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LEGAL DISCLAIMER
The information provided herein may include content supplied by third patiesugh the data and information
contained herein has been produced or processed from sources believed to be reliable, the Federal Aviz
Administration makes no warranty, expressed or implied, regarding the accuracy, adequacy, completen
legality, rliability, or usefulness of any information, conclusions or recommendations provided herein
Distribution of the information contained herein does not constitute an endorsemvesatranty of the data or
information provided herein by the Federal Aviation Administration or the U.S. Department of Transportatior
Neither the Federal Aviation Administration nor the U.S. Department of Transportation shall be held liable fc
any i mproper or incorrect use of the information
of the information.The Federal Aviation Administration and U.S. Department of Transportation shall not be
liable for any claim for any loss, harm, ather damages arising from access to or use of data or information,
including without limitation any direct, indirect, incidental, exemplary, special, or consequential damages, evi
if advised of the possibility of such damag€ke Federal Aviation Administration shall not be liable to anyone
for any decision made or action taken, or not taken, in reliance on the information contained herein.
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EXECUTIVE SUMMARY
The A43 HighBypass TurbofatncrewedAircraft System(UAS) Engine Ingestion Test bdib
from two prior studies. fefirst is the A3 project, whiclhhada small engine ingestion study that
used a generic midized business jet fan assembly model @evtloped anodel of aUAS. The
second ishe A17 projectthat created tan assembly modelith representative structural features
of a high bypass ratio fan commonly used in aircraft engines for commercial ttanapdated
the UAS model with experiments representative of a UAS being ingested into an andined
the representative fan assembly model and validated UAS model to cds@i8ctngestion
studies The primary goal of the A43 projealvasto conduct a live UAS ingestion into an engine
to validate the overall computational modeling approach that had previoesliyubed irthe A3
and A17 research progranihe A43team consisted of The Ohio State University (OSktjthe
National Institute for Aviation Research (NIARJhe A43 team worked with the aMal Air
Warfare Center (NAWC) to define and conduct the experiment.

A representative engine was chosen for the test, a flightworthy CHFE5éngine. The DJI
Phantom 3 standard UAS was chosen as the projectile to capitalize on the considerable effort that
was expadedin developing a higffidelity Finite Element EE) model that was validated at the
conditions of an ingestion event. Tingestion conditions/ere selected to be at takeoff conditions

for the enginewith the UAS impacting the outer radial spdihe test conditions were chosen to
result in one of the more sevengestion scenarios for the given UAS, while also leveraging past
research. Key data collected from the experiment to validate the modeling approachlimgide
definition and highkspeed cameras capturing the ingestiigital ImageCorrelation(DIC), strain

gauges, and posest documentation

The developed computational CFM38 fan assembly model was simulated irID¥NA at the

same conditions as the live engine ingestion test in a similar maanarthe A17 workThe
conditions of the ingestion (UAS speed, orientgtiand location just before impact) were
computed by analyzing the DIC data. Comparisons were made between the data gathered from the
test and the numerical simulation. In particutae overall damage to the fan blades was in very
good agreement. There wasmall amounbf exta damage at the tips of all blades in the live
ingestion due to the severe blade rub that occurred during the testing that was not present in the
simulation. The main notable differemin damage between the two cases was that the upper
portion of one blade in the experimemoke free while in the simulatiorthere was a significant

crack along the leadingdgein the corresponding blad€he overall fan damage severity lenas

defined in the A17 research projectatchedhe experiment and numericahsilation. The strain

gauge data and oof-plane displacement on the impacted blades were compared with the
simulation results and were in reasonably good agreement. Also, the kinematics of the ingestion
were similar except for thexplosionthat was created in the experimemhichwas not replicated

in the numerical simulation.

The completion of this research program has validated the overall computational modeling
approach for the ingestion of a UAS into a fan assembly nmbdelwas presented in the A17
program Moreover, the open representative fan assembly model that was devialtiped\17
programwas compared with a fan assembly rig model of an actual engine in service (CBYI56

and found to be in good agreement. This gives high confidence in using this open representative
fan assembly model in future foreign object ingesstudies in industry and academia to improve
models and compare results with prior work.
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1. BACKGROUND

The useof UAS has increased dramatically in recent years. As the number of UAS sold continues
to increase, proper integration of UAS into the airspace is a major safety concern due to the
potential for a UASairplane collision. Recreational users are the higtedsty concern since they

may be unaware or unconcerned with regulations and rules concerned with restricted operation of
their devices in certain airspaces. These UAS tend to be relatively small and have the potential to
be ingested into an engine. Cuttgnthere are regulations on aircraft engines that require full
scale tests on new engines to demonstrate safe operation after certain bird and ice ingestions; the
researcherslo not intend to recommenddditional certification tests for UA$hgestiors.
Moreover, the current tests and regulations cannot be transferred from birds to UAS since key
components (motor, battery, camera) of these UAS contain materials that are much denser and
stiffer than ice and birds (which are typically modeled as a fluicksihey are over 70% water).
Preliminary work on this topic has shown that UAS can cause significantly more damage than
birds’ 3. Additional computational studi¢mve recently been completeith a new representative

fan modef- ®>and a UAS model experimentally validated at the conditionslo&@ ingestiof®.

Due to the complexity of a UAS ingestidhe computational studies are focused on damage to
the fan stage and the likely energy imparted to the casingeTiepresentative models enable
computationastudies to understand thensitivityto parametersf theingestion that lead tworse

damage scenarios (i.enore severdlade damagencreasednergy imparted tthe casingetc)

These recently completéd® *and futurecomputational studscan be used by the nascent UAS
industry to inform their design practices as well as by engine manufacturers as a starting point to
focus their analysis with their proprietary models

The key research question to be addressed in this study is: What is the actual damage to a large,
singleaisle commercial aitransport aircraft engine (both the fan and downstream components)
during a UAS ingestion during a takeoff flight scenario? It is important to note that this test will
provide a single point of data. While this test will be informatitgeoverall scope will be limited
because it can only capture the effects of an impact at one UAS relative translational speed,
circumferential and radial location, orientation, and rotor speed for a single UAS type and single
engine architecture. The kdyenefits ofthe engne testinclude: (i) the ability to validate the
computational modeling approach developed in previous phases of the research, which can be used
to analyze many ingestion scenarios and engine architectures; (ii) gaining insight into the damage
to the componentsoavnstream of the fan stage; (iii) understanding the effect of the ingestion on
engine performance to inform flight training; and (iv) evaluating possible UAS battery fire or
explosions during the impact.

2. SCOPE

The research was conducted ofair yearsand includech peer review at the beginning of the
research and reviewof the final report at the end of the research program. The research was
broken intotwo main research tasks, each subdivided s#eeralsubtasksto answer the key
research questions.

2.1TASK A: LIVE ENG INE TEST PROGRAM MANAGEMENT (OSU)

The researcleffort, centered on conducting a UAS ingestiest into an operating engineas
carried out in close collaboration with thest partner (NAWC) and theFederal Aviation
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Administration FAA). The test partnem consultation with the FAANnd theAlliance for System

Safety of UAS through Research Excelle@8SURE team selecedan operational engine for

the test.This taskwasfocused on the coordination efforts to keep the FAA informed and up to
date on the research throughout the research program through Program Management Reviews,
Technical Interchange Meetings, interim reportmails and telephone meetings as appropriate

to ensure the research validation objectivesemet

Assumptions and LimitationsThe research assuththe following operating limitations:
1. Outside of the work done by the research teapaates and details of the research
progresaverelimited by whatwasshared by théest partnewith the research team.
2. DJI Phantom 3Standardwas used for testing to capitalize on previously validated
computational models.

