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EXECUTIVE SUMMARY

The A17 Airborne Collision Severity EvaluationEngine Ingestiomesearctbuilt off the small
engine ingestion study ithe A3 projectthatuseda generic miesized business jet fan assembly
modeland theUnmanned Aerial SystentdAS) model developed for the airborne collision work
The A17 study focused dhree main tasks: (Ireatinga fan assembly modelith a fan having
representative structural featudsa high bypass ratitan commonly used imircraft engines for
commercial tragport (2) validating the UAS model developed in AB8th experimentghatare
representative of a UAS beinggested into m engine; and (3) usg the representative fan
assembly model and validated UAS maaetonduct a number of simulations to understahdt
the interaction of the fan and UAS will look like in an engine ingestion scefmareovariety of
cases. The Al7 team consisted of The Ohio State Univé@38Y), the National Institute for
Aviation Research (NIAR) at Wichita State University (WS&hd the University of Alabama in
Huntsville (UAH).

OSUworked with industrial partners to complete the first td$te industrial partneqsrovideda

model ofan industrialfan bladeand diskthat had beescaled to thelesired size and removed
certainproprietaryaerodynamideaturesOSU worked with the industry partners tdide the rest

of the fan assembilfi.e., blade retention mechanisntasing, nose conand shalft to provide
appropriate boundg conditionsfor the fan and UAS during the ingestion event. Also, OSU
carried out a series afynamicandstructural simulations (e.g., bird ingestidn)ensure the fan
assembly model is representativetad structural and vibratory characteristicefrent fanghat

are certified for flight.NIAR and UAH completed the second taskAH was responsible for
conducting a series of experiments launchiag UAS components (i.e., motor, camera, battery)
and the full UAS atitaniumtest articles represetitge of a UAS being sliced byan bladest the

outer radius These test articles were stationandthe UAS componentdiad to bdaunched at

over 700 knotsat a preciselycontrolled point to obtain the needed datdAR used the
experimental data to update and validate the computational model of the key UAS components
and the full UAS modelOSU worked with the industrial partners to complete the third task.
Severalngeston simulations were carried out to understand which parameters are most important
in the ingestion with respect ttamageand imbalancesm the fan, energy imparted to the casing,
and forces on the retention systems. The studigestionparameters inclugrotational speed of

the fan,relative translational velocity of the UAS, impact location on the dad,orientation of

the UAS The sensitivity studgnabled the selection gitentialworst case impact casésr
different phases of flight.

Based onhe findinggthe research team concluded tthat rotational speed of the fan is the critical
parameter in the ingestiamith higher speeds leading to significantly more damage. The second
mostimportantparameter is the location along the radial span thighouter radial impact leading

to more damage to the fahherelative translational velocitgndorientationof the UAS during

the impact do play a rolen the damage sustained to tfem butare much less significant.
Significant damage to the famas sustained in many of the conditiongestigatedn this work;
however no casestudyproduceddamage, or structural loads, that exceeded the current worst case
certification requirements of a fan blade out event.

The research has alsoproved the UAS moddor specific engine ingestion conditiomslso, the
modelcan be used by industrial partnersstady ingestions with their own proprietary models.
Moreover, it has led to the developmeifta representativéan rig model that can be used
investigate the ingestion of various foreign objects (birds, ice slabs, etc.).



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASSU RE

1. BACKGROUND

There has been a significant increase inue 0fUASs in recent years. As the numberldASs

sold continues to increase, proper integratioAfs into the airspace is a major safety concern
due to potentiaUAS-airplane collisios. Recreational useire the highest safety concern since
they may be unaware or unconcerned with regulations andamlesstricted operation of their
devices in certain airspaces. Th&b&Ss tend to be relatively small and have the potential to be
ingested into an engind.here is a considerable body of knowledge related to dmdl ice
ingestiongsoftFOD—foreign object debrighto engineshoweverthere is much less information
aboutharderobjects being ingested into engin&his research effort is focused mvestigating

the effects of the harder component8aiSs (.e.,motor, battery, and cameta)particular during

an ingestion event

Earlier studies performed ltlge Alliance for System Safety of UAS through Researgbelence
(ASSUREB that provided the direction of the ARirborne Collision Severity EvaluatichEngine
Ingestionresearch was given in th&3 Airborne Collision Severity Evaluatiowork?® 2 This
previous work involved the development of a computational model of a quadcopter that was
validated by a seriesf static and dynamic experiments including blunt impauft quadcopter
components against aluminum feig. Ingestion simulations were conducted with this quadcopter
model into a generic midized business class fan assembly mddaiwas notcopied from any
particular OEM desigh“ While the funding and scope of this initial spuslas limited, the study

did show that UAS cause more damage than birds of similar size and the need for keeping UAS
away from manned aircraft.

Following theFederal Aviation AdministrationHAA) sponsored Peer Review workshop was

held at OSU with ASSURE team members, FAAnd the National Aeronautics and Space
Administrationpersonneland industrial partners to define the key research questions that need to
be addressed in the next phase of the researctkeliresearch questions identified in this study

are: (1) to understand what the interaction of @nmanned Aerial VehicleUAV) with a
representative high bypass ratio fan (typically used in large commercial transport) will look like,
and (2) to define best pramts and fan models for use in further studikddressing these
guestions can: (i) facilitate the development of mitigation strategies including procedures, training,
etc., but not the new development amly changs to existing engine certification staaudis; (ii)

lead to understanding of critical design features of UAVSs to possibly influence design procedures
in this nascent industry; and (iii) provide an open source fan model for further studies.
Additionally, a critical point analysis will be carriedtan a representative fan model to determine
the sensitivity of blade failure and energy imparted to a containment case to different impact
scenarios. Moreover, determining the worst case scenarios will give industry a starting point to
focus on when congtting an analysis with their proprietary models.

2. SCOPE

The research was conducted ovéra-yearperiodand included peer reviews at the beginning of

the research and after completion of final reports at the end of the research program. The research
was broken into three main research tasks, which were each subdividedvatalsubtasks in

order to answer the key research questions.
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2.1TASK A: CREATEA REPRESENTATIVEHIGH BYPASSRATIO FAN MODEL (OSU,
INDUSTRY)

The objective of this task wae develp a fan model that has representative structural and
vibratory features of a modern higplypass ratio fan. The modehs a diameter &2 inches and
usessolid titanium blades. Industry expevisrked with OSU talevelop the fan modaehdensure

that the blade geomeirgtructural and vibratory propertiggeetthe standards of current industrial

fans of this sizelt was a scaled version of a previous design, so some aerodynamic features are
present busomepropiietary aerodynamic features are removadaddition to the fan model, an
appropriate casing and nose cone geometme developed ircollaboration with the industrial
partnersto study the interaction with fan elements ah& UAS during the collision.An
appropriatenitial test matrix folUAS ingestion simulationgas also determined as a part of this
task

Research Questions
1. What are the key vibratory features of a representative modenbygtss ratio fan that
IS structurally operational?
2.  Wha range of rotational velocities would be experienced by the fan modeled in this
project?
3.  Whattype of UAS ingestion simulations should be performed witls fan model to
complete a critical point analysis of the ingestion event?

Assumptions and Limgitions- The research assuththe following operating limitations:

1. The representative fan model has not been constructed nor is it currently used in the fleet.

2. The fan model will be representative of the structural properties of a mode+bypigss
ratio fan, but not the aerodynamic featunesthe aeroelastic response

3. Material models used for the fan model will be from previously developed FApea¥
sourcematerial models of titanium and will not be generated in this project. The
manufacturing process determines the plastic and failure properties of titanium alloy
materiaf. For a ¥ inch FB6Al-4V plate, material anisotropy may vary the plastic and
failure behavior. Due to material model availability, an isotropic model will be
considered in this stly.

4.  Fan rig assembly model does not contain most of the downstream components of the fan
(i.e., compressor, combustor and turbine), and therefore any damage in these components
is outside the scope of this research.

2.2TASK B: EXPERIMENTAL VALIDATION OF COMPONENT AND FULL
QUADCOPTER MODEL (UAH, WSU)

The objective of this task was conduct individual components (camera, maodod batteryand

full quadcopter model collision testing witiitanium wedges, and update an existidgS
quadcopter modéhccordingly Impact tests areconducted in the range 425710 knotson an
angled titanium plate tobtain contact conditions similar to angine ingestionfFully charged
batterieswere usedin this study to provide some insighh potential fire hazards during an
ingestion.Finite Element FE) models developeih the previous FAA projeétfor individual
components antthefull quadcopter modetereused in this research project. An appropriate mesh
size to be usetbr FE simulationsof theingestionwasalsosuggestedbased on thexperiments
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and computational modelin@imulations to confirm integration of the UAS model with the fan
model developed in Task Werealso conducted.

Research Questions

1. What modificatiols are needed for the quadcopter compaghé motor, camera, or
battery) and full quadcopter models for higher speed slicing impacts into titanium?

2. What velocities should be used in the experiments, to capture the relative velocities in an
ingestion gent (considering the fan rotational velocity, airspeed of the airplane, and
velocity of the quadcopter)?

3.  How can the full quadcopter be accelerated to the desired speed and should the
guadcopter components be tested at a higher speed?

Assumptions andimitations- The research assunhthe following operating limitations:
1. Procurement of materials and manufacturing of titanium wedges will be dependent on
initial fan design.
2. Fan model from Task A will be completed for integration with the UAS model.

2.3TASK C: SENSITIVITY ANALYSIS OF PARAMETERS TO THE INGESTION (OSU)

The objective of this task was conduct numerical simulations to understand the effect of various
parameters on the ingestion evdfiE simulationswere carried out in L®YNA andincluded a

fixed fan model with blades rotating aprescribed speed. Thiynamics,stressesandelement
failurein thefan werestudiedduring the ingestion simulationadditionally, impact energies on

the casingimbalance loads on the shaft, and forces on the retention systnmdetermined
during the ingestion simulations. The simulationgere used for a critical point analysis to
understand whicparameters lead theworst outcomes.

Research Questions:
1. What are the important parameters for UAS ingestions (i.e., fan speed, orientation of
impact)?
2. What are the worstase scenarios for a critical point analysis?

Assumptions and LimitationsThe research assuththe following operating limitations:

1. Therepresentativéan modelwill be one data point for understanding the interaction of
the fan and the UASand will not capture all the configurations used in the fleet for
modern highbypass ratio fas

2. Thenose oneis used to capture the boundary conditions of the ingestion event and will
be rigid during the simulations.

3. The casing will not be used to assess containment, rather it will be used to setup the
boundary conditions for the ingestion and assess thetxplmads on the containment
casing.

4. There is no validation experiment of the quadcopter with the actual fan at the operating

conditions.
Aeroelastic effects due to fan damage will not be assessed.
The simulations are dependent on the completion of TAask=l B.

oo
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3. OVERVIEW OF RESEARCH

The researclwvascarried out in close collaboration with engine industry manufatioecreate

FE models that will capture critical features of a UAdh impact. Wherevefeasible, the FE
models wereleveloped with prexisting material models to leverage past work in the.fislksb,

the UAS model was shared with industry partnersiéximize the impact of the researdine
ingestion simulationgerecarried out in LSDYNA (a finite element analysis softwaspecialize

in highly nonlinear transient dynamic analysis) for a variety of impact scertwabsvere
determined in consultation with industry partners and the FAA management team. The ingestion
scenarioswere simulaed following the best practices set forth by the®NA Aerospace
Working Groufs (AWG).

3.1TASK A

The objectie ofthis taskwas to create a fan model that has representative structural and vibratory
features of a modern higbypass ratio faficommonly used in commercial transporijhis task
wascarried out in close collaboration with engine industry manufastioemaximize its utility.

To this end a series of workshops and teleconferengese arranged at various stages of the
development of the model.

Thedevelopedanmodelis representative of certain features (structural and vibratory) of a modern
high-bypass ratidan butdoesnot match a specific fan currently in the fleethdis a diameter of
62 inches andsessolid titanium blades. The blade geometgsdefined with industry to ensure
that its characteristiogghickness of blade, angle of bladerr root to tip, etc.) are representative
of current industrial fans of this size. The blade materiadagsMAT_224 TI-6Al-4V modelthat
wasdeveloped and validated with a series of experiments in a previous FAA brofeetmodel
was alsoanalyzed to ensurthat it captures the critical structural and vibratory features of a
representative highypass ratio fan during foreign object ingestioe.{checking the modal
properties of the farpre-stress of the fan at operating speeds, rasgonse to birthgestiors).
Experts from the industrial collaborators proddeedback on the reasonableness of the model
simulations with past experience as well as comparisithspas published work§

The other key components of the fan modetethe fan containment ring and nose cone. The
purpose of the inclusion of these componevrasto understand how they interact with tle fand

UAV during the collision However, due to the myriad of architectures for these components a
representative structure is not truly feasible. Therefore, these medetsdesigned to have
reasonable geometries for the representdéimebutremainedinear elastiovithout failure. The
reasonable geometriaad elastic raterial modelprovideappropriate boundary conditiofts the

fan during the ingestiolf the UAV for this short duration impacandenable the computation

of the expected loads ohedse parts. This allad for the determination ahgestion scenarios
where the greatest energy and/or stveasimparted to these components avitl enable industry

to focus on thesmgestion scenarioghen using their actual proprietary designs.

