high stiffness parts can lead to more 
consequential engine damage. To ensure safety, future propulsion research and development 
programs will be required to carefully consider this foreign object ingestion threat, be it from the 
design-, or air-traffic management perspective (or both). 
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