2.2TASK B: TESTING OVERSIGHT (OSU, NIAR)

The objective of this research tasksto serve as oversight for the testing conducted byetste
partnerand provideanindependent review and analysis of the data gathered ldgghpartner
Moreover, the appropriate messaging for the testing and how it relatesetatly completed
computational researthwasalso analyzed.

Research Questions
1. What data should be generated and recorded from this test?
2. Since only one experimenbuldbe conducted, whatasthe best impact condition for
the UAS ingestion into the engine (speed, location, orientation, etc.)?
3.  How well does the experiment correlatgth the recently completedomputational
engine ingestion wofk

Assumptions and LimitationsThe research assunhthe following operating limitations:

1. The independent analysis and connection to ongoing computational researchdrequire
accuratescars of the fan blades prand postest by thdest partner.

2. The computational modeling in this project mashhe computational modeling
approach in theecently completed¢omputational engine ingestion research program.
Namely, the nose cone and containment ring have reasonable geometries compatible with
the high bypass ratio engine fan to mainly provide a vigfalence anwveremodeled
with elastic material properties with no failure.

3. Material models for all the fabladesareprovided by the test partner or the closest pre
existing publicly available material modelgere used in alignment with the current
modeling approach used in thiecently completeccomputational engine ingestion
research.

4. Allthereduced and processed data obtained biesigartnerincludinghigh-speed and
regularspeed videosstrains and loads on the casimapboard engine performance data
during the test, ambient conditigne and postest scans of fan blades and interior
components of the engineand onboard and natontact measurement system data from
systems run by the ASSURE team ortén partnewould be shared foanindependent
analysis.
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3. OVERVIEW OF RESEARCH

The researctwas carried out in close collaboration with the test partner and the FAA. The
ASSURE team hekx inform and review the test plan created by the test partner. The ASSURE
teamwasprovided withscans of portions of tHfan stage used in the experiment by the test partner.
An FE modelwas created usinghe closest preexisting material models in alignment with the
modeling approactof the recently completedomputational engine ingestion reseafcihe
reduced and processed data obtained by the test partner, indlighrgpeed andegularspeed
videos, onboard engine performance data during the test, ambient conditions, and onboard and
nonrcontact measurement system data from systemisyrtimetest partnes vendorswereshared

with the ASSURE teamafterthe test The ASSURE teaman computational simulations at the
conditions of the test using EBYNA (a finite element analysis software that specializes in highly
nonlinear transient dynamic analysis) following the best practices set forth by tB&NA
AerospacaNorking Groug?® (AWG). This work provide an analysis of the fan impact to inform
the overall computational modeling approach conducted iretently completedomputational
engine ingestion researchs a separate effort, NIAR will provide a final test report focusing on
the analysis of the test event

3.1TASK A

The objective of this research taslas to provide program management for the live engine
ingestion test. This program management kie FAA leadership team informed of the research
progress as it occigd and integraté feedback from the FAA and stakeholders as the research
occured

A kick-off meeting was heldo gather key stakeholders in the research project, including the
research team, test partner, ASSURE leadership, FAA technical monitors, and other participating
agenciesto review task requirements, proposed approaches, execution roles and responsibilities
and performance expectatiodsresearch task plan was createdorovide a detailed work plan

and schedule that tracks project activinéterthe test partner contrasiassigned.

Technical interchange meetings were held monthlseview the research progress made by the

test partner and ASSURE team and keep relevant stakehagbelerslatewith the research project

These monthly update®ok place after the test partner contragtas signedand the kickoff

meeting was heldPresentation materidtom these technical interchange meetimgss posted

within severdays of the meetin@one page research summaries and additional briefings were also
providedtoupdatt he proj ect 6s progress and current sta
by the FAA.

3.2TASK B

The objective of this research tas&sto provide testing oversight and analysis for the live engine
ingestion tesandto correlatethe resultsvith the computational modeling approach developed in
previous phases of the research.

The objective obverseeing and providing feedback to tb&t planwas to ensura valuable data
setwasobtained from the tesbr answering current and future research questions related to UAS
engine ingestions. This task includeoordinating with therecently completedomputational
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researclprogramand the FAA to provide the test partner with input on the test plasincluded

the planned conditions for the test (i.e., operating conditions of the engine, launch speed, location
and orientation of UAS)n consultation with the FAA/ASSURE team, the test parseércedan
operational engine for the test. The ASSURE research team ahdhaengestion of the
experimentally validated UAS model into the representative fan model developed in the
computational research program at the {tafeand cruise conditions. The relative damage for
these two phases of flighdas well as other considerations such as the likelihood of each scenario
and the additional challenges of how to conduct an emergency landing for eaclwease
considered and the takeoff phase of flight was recommended for tiest conditions.
Considerations othe impact of the U/ at the inner grsusouter radiusof the fan bladesvere

also discussed and incorporated into the recommendation for the test case. The test plan also
included planned measurement instrumentation and setup locaienFAA ultimately decided

on the conditions of the test ca3de instrumentation and data to be collected indud&ain
gauges on the fan delivering the data through a wireless telemetry syisfigsmhimage correlation

on the fan casing to capture deformation due to primary or secondary impacts with theacasing
digital image correlation of the rotating fan blades; high speed and high definition cameras
capturing all views (front, top, bottom, side, back, oblique) of the ingestion event; engine control
and monitoring to capture data on display to the flight crew tornamfflight training and monitor
engine performance during the ingestion; scans of the bladesmieiostest for use in the
computational studies; and images or scans of the interior of the enginengreostest for
comparison and additional undenstling of downstream damage resulting from ingestion. The
test partner s responsible for the overall test plan and incorporating all the needed
instrumentation.

Theresearch team also completedradependent podest analysis of the engine ingestion fest
comparison with the computational modeling approddre test partner condect their own
analysis of the engine ingestion and proditiee reduced and processed measurement data from
the experiment. This taskasfocused on conducting a computational simulation of the ingestion
event for comparison purposes. The test partner provddJ/NIAR with scans of fan blades
beforethe ingestion event. Similar todhngestion work in theecently completedomputational
research progranthe ingestion analysis focused on the damage from the primary impact of the
UAS with the fan to evaluate damage in the blades of the fan section. The damage from the
computational simulatiowascompared to the experiment. Elastic material propernters used

for the casing and nose cone to provide appropriate boundary conditions and to determine
secondary impacts and loading patsern

The test datavas also usedo validate theoverall computationaimodeling approactand
demonstrate the effectiveness of the representativasisgmblymodel foruse in foreign object
ingestion studiesn particular, a comparison of the computational simulation of the ingestion with
thefull-scaletestwasconducted. Differences in the response and damage are expected due to the
prior use of the actual fan and the unknown proprietary materials processing in the construction of
the actual fanAdditionally, the CFM56-7B fan UAS ingestion case and the representative fan
from the computatinal researclwverealso compared to give a better frame of reference for how
the damage in the representative fan compares to an actgavioe engine.
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4. ORGANIZATION OF THIS REPORT