3.2TASK B

The objective of this research tastasto conduct component level tests on the key quadcopter
components (battery, motoand camera) as well as full quadcoptersd to validate the
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corresponding FE mode# conditions that would occur in an engine ingestion. The quadcopter
waschosenbased orthe availability of a partially validated FE model developed in a previous
FAA project, which was originally chosen based on its popularity at the. fithe quadopter
component models weggeviouslyvalidated at lower speeds from 100 to 250 knots with blunt
force impacts against thin aluminum plates that were representative of the skin of an airplane. In
contrastthe impact speeds during an engine ingestoarid be much highesurpassin@00 knots,

and would be a slicing impact as opposed to a blunt force impact.

The validation testsvere designed to be representative of a variety of component and full
guadcopter impacts during an engine ingestion. The thfdé ddmponents and full quadcopter
werelaunched anultiple speeds in the range 425710 knots Instead of blunt flat plate impacts,
the components impaad angled F6AI-4V plateswith similar thicknessto the fan blade to
validate the deformation at éhexpected conditions during an ingestion. The battever®
launched in a fully charged state to assess the likelihood of a fire in a slicing impact. The plates
were held at the bottoduring the experiments mimic the connection of a blade to the diEke
experimentsverefilmed with ahigh-speedcamera taneasure the projectile stgiee., velocity,

and orientation) prior to impaathich enabled the simulations to accurately replicate experimental
impact conditionsFurthermoreadditional load inbrmationwas measuredor the validation of

the computational simulationmcluding: strain gaugeen the T-6Al-4V platesload cells on the

test standandDigital ImageCorrelation (DIC) on the front and back of the6Al-4V plates.

The data from the experimenigere collected and analyzed to update the key UAV component
level models and the integrated full UAV model. The possibility of a fire from the UAV battery
during an ingestiomvas alsaconsidered. Additionally, the mesh siziaofythe titanium platevas
investigated during these component impacts. This investigagipedchoose the appropriate
mesh sie of the fan blades in the region of the impaximaximize fidelity while minimizing
computational cost.

WSU leveragedessors learned from the first phase of the airborne collision tyak well as
additional testshat occurredn the rotorcraft research for A16 UAS Airborne Collision Severity
Evaluation— RotorcraftStructual Impact In particular, for the rotorcraft wky WSU and UAH
condwctedadditional componenmpactsagainst aluminum panegsd full aircrafttestswith the
UAS againshelicopter componentst velocities up to 500 knots. The final quadcopter numerical
model thatvas used in this project included #ilese updates.

3.3TASK C

The objective of this research tasksto conduct a series of ingestion simulations to understand
the effect of various parameters on the ingestion event. The ingestion simuiarecsnducted

in LS-DYNA using the updated valited UAV model developed from tests with similar
conditions to what is expected in an engine ingestion and descriBedtion 3.2 Task Brhe fan
modelinto whichthe UAV wasingested is discussed in Section Bakk A and the mesh sizing

in the impact areawereinformed by the quadcopter tests discussed in Sectioma&R B For
each of the ingestion simulations, failure of elements in thevéamtaptured, and expected strain
and impact energiesereobtained forte casing (using linear elastic models with no failure).
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The ingestion simulation consestof the fan model that is fixeidh spacewith the fan rotating at

a prescribed speed, whidnd not slow down during the course of this relatively short ingestion
simulation. The deformation and stresses in the fan due to thefegattoading wereaccounted

for by running an implicit dynamic relaxation on the rotating fan model. The UAV moael w
given the relative velocity of the plane and U/ad directed at specific location of the fan with

a specified orientation.

The parameters of the ingestion thareinvestigatedncludedthe rotational speed of the fan, the
relativetranslationalelocity of the UAVwith respecto the plane, the orientation of theAM

during the impact, and the radial location of the UAV impact along the fan. Addisiomallations
wereexplored based on the initial findings. The data from the ingestionselbonghe failure in

the el ements of the f aformatoo asevell astmecknetghimpartedto’ s
the casing during the ingestion. The simulatimesecarefully monitored to ensure the validity of

the results. Particular care for the contact modeling as well as monitoring the energy of the
individual componets to ensuréheaccuracy of the simulations.

The results from these simulations heglgletermine a parameter space where onedeaide

which ingestion parameters lead to the worst outcome for the fan blades, fan disk, or containment.
The data points fathe blade out and bird ingestion simulations for this specific fan model provide
additional data points of events that have been extensively researched.

4. ORGANIZATION OF THIS REPORT

The report is organized with a cover report and separate univertysrépat are Annexes to the
cover report. The cover report summarizes the collective research results of the entire research
team and the university reports detail the individual research efforts of each university.

4.1 COVER REPORT

The cover report summasg the resultef the overall research effort for Task A17 and highlights
the most important conclusions and recommendatilhgests and research wecenducted as a
Task AI7 team in accordance witBection2 and Sectior8 and were approved by the FAA.
Reviews of data and analysi®re conducted monthly at technical interchange meetings with the
FAA and industry expert#\ peer review of the dataasconductedvith the principakesearchers
from each of the universitiesn 10 January2023 Members of the FAAand industry experts
participated in tts reviewto identify specific issues or concerns related to the development of test
data and the assessmentoiiclusions and recommendations. The cover report is not intended to
serve as a cross reference for all the available data within the report but to summarize the most
important results and identify the reports that contain more detailed information by ref@rence
the respective university annexes.

4.2INDIVIDUAL UNIVERSITY REPORTS

Individual university reports provide the contributions of each university to the overall task A17
research.The univergy reports providespecificdetails regarding the computational simulations,
experimentamethods andata, and data analysis conducted by the respective univensitiest

a broad discussion of howsults and analysmmay compkme nt t he detai |l s of

P

an
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report.Individual university reports are arranged in Annexes to the cover r@porenable each
university to use theirespective report formatdloreover each university was responsible for
their own internal peer reviews atcordance with their respectiveiversity policy.

5. REPRESENTATIVE HIGH BYPASS RATIO FAN MODEL FOR FOREIGN OBJECT
INGESTION

One of the key objectives of this research prograrto isreate a openfan model that has
representative structural and vibratory featurasadern highbypass ratio fasi(typically used in
commercial transport). This open fan model can then be used in this study to investigate UAV
impacts with fans and could also be useduture computational investigations. The fan was not
designed to match the aerodynamic featamsthe aeroelastic responsemodern engined-his
taskwascarried out in close collaboration with engfdeginal EquipmentManufacturerOEMs)

to maximee its utility. Other key components of the fag modelwere also created in close
collaboration with industry and these include: the fan containmeniisg, coneshaft, and blade
retention systemsThe purpose of the inclusion of these componente provide reasonable
boundary conditions for th&an and UAV interactionsduring the collision They will provide
additional insighd into the expected forces and energies that are transmitted into these systems
However, trying to determine failure immponents outside of the UAV and fan blade/disk is not

a focus of this fan rig model.

5.1JUSTIFICATION

There are a variety of fan designs that have been created for a number of engine architectures and
each engine OEM tends to have their own preferencedemsighs. The type of fan chosen for this

work consists of solid titanium blades, which all OEMs have familiarity with, and are appropriate
for the 1.57 m (62 in) fan diameter

The fan geometry was created from scaling a smaller fan geometry up to the 1.57 m (62 in) fan
diameter andemoving proprietary features that were related to the aerodynamics and not the
structural properties of the fan. Since building a truly represeatatintainment ring and nose

cone is not feasible due to the myriad of existing architectures, these models were included only
to provide appropriate boundary conditions for the ingestion. The containment ring and nose cone
models were designed with inpfrom engine OEMs to have reasonable geometries for this
representative fan. The containment svasmodeled with a linear elastioaterialwith no failure

to understand the expected lo@dsight encounter. The shaft was modeled as a rigid body.

5.2 Compuer-Aided Design(CAD) MODELS

5.2.1Representative Fan Geometry

The generic fan developed for this project is representative of the structural and vibratory
properties of a modern high bypass ratio fan commonly used for commercial transport. The fan
diameter is 57 m (62 in). The fan assembly includes an airfoil, dovetail, retainer, retention ring,
disk, and disk flangewhich are all shown ifigurel. In these types of fans, the airfoil and dovetail

are a single unit, called a blade, thahde pulled out of their slot in the disk and replaced if
damage or failure occurs (e.g., after a bird strike). A total of 24 blades were used in this
representative fan model. Due to the nature of the disk flange, a two bladeisnoeetied to
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define asingle cyclic sector model; therefore there are 12 cyclic sectors that are repeated to form
the 24 blade model.

—p Airfoil

Dovetail

Retention ring

Disk with flange

Retainer connection

Figurel. Components of the representative fan model

The airfoil retainer is used to secure the dovetail into the disk after it is installed. This retainer
prevents the blade from moving forward in the axial directibme retention ring, which is
connected to thdisk on the rear side of the fan, prevents the blades from sliding axially further
than intendedTheflange on he front of thedisk provides a way to bolt the nose cone to the disk.
Due to thedesignof the flangea cyclic symmetric model of the fanguires two blades instead

of one, which corresponds to including dak bolt holeand two half holeg the flange.

The radial distance from the root of the disk to tip of the airfoil is 693 mm (27.3 in). The root of
the airfoil is on an incline causirtbe radial span at tHeeadingedge(LE) (549 mm) to be larger
than the radial span at the trailing edge (442 mm) of the aaghown irFigure2.

147 mm

[ —

442

549 —_

mm

Figure2. Side profile of blade with airfoil dimensions
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5.2.2Casing

Engine fans are contained within a casing to optimize airflow through the engine, protect the
engine from foreign object debris, and contain fan blades during adladsent or other engine
failure. The casing used for the fan assembly model created in this project is shieigared

and has a total length of 1.580 m (62.2 in) and an internal diameter of 1.586 m (62.44 in). A hot
clearance (i.e., clearance when the fan isrspgat its nominal rotational speed) of 3.81 mm (0.15

in) is used between the airfoil and the internal diameter of the casing. The thickness of the casing
at the inlet and outlet is 4.1 mm (0.16 in).

Increased thickness spe

(a) (b

Figure3. Fan casing (a) isometric view, and (b) front view

The portion of the casing around the fan is designed to withstand a farohlagkeento protect

the aircraft in the event of a blad&lure. Thecontainment design often starts with an energy
balance approaéi? °to calculate the minimum thickness of the casing in the impact region.
Engine manufacturers have a variety of containment architectures for different engine types and
sizes with the intent of maximray durability while minimizing weight. The engine manufacturers
generally design the casing using their proprietary architectures and proprietary material models
and run simulations in nonlinear transient dynamic simulation tools, likBYISA, to build
confidence in the design before bench tests and full certification tests are conducted on a prototype.
In this model, the primary purpose of the casing is to provide an appropriate boundary condition
for the fan to capture first order effects of the UASestgon, while also maximizing the parameter
space for how the ingestions can occur (i.e., not having an inlet smaller than the fan diameter,
which would restrict the UAV's entry into the enginéor this reason, the casing thickness around

the fan was dermined using the energy balance apprddcK, which is detailed in AnnexA&

5.2.3Nose Cone

The type of nose corselectedor the representative fan assembly maslal bi-conic like design
shown inFigure4. The nose conwas modeled as aluminum, which is consistent with previous
UAV engine ingestion workand is a representative light weight material often used in
aeronautical applicationsh& forward cone has a length+211.4 mm (8.3 in) and a base radius
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R1 =182 mm (7.16 in), and is stacked on a frustum of a cone of leagti15.5 mm (4.47 in)

and base radius of,R 239.5 mm (9.42 in). The overall thickness of the nose cone is 2.5 mm (0.1
in), a clearance of 2.5 mm is maintained between the nose cone and the dovetail region, and a tip
radius of 2.5 mmgused. The nose congrigidly connected to the fan assembly throg@gtoolt
connections at the disk flange located on the front of the fan.

L, L1
>

R: N -’

_— p

/,» Circular S|V
for bolt
e connections

L”"/

(a) (b)

Figure4. (a) Side view of the biconic nose cone (b) front oblique transparent view of biconic
nose cone

5.2.4Shaft

Thelow-pressureshaft connects the fan to tloev-pressureurbine to form théow-pressurespool

of the engine. Thiow-pressurdurbine extracts eneygrom the flowto drive the fan through the
low-pressureshaft. The CAD model for the shaft was based on drawings of the CE\ViB®&igh

bypass ratiourbofan. The shaft was modeled with a steel that is representative of the shaft material
often used in turbofan enginéghe cylindrical shaft had a total length 6f915m (36in) and is

shown inFigure5. The shaft has an internahdheter of 83.8 mm (3.3 in) and a thickness of 5 mm
(0.2 in) along the majority of its length. There was a rapid expansion in diameter towards the
forward face of the shaft where it meets the disk. The outer diameter of the front face of the shaft
is 241.9mm (9.5 in) and the holes on this face have a diameter of 18 mm (0.7 in).