The remainder of thisreport is organizeds follows. Section 5discusses the computational
modeling approach. Sectionhéghlightsthe experimentdive ingestion test. Section ptesents
the validation of the modeling approach with the tiegt. Section 8 compares the representative
fan assemblymodel with theCFM56-7B fan assembly model. Sectiop@vides conclusion®r

the UAS engine ingestion modeling and experimentakwor

All tests and researclere conductedby the Task A3 team in accordance with Secti@mand
Section3 andwereapproved by the FAAReviews ofdata and analysis were conducted monthly
at technical interchange meetings with the FARAe final report was reviewed by the FAA and
approved for releasen September 9, 2025

5. COMPUTATIONAL MODELING APPROACH

One of the key objectives of this research prograrto igalidate the overall computational
modeling approachsed in the previous UAS ingestion reseductdedby the FAX: 12 Sg, a very
similar modeling approach was employed in this wdrk.particular, LSDYNA was the
computational software tool that was used with the modédihgwing the best practices of the
AWG?!, The following subsectionseview the UAS model used, theepresentative fan model
developed in the previous research program®?, the new fan assembly modet the engine
used in the experimerandmodeling details for the ingestion simulaton

5.1UAS MODEL

The UAS modelsed in the simulations for this wovkas developed from the DJI Phantom 3
This UASwas released almost a decade, agth newer UAS being releasemto the market
such as the DJI Phantomi# the intervening yeard.he DJI Phantom 3juadcopter model that
was usd in the ingestion simulations was developed by NIdging a physicdased Building
Block Approach that was initially developed in the A3 Airborne Collision Stitjiasd validated
experimentally for a wide range of conditioftswas originally chosen to be studied whewas
the most common UAS on the mark&he choice ofusingthis older model is based dhree
primary factors. First,a significant amount ofresources were invested in creating and
experimentally validating this UAS model for a variefyimpact casedncluding ingestion into
an engin& & % 13 making it one of the mogiigh-fidelity UAS models availabldor engine
ingestion studiesSecondthe key components of the UAS (i.e., the battery, cana@chmotors)
arevery similar in newer models, and these key components are the ones that are found to impart
the most damage on tfan during the ingestidr’. Finally, one of the overafjoals of tis research
project is tovalidate the overall computational modeling approa€hthe engine ingestion
research* 1°12 and the UAS model has been a key part of this work

The DJI Phantom@s mabowl.22 kg .7 Ibg with the physicatjuadcopter showim Figure
1a, theComputer Aided Desig(CAD) modelin Figurelb, and the key componentskigurelc.
The LithiumPolymer battery342 9, camera%1.9 9, and four electric motor%1.0 geach) were
identified as key components of the UASsed on their harder composition dikeélihood of
imparting damage in &igh-speedimpact scenario. These key componeats comprised of
harder denser materials when compared to the rest of the, 9&&h as the polycarbonate body
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from which the primary structure of the UAS is madldditional detailsabout the composition of
the UAS andhe development of the UAS model can be foimpreviously published worRs'

2 Motor  Battery '
[~ Battery
lﬁ . ii (( - : ;-"' . ,

a Camera
‘ Motor

(a) Picture ofUAS (b) CAD model of UAS (c) Key components

= Camera

Figurel. DJI Phantom uadcopter

5.2REPRESENTATIVE FAN ASSEMBLY MODEL

There are a variety of fan designs that have been created for a number of engine arch@edtures
each engine'®riginal EquipmentManufacturer (OEM) tends to have dawn preferences and
designsAn open fan assembly modéht is representative of key structural and vibratory features
of fans commonly used in commercial transpeats developed in the previoaagine ingestion
research 12 This work will compareghe damageredicted by the representative fan assembly
model with the fan assembly model developed ¢orrespond tahe assembly from the live
ingestion test.

Therepresentativéan was comprised ddolid titanium bladegith a1.57 m (62 in) fan diameter.

The fan geometry was creatbg scaling a smaller fan geometry up to the 1.57 m (62 in) fan
diameter and removing proprietary features that were related to the aerodynamics and not the
structural properties of the fan. Since building a truly representative containment ring and nose
conewasnot 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 inpubi engine OEMs to have reasonable geometries for this
representative fafhe containment ring was modeled with a linear elastic material with no failure
definedto understand the expected loads it might encounter. The shaft was modeled as a rigid
body.

A series of checks were done on the representative fan assembly model to ensure that it would
meet thdlightworthiness criteriaTheseestsincluded (1) a prestress analysis to make sure that
thefan could handle the maximum operating speed of the engine Bel/otutionsPer Minute-

RPM) without any permanent deformation; (®nstruction of the Campbell diagram for the fan
blades to ensure there were no engine order one cressiegthe operating speed range of the

fan; and (3) large bird ingestiscimulations to ensure that the damage to the famotasxcessive

and consistent witprior bird ingestiorexperience

The following subsections highlight some of the key features of thevitarthe full description
provided in the previous FAA repbind published papers®
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5.2.1Fan Assembly Model Components a@Eeometry

The representative fan assembly model consists dathélade and disk assembly, nose cone,
casing and shaft, which can be seerFigure?2.

Casing

Nose cone

Fan

Figure2. Components of the representative fan assembly model.

The casing used for the fan assembly model created in this project 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 is spinning at its nominal rotational speed) of 3.81 mib(i) 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).In this model, the primary purpose of the casing is to provide an appropriate boundary
condition for te fan to capturérst-order effects of the UAS ingestion 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 &S entry into the engine

The nose conim the representative fan assembly mduded a biconiclike designandis modeled
asaluminum.The overall thickness of the nose cone is 2.5 mm (0.ama)a clearance of 2.5 mm

is maintained between the nose cone and the dovetail region. The nose cone is rigidly connected
to the fan assembly throu@d bolt connections at the disk flange located on the front of the fan.
The nose cone is only used as a boundary condition for the ingestion

The lowpressure shaft connects the fan to theppassure turbine to form the lgpvessure spool

of the engine. The loypressure turbine extracts energy from the flow to drive the fan through the
low-pressureshaft. The CAD model for the shaft was based on drawings of the CE\ViBGigh
bypass ratio turbofan. The shaft was modeled widgel, whichis representative of the shaft
material often used in turbofan engin€kecylindrical shaft had a total length @015m (36in).

The shaft has an internal diameter of 83.8 mm (3.3 in) and a thickness of 5 mm {Or2he)
majority of its length. There was a rapid expansion in diameter towards the forward face of the
shaft where it meets the disk.
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Thecomponents of thian blade and diskssembly include an airfoil, dovetall, retainer, retention
ring, disk and disk flangewhich are all shown ifrigure3. In these types of fans, the airfoil and
dovetail are a single unit, called a blade, that can be pulled out of their slot in the disk and replaced
if damage or failure occurs (e.g., after a bird strik)ere are a total of 24 blades in the
representative fan model. Due to the nature of the disk flantyey-bBlademodelis needed to

define a single cyclic sector model; therefdhere are 12 cyclic sectors that are repeated to form
the24-blade model.

- Airfoil

Dovetail

Retention ring

/ Disk with flange
Retainer

connection

Figure3. Components of the representative fdade and disk assembly

The airfoil retainer is used to secure the dovetail into the disk after it is installedefreer
prevents the blade from moving forward in the axial directibime retention ring, which is
connected to the disk 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.

5.2.2Fan Assembly Modeling Details
This section highlights some of the modeling details of the representative fan assembly model

The disk, dovetall, airfoil, and retention ring are composed of a titanium alleyA(¥4V) and
were modeled using the *MAT_TABULATED_JOHNSON_COOK (*MAT _224) material model
in LS-DYNA. The retaineis also composed of the same titanium alloy basmvodeled as elastic
using the *MAT_ELASTIC keywordMaterial information for the T6AI-4V alloy was obtained
from a publicly available material model created previous FAA projedt” 8and made available
by the AWG!® 2% Images of the meshes of the falade and diskssembly components are shown
in Figure4.
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(b) (e

Figure4. Mesh of fan blade and disk assembly componenirf@)l, (b) platform and dovetail,
(c) disk, (d) retainer, an@) retention ring.

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 the consequence of nonphysicakepergy mods of deformation

called hourglass modedDifferent algorithms in LSDYNA can be invoked using the
*HOURGLASS keyword to inhibit these hourglass modeach part with constant stress solid
elements also had hourglass control defined with the type IHOnd &a coefficient QM = 0.1.

The contact card defined between the airfoil and the platform s
*CONTACT_TIED_SURFACE_TO_SURFACE.

The casing was modeled with the-GAl-4V alloy elastic material modelsing the
*MAT_ELASTIC keyword, which hadthe exact same properties as the retaiffee. casing was
meshed with quadrilateral shell elementgh a fully integrated shell elemeriormulation
(ELFORM=16) The biconic nose cone was composedaofaluminum 2024 alloy and was
modeled as elastic using the *MAT_ELASTIC keyword. Material informationtHfealuminum
2024alloy was obtained from prior FAA projeétsvith the material models being made available

by AWG?’. The nose cone was meshed using solid hexahedron elements, and the element
formulation used was the constant stress solid element (ELFORNId shaft was modeled as

a rigid body using the *PART _INERTIA keyword with mass and inertia properties included. The
shaft used the defauBelytschkeTsay shell element formulatiofELFORM=2) The keyword
*MAT_RIGID was used to define the material for the shaft and the material properties were that
of stainless ste8l The rotation of the shaft was prescribed using the

10
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*BOUNDARY_PRESCRIBED MOTION_RIGID keyword along with a vector in the direction
of the rotational axis.

5.3CFM56-7B FAN ASSEMBLY MODEL

The CFM56 engine is one of the most popular aircraft engines for commercial aviatiaithise
over 33,000 engines being sold and over 23,000 engines still in service in the 40+ years since its
introduction to the mark&t 2° This engine is primarily used to power singisle commercial
aircraft such as the Airbus A320 family and the Boeing 737 faraitg ithas various versions

such as the CFM58B, which can beseen inFigure5. The CFM567B variant has 4.55 m 61

in.) fan diameterandit is the exclusive engine used for Boeing's N@&gnheration singlaisle
airliner, with over 15,000 CFM5@B engines being delivered and installed onto Boeing 737's
around the world making it the most popular engine and aircraft combination in thé®widld

made the CFM567B engine the ideal choice for an ingestion study due to the sheer number of
engines currently in serviceepresenting a large portion of the commercial aircraft engines in use
today.

Figure5. CFM56-7B enginé*.

The computational fan assemblydel of the CFM56-7B wasconstructed to match thpdysical
characteristics of the engimehile following the AWG guidelines?.

5.3.1SectorLevelModel Development

To build the fan assembly mod&lAWC took scans of the fan blades, nose cone, disk, platform,
shims, and flange and shared them with OSU to be used to construdithegsional models of
the fan assembI\NAWC also provided a description of how the parts were assernubiec the

full fan assembly, but no detailed drawings or measurements were prowisleolw exactly how
the parts were assembled.

11
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The scans of thdan blade and nose comeere complete and did not require muandditional
postprocessingp obtain their CAD modeld’he CAD models were imported into HyperMesh to
generate a mesh for these pdrteagesof thescansand meshesf theblade and nose coman be
seen inFigure6 andFigure?, respectively

(a) Fan blade scan (b) Fan blade mesh

Figure6. Scan and mesh of CFM5@ blade

(a) Nose cone scan (b) Nose cone mesh

Figure7. Scan and mesh of CFM5@ nose cone

The blades have the elementthrough the thickness which matches thepresentative fan blade
model It is important to notéhat when meshing the fan blade part, several elements were of poor
guality, such as having an aspect ratio greater thannéheoleading edge arkde base of the fan
blade meshFigure8 shows the poor aspect ratio elemeatsdTable1l summarizes the number

of elements of poor qualiiy the fan bladeWhile these elements are of poor quality, they take up

a small percentage of the total elements in the fan bldldts thasomenorrepresentativelastic

12
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deformation can result in thepeorquality elements during a prestress analysikich will be
discussedn the next section.

IS e ——

(a) Fan bladside view (b) Elements with poor aspect ratio in the fan blac

Figure8. Side view of the fan blade and poor aspect ratio elements

Tablel. Element quality in fan blade

Criteria Elements

Total number of elements | 62,244

Warpage 580(1%) elements > 2Q(Max =84.6°)
Aspect ratio 1,072 (26) elements > 10 (Max = 33.81
Skew 300 elements 60° (Max = 84.03°)
Jacobian 71 elements 9.5 (Min = 0.34)

The scan®f the other parts of the fan assembly provided by NAWC were all incongotete
needed significant processing to obtain a usable CAD motel.disk scanin particulay was
incomgete andseveral approximations were required to construct a mbaglre9 shows the
procesghat was used to construct the CAiddel oftwo sectos of thedisk. First, the surfaces
from the scanvere cleaned upnd stitched togethém SolidWorksto get a complete surface that
matched the surfaad the disk scanNext, to obtain a reasonaldesk model with the incomplete
information provided the surface of the disk wasombined with the disk model of the
representative fadisk model.This was accomplished by creating a surface line approximation

13
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from the disk scan to create the curved slot for the fan blade, then the rear side of the disk was
merged withthe representative fatisk model.