10
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Lenath =915 Outer diameter = 241.9

(b)

Inner diameter = 83.8

(c)
Figureb. Shaft (a) isometric (b) front and (c) back views

5.3FINITE ELEMENT MODELS
5.3.1Fan Assembly

The fan assembly is composed of the disk, disk flange, dovetail, airfoil, retainer, and retention
ring. The disk, disk flange, and retention ring are treated as single contiguous parts while the
dovetail, airfoil, and retainer are repeated parts for ehttte®4 fan blades.

The disk, dovetail, airfoil, and retention ring are composed of a titanium alle§A(¥4V) and
were modelled using the *MAT_TABULATED_JOHNSON_COOK (*MAT_224) material
model in LSDYNA. The retaineiis also composed of the same titam alloy but vasmodelled
as elastic using the *MAT_ELASTIC keyworillaterial information for the T6AI-4V alloy was
obtained from a publicly available material model created in previous FAA projéeisd made
available by théAWG # 15

All components of the fan assembly were meshed using solid hexahedron elements and defined
with a constant stress solid element (ELFORM=1) in their section cards. Thisiotedgated
element formulation has theonsequence of nonphysical, zemergy modes of deformation
called hourglass modes. To inhibit these hourglass modes there exist algorithri3YiNAShat

can be invoked using the *HOURGLASS keyword. Each part with constant stress solid elements
also hachourglass control defined with the type IHQ = 6 and the coefficient QM = 0.1.

11
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(@)

Figure6. Airfoil mesh with three elements through the thickn@gssometric view (b) suction
side of the airfoil root and (c) pressure side of the airfoil root.

A key consideration in constructing the mesh for the model is the level of refinement in the mesh.
In particular, the level of refinement in the mesh alsfevhere the UAV impactssiof utmost
importance. A refinement study was conducted to determine the level of refinement in the airfoils
to reach convergence from models of the angled titanium wedges used for the validation of the
UAS model. The results dhis refinement study are includedtime AppendixB of Annex AL,

Note that during the validation of the UAS model (detailed in Ann&x\Bith the experimental

data (discussed iAnnex C7), it was determined that three elements through the thickness of the
airfoil was optimal for matching the mesh of the airfoil with the mesh of the UAV model (as
discussed in the appendixAmnex B'®). A mesh of the airfibwith part of the platform is shown

in Figure6.

The mesh of thdovetail andblade platform is shown in

Figure7. Note that due to the complexity of the geometry of both the airfoil ardbtretail these
parts were split into two components and meshed separately to provideehalled heahedral
meshes. Addionally, theairfoil shown inFigure6 does include the top of the platform.erpart
was partitionedn this manner to move the contact region defined between theatigdplow the
higher stress region where the airfoil transitions into the platform. Erroneous element digdietion
occur in preliminary analysis of the bladehe fillet region of theigfoil during impact simulations
when theblade was partitioned where th&foil meets theplatform. The contact card defined
between the airfoil and the platform i€ ONTACT_TIED _SURFACE_TO_SURFACEThis
contact formulation was the same across all sitiurg.

12



THIRD PARTY RESEARCH. PENDING FAA REVIEW. )T{MASESI UUASRRE

or System Safety of UAS through Rest

Figure7. Mesh of dovetail and blade platform

The disk was meshed to have a similar mesh density as the blade platform near the contact points
and is shown ifrigure8.

/\;

R

Figure8. Side view of a sector of the fan disk mesh

The disk flange was originally modeled as a separate part and its mesh is skagungd. The
flange was then integrated with the disk part, and modeled as asmgie all the simulations.

Figure9. Disk flange mesh

The retaineand single sector of the retention rimgsh is shown imAdditional properties of the
meshes of key components of the fan assemblyaseribed in Annex A.

13
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FigurelO. These parts had relatively simple geometries and the mesh density was selected to have
a few elements through the thickness while maintaining good aspect Aatihsonal properties
of the meshes of key components of the fan assemblgeseribed in Annex A.

Figurel0. Single retainer meséind portion of retention ring mesh
5.3.2Casing

The casing wasmodeled with the TFB6AI-4V alloy elastic material model using the
*MAT_ELASTIC keyword with the exact same properties as the retainer. The casing was meshed
with quadrilateral shell elements the preliminary simulationghe default Belytschkd say shél
element formulation (ELFORM=2) was used but due to unstable energiescamsthg due to the

UAS impact, the element formulation was changed @ofully integrated shell element
(ELFORM=16).The hourglass control type selected was 1M@sdth coefficient QM=0.1for the
finalized UAS ingestion simulation$he casing model was not developed to evaluate containment
during the ingestion. It was included to provide an appropriate boundary condition during the
ingestion and to extract out egers imparted to the casing during the ingestion events. This simple
geometry and material model can adequately address these needs at a low computational cost.

5.3.3Nose Cone

The biconic nose cone was composed of the aluminum 2024 alloy and was modelkstias e
using the *MAT_ELASTIC keyword. Material information for aluminum 2024 was obtained from

14
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prior FAA projects® with the material models being made available by AWGhe nose cone

was meshed using solid hexahedron elements, and the element formulation used was the constant
stress solid element (ELFORM=1). In the same manner as thesambly parts with the constant

stress elements, the nose cone had hourglass control defined with the type IHQ = 6 and the
coefficient QM = 0.1.

5.3.4Shaft

The shaft was modeled as a rigid body using the *PART_INERTIA keyword with mass and inertia
propertiesincluded. The shaft used the defa@elytschkaTsay shell element formulation
(ELFORM=2),and hourglass cont®IHQ=2 and QM=0.1The keyword *MAT_RIGID was used

to define the material for the shaft and the material properties were that of staird88sTéte
rotation of the shaft at various speeds for different caseghis report required the
*BOUNDARY_PRESCRIBED_MOTION_RIGID keyword to be defined along with a vector in
the direction of the rotational axis.

Due to the model being restricted to the fan assembly and no available information on the other
downstream coponents that connect to the shaft (i.e., bearings, compressor stages and turbine
stages)the shaft was modeled as a rigid body moving with the prescribed speed. Since the shaft
is rigid, no contact was applied at the disk interface and instead the dlisiplg driven with the

same prescribed motion where it would interface with the shaft. Not including thedskaft
contact simplifies the computational model without affecting the results. Note that the shaft is
included only as a visual reference in si@ulations.

5.4DYNAMIC SIMULATIONS

Dynamic simulations were conducted on the fan model to ensure theeisthe key structural
and vibratory requirements of a fan to meet certification requirements and provide reference
information for further analysis.

5.4.1Modal Analysis

A key structural requirement of the fan model was that the first bending mode of the $arotloe
experience a resonance condition underEagine Order (EO) one excitation. A resonance
condition would cause the fan blades to experience large vibrational amplitudes, leading to fatigue
problems. Only the first bending mode was examined due tagher likelhood of being excited

by the incoming air. Similarly, onliO oneexcitation was considered during the modal analysis
postprocessing.

The modal analysis included only the blade and excluded any portion of the disk. The blade
dovetail regiorwas fully constrained, allowing only the airfoil to move. Bladene modeling of

the system and the accompanying constraints were chosen based on recommendations by
participating engine manufacturers to better match their internal analysipraetstes.The
rotational speed of the fan influences the final vibratory response of the system due to rotational
speed effects such as strstiffening and spirsoftening. For the purposes of running a-pre
stressed modal analysis, the fan model was importedAM&YS Mechanical APDL and a static
structural analysis was run with a specified rotational speed.

15
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The bladealone, prestressed modal analyses were calculated at multiple rotational speeds
between 0 and 6,00Revolutions Per MinuteRPM) to capture theull nonlinear effects. The
resulting Campbell diagram is depicted Figure 11 where the first bending mode natural
frequency(black ling is shown to be increasingigdratically with rotational speed. Also depicted

in Figure11 are the first 1EO excitation lines, shown in blue. Three specific rotational speeds
were of concernl) take off speed of 5175 RPM; 2) cruise speed of 4658 RPM; and 3) descent
speed of 1139 RPM. There is no expected resonance of the blade at any of the three operating
rotational speeds of the fan, or at any rotational speed within the operational spgedfrthe

fan.
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Figurell Blade-alone Campbell diagram
5.4.2Prestress Analysis

During operation of the enginéhe fan can be rotating at a number of speeds. The higher the
rotation speed the larger the stresses in the blade and disk due to centrifugal loads. The fan design
must be able to withstand these forces without any permanent plastic deformation. Bhi@ stres

the fan and corresponding blade deflections can be computed using an explaitimplicit

process. In this work, the implicit method used to conduct thetpees analysis will be discussed.

This analysis will be used not only to compute thessts in the blades to ensure the validity of

the design, but also as a starting point for future dynamic simulations that will be discussed in this
report (i.e., blad®ut, bird ingestion, and UAV ingestion).

The intended result of the pstress analysisvas twofold: (1) to ensure the fan design can
withstand the centrifugal loads; and (2) to have a rotating fan model where further dynamic
simulations could be performed. Before using the results an explicit step, where the fan underwent
two rotationswasconducted in LDYNA. The purpose of these two rotations was to monitor the
element stresses present at both the root of the fan blade and at thgamidcation. These
stresses should be relatively constant with some computational noise expepiesil2 shows

the stress as a function of tirae theblade midspan, for the twssector model, for the highest

rotation case where t he f 9247 rads)Nateahatahe implgit at 5 1
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and explicit analysisvereconducted for each rotational speed analyzed in this report and similar

results were found for each case.
500 v
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[— Y Stress Z Stress Von Mises Stress]

Figurel2 Element stress at blade rrsgan for twesector nodel

The blade was rotating about thexis so there was a sinusoidal variation in th8thess ( )

and ZStress ( ) measured using global coordinates. The von Mises stegk®latively small
variationdue to rotation, as expected.

The corresponding von Mises stress contour of the whole fan sector is shBignriel3. The
highest stress location in the blade is indicated and it is well beioweld strength of thiganium
alloy Ti-6Al-4V used for the fan, which is 1150 MPa
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Figurel3. Stress in single sector after ggess analysis at highest rotational spEesll 75 rpm

5.4.3Bird Ingestion Simulations

From 199602019, 191,571 bird strike evenitsrolving civil aircraft were reported to the FAA with
11% of those instances involving striking of the aircraft enginBsspite only 11% of those bird
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strikes involving the aircraft engines, 26% of the bird strikes involving damage to the aircraft
component occurred when the engines were sttuslird ingestion events occur with enough
regularity despitéhe FAAmitigation effortsthatbird ingestion testare requiredo be performed

as part of the airworthiness certification process for aircraft engines. The details and requirements
of these tests afeund inthe Title 14 Code of Federal Regulations 3%%Zan summarythere is

a large bird ingestion test and medium flockimgl lingestion test with the weight and number of

birds dependent on the inlet area of the engine. There are specified thrust profiles that the engine
must follow for each test and hazardous engine effects that are not permitted.

These bird ingestion testsvolve full engines and are very expensive@&Ms to completethus

there is a strong motivation to be successful on the first attempt. Therefore, bird ingestion
simulations are performed throughout the design phase to avoid failures during theatertifi

tests. The fan blades are usually the most critical components, and their most critical location is
targeted to be the impact area for the bird. The fan model developed for this research was designed
to have structural characteristics comparablehiigh bypass ratio fans used commonly in
commercial transport and would be expected to be able to pass these certification tests. To provide
evidence of this, simulations of bird ingestion events were performed and analyzed to confirm the
fan model would met important test criteria and be in line with industrial experience. Certain
requirements such as the exact thrust profiles and an uncontrolled fire were beyond the scope of
this work, but the damage caused by the impact of the bird and resulting gdstioation could

be modeled. Extreme damage to the blades would suggest the possibility of uncontained high
energy debris and excessive plastic deformation could block the flovilpagheducing the thrust

below allowable levels.

The bird ingestion siolations performed were setup to model the large single bird ingestion test.
Based on the inlet area of the fan rig model, the appropriate bird weight was 2.75 kg<g)6.05 Ib
The selection of an appropriate bird model is impoffi@nbbtaining useful simation results at a
reasonable computational cost. The bird model selected for the bird ingestion simulations was
taken and modified from the AWG webgiteThe model wasalidated by comparing -®YNA
simulations to Hopkinson bar experimental restilfEhe bird was discretized using the smoothed
particle hydrodynamics method rather than the Lagrangian elements used for therfadelig

For the bird ingestion simulations, six fan sectors and corresponding sections of the nose cone and
shaft were used along with the casing and two dovetails, one at each end of the six fan sectors, to
model the famig. The decision to model therfaig with multiple fan sectors for the bird ingestion
simulations was based on best practices set forth by the®AW@two additional dovetails were
included to give an appropriate boundary condition at the ends of the six fan sectors and prevent
any nonphysical behavior in the simulations. These two dovetails are slightly different than the
other dovetail pas because they follow the exact geometry of the dovetail rather thanimgclud
some of the platform in the blade part. The additional dovetails were prescribed to rotate about the
rotational axis of the faat 5175RPM( w =54 1. 9addiwerecorstdied ih the axial
direction.