(c) Overlay of stitched surface snan (d) Disk merged withiepresentative fan disk
design

Figure9. Process for creating disk model

The platformpart also requiresignificant posfprocessing to develop a usable CAD moHBgjure

10 showsthe processf creating the platform used in the fan assembly model. First, the surfaces
had to be stitched togethand then the components had to be merged. Unfortundtedyto the
incomplete scan anthe requiredapproximations irstitching togethersurfacesand combining
parts theinaccuracie®f theplatformmodel led tanterferencewith the shim and fablade when
trying to assemble the fan assembiyerefore, itwas decided to simplify the platform paet
retain just the upper surface of the platforithis simplification of the platformdoes not
appreciabhaffect theoverall fan model sincihe platforms are used for boundary conditions rather
than the main focus of the impact in the simulatguch as the fan bladaaddisk

14
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(a) Platformscan (b) Platformstitched surface

(c) Platform stitched part argtanoverlay (d) Platform partsimplified
Figurel0. Process focreating platform component

Thescan of the shim component also needed to be stitched totpetineate the CAD model. The
scan stitched together CAD modeind overlay are shown iigurell The shincomponenglso

had to be modified by reducing theightof the shim by 6nm so that thdan bladewould fit in
the slot

15
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(7

(a) Shim scan (b) Shim stitched surface  (c) Overlay of stitched shim
on scan

Figurell Scanned, stitchednd overlay othe shim component

The scan of theetaining flangecomponent also needed to be stitched together to create the CAD
model. The scan, stitched together CAD mpdal overlay are shown ihigure 12. Note that

there arel2bolt holesin the retaining flangand 24 blades in the fawhich meanshatthe overall

fan can be broken down into 12 identical sectors with two blades per @bistds the same as the
representative fan assembly model).

OO

(a) Retaining flangescan (b) Retaining flangestitched (c) Overlay of stitched
surface retaining flangeon scan

Figurel2. Scanned, stitchednd overlay otheretaining flange component

The scan of the retaininghg component also needed to be stitched together to create the CAD
model. The scan, stitched together CAD modetl overlay are shown Figure13. Note that this
retaining ring was eventually removed from ttmenputational model to simplify the model

16
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0)0,

(a) Retaininging scan (b) Retaininging stitched (c) Overlay of stitched
surface retainingring on scan

Figurel3. Scanned, stitchednd overlay otheretaining ringcomponent

A plate part was also added to the computational moaskich was used to aid in the
instrumentation of the strain gges for the experimenthe plate was developed dptegrated

Test & Measuremen(ITM), and the drawings and models were provided to OSU from NAWC
and can be seen Figure14.

00

(a) Platemodel (b) Plate mesh
Figure14. Model and mesh of plate

The material model chosen for the fan blades, disk, shim, flange, and platforms is an
experimentally and computationally validated titanium alloy6Al-4V that was previously
developed through a collaborative effort between George Mason University,t@S\ktional
Aeronautics and Space Administratiamd the FAA’. Several testsuch as tension, compression,
impact, shear, and biaxial stress state,da¢ae collectedas well as temperature and strain rate
effects to create a Johnsddook material model for L®YNA using *MAT _224. This material
model was made available through the AWend has also been used in previous UAS ingestion

17
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research* &1, However, it is important to note thahile theCFM56-7B fan bladds made of a
titanium alloy, thespecific processing procedure andc¢beresponding material properties ace
publicly availablesince this is proprietary informatioithe AWG titanium alloy material model

is usedbecause it is the closest availabigh-fidelity material model that is publicly availaldad

also makes it consistent with the prior engine ingestion resdangar elastic model *MAT001

of aluminum, steel, and titaniuwere used for the nose cone, plate, and casing parts, respectively,
since these parts were used for boundary condjtiand damage in these parts was not
investigated. Théower fidelity material modefor these partgreatlylowersthe computational
demandiuringthe computationdl intensive simulationsl'his was again consistent with the prior
engine ingestion research where parts that were used for the boundary conditions were typically
modeled as elastic or elasptastic materials with failure turdeoff to lower the computational
demand®f the simulations.

Underintegrated hexahedral elements were chosen for this fstuthodeling the fan assembly
componentsdue to having more accurate results than shell elements while being more
computationally efficient and stable when compared to fully integrated hexahedral elements for
crash front simulations. Underintegrated hexahedral elements were also used in featajpre

fan assembly modglised in the previous engine ingestion research

The meshed parts were combinedeatea two-blade (single sectomodelof the fan assembly

The singlesector model and an exploded view of this model are showAgire 15. Using a
smaller portion of the full fan assembly model reduces the computatenandby taking
advantage of the rotational symmetry of the full fan assembly system by using cyclic boundary
conditionsfor some preliminary analysi# pre-stress analysis was conducteging thesingle

sector modeto determine the initial displacements and stresses in the elements of the fan model
from the rotation before the actual ingestion simulatidnswo-step first implicit then explicit
prestress methoevas chosen for this study as recommended by the AWG modeling gustfeline
and is discussed in the next sectibhe number of elements and nodes for each component of the
sectormodelis given inTable?2.

Table2. Number of elements and nodes in single sector components.

Component Number of Nodes| Number of Elements
Nose cone 18,444 13,148
Plate 10,695 8,670
Flange 5,512 3,513
Disk 31,092 24,453
Blade 84,099 62,244
Shim 5,114 2,439
Platform 7,448 5,253
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Blades

Platforms

Nose cone
bottom

Shims

Nose cone
top
Flange
Plate
(a) Single sector model (b) Exploded view of single sector model

Figurel5. Single sector fan modalith exploded view
5.3.2Prestress Analysis

A prestress analysis needed to be conducted on the fan model to obtain the positionsdgshe
and stresses in the elements of the fan due to their rotAtiwro-step first implicit then explicit
analysiswas usedn the same way as done for the representative fan assembly model.

To apply the prestress on the sector model, a centrifugal force is applied in an implicit step. This
simulates the blade rotating up to a specified angular velocity by applying a force onto the parts
by calculating the centrifugal forqseeEquation(1)) it would be experiencing at a specified
angular velocity.

O ai

@

In the implicit model, the massx (), angular velocity](), and radial distance from the axis of
rotation to thébody dcenter of gravityi() are givenand the centrifugal forcéQ) is calculatecnd

then appliedo the parts. Using *DEFINECURVE in LSDYNA, a load curve far that gradually

ramps up to the desired constant angular velocity can be used to apply the prestress onto the fan
mode] as seen ifrigure16.
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Figurel6. Load curve for .

Symmetric contacts were defined between the blade, shim, disk, nose cone, and platform parts of
the model using *CONTACTAUTOMATIC _SURFACE TO_SURFACE This useghe penalty
contact method with symmetric contacts defined by the AUTOMATIC contactwyibethe user
defining the contact surfaces between the master and slave suiddé®onal contacts using
*CONTACT_AUTOMATIC NODES TO_SURFACE were added fonedisk to shim contacts

The AUTOMATIC type contact was chosen as it is recommended in crashfront simulations as the
orientation of parts can changand large deformations cannot always be anticipated
Nonsymmetric contacts were then defined for the nose, @aie, flange, and shim parts using
*CONTACT _TIED_SURFACE TO_SURFACE which uses the constraint contact method with
nonsymmetric contactBoundary conditions were defined to constrain the mauohel ke
advantage of the rotational symmetry in theodel using *BOUNDARY SPC NODE,
*BOUNDARY _SPC SET, and *BOUNDARY CYCLIC. The von Mises stress contour plot of

the sector model after the implicit prestress step can be sEgqunel7.

Effective Stress (v-m)
9.590e+02
8.631e+02 ]
7.672e+02 _|
6.713e+02 _
5.754e+02 _
4.795e+02 _|
3.836e+02 _|
2.877e+02 _|
1.918e+02
9.591e+01
7.637¢-03 _|

Figurel7. Sector implicit fan model von Mises stress contour.plot
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Once the implicitsimulationwas complete, a dynain file was createtiich contains the nodal
deformation as well as the final stress and strain acting on the implicit model in the cards
*INITIAL _STRAIN_SOLID and *INITIAL_STRESSSOLID. This file can be used to create an
explicit model by using the same contacts asrtipicit model, but different boundary conditions

are used*BOUNDARY PRESCRIBEDMOTION_SET is defined to apply a constant angular
velocity on the parts that had the cyclic boundary condition appliedAa &dditional boundary
condition is also applied herdriving the root of the disk at a constant angular velocity while
fixing any radial motion*BOUNDARY _SPC SET is defined to prevent translational movement

in the disk and blades in any directiorallowing rotation only on one axis
*INITIAL _VELOCITY_GENERATION is also applied to the model to give an initial velocity
instead of having an initial velocity of zero that immediately jumps up to the defined constant
angular velocity

The explicit model was then rotated for two full revoluticarsd the forces in the disk and forces
and stresses in the fan bladese monitored to ensure there were no large oscillations itotae

force In theexplicit model, oscillations were seen during the first two rotations, so to dampen the
total forces seen in the roof thedisk, it wasrotated for four revolutions with the foraethe root

of the disk shown ifrigurel8.
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Figurel8. Forces at the root of the disk for four full explicit revolutions

The von Mises stress was also checked to ensure that the explicit model did not reach material
failure from the rotationThe stress contouat the end of the four revolutioasegiven inFigure

19. The maximum von Mises streasthe end of the four revolutions984 MPawhich is lower

than the 1150 MPa yield strength used in the titanium all@ATi4V material model used for the

fan.
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Figure19. Explicit pre-stress von Mises stress contour plot

However, when looking at the von Mises stress during the four revoluaides elements in the
model passed the yield stress in the initial stages of the explicit model rotation when the large
oscillations of force were seen in the root of the didke to this, some portions of the model
experienced plastic deformatiosuch as the disk and leading edge of the fan bladet® that

these elements generally corresponth®s oneghat did not meet the AWG@uidelines andre
highlighted inFigure 8. Figure 20a shows a graph of two elements in the disk ,paith one
elementemaining in the elastic regi@ndexperiencing no plastic strain, while the other element
wasplastially deformed during the initial transient motiorhis resultcan be attributed to the

poor mesh quality of a fewf the elements noted igure8 and other approximationsade in

thefan blade model developmeinibm theresolution of the scans, incompleteness of the scans,
andmodifications tahe modeldo remove interferences componentsHowever, this should not

affect themainresultsfrom the simulation sincthe forces settle back down to a level below the
material model yield strength and the main focus of this study is looking at the fan blade damage
sustained during a UAS ingestion into a commercial aircraft enljioe. that this will result in

some fictitious damage to the leading edge of all the blades in the ingestion simulations, but this
damage is small compared to the overall danfeme the ingestionFurther information on this
process 01; applying a prestress onteeatorlevel model can be found in the AWG modeling
guidelines?.
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Figure20. Effective Stress in the elastimdplastically deformeelemens duringexplicit
prestressimulation

5.3.3Full Fan Assembly Model

The full fan assembly model ha& sectors and 2dlades meaning that theinglesector model

need to be rotated 12 times in 30° increments to complete the fulhdaamblymodel When

doing this, care need to be taken to renumber the nodes, elements, parts, contacts, boundary
conditions, and sets so they have unique identification nupdseyveell as renaming the contacts,
boundary conditions, and sets so they have unique titles and correctly reference the parts they are
referring to Once this is complete, the parts can then be combined to make the full fan assembly
model Duplicate nodes in thiéange, platenose cone, and disk can be merged atpbist to

form one full part for thelate,disk, and nose conevhile 24 separate parts for the platforms were
createdThefull fan assembly model can be seefigure2l.
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(a) Front view (b) Isometric view

Figure2l. Fan assembly model of the CFM38 engine

Additional contacts need to be defined for the fan assembly mobtieheve correctly for UAS
ingestion simulations*CONTACT_ERODING SINGLE _SURFACE is used for bladselt
contact Single-surfacecontacts behave similarly surfaceto-surfacecontactsmeaningheyuse
thepenaltybasedcontact method, but only a slave surface is defimbi single surface will then
check for contact between all parts listed on the slave partirdtiding selfcontact The
ERODING type contact was chosen as eroding contacts can automatically update the contact
surface when elements adeleted So, in a crashfront simulation where material failure is
expected, which can be represented iraRBlysisthrough element deletion, the ERODING type
contact can automatically update the contact surfaces if an element frasetdefinedcontact
surface is deleted due to material failuf€ONTACT_ERODING SURFACE TO_SURFACE

is used for both UAS and fan assembly contact as well as fan blades and casingwbiiact
*CONTACT_AUTOMATIC_NODES TO_SURFACE was added for UAS and casing contact
Additionally, the *INITIAL_VELOCITY_GENERATION card was used on the fan assembly
model to give it an initial angular velocity equal to the angular velocity that was defined during
the prestress step instead of jumping from a value of 0 to the desirddraradacity. This card

was also used to apply the correct initial translational velocity to the UAS.

A generic casing was added to the fan assembly ntodadovide boundary conditions for the
blade tips and the UAS parts during the ingestPoscan of the interior of the casing was done
after the ingestion testvhichis shown inFigure22a. The hole in the casingas caused bgamage

to the interior of the casing during the experiméihie same proceskatwas used to develop the
other fan blade assembly pavtasapplied to the casintp stitchthe surface togethefhe scan
given to OSUonly includedup tothe fan regionso it was extended in threxial direction to
represent the actual casing size betscan be seen iRigure22b.

24



THIRD PARTY RESEARCH. PENDING FAA REVIEW, XASSUR

arch Excellence

(a) Casing scan after ingestion test  (b) Casingmodel stitched and extended in axial
direction

Figure22. Casing model

Shell elements were selected to be used for the cesmpgonensinceonly the energy absorbed

by the casing was extractédm the simulationThe stress and damage to the casirgnot the
primary focus of this studyvhich is also why a linear elastic titanium material model was chosen
for the casing part to reduce the computational time of the simul@tismatches the modeling
approach of the previous engine ingestion research.

6. LIVE INGESTION EXPERIMENT

The live engine ingestion test was conducted alN#hW@/C China Lake facility in CaliforniaThe
team atheNAWC wasresponsible foall aspects of defining and conducting the iresigreement
with the FAA. The ASSURE team was responsiblerésiewing test plans and providing input
on test conditions and instrumentatimntry and obtaira useful set of data for computational
validation of the engine ingestion modeling approach and adalitdata for future studie$his
section highlights the test conditiomsst facility, and instrumentation used in the test, particularly
where ASSURHhad input.