Three different bird ingestion cases were conducted at different radial locations along the blade

(i.e., blade root, blade midspan, blade tip). The kinematics of the bird ingestion at the blade tip are
shown inFigure14 and the resulting plastic deformation in the fan is showsigarel5.
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Figurel5. Resulting plastic deformation in fdrom large bird ingestion near blade.tip

The bird ingestion simulations show that there is some plastic deformation in the blades from the
ingestion, with no signs of cracking or significant material loss in any of the cases. Also, there are
no high root strains in the blades. This is consistéhtindustry experience with certified designs.

6. QUADCOPTER MODELVALIDATION FOR ENGINE INGESTION CONDITIONS

The UAS quadcopter model that waslected for use in the ingestion simulations was developed
by NIAR usinga physicsbased Building Block Approadiat was initially developed ithe A3
Airborne Collision Studi€’s and validated experimentally for a wide range of conditidings
section discussdbe experimentabalidaion of the key components and full UAS conditions
equivalent taan actual engine ingestionhe experiments were conducted at UBYilaunching
UAS components and full UAS #tanium alloy (T+6Al-4V) wedge shaped test articles at high

velocity (202371 m/s) to capture the relative velocity of the slicing impatta UAS on afan
blade during ingestion.
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6.1UAS COMPONENT LEVEL EXPERIMENTS

Similar to the A3 Airborne Collision Studigghree critical UAS components were subjected to
impact tests for theurrent research component level validation. These compooemgsted of

the motor, the camera, and the battery. After discussing the worst UAS engine impact scenarios
with industry partners and NIAR, OSU developed the component level test matrix shbaioid

1. Each UAS component had two different test configurations eactio simulate ar80% and

50% radial span impadif the fan bladeEach test configuration had three repetitions to help
qguantify variability between tests due to differences in projectile, target, and desired impact
conditions for each test. Unfortunately, the machining process damaged one of the blades for the

50% spa motor tests, which reduced the total number of tests from 18 to 17.

Tablel. Component level test matrix

Test L Span | Relative Impact Designed | Performed
ligs e Number gl VTS (%) | Angle (°) | Location Speed Speed
M8OL7- It Blade 710.98kts 716kts
20-188 Motor OPT A2 | 80 25 LE (365.76 (368.34
001
Rev 2 m/s) m/s)
M8OL7- Ti Blade 710.98kts | 713kts
20-189 Motor OPT A2 | 80 25 LE (365.76 (366.8
002
Rev 2 m/s) m/s)
M8OL7- Ti Blade 710.98kts | 715kts
20-190 Motor OPT A2 | 80 25 LE (365.76 (367.83
003
Rev 2 m/s) m/s)
M50L5- Ti Blade 562.86kts | 569kts
20-183 Motor OPT B5 50 30 LE (289.56 (292.72
004
Rev 2 m/s) m/s)
M50L5- Ti Blade 562.86 kts| 569kts
20-184 Motor OPT B5 50 30 LE (289.56 (292.72
005
Rev 2 m/s) m/s)
BBOAS- Ti Blade 562.86 kts| 547kts
20-200 Battery OPT A2 | 80 25 5" (289.56 (281.4
007
Rev 2 m/s) m/s)
BSOAS- Ti Blade 562.86 kts| 550kts
20-201 Battery OPT A2 | 80 25 5’ (289.56 (282.94
008
Rev 2 m/s) m/s)
BSOAS. Ti Blade 562.86kts | 549kts
20-202 Battery OPT A2 | 80 25 5’ (289.56 (282.43
009
Rev 2 m/s) m/s)
B50L7- Ti Blade 710.98 kts| 533kts
20-210 Battery OPT B5 50 30 LE (365.76 (274.2
010
Rev 2 m/s) m/s)
B50L7- Ti Blade 710.98 kts| 539kts
20-211 Battery OPTB-5 50 30 LE (365.76 (277.29
011
Rev 2 m/s) m/s)
B50L7- Ti Blade 710.98 kts| 532kts
20-214 Battery OPT B5 50 30 LE (365.76 (273.68
012
Rev 2 m/s) m/s)
C80L7- Ti Blade 710.98 kts| 722kts
20-191 Camera | OPTA2 | 80 25 LE (365.76 (371.43
013
Rev 2 m/s) m/s)
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C80L7- Ti Blade 710.98 kts| 711 kts
20-192 Camera | OPT A2 80 25 LE (365.76 (365.77
014
Rev 2 m/s) m/s)
C80L7- Ti Blade 710.98 kts| 719kts
20-196 Camera | OPT A2 80 25 LE (365.76 (369.89
015
Rev 2 m/s) m/s)
C50L5 Ti Blade 562.86 kts| 571kts
20-185 Camera | OPT B5 50 30 LE (289.56 (293.75
016
Rev 2 m/s) m/s)
C50L5 Ti Blade 562.86 kts| 569kts
20-186 Camera | OPT B5 50 30 LE (289.56 (292.72
017
Rev 2 m/s) m/s)
C50L5 Ti Blade 562.86 kts| 568 kts
20-187 Camera | OPT B5 50 30 LE (289.56 (292.72
018
Rev 2 m/s) m/s)

The name of each test caseTiable 1 was proposed to provide a brief label that accurately
describes each combination of UAS component, span and relative angle of the blade, location of
the impact, and the impact speed. Everpact condition is coded using eight characters (AijBk
mnl):
1 A —Distinguishes between UAS components:
1 Motor (M)
i1 Battery (B)
1 Camera (C)
1 ij —Distinguishes between span and relative angle of Titanium blade:
1 80% and 25 deg (80)
1 50% and 30 deg (50)
1 B -Distinguishes between impact location:
1 Leading Edge (L)
1 5inches aft of leading edge (A)
1 k-—Distinguishes between impact speed:
1 710.98 kts (7)
1 562.86 kts (5)
1 mnl-Distinguishes between the number of the test:
1 001 (Test1l)
1 002 (Test 2)
T ...
I 018 (Test 18)

Example of M80L7001.:

1 Motor
80% and 25 deg
Leading edge
710.98 kts

1
1
1
T Testl
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Details on the component levatanium test article are given ihable 2 for the 80% and 50%
radial span impact cases amddels of the test articles are showrrigure16.

Table2. Component level targets details

Target Description Material Target size jnm] Instrumentation | Quantity
Needed
Titanium Blade Opt A2 254x 457.2(including 76.2 mm Linear Strain
(for 80% radial impact) | Ti-6Al-4V | extension for bolts connection] Gauge and DIC 9
Titanium Blade OpB-5 254 x 457.2(including76.2 mm Linear Strain
(for 50%radial impact) Ti-6Al-4V | extension for bolts connection] Gauge and DIC 8

Figurel6. Titanium blade opt A (left) and titanium blade opt-B (right).

An existing single stage compressed gas gun was modified for accelerating the motor, camera, and
battery components of the $&0 the desired equivalent impact velocity. This gun utileéd.6

m (38 ft) long, 90mm (3.54 in)inside diameter barrel adapted to an impact test section configured
with orthogonal and Digital Image Correlation System camera ports, a scrubber system for
hazardous gas removal, cable feed throughs for load cell, strain gauge, and lighting power cables
(Figure17). The full system consists of a bulk gas manifold, which provides compressed gas
storage and supplies gas to the pressure reservoir. While the magriithdepoessure in the
reservoir represents the maximum capability of the gun to accelerate a projectile, the timing or rate
of opening the valve provides control over the rate of acceleration of the projectile. Based on the
requirement to fire the UBbatery which is significantly larger and heavier than theSuotor

and camera, an alternate gas pressure reservoir and larger ball valve were installed in the system
at the end of the component test period to accelerate the larger, heavier, and moreattomplia
batteries and mitigate battery deformation. The barrel was mounted and aligned on a heavy |
beam structure using adjustable stanchions. Stanchions mounted epetira to support the

barrel enabled barrel alignment and have roller interfaces witbatrel that allow for barrel
movement up and down range to adjust the projectile and salmttftlistance. Fhput distance,
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in conjunction with projectile velocity and sabot design, was critical to provide enough flight time
for air loads to separatke sabot from the projectile in flight.

Barrel to Scrubber Gas Control Fire Bulk Gas

Chamber Port Panel Control :
Adapter Plate ontro Manifold

Barrel and
Rail

Alignment
Benchmarks

Figurel7. UAS component impact test range gefreservoir not shown)

Thetitanium test articleare moungédto a support frame using a steel tabletop and staistess
bracketqFigurel8). Load cellgset of four ICP® quartz force ring, PCB Piezotronics 204C, with a
40,000 Ibf compressive capacity and an upper frequency limit of 55,008rélbeneath the tabletop
mounted on the four studs that protrude up through the tabletop surfeigriia 18. The load
cells are in compression prior to the test,tkat tensile loads can be calculated based on the
decrease in the static compressive force.
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Figurel8. Titaniumtest article, stainless steel bracket, and tabletop mount

High-Speed Video Cameras were used to record the fifegemn flight and the resulting impact on
the targetPhotronFASTCAM SA-Z high speed¢dameras were used. These camerapaandea one
megapixel(1024x1024jmage resolution at®000 frames per secomd frame ratebeyond2 million

fps at reduced inge resolution The Task Al7 impact testing used two sets of Digital Image
Correlation System cameras to measure surface strain fields on itegepand downrange sides of
the titanium blade targetFigure19). A speckle pattern was applied to both sides of the test articles
to allow use of Digital Image Correlation for visual strain field measurenfegtife18). There was
also a pair of orthogonal cameras used in the testing, which were Cameras 1 kigl6eih9. The
Photron FASTCAM Viewer 4 software was used to perform-postessing of the raw files.
Projectile velocity was measured using FASTCAM ViewelfHe data from Cameras 1 and 6
were used to measure velocity. Markers were placed on the projectile andwement of the
markers over 10 frames was observed in the software during velocity estimation. A scale factor
for each projectile was measured prior to any testing and applied to eaespbggh video to
determine impact velocity.
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Figure19. High speed camera locations inside the test chartdgeddwn view)

All the equipment and sensors were calibrated in the mornings on days when tests were performed.
Just before testingegan the gas gun was cleaned and prepakéer verifying that the prdest
procedures were completed and all checks completed, ted aomponent was placed inside the
sabot and fired on the target. The data capture by the equipment and sensors was verified. The
titanium blade was removed from the fixture and a 3D scan was performed. The chamber was then
cleaned and prepared for thexhtest.All raw and processed data was transferred to Nd#tBr

testingto beginthevalidationprocesf the UAScomponent models.

6.2UAS COMPONENT LEVELVALIDATION

The experimentaldata from ach of the component level experimemtsre compared with
computational simulationand the componegbmputationainodels weradjusted to improve the
match. The details of all the validation results are provideshinexB to Task A17°. Below is
an examplef thevalidation efbrt matching the kinematics, load calhd DIC experimental data
for theM80L7 test configuration.

For this test configuration, the motor impacts the leading edge of the titanium blade2@ptife
desired velocity of 365.26 m/s (710 knots). Tin@act location is at 80% radial span of the blade,
and the blade is angled at 25 degrees relative to the impact direction. Three repetitBins/-
001, M80OL7#002, and MB0OL703—- were conducted. Out of these three repetitions, M8ILZ
was selected toorroborate with the simulatioRigure20shows the schematic setup of the M80L7
test configuration.
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1M01.6 mm
& inches)

/o]

Vo = 710kis. (365.26 mis)

M8OL7 Test Configuration comprises of the
following tests:

« M80L7-001

+ MB8OL7-002 (Chosen as representative run)
« M80L7-003

MB8OL7 — Motor, 80% radial span/25 deg, LE, 710 Knots (365.26 m/s)

Figure20. M80L7 test configuratiosetup

To match the conditions of the M80IOD2 test, the FE simulation was set up with the initial
projectile velocity of 366.8 m/s (713 knots). The motor's orientation was adjusted to a pitch of
6.1 degrees, a roll of 0 degrees, and yaw of 0 degreesmpact location to the motocsnter of
gravitywas 106.68 mm (4.2 inches) measured from the top of the blade, which deviated from the
desired impact location by 5.08 mm (0.2 inches) showngare20.

Figure21 andFigure22 show the tp and side view kinematics comparison between the test and
simulation from the start to the end of the impact. Three instances were compared. The first
instance at t=0s is the start of the simulation before the impact. The second instance at t=0.001s is
during the impact. The last instance at t=0.002s is after the impact.
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M80L7-002 Simuls MBO0L7-002 Simula
Top View Top View
Time =0.001000 Time =0.002000

V4.

Figure21. M80L7-002 top view kinematics comparison

MBOL7-002 Simulation 0: on M80L7-002 Simulation
Side Vie ey Side View
Time =0.000000| . ime = Time = 0.002000

Figure22. M80L7-002 side view kinematics comparison

After 2ms of the shown simulation, the blade continuigdating due to the impact's residual
energy. Thus, an additional spring back analysis was performed on the blade to obtain its final
deformed shape at its equilibrium stadegure 23 compares the final blade damage between the
spring back analysis prediction and the phy
spring back analysis shows a goodretation with the final deformed shape of the physical blade's
LE.
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Figure23. Spring back analysis prediction of blade damage vs. physical test damage

Due to the slicing nature of the test, parts of UAS debris obstructethtie durfaces during the
impact, making it challenging to process the DIC data. Therefore, only partial blade surfaces were
selected where DIC data collection was deemed posBilglere24Error! Reference source not

found. shows the selective areas of the blade for the DIC processing in this test-RI&GDL7

Blade Face: Down Range

Blade Face: Up Range

Figure24. TestM80L7-002 selective areas of the blade for DIC processing

Figure25andFigure26show the X (blade chord directiostyainsZ (blade span direction) strains

and Y outof-plane displacement comparison between the DIC test data and simulation during the
impact.Although he UAS debris blockage compromised the quality of the B, the contour
comparison around the impact region shows a good correlation.
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Figure25. Test MBOL7#002 DIC comparison on down range face of the bfaHBgperimental
data (top) and simulation (bottom)
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Figure26. Test MBOL7#002 DIC comparison on up range face of the bideleperimental data
(top) and simulation (bottom)

In addition to DIC contour data, the time history, showingésealtandisplacement for two points
(B and G), was obtained and compared with the simulation for all theR&gise27 andFigure
28 show thee points' locations and the displacement comparison reduits simulation
displacement resultorrelate wellith the M80L7 tests.
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Figure27. Location of points B and G for extraction of DIC out of plane displacement time

history.
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Figure28. Resultant displacement time history comparison between simulation and M80L7 tests
Figure 29 shows the load cellglata comparison between the simulation and the three test

repetitions. The data has no filter, and its sampling rate was 1MHz for both the simulation and
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tests. The simulation rakis agreewith the test datalhe strain gage'sdata conparisonwas not
possible due to corrupted test data.
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Figure29. Test M80L7 configuration load cells data comparison

The resultdor this test caseshow a good qualitative correlation between simulation and physical
test data in terms diladedamage, loads, and DIC. Thus, for this M80L7 configuration, the motor
component of the UAS is considered validatidhilar results and validation were carrimat for
every other compnenttestconfiguration and are detailed in AnnexdTask A17°.

There were updates to eamftthe UAS componerdomputational modelfsom these experiments

The main updat®r the motor vas on the refinement of material failure definitions for the magnets
and stator components. They werecadibrated for better correlation with the current study test
conditions.The main update for the camera was the addition of the lens and its botytve

the fidelity ofthe camera model for the blade slicing impacts under the current hdymain
updates for the battery were the addition of the internal electronics and divisions of battery cells
to capture the buckling behavior bett®nceupdated, the three most important A3 component
level tests were reruor each componento guarantee that these small changes did not
significantly affect the previous validation effotthus proving the robustness of the models.

6.3FULL UAS EXPERIMENTS

UAH conducted a total of six full UB.impact testsTable3 shows the fuliscale test matrix.

Similar to the component level test matrix, there are two test configusadt 80% and 50% radial

span impact locations on the blades, respectively. Each configuration has three test repetitions for
a total of 6 tests. The nomenclature of the test case follows the same principles as the component
tests described in the previgection. The only difference in this section is the first letter of the

test case name, which is the letter D (short for DJI) for all the Esésdraft test matrices had
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used 711 kts as the target impact velocity for full aircraft impact-tebtsvever, the full aircraft
launcher system was unable to achieve this launch velocity. The maximum achievable velocity
for a DJI Phantom 3 aircraft in the Aerophysics Research FapiiRF) at UAH for the full

aircraft launch system, atahime of testing, was 425 kts.

Table3. Full scale test matrix

Test Test Proiectile | Target Span | Relative Impact Designed | Performed
Case Number ) 9 (%) | Angle (°) | Location Speed Speed
Ti
425 kts
D8OL7- Blade 406 kts
001 21-82 DJI Body OPT A 80 25 LE (218.64 (208.86 m/s)
m/s)
2Rev4
Ti 425 kts
D80L7- Blade 394 kts
002 21-83 DJI Body OPT A 80 25 LE (2153.64 (202.69 m/s)
2Rev4 m/s)
Ti 425 kts
D80L7- Blade 434 kts
003 21-84 DJI Body OPT A 80 25 LE (218.64 (223.27 mis)
m/s)
2 Rev 4
T 425 kts
D50L5 Blade 433 kts
004 21-52 DJI Body OPTE 50 30 LE (218.64 (222.75 mis)
m/s)
5 Rev 3
T 425 kts
D50L5 Blade 419 kts
005 21-56 DJI Body OPTB 50 30 LE (218.64 (215.55 m/s)
m/s)
5Rev 3
Ti 425 kts
D50L5 Blade 428 kts
006 21-85 DJI Body OPTB 50 30 LE (218.64 (220.18 m/s)
m/s)
5Rev 3
Figure30and

Table4 show the projectile (DJI Phantom 3 body) geometry and its detailedisptoiis. The
DJI body excludes the propellers, legs, gimbal, and camera assembly normally present in a full
DJI Phantom 3.
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Figure30. Geometry features of the DJI Phantorncgly.

Table4. Specifications of the DJI Phantonmb8&dy.

Mass 9309 2.051b.
Diagonal(center of the 350 mm 13.81n
motors)
Height 98 mm 3.861in
Max. Motor Speed 1,240 rad/s 11,840 rpm
Motors 4x brushless DC motors; mass: 54 g
Battery 4x LiPo cells; capacity: 4480 mAh; mass: 363 g

Table5 andFigure31show thetargets' details and geometry, respectively.

Table5. Target details

Target Description Material Target size [in] Instrumentation | Quantity
Needed
Titanium Blade Opt 2 Rev | Ti-6Al-4V | 10x18( i ncl udi ng Linear Strain 3
4(for 80% radial impact) for bolts connection) Gauge and DIC
Titanium Blade OpB-5Rev | Ti-6AlI-4V | 10x18 (i nclud Linear Strain 3

for bolts connection) Gauge and DIC

3(for 50% radial impact)
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Figure31. Titanium blade opt A rev 4(left) and titanium blade optBrev 3(right)

UAH prepared for individual full UAS impact tests by moving the component test fixture and
instrumentation from the component impact test range to thaiforaft impact test rangeTo
determine gun conditions (reservoir pressures), ARF personnel conducted developmental shots
prior tothe actuatecord tests. Gas gun, instrumentation, data acquisitiwhlighting triggering

were executed in the sammanner during full UAS testing as during comporerel impact tests.

UAH transferredhe full UAS impact test data sets that include strain gauge and load cell signal
data, high speed videos, and still images to NIAR for model calibration followingretecidual

test.

6.4FULL UAS MODEL VALIDATION

Following the Building Block Approach, after the main UAS componemrt®validated, the next
stepwas to validate the complete UAS he experimental data from each of th#i UAS
experiments were compared with computational simulations arfditheodels were adjusted to
improve the match. The details of all the validation results are provided in ArioekeBk A175.
Below is an example of #évalidation effort matching the kinematics, load cell, and DIC
experimental data for tHe80L7 test configuration.

For this test configuration, the UAS body impacts the leading edge of the titanium blade2Opt A

rev 4 at the desired velocity of 218.8¥s (425 knots). The impact location is at 80% radial span

of the blade, and the blade is angled at 25 degrees relative to the impact direction. Three repetitions
—D80L7-001, D80L7#002, and D80L/03— were conducted. Due to the high variability of the

UAS trajectory from launch for all the tests, they were all selected to corroborate with simulations.
Figure32 shows the schematic setup of the D80L7 test configurati
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T101.6mm

250 -
Vpy = 425 kis (218.64 mis)

D80L7 Test Configuration comprises of the following
tests:

» D80L7-001

- D80L7-002

+ D80L7-003

D80L7 — DJI Body, 80% radial span/25 deg, LE, 425 Knots (218.64 m/s)

Figure32. D80L7 test configuration setup

The simulations were set up to match the testing conditions for all the tests shown in

Table6.

Table6. D80OL7 test conditions

Test (¢ Actual I UAS UAS UAS (I mpact L
Vel ocitf Pitq Roll Yaw w. r.t UA
D80o0D1403 kts (|45 d25 dd-8 de|l2: 2 'N
top of t

Only one

D800OD2(394 kts (|46 d[{25 d¢g25 ddthe UAS
bl ade LE

D8o0D3433 kts (|37 dr1 8l . a (25 LN
deg top of t
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Figure 33 to Figure 35 show the top view kinematics comparison between the D80L7 tests and
simulations from the start to the end of the impact. Three instances were compared. The first
instance at t=0s is the staftthe simulation before the impact. The second instance at t=0.001s is
during the impact. The last instance at t=0.002s is after the impact.

[soL7-002 o % D80L7-003]

DBOL7-001 Simulation| DBOL7-002 Simulation| D80L7-003 Simulation|
Top View S Top View| ° Top View|
Time =0.000000 ;e‘; Time =0.000000 L7 Time =0.000000
/ /
7 & S
" R " i . -
- p \/ f ey =
R~ 4 -
==
\\<
( |
° 2
@
.' | o
o ® ®
7 Y
[ [ J [ ]
i { ]

D80L7-001 ey i L DSOLTI}OG‘

DBOL7-001 Simulation| DBOL7-002 Simulation| D80L7-003 Simulation|
Top View| Top View| Top View|
Time =0.001000 Time =0.001000 Time =0.001000

Figure34. D80L7Y tests top view kinematics comparison at t=0.001s
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DoOLT 001 55 v l\‘\ [peoL7002 = D80L7-003]

DBOL7-001 ation|
Top View| Top View|
Time =0.002000 Time = 0.002000

Figure35. D80L7 tests top view kinematics comparison at t=0.002s

All the simulationsshow thathe blade continued vibratirgfter 2msdue to the impactsesidual

energy. Thus, an additional spring back analysis was performed on the blade to obtain its final
deformed shape at its equilibrium staeyure 36 compares th final blade damage between the
spring back analysis prediction and the physical test damage for all the tests. The FE result for the
blade's LE shows a good correlation with the final deformed shape of the physical blade's LE.
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D80L7-001 D80L7-002 D80L7-003

Figure36. Spring back analysis prediction of blade damage vs. physical test damage for all
D8OL7 tests

Similar difficulty observed in components level tests in processing DIC data was present for the
full-scale tests. In fact, the UAS bobleing larger than its components, produced much more
debris that covered most of the blade surface during the impact obstructing the DIC camera views.
As a result, it was not possible to obtain good DIC contour data to compare with the simulations.
Nevetheless, the time history of the resultant displacements from specific points on the blade
surfaces was obtained and used to compare the simulation and the three D80L7 tests where
possible. Due to the debris obstruction, the complete test time histogscwere sometimes
unavailable for the entire impact duratiéigure37 to Figure39 show these points' locations and

the displacement comparison restitis D80L7-001 Similar results can be found for the other
impact cases and the complete results can be found in Alf&hB comparison of pot B (close

to the impact area) shows some discrepancies after the impact with the UAS because of the low
fidelity DIC data in the impact area, and the LE damage, although similar, is not identical between
the test and simulatio@verall, the simulationidplacement agrees well with the D80L7 tests for

the duration of the impact. After the end of the contact, depending on the debris obstructions, some
test data points show noticeable difference to the simulation results.
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Figure37. Location of points A,B,C, and D for extraction of DIC resultant displacement time
history for test D80L700L
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Figure38. Resultant displacement of location A and B time history comparison between
simulation and test D80L-G01
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Figure39. Resultant displacement of location C and D time history comparison between
simulation and test D80L@0L1

Due D the data acquisition system not being triggered, there was no load cell test data for test
D80L7-001.Figure40and Figure41show the load cells' data comparison between the simulation
and the two remaining testBhe load cell 3 in test D80L@02 experienced failure near the time

of 0.004s resul ti ngFigured0. The data‘has mo fitez, and dstsamplny e d
rate was 1MHz for both the simulation and tests. The simulation results for the two remaining tests
agree well withthe test data. The strain gages' data comparison was not possible due to corrupted
test data.
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Figure40. Test D80L7Z002 load cells data comparison
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The results in this section show a good qualitative correlation between simulation and physical test
damage, I

dat a in

configuration, the BS body is considered validated.
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Figure4l Test D80OL7#003 load cells data comparison
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Through the validation works documentedaction6.2and in Annex BS, the full UAS FE model

leveraged from ABwas updated with the validated key components (motor, battery, and camera)

and considered validated under the current study conditiagisre42 shows the UAS geometry

41
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and the location of the updated components. Besides the updates of these components, the rest of
the FE model definition remains the same as the omleeiA3 prograni.