The engine chosen for the test wdFM56-7B. It was chosen sinceig one of the most common
ones used today for commercial transport. Althoubk engine used was no longer in seryvice
was certified to be flightworthgnd was deemed representative of engines currently in operation
An image of the used engirgegiven inFigure23. The UAS chosen for the test is the DJI Phantom
3 standard. This UAS was chosamthat the computational modeling approach could be validated
by the test sice there has been a significant investment in creatindnigpisfidelity quadcopter
model that has been validated érgine ingestion conditions.
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Figure23. CFM56-7B engineused for ingestion test

6.1 TEST CONDITIONS

Theconditions of the ingestion were chosermbtain one of the more severe ingestion events. The
prior engine ingestion researshowed that the flight conditions for therstcasedamage were
during takeoff conditiongéwhich has the highest fan rotational speds¥o, the impact location
that does the most damage to the fan is near the outer radial span of theWhdeéhe UAS
impact orientation can make a difference in the level of danitaigea secondary factpand the
orientation that was easiest to launch while keeping the UAS wgecthoserit should be noted
thatimpacting the fan at the outer radius lowers the probability of core ingestidhSpartsand
therefore decreases the expected damage to downstream components in thdaniseest
condition The OSU teanalsodid a number of simulations with the representative fan assembly
model to ensure that changing the angle ofrtigact of the UAS would result in similar levels of
damagedo sette on the final planned tes¢tup.

The fan rotational speetbr takeoff conditions for the CFM5GB engine is5,175RPM, which

was chosen for the test conditions. The relative translational speed of the UAS to be launched into
the enginavas92.6 m/s {80 knot3. This corresponds to the sum of the maximum takeoff speed
for the CFM567B and the maximum speed of UAS similar sizeasthe DJI Phantom 3The

UAS would impact 22.75 inche®rtically above the nose canehich is around 75% of thradial

span of the fan blade$heorientationwould be-12.8° pitch due to the angle of the gas gun and
engine on the testand as seen ifrigure24. The CFM567B engine was mounted on a test stand

with the nose cone tiB.75 m (L47.5 in) above the test pad and the fan disiented3.7° to the

horizon as seen ifrigure24.
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Figure24. Planned test setup

The UAS test itenwasa DJI Phantom 3 Standard versiarhich consists of an airframe body

with four arms and rotors. The rigid plastic body houses the electronics, battery, and rotor motors.
Suspended below the center of the airframe is a gimbahted camera. TREAS weight pattery

and popellersincluded) is1.216 kg 2.68 poundp The overall dimensions without the blades

381x 356x 210mm. The battery is 4480mAh, 15.2V Lithium Polymer. The blades arade of

light, thin plastic with little cotribution to the eventso they were removed to facilitabetter
holding and launching of the UAS. The soft gimbal mount was stiffened with adhesive to help
with a stable launch and flight. A DIC speckle pattern was painted onto theWwA&h will be
discussed in the next section

The test matripgiven in Table 3 contains the test parameters for the test event. Test conditions
during the execution of the event will be discussed iridlh@wing sections

Table3. Test impactonditions

Engine Fan Speed UAS Target
Test Event Speed (RPI\?I) velocity Elevation Aim Point Distance
(RPM) (m/s) (m)
1 14,460 5,175 92.6 9.1° 75% Radius 6.1
’ ’ (180 kts) ' '

6.2TEST FACILITY

Thetest was conducted at the NAWC China Lake facility in Califorifee CFM567B engine
pylon was mounted to gest frameas shown irFigure 25. The test frameneeded tde robust
enough to withstand thi@rust loads of the engirend the transient disturbances due toUAS
ingestion impact without sustaining any plastic/permanent deformation at the engine connection
points whilealso limiting elastic deformationThe bridge mountvas proposed by NAWQCas
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shown inFigure 25. This mount would also allow the engine to roll as it would on the actual
aircraft wingto aid the pylon connectioff.he test standould hold the engine abo8t7 m (2 ft)
in the air over the test pad and is ableeact ti222411 N 60,000 Ib3 of thrust.

Figure25. Schematic of CFM5GB engine mounted to test frame

A sabot was designed to support the UAS as it was accelerated to its desired. vighesabot
wasmadeusingan aluminum inner shellith afoam support placed inside to support the UAS.
The sabohad a mass @.69 kg(8.14 Ibs) andcan beseen inFigure26.

(a) Sabotmodel (b) Actual sabot
Figure26. Sabot used to support UAS in launch gun

In the gas gun barrel, attenuation segments were added in the interior to stop and prevent the sabot
from being projected outside the barrel along with the LBi$ attenuation segments were added
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in pairs of two made from a crushable aluminum honeycomb core material with rati@gs of
MPa @0 ps), 0.41 MPa 60 ps), and0.52 MPa 75 ps) from the interior (green) to the exterior
(red) of the gas gun barrels seen ifrigure27.

‘Sabot Attenuation
Segments

Figure27. CAD model of sabot stopper design

The overall setup of tHauncher and engine mounted on the test stand can be $&gare28.

Figure28. Image ofthetest setup with launcher and engine mountethetest stand
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6.3INSTRUMENTATION

The purpose of the instrumentatidor the testingvas tothoroughly document the live ingestion
test andprovidea source oflatafor validating the computational modeling approach as well as
for future studiegi.e., flight training).The data recorded from the test included:

- Recordingengine parameterduring the test using thEull Authority Digital Engine
Controland other atmospheric conditions during the test.

- Recordingdifferent views of the test using variety ofhigh-definition andhigh-speed
cameras to capture the ingestion from many diffemagtesand to perform DIC

- Recording strains on select locations on the blddesg the ingestion.

- Scanningand documentinghe bladegostimpactto characterize the damage from the
ingestion event.

Several engine grameters were monitored liand recorded during the testcluding the fan

speed 1), core speedN2), exhaust temperature (EGT), and fuel flolfy, along with several

more parameters, limits, exceedances, cautions, and warnings. Additional facility data monitoring
included zero time, oil pressure and temperature, fuel feed pressure, start air pressure, and start
handle positionwhichwere also recorded

Severalhigh-speedcameras were used f@1C to obtainthe trajectory of the UAS as it was
ingested into the engine and monitor the displacements of the faangmma nacelle during the
test.Unfortunately, the NAWGnd outside vendor TrilioQuality Systemsvere unable tavork

out the proper lighting requirements before the, st thespeckling pattern on the bladess

too small for theavailablelighting. As a result, theamerasiad torecord at a reduced resolutjon
causing the fan blade surfaceast data to have a much higher noise level than desired, which
could not be usefdr comparison with the numerical simulatiéslong with the reduced recording
resolution, part of the sabot, UAS debris, and a fireball created during the ingestion event created
gaps in the DIC data due to obscuring the view of the camera during the ingestiorAsvent
result of this, only limited displacement data was obtained from the blades. The speckle pattern
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that was applied to the fan blades, nose cone, and cowling can be seen in
R & F - = - . 1

Figure29. Speckle pattern applied theexperiment for DIC

Table4. DIC camera placement and specifications

Frame Measuring

View Quantity Model Resolution Rate volume M/C
17 2D Front and 1 Phantom v2512 89§ x 800 20,000 N/A Color
Center pixels FPS
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271 Stereo Drone 1024 x 1024 | 20,000 | 1350 x 1350 x
Ingestion 2 Photron SAZ pixels FPS 1350 mm Mono
31 Stereo Close
Up Blades Near 2 Phantom T404Q |x1§§0([;(|r?rﬁﬁ ) 1g£go 127285)(;215 * | Mono
Impact Zone P 9
47 Stereo Front 1024 x 976 7,500 | 2080 x 2005 x
and Center 2 Phantom T134Q pixels (binning)| FPS 2005 mm Mono
571 Stereo
Engine Nacelle 2 Photron SA5 1024 x 1000 | 7,500 | 3845 x 4050 x Color
. . pixels FPS 4050 mm
Side View