UAS Quadcopter

Figure42. Geometry of UAS quadcopter and validated components (highlighted in red)

7. SUMMARY OF UAS INGESTION RESULTS

This section will discuss the results of the experimentally validated UAS model described in
Section6Error! Reference source not found.impacting the representative fan rig assembly
model described in Sectidn First, the computational sep of the ingestion simulations will be
discussed in Sectioi.1 Note that many of the settings and processes described in the bird
ingestion simulation described in Sectib.3were also used for the UAS ingestions in this
section. Next, the data proc@sgand analges for the different casemrepresented in Sectioh2

Then, the damage severity evaluation matrix is given in Sect®ifter that the test matrix for

the sensitiy studyfor a fewcase are highlightedn Section7.4. Section7.5then summarizes

all the sensitivity study results identifying critical factors in the ingestion. Finally, the critical
factors from the sensitivity study are used to run few phases of flight simulatiortbe@ipected
worstcase conditions in Sectiah6.

7.1 SETTING UP THE INGESTION SIMULATIONS

For the UAS ingestion simulations, the fan was prescniiduthe desired rotational speed after

a prestress analysis was conducted (as described in Séctidh The UAS was given an initial
orientation and placed with its center of mass at the desired radial span location. These locations
were chosen such thtdte UAS would hit either towards the outer radius of the blade (without
hitting the casing) or the imn radius of the blade (without hitting the nose cone) for each of the
selectedrientations. The nominal orientation of the UAS before it hits the fan is defifréglire

43. Rotations of the UAS in roll, pitch and yaw angles from the nominal orientation are also shown
in Figure43. Motors of the UAS are shown in different coloasd the same color representation

is used to plot the velocities of the motors in each simulations.
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UAS nominal orientation

90° Pitch = UAS rotated 90° about y-axis 45° Roll = UAS rotated 45° about x-axis

45° Yaw = UAS rotated 45° about z-axis 180° Roll = UAS rotated 180° about x-axis
Figure43. Orientation of UAS

Note that the UAS shown in front of the fankigure43 would be prescribed with the desired

initial velocity normal to the face of the fan. Depending on the rotatgpeed of the fan arttie
translationabpeed of the UASheoverallsimulation timesnd tke time when contact first occurs
varies For thehigh-speedfan rotations, one farevolution was usedFor the low-speedfan
rotations approximately half a revolution was used. Also, due to the complexity of the
computational models and the resulting computational cost of the simulations, there was a need to
delete the UAS after it passes through the fan for the remainder of the simulation.

7.2 ANALYSIS OF INGESTION SIMULATIONS

After the completion of each ingestion simulatiseveral types of analgs were conducted. First,
several steps were taken to ensure the stability and accuracy of the sdlwigrihe simulation
data was processed severalways to provide udel metrics to understand and compare the
different ingestion scenarios.

To ensure the stability and accuracy of the solutsemgeralsteps were taken for each simulation.

First, the animations of the simulations were carefully inspected to ensurk tthetantacts were
behaving properly, and pad$the UAS and fauid not fictitiously pass through each other. Also,

the total energy in the system as well as energy in individual components were analyzed to ensure
reasonable transmission of energywsstn components as well as the overall stability of the
simulation.

To analyze and compare the results of the different ingestion simulatewesalanalyses were

performed to assess the relative difference between cases in terms of (i) overall tdatheafpn,
(i) imbalance in the rotor, (iii) loads on the retention systems, and (iv) containment.
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(i) Two metrics will be used to understand theerall damage in the syste®oth metrics are
important in understanding the ability of the fan to corgitauprovide thrustThe first is a plot of

the effective plastic strain in the fan at the end of the simulation. This will show the distribution of
the damage over the entire fsurface and can be used to understand the localized damage in each
blade tounderstand how close it is to failur&he second is a quantitative measure of the overall

damage in the fan using the damage indic@trat is defined oeachelement as

o TT—'QB

(1)

wherg is the plastic straievdutionand; is the plastic failure strain. Note tHatvaries from
0 (no damage) to 1 (element failure) and is a measure of the cumulative plastic strain in the element.
In order to get a quantitative assessment of the whole fan a mass weighseg af€r is used
for all elements to get a composie
, B & O.
°© T
(2)

where0 is the number of elements in the fan, is the mass of th& element and is the
cumulative plastic strain in tH@ elementThe’ O  metric quantifies the damage in the fan as a
wholestructure

(i) To understand the imbalance in the rotor due to the ingestion two analyses are carried out.
Understanding the imbalantmads is important since it defines the structural and mount loads of
the fan on the shafthe first is to identify the center of gravity of each of the blades. A comparison

of the pre and postimpact center of gravities shows where damage occurs fianha&nd how it

relates to imbalance in the rotor. The second is to compute the forces in the disk that are acting on
the rigid shaft. Thseforces give the overall imbalance load acting on the shaft.

(iif) To understand the loads on the retention systems several loads in the fan rig assembly model
are trackedUnderstanding retention loads is important to prevent the possibility of multiple blade
releaseFirst, the resultant force acting on each retaibased on its contact with the nosecone,
dovetail and disk is computed using the RCFORC command-DYISA. Second, the resultant

force on the retention ring from its contact with the disk and dovetail was also computed using the
RCFORC command. Finallyesultant forces and moments from a sectional plane in the dovetail
and airfoil of a damaged and undamaged b&adalso computedrigure44 indicates the airfoils

and the plane where the forces and moments are computed.
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Damaged
dovetail
and airfoil

Undamaged
dovetail and
airfoil

Radial distance of plane on dovetail R 229 mm
Radial distance of plane on airfoil {R= 369 mm

Figure44. Damage and undamaged airfoil separated by 180 degrees and the sectional plane
where the force and moments are computed

(iv) To understand the relative diffel@ between the UAS ingestions with relation to
containmentthe energ imparted to the casing is tracked using the MATSUM card HDIYSIA.

It is important to understand if the ingestion is likely to produce high energy debris beyond the
capability of the containment system.

7.3 DAMAGE SEVERITY EVALUATION

The simulations conducted in this study are focused on understanding the effect of the UAS
collision with an aircraft engine as it relates to damage in the fan in particular. This fan damage
has implications on rotor imbalance, blockage (which impacts thcostginment, and retainment
mechanisms. Note thahe fan rig assembly model does not contain most of the downstream
components of the fan (i.e., compressor, combustor and turbine), and therefore any damage in
these components is coftscope of this resech.

The damage was separated into four severity levels based on discussion with the research team
and the industrigbartners andre detailed iMable7. Table7 has four columns: (i) the damage
severity level; (i) the fan damage and its corresponding likely effect on the engine; (iii) the
corresponding aircraft operational impact for that same level of engine damage; and (iv) the typical
associated damage in tfam for the damage severity level. Note that severity lev8lark within

the engine certification envelope and correspond to damage that would be typically seen up to a
single bladeout event, which engines must be certified to be able to contaithahdamsvn safely.

Severity level 4 is outside the certification envelope, which means the engine is not certified for
these damageevels butmakes no claims about the danger or safety at this level since it is
unknown.

Table7. Damae Severity Level Classification

Severity| Fan (Engine) Damagq Aircraft Operational Typical Associated Damage
Impact
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Level 2

significant reduced thrust

Within engine certification
envelope

flight or rerouting as needed
Inspection after landing.

Slight damage- Continued| Minimal effect— Continued | Small deformation of fan blades
operation with negligible t| flight to destination. f No crack initiation (blade or disk)
small reduced thrust Inspection after landing.

Level 1
Within engine certification
envelope
Moderate damageMore | Moderate effect Continued || Significant deformation of fan blade

Material loss of leading edges of
blades

Visible cracking insingle blade abovg
mid-span

No disk cracknitiation

Level 3

Significant damage
Potential engine shutdowi

Within engine certification
envelope

Significant effect- Fewer
options for rerouting.
Emergency landing may
beneeded if damage occurs
critical flight phase.
Inspection aftetanding.

Significant material loss leading to ¢
imbalance that is less than or equal
a single blade loss

Visible cracking insingleblade below
mid-span

Visible cracking inmultiple blades
above midspan

No disk crack initiation

Level 4

Damage outside of desig
criteriaand certification-
Potential hazardous engir
effect

Beyond engine certificatio
envelope

Significant effect-
Rangingfrom need to rerout
to emergency landing to
catastrophic failure.
Inspection after landing.

= =

Significant material loss in blades
leading to an imbalance that is morg
than a single blade loss

High energy forward arc debris
Visible cracking ofmultiple blades
below midspan

Crack initiation indisk

It is important to note thatable7 is only providing an initial assessment of the fan damage and is
not classifying overall engine damage (since the model does not include most of the downstream
components of the engine). The four classification levels are meant to span a large range of
outcomes and not all of these levels will necessarily occur in the cases investigated with this one
specific UAS (i.e., a smaller UAS could result in less damage and larger UAS could lead to greater
damage)Table7 provides a general damage severity classification for the fan rig assembly that
can be used in future studies.

7.4 SENSITIVITY STUDY

A test matrix was defined to study how different parameters of the ingedachthEfan damage.

Lessons from previous research on UAS ingestions into a generic farf medeblsed to inform

the selection of the test matrix. Namely, the focus of the ingessiomshe high fan speed rotation

with the highest relative translational veloafythe UAS impacting at the outer radiltshas ben

shown in the previous research that the greatest damage is expected to occur in these scenarios
since it results in the highest relative velocity between the fan blades and the UAS. However, each
of these parameters (i.e., fan rotational speed, relatwslational velocity, and radial impact
location) were also investigated in this project. Moreowsayeral different UAS impact
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orientations were also considered. The test matrix used for the sensitivity study is sfiawiein
8.

Table8. Test matrix for sensitivity study

Simulation ID Fan speedFS)| Translational elative | Radial SparfRS) Orientation of UAS
velocity (RV)
Fan Blade Out (FB( High - - -
Bird (UAS mass) High High High -
LFS LRV_LRS_90¥H Low Low Low dne LI
LFS_LRV_HRS_No Low Low High ne
LFS_HRV_LRS_90 Low High Low bne LI
LFS_HRV_HRS_Ng Low High High ne
HFS_LRV_LRS_90 High Low Low dbne LI
HFS_LRV_HRS_Ng High Low High ne
HFS_HRV_LRS_90 High High Low dbne LI
HFS_HRV_HRS_N High High High ne
HFS_HRV_HRS_44 High High High npe NZE
HFS_HRV_HRS_9( High High High dbne NP
HFS_HRV_HRS_44 High High High npe el
HFS_HRV_HRS_9( High High High bne el
HFS_HRV_HRS 1§ High High High My ne NJ
HFS_HRV_LRS_Ng High High Low ne

Note that for the fan speed, relative translatiseddcity and impact locations there is a h{g)

and low(L) value assigned. For the fan speed, the high value corresponds to 5175hRRMx

speed at takeff for this engine, while the low value corresponds to 1139 RiRbIrotational

speed during appach for this engine. For the relative translational velocity, the high value
corresponds to 250 kts (the maximum speed for an aircraft for flight below 10,000 ft.) and the low
value corresponds to 130 kthe minimum speed for takaf for this engine.The UAS was
considered in the hovstatewith no translational velocityror the radial impact location, the high

and low correspond to the highest and lowest radial locations on the blade that can be impacted
without directly hitting the nosecone or aagifor the various orientations. Note that for the
nominalorientation case the low value corresponds to the center of mass of the UAS impacting
near theLl0% radial span while the high value would impaerthe 80% radial span. The different
orientationscorrespond to rotations about the respective axis with respect to the direct orientation
case, with those orientations definedrigure43.

In addition to the UASngestions two reference cases were also added for comparison purposes.
The first is the bladeut simulation, since this serves as a useful reference point with regards to

how much energy the containment system would need to be certified to containbatahoe

loads, etc. that the fan rig assembly model would need to handle to be certified for flight. The
second case &bird ingestion case where the bird model is similar to the one presented in Section
5.4.3except that the weight has been scaled to match the UAS model weight of 1.22 kg (2.68 Ibs).
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The bird ingestion is at the high fan speed, high translational relative velocity and the center of
mass impacts at about 80% radial span such that it is a good comparison point for many of the
UAS impact caseom the sensitivity study

A brief review overview of theeference cases (FBO and bird ingestion) andJA8 ingestion
with the highest daage are highlighted befodéscussing the summaof all the cases Section
7.5

7.4.1Reference 1: Blad®ut Simulation

Similar to bird ingestion requirements, th&A requires new engine designs to demonstrate that

they can contain a fan bladeit event by undergoing bladeit testing before they are certified.

Due to the variety of proprietary containment systems used by each of the engine manuyfacturers
developinga truly representative containment system for the fan rig assembly model was outside
the scope of this work. Instead, as was previously discussed, a casing that provides appropriate
boundary conditions that would not restrict the ingestion of the UAV wsad.uMoreover, a
reasonable hot clearance was used between the rotating blades and the casing, and the thickness of
the casing was chosen so that it would be reasotaméhstand a higlspeed blade impadbr

the selected titanium alloy.

The purposef including this blade out simulation is to provide a reference for UAV simulations
in terms of the amount of energy imparted to the casing as well as other loads acting on retention
systems that occur during a blaoigt event.

The FBO simulation was caired out with the prestressed model of the fan at the high fan speed

of 5175 rpm (541.9 rad/s). For tRBO simulation, in accordance with industry standards, the first
dovetail part is separated into two parts and the top platform section is rigidiittietthe airfoil

root. The tied blade and dovetail section detach from the fan assembly at the start of the simulation
(t = 0) andthe fan issimulated for one full revolution.

The kinematics of the blaeteut simulation is shown iRigure45. The ejected blade is redid the
two trailing blades are orange.
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Figure45. Kinematics of blade out event

The effective plastic strain in the fan is showifrigure46.

Eff. Plastic Strain a o Fan blade out condition| | Eff. Plastic Strain Fan blade out condition
047713 Front View 047713 Isometric view

[042356 [0 42356 Time =0.011600
037000 037000

— 031643 — 031643
0.26286 0.26286

Time =0.011600

[ 0.20930 [ 0.20930
0.15573 0.15573
0.10216 0.10216
0.04860 0.04860

oM .0.00497 oM .0.00497

Iso >0.00100 Is0 =0.00100

Figure46. Effective plastic strain after a bladeit event

Each blade’s radial c- and pastioladendit arenshews ifFgwedp ar i s o n
The fan model podtladeout is also shown for compadn. The damage levé (defined in

Section7.2) in the area of the fan with the most damage after the FBO event is also shown. The
damage correlates well with tkeéective plastic strain. The loss of a blade and platform as well as

the deformation in the other blades correspondiainage severity level 3.
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490 MAT224_Damage
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0.34 _

017 _
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Figure47. Center of mass of blades and fan model post bbade

7.4.2Reference 2: Bird Ingestion Simulation

The bird ingestion simulation was carried out with very similar conditions as many of the UAS
ingestions with a high fan speed, high relative translational iglaed high radial span location
with a 1.22kg (2.68 Ib) bird. The bird has the same properties as the bird discussed irbSk8tion
with a smaller mass equal that of the UAS. The kinematics of the ingestion are showigure

48.

Figure48. Kinematics of bird ingestion simulation

The effective plastic strain in the fan is showrFigure49. There is significant deformation and
cupping d the leading edges of multiple blades.

50



THIRD PARTY RESEARCH. PENDING FAA REVIEW. XMASfEéuuﬁEh

Alliance for System Safety of UAS through Research Excellence

t Vi Vi
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Figure49. Effective plastic strain after a bird ingestion simulation

Each blade’s radial c- and pastoladendit arenghews iFgwedb@ ar i s on
The damage levéD (defined in Sectiof?.2) in the area of the fan with the stadamage after the

bird ingestion is also shown. The damage correlates well with the effective plastic strain. The
significant plastic deformation and cupping of the leading edge of multiple blades corresponds to
damage severity level 2.

490 MAT224_Damage
1.00
0.83 _
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Figure50. Center of mass of blades and fan model after bird ingestion
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7.4.3Simulation HFS LRV HRS Nom

This case corresponded to a UAS ingestion with a high fan speed, low relative translational
velocity, high radial span location, and the nomorantation (se&igure43). The kinematics of

the ingestion are shown agure51. In all of the high fan speed simulations the was simulated

for a full fan rotation, about 11.6 ms. The UAS parts were also deleted in these cases once they
had cleared the fan region, in this case at approximately 7 ms, to improve the computational
efficiency of the simulation.

Figure51. Kinematics of UAS ingestion simulation HFS_LRV_HRS Nom

The effective plastic strain in the fan at the end of one fan rotation is shdviguire 52 (front
and rear views).

Eff. Plastic Strain g:.::'!‘;gﬂh &0 Eff. Plastic Strain l}::: Z:)'.:x o
5.000E-02 5.000E-02
[ 4.500E-02 [ 4.500E-02
4.000E-02 4.000E-02
— 3.500E-02 — 3.500E-02
300002 300002
2.500E-02 2.500E-02

1.000E-02
© %~ 0.000E+00

Iso >1.000E-03

2.000E-02 2.000E-02
1.500E-02 1.500E-02
1.000E-02

© %~ 0.000E+00

Iso >1.000E-03

Figure52. Effective plastic strain after UAS ingestion simulation HFS_LRV_HRS_Nom
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m Safety of UAS throx

Each bl ade’ s r adiamlposiogestidnare shown iRigueed3 The damage
level O (defined in Sectior?.2) in the damaged area of the fan model after the UAS ingestion is
also shown. The damage clearly shows significaaterial loss on the leading edge of multiple
blades, this corresponds to damage seviavsi 3.

MAT224_Damage
1.00

0.83 |
0.67 _
050 _
034 _

047 _
0.00 _

Figure53. Center of mass of blades and fan model damage after UAS ingestion simulation
HFS_LRV_HRS_Nom

7.5SUMMARY OF SENSITIVITY STUDY RESULTS

In this section, each of the cases from the sensitivity studgoanpared based on their overall
damage in the fan, imbalance loads, forces on retention systems, and energy imparted to the casing
and then the severity evaluation is given for each case.

The overall damage in the f&@ defined in Eq( 2) for each of the cases is summarized in

Figure54. Notethat theFBO simulation is approximately 0.045. This is to be expected since it
includes the loss of a full blade and platform (1/24 = 0.04hd)the plastic deformation of the
adjacent blades that come into contact with it.

HFS_HRV_LRS Nom |
HFS_HRV_HRS_180R =
HFS_HRV_HRS_90Y f=
HFS_HRV_HRS_45Y f=
HFS_HRV_HRS_%0R f=
HFS_HRV_HRS_45R |=
HFS_HRV_HRS_Nom =
HFS_HRV_LRS 9P }
HFS_LRV_HRS Nom f==
HFS_LRV_LRS_90P f
LFS_HRV_HRS Nom |
LFS_HRV_LRS_90P |
LFS_LRV_HRS Nom |
LFS_LRV_LRS 90P |
HFS_HRV_HRS_Bird 1.2kgs
FBO

S S|

Damage
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(bO forall cases except FBO

Figure54. Comparison of damage levels for each of the cases

First, it should be noted that the high fan speed case consistently has significantly more damage
than the low fan speed, which is expected since the impacts happen at a much higher speed
imparting more energy into the UAS and fan blades. Second, the higtedrsgzah impact causes
significantly more damage than the lower radial span impact since at the higher radial span the
relative velocity between the UAS and fan blades is much higher than at the lower radial span.
Third, the case that causes the most danmdjee fan is the loweranslationakelative velocity

case HFS_LRV_HRS_Nom. This is due to the fact that the additional energy from the translational
velocity for the UAS at the higlan speed and high radial span is less significant for this case, and
the fact that it actually does not pass through the fan quickly leads to more blades impacting the
UAS and being damaged. This factor is not consistent for all cases. If one were to consider the
lower fan speed and high radial impact location, the tiggislationalrelative velocity case (i.e.,
LFS_HRV_HRS_Nom) does more damage to the fan than the ttamstationatelative velocity

case (i.e., LFS_LRV_HRS_Nom) because at lower fan sjpkedelative translational velocity is
significant. Finally, in conparing the orientations thb-degreeyaw orientation caused the most
damage by a significant margior theHFS_HRV_HRS condition

The loads acting on the shaft due to the impact and imbalance over time is siagured5. A

node set is defined at the rear of the disk to apply the axial bquawdédisk rotation conditions.

The resultant total force in different simulations is obtained using this node set through BNDOUT
file output. It is clear that thEBO corresponds to a much larger imbalance than any of the cases
investigated in the sensiity study.
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Figure55. Forces acting from the disk on to the shaft due to the impact and imbalance loads

The corresponding averagad peakoads acting on the shaéiregiven in
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Figure56. This again highlights that the fan blaolet leads to higher imbalance loads than any of
the UAS ingestion simulations. It should be noted that most of the high fan speed and high radial
impact cases (UAS and bird) have a similar value. It should be noted that the imbalance does not
directly correlate with the damage level in the fan (e.g., the bird ingestion has a fairly low damage
level, but a relatively large imbalance due to the maiformation in some blades).
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Figure56. Average force acting from the disk onto the shaft

(@) The resultant forces on the retainer and retention ring over time are shbignne57.
Moreover the averagand peakoads on the retainer and retention ringsirewn in
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Figure58 and
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Figure59, respectively. It should be noted that tae bladeout has a larger load for the retainer

and the retention ring than the ingestion simulations. The bird ingestion simulation has a similar
load as the UAS for the high fan speed, tirginslationatelative velocity, and outer radial impact
cases.
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Figure57. Resultant forces on the retainer and retention ring over time
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Figure58. Average force acting on retainer
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Figure59. Average force acting on retention ring

The averageenergy imparted to the casing is showrrigure 60. From these results the energy
imparted to the casing is much lower than BB case.It should be noted that no analysis was
conducted to extrapolate the damage and material loss preljctbd end of the simulatioit.

should be noted that the kinetic and internal energies in the casing have very similar values for
most of the cases, which has been reported Féfore
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Figure60. Average eergy imparted to casing (* indicates that the UAS parts are deleted as they
moved away from the fan model and prior to many parts hitting the casing, ** indicates
simulations at differertime scales, since low fan speed simulations are conductkzétinan a
fan rotation)

A summary of each of the simulations and severity level evaluationTratnie7 is given inTable

9. The largest forces in the disk and retention systamd highest damage in the fan is for the

FBO case. Note that the comparison of the UAS ingestion cases with the FBO is done since that
is part of the current regulatory framework where engine designs are certified to demonstrate safe
containment and shutd/n from an FBO event. The largest for the ingestion cases are emphasized
with the bold red font, and the second largest are denoted by the red font.

Table9. Summary of sensitivity results and severity level evaluation

Simulaton 1D Average| Average| Average| DamaggSeverityAssociated damage
force in | force in | force in | in blade| level
disk (N) | retention| retainer| model
ring (N) (N)
Significant material loss
FBO 8.98E+05 6.10E+055.86E+05 0.04508| Level 3[€2ding to anmbalance that |
equal to a single blade loss
additional plastic deformatio
HFS_HRV_HRS_ |, g5k, 083.41E+053.24E+040.00069] Level 2/CUPPINg of leading edge of
Bird 1.2kgs multiple blades
Small deformation of blades
LFS LRV_LRS 90P |[3.09E+04{4.27E+04|2.53E+04{1.04E-05| Level 1and o ek leETen
Small deformation of blades
/
LFS LRV_HRS Nom|3.84E+044.32E+043.18E+042.27E05| Level 1and e @raek HitErien
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LFS_HRV_LRS_90P

6.96E+04

8.03E+04

5.9%€+04

4.75E05

Level 1

Smalldeformation of blades
and no crack initiation

LFS_HRV_HRS_Nom

7.65E+04

9.09E+04

7.28+04

5.24E05

Level 1

Small deformation of blades
and no crack initiation

HFS_LRV_LRS_90P

2.31E+05

3.12E+05

2.97E+05

0.000457

Level 2

Material loss andleformation
along leading of multiple
blades

HFS_LRV_HRS_Nom

1.85E+0¢

3.04E+0§

2.79E+05

0.001767

Level 3

Significant material loss o]
leading edge of multiple
blades

HFS_HRV_LRS_90P

2.16E+09

3.02E+0§

2.82E+05

0.00022]

Level 1

Smalldeformation of blades
and no crack initiation

HFS_HRV_HRS_Nom

2.87E+05

2.94E+05

2.72E+05

0.00109¢

Level 3

Significant material loss of]
leading edge of multiple
blades

HFS_HRV_HRS_45R

2.69E+05

3.35E+05

3.06E+09

0.001091

Level 3

Significant material loss on
leading edge of multiple
blades

HFS_HRV_HRS_90R

2.80E+05

3.34E+0§

3.14E+04

0.00089%

Level 3

Significant material loss of]
leading edge of multiple
blades

HFS_HRV_HRS_45Y

2.81E+05

2.85E+05

2.67E+05

0.00150¢

Level 3

Significant material loss on
leading edge of multiple
blades

HFS_HRV_HRS_90Y

2.54E+05

2.73E+05

2.64E+05

0.000961

Level 3

Significant material loss of]
leading edge of multiple
blades

HFS_HRV_HRS_180f

3.08E+05

3.32E+0§

3.13E+09

0.00112

Level 3

Significant material loss on
leading edge of multiple
blades

HFS_HRV_LRS_Nom

1.71E+0%

2.34E+05

2.20E+05

0.000357

Level 2

Material loss and deformatig
along leading of multiple
blades

It should be noted that EBYNA is not a crack propagation tool (it apable of accurately
predicting damage, but it is not capable of predicting any subsequent fracture mechanics growth),
and significant damage in the leading edgtheblades in some cases could legdpracticeto
breakingoff of portions of suclblades. The results being presented are focused on what is being
providing by LSDYNA and are not assessing the possibility of portions of the blades breaking off
after the initial damage is initiated. So, in this way the results could beamservative sire

damage may progress due to crack propagation or aeromechanical effects, which could change the
severity level evaluation of some cases.

Overall, the damage severity tracks closely with'@e parameter. The high fan speed case

consistently has significantly more damage than the low fan speed, which is expected since the
impacts happen at a much higher speed imparting more energy into the UAS and fan blades.
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Second, the higher radial span impeaauses significantly more damage than the lower radial span
impact since at the higher radial span the relative velocity between the UAS and fan blades is much
higher than at the lower radial span (which are severity level 1 or 2). All the high farmapieed

high radial impact cases for the UAS ingestion are severity level 3 as opposed to the bird of the
same mass which is severity level 2. The case that causes the most damage to the fan is the lower
translationakelative velocity case (with high fanespd and high radial span location), which has

been previously noted. Finally, in comparing the orientationd3ttkegreeyaw orientation caused

the most damager the studiedcaseavhich is focused othe HFS_HRV_HRS condition

7.6 PHASE OF FLIGHTINGESTION STUDIES

In generalthere are three phasef flight where a manned aircraft most likely to encounter a
UAS: takeoff, flight below 3,048 m (10,000 ft), and approach.

The takeoff condition is a critical flight condition since the fan isattg at full speed during this
condition, which is the most important parameter with regard to damage to the fan as discussed in
the sensitivity study. The outer radial span was another critical factor in understanding damage to
the fan, so that will béhe locationchosenfor this impact case. Also, it was determined that for

this high fan speed the low relative translational velocity actually does more damage to the fan
than the high translational velocibecause more of the hard components like theoraaind
camera tend to impact more bladésally, the orientation that caused the most danragiee
sensitivity studywas the45-degreeyaw orientation caseThe critical takeoff case can be
designated adFS_LRV_HRS_45Y.

The flight below 3,048 m (1000 ft) has the fan rotating at 70% speed, which is aleviel fan
speed (MFS). The other options for this critical case will be chosen to match tiudftedee The
critical flight below 3,048 m case can be designated as MFS_LRV_HRS_45Y.

The approaclecase has the losgtfan speed. From the sensitivity study it was shown that the low
fan speed resulted in minimal damage. Due to the long computational time of these low fan speed
simulations and understanding that minimal damage would gozadditionbapproach case was
simulated.

7.6.1Takeoff:HFS LRV_HRS 45Y

This case corresponded to a UAS ingestion with a high fan speed, low relative translational
velocity, high radial span location, and th&-degreeyaw orientation (sed-igure 43). The
kinematics of the ingestion are shownFigure61. The simulation is focused on understagdi

the damage in the fan and was therefore focused on the impact of the UA& aanttiwas
terminated around 6 ms.
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Figure61. Kinematics of UAS ingestion simulatiotFS_LRV_HRS_45Y

The effective plastic strain in the fan at the end of the simulation is shdwgure62 (front and
rear views).

EfT. Plastic Strain EfT. Plastic Strain Rear View
5.000E-02 S.000E.02 ~ Time = 0.005800
[ 4.500E-02 [ 4.500E-02
4.000E-02 4.000E-02
— 3.500E-02 — 3.500E-02
[ 3.000E-02 [ 3.000E-02
= 2.500E-02 2.500E-02
= 2.000E-02 = 2.000E-02
1.500E-02 1.500E-02
1.000E-02 1.000E-02
© - 0.000E+00 © 5. 0.000E+00
Is0 >1.000E-03 Is0 >1.000E-03

Figure62. Effective phstic strain after UAS ingestion simulatidfS_LRV_HRS_45Y

Each bl ade’ s r adiamlposiogestidnare shown iRiguae$3 The damage
level O (defined in SectiorY.2) in the damaged area of the fan model after the UAS ingestion is
also shown. The damage clearly showgificant material loss othe leadirg edge oimultiple
blades, which corresponds to damage severity lewdh8etheimbalance would be less than that
of a loss of a full blade

64



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASSU RE

Alliance for System Safety of UAS through Research Excellence
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Figure63. Center of mass of blades and fan model damage after UAS ingestion simulation
HFS_LRV_HRS 45Y

7.6.2Flight Below 3048 m: S LRV HRS 45Y

This case corresponded to a UAS ingestion with 70% fan speedelative translational velocity,
high radial span location, and the 45 degree yaw orientatiofrigae43). The kinematics of the
ingestion are shown iRigure 64. The simulation is focused on understanding the damage in the
fan and was therefore focused on the impact of the UASaamdndwas terminated around 8.25
ms.

Figure 64. Kinematics of UAS ingestion simulation®8 LRV_HRS_45Y

The effective plastic strain in the fan at the end of one fan rotation is shdviguire 65 (front
and rear views).
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Figure65. Effective plastic strain after UAS ingestion simulatiof$1LRV_HRS_45Y

Each bl ade’ s r adiamlposiogestidnare shown iRiguae$6 The damage
level O (defined in Sectior?.2) in the damaged area of the fan model after the UAS ingestion is
also shown. The damage clearly shoigsiicant material loss otheleading edge of two blades,
which corresponds to damageverity level 3sincethe imbalance would be less than that of a
loss of a full blade.

MAT224_Damage
1.00
0.83
0.67 _
0.50 _
0.34
0.17 _W
0.00 _

Figure66. Center of mass of blades and fan model damage after UAS ingestion simulation
MFS_LRV_HRS_45Y
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7.6.3Summary of Phase of Flight Cases

A summary of the average forces in the disk, retainer and retention ring, damage in blades, and
severity level for the reference cases, cases with the highest values for the ingestion studies and

the phase of flight simulations are summarized@able 10.

ce for UAS Researct

X ASSURE

Table10. Summary of phase of flight results and severity level evaluation

Simulation ID Average| Average| Average| DamaggSeverityAssociated damage
force in | force in | force in | in blade| level
Disk (N) | retention| retainer| model
ring(N) | (N)
Significant material loss
leading to an imbalance that
FBO 8.98E+05 6.10E+055.86E+05 0.04508| Level 3equal ?o a single blade loss
additional plastic deformatio
gﬁg_—ﬂ?% —SH RS_ |2.95E+093.41E+053.24E+050.00069] Level 2%‘}1&[‘35;?;:'”9 Ll
Significant material loss of]
HFS_LRV_HRS_Nom|1.85E+05 3.04E+052.79E+040.00176] Level 3leading edge ofmultiple
blades
Significant material loss of]
HFS_HRV_HRS_45R|2.69E+05 3.35E+053.06E+050.00109] Level 3|leading edge of multiple
blades
Significant material loss of]
HFS_HRV_HRS_90R|2.80E+05 3.34E+053.14E+0540.000891 Level 3leading edge ofmultiple
blades
Significant material loss of]
HFS_HRV_HRS_45Y|2.81E+052.85E+052.67E+050.001509 Level 3[leading edge of multiple
blades
Significant material loss of]
HFS_HRV_HRS_180f 3.08E+05 3.32E+053.13E+04 0.00112| Level 3[leading edge ofmultiple
blades
_— Significant material loss of]
ﬁ';asseLg\;“%hé'sTi‘;eﬁ 1.16E+05 2.00E+091.49E+050.001711 Level 3|eading edge of multiple
- = - blades
Phase of flight: Flight Material loss and deformatio
below 3048 m 1.18E+04 1.47E+0491.27E+040.000627 Level 3jalong leading of multiple

MFS LRV _HRS 45Y

blades

These two phasef flight simulations fall in line with the sensitivity study results. The level of
damage and the damage to the fan indicate a damage severity level 3 is possible and quite likely

in outer radial UAS impacts during takeoff and general flight below 3;0480,000 ft).
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8. KEY CONCLUSIONS AND RECOMMENDATIONS

The work presented in this cover repbighlights the main results from each of the individual
university Annexeswhich describe the completion of three main tasks.

Task A: TheOSU team worked closelyvith industryto developan open fan model that is
representative of the structural and vibratory features of high bypass ratio fans commonly used for
commercial transport. The fan rig model consisted of the fan blades and disk, which were analyzed
to ensurehatit would meet sess loads when rotating at full spg&ection5.4.2), bird ingestion
requirements for a fan of its sig8ection5.4.3, and did not have any engine order one crossing

on the Campbell diagraf®ection5.4.1). Each farbladewasheldin place with a retention ring in

the rear and a retainer in the front. The model was driven by a rigid Bbafthe boundary
conditions for the fan matlin this study, a btonic nose cone was connected to the disk through

a flange, and a cylindricalasing encompassed the f&@ontainment was not investigated in this
work and a linear elastic material model was chdeeithe casingo capture firstorder effects

and provide information about the expected loads transferred to the casing duringitbeTdae

work leveraged past FAA research programs development of a titanium alloy model for the fan
material. Multiple meshes were generated for the fan model and could be used for different cases
depending on the fidelity of the simulation and ingestgda.

Task B: Theresearctieam worked closely with industry to helpfine relevant experiments that
would represent a UAS ingesti@particularly with the representative fan rig model developed in
this study).The UAH teamcarried outthese challengio experimentshat required accelerating
key UAS components andfall UAS body upto high speeds anthunchingthem & angled
titanium test dicles at precise location§he experimental results included high speeéo data
from multiple views, digital image correlation data, strgaugedata and load cell datalhe
experiments were done in close collaboration whgNIAR teamwho then analyzed the data,
compared it with their computational analysisd then pdated their computational models to
create a validated UAS moder engine ingestion conditions

Task C: TheOSU team worked closely witlthe NIAR teamto ensure the compatibilitgnd
stability of ingestion simulations wittheir experimentally validad UAS model from Task B with
the representative fan modebm Task A Moreover, the mesh sizing for the fan blades was
determined based on the experimental validation with the UAS.OSlg team also worked
closely with industry and research partrterdetermire what information should be extracted and
analyzed from th@JAS ingestionsimulations. An initial sensitivity study was completed to
identify the importance of a numbef parameters during the ingestisauch as théan rotational
speedtherelative translational velocity ahe UAS and fantheradial location of the UAS impact
on the fan, anthe orientation of the UAS during the impact. Based on the sensitivity study two
phase of flight simulations were defined to study some oéxpectedvord case ingestions an
aircraft might encounter during feasible flight conditions.

This work led to the development of a damage severity index for the fan rig assembly model
subject to foreign object ingestion that consists of four levels. Level 1 is gdanaage to the fan
blades and would likely lead to minimal impact on engine performance. Level 2 is significant
deformation of the blades with minimal loss of elements in the blades. Level 3 is deformation in
blades and loss of blade material that leadsouan imbalance due to a single blade loss. Levels
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1-3 are all within the engine certification envelope. Level 4 damage is loss of material leading to
an imbalance greater than a single blade loss or disk crack initiation. The sensitivity stally and
thephase of flight cases in this work resulted in severity levels betiseels1-3.

Overall, the damage severity in each of the cases tracks closely with the accumulation of the overall
plastic strain in the whole farfO( parameter defined ithis work). The high fan speed case
consistently has significantly more damage than the low fan speed, which is expected since the
impacts happen at a much higher speed imparting more energy into the UAS and faTh&ades.
higher radial span impact causes gigantly more damage than the lower radial span impact since

at the higher radial span the relative velocity between the UAS and fan blades is much higher than
at the lower radial span (which are severity level 1 or 2). All the high fan speed with thigih ra
impact cases for the UAS ingestion are severity level 3 as opposed to the bird of the same mass
which is severity level 2. The case that causes the most damage to the fan is tirahsiational

relative velocityscenarigqwith high fan speed andgdh radial span location). Finally, in comparing

the orientations thé5-degreeyaw orientation caused the most damage in the sensitivity &iudy

the HFS_HRV_HRS condition

The two phase of flight cases studied in this work focused on what were ekpedteworst
ingestioncasesFor the takeff case, the worstase impact was maximum rotational speed (100%
N1), high radial span impact and a low relative translational velocity. The nominal orientation case
for this condition was done in the sensitivity study eesdilted intheworstdamage An additional

takeoff case with a 45 degree yaw orientation case was also conducted since that orientation
caused the most damage in the HFS_HRV_HRS condition. This resulted in a slightly lower
damage than the nominal orientation. It shdaédhoted that thiganslationatelative velocity and
orientation are secondary factors in the damage level and depend on the other parameters of the
ingestion. For the flight below 3,048 m (10,000dtrresponding tthe midlevel rotational speed

(70% N1), high radial span impact with the 45 degree yaw orientation case, and a low relative
translational velocity, a significant but lower level of damage was observed. Both of the additional
phase of flight simulations studied resulted in a severity @d@mage, and were in line with the
damage seen during the sensitivity study.

The completion of this research program provides an open representative fan rig model that can
be used for additional foreign object ingestion stutfi@sdustry and academia tmprove models

and compare results through thisrk. Moreover, the UAS has been experimentally validated at

the conditions of an ingestion and can be useaddustry on their proprietary models to better
understand the threat posed to their engines.
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