The five viewing angles described Trable 4 all successfully captured datring the UAS
ingestion into the CFM5@B engineView 1 was the only 2D analysssxdwas able to capture the

fan blades' angular velocity, nose cgnandz displacements, anchsingy andz displacements
However, since this was a 2D analysis and the camera was not completely planar with the engine,
the data is more noisy and less accurate than the other viewing. angles

The rest of the view used two cameras for stereo analysiBowing for more accurate
measurements to be tak&few 2 successfully determined thedégrees of freedom orientation
of the UAS before impact with the fdolades relative to the global coordinate systgrax{s in

line with thecenterline othenose coney-axis horizontal, and-axis vertical), UAS translational
velocity, and the angular velocity of the nose gaviach can be seen igure30.

lobal coordinate system—sUAS CS
Phi(X)' roll +3.18 °|

heta(Y)' pitch +28.89 °)
Psi(2)' yaw -9.72 °|

lobal coordinate system—sUAS CS
LX' +154.217 mm
LY +55.966 mm)|
LZ' +580.926 mm

JE—— ~—g

-

(b) UAS orientation

.

(a) UAS position
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afety of UAS through

sUAS CS
V' +93.96339 m/s

Coordinate system
vPsi(Z)' +5182.312 min~1

R o~ ‘/L 4§ . s
(c) UAS velocity (d) Spinner angular velocity
Figure30. Data extracted from view. 2

View 3 was able to confirm the analysis from viewoRthe 6degrees of freedom orientation of
the UAS before it impacted with the fan blades as well as capeimitof-plane motion bpoints
on the fan blades as shownrFigure31.

[mm]
1.00
0.00

-1.00
-2.00
-3.00

-4.00

-6.00
-7.00

-8.37

CT
lVl'mml e B I
O+ &8 - Blade 3.dXd_ —a——— —
.y | ™ Blade 4.dX.1 .

M Blade 5.dX.1
-2~ Blade 6.dX.1
3™ Blade 7.dX.1

L Blade 8.dX.1
4" m Blade 9.dX.1
5+
-6 -
7+ /

\ f Time [s]
-8t i L 1 L 1 _x/ 1 L 1 ! 1 1
0.111 0.1115 0.112 0.1125 0.113 0.1135 0.114 0.1145 0.115 0.1155 0.116 0.1165 0.117

Figure31. Outof-plane motiorextracted from view 3

View 4 successfully determined the fan bladasgular velocity, nose cong, y, and z
displacements, and tley, andz displacements of the casingiew 5 successfully determined the
X, Yy, andz displacements of thengine nacelleelative to both the lower portion of the engine test
stand and the engine body itself.

Additional high-speed videcstandarespeed video, still photos, and infrared videgrecaptured

before, during, and after the test evieain facility cameras. A summary ofdbe cameras is given
in Tableb.
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Tableb5. Facility camera placement and specifications

Lens

X

Name FOV Camera y FPS f/stop Shutter M/C
Ex)  (px)
SHIVAS Po‘ilréfa'lﬁe UX-100 | 28 | 1280 1024| 2000 | 2.8 | 0.04ms | Color
West Starboard
side | VEO-410 | 20 |1280| 800 | 2000 | 2.8 | 0.006ms | Color
Tower
overall
,\;Jl'j’zpzelg Full Fan | V2512 | 85 | 896 | 800 | 20000/ 1.4 | 0.0015ms| Color
I\jﬁ"z";; Full Fan | TMX6410| 50 | 1280| 800 | 60000| 2.8 | 0.001ms | Mono
. Muzzle NOVA
Velocity to Inlet S12 50 | 1024 | 688 | 4000 4 0.005ms | Mono
Port side
Rear | oarview| NOYA | 35 | 1024| 512 | 10000 4 | 0.02ms | Color
View 45° S12
Rear FLIR
FLIR Exhaust X8581 25 | 1280| 640 280 25 0.01ms | Color

ITM was contracted to install 64 strain gauges on the fan blades amtha@ard telemetry system
with a sampling rate of 1KHz. ITM suggested a variety of candidate positiongiieplacement
of strain gaugesOSU evaluated eacbf the positions in preliminary ingestion simulations to
providerecommendations for tharain gauge locations witivo strain gages placd on all fan
blades to resolve the tangential and axial impact loadstvaodn every third fan bladéor
additional data closer to the impact locatidhe location and orientation of #e strain gauges
are indcated inFigure32.

1/3 Blades

All Blades

Figure32. Strain gauge locati@and orientations othefan blade

Scanning of the blades pastpact was conducted by NIARndcomparisons of the bladpsst
impact with the numerical simulations will be highlighted in the next section.

7. VALIDATION OF MODELLING APPROACH

This sectiorfocuseson comparingey results from the live engine ingestion test viitaCFM56-
7B fan assembly model developed in this work. Noterdmsilts from the open representative fan

34



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASSU R

S afety of UAS through Research Excellence

assembly modeare in general not comparedvith the experimentue to the differences in
geometry making comparisons afata at specific points on the model not uséfohvever, more
general results like the final damage in the blades and the kinematics of the ingestieefudre
points of comparison to show how representétmgestructural features of the fan assembly model
are

To setup thecomputationalsimulations, the orientatigriocation and speed of the UAS and
rotational speed of the fan were identified from ENE€ camera views discussed Section6.3
Instrumentation A summary of tis information identified from the different camera vieis

given in Table 6. For the UAS ingestion simulations, the fan was prescribed with the desired
rotational speed after a pséress analysis was conducted (as described in S&c8d@Prestress
Analysig. The UAS was given the prescribed initial orientation and placed with its center of mass
at the desired location.

Table6. Summary of initial conditions estimated from experiments using DIC cameras

Camera| Fan Angular UAS position (x,y, | UAS orientation (% d, | UAS velocity
View | Velocity [RPM] z) [mm] Y) [m/s]
1 5,179 - - -
2 5,182 (154.2, 56.0, 580.9)| (3.18, 28.89,-9.72) 93.96
3 - (154.1,51.0,582.9) | (3.4%4, 28.94,-9.71°) -
4 5,183 - - -

Images of the UAS position angrientation just before impact for the experiment and the
correspondingiumerical simulation are shown kigure33.

sUAS Cs

sUAS

il

(a) Front view experiment (b) Side view experiment (predicted)
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f

(c) Front view simulation (d) Side view simulation

Figure33. Placement and orientation of UA®fore impact

The experiment resultad significant damage to a number of blades. An image andafdhe
blades after the experimeantshown inFigure34. The numbering of the blades corresponds to the
numbering done by ITM for the DIC computatiorhe first blade to make contact with the UAS
is blade number 1&nd the last one to make contact is bladmber 12.

Blade 14 Blade 13
Blade 15

Blade 16

Blade 12

Blade 17

Blade 18
Blade 7
Blade 19
Blade 24 Blade 1
(a) Image ofthefan afterthe (b) Scan ofthefan afterthe experiment

experiment
Figure34. Fan after ingestion with bladesimbered

In the following sibsectionsthe kinematics of the ingestion are compared betweexgeriment,
CFM56-7B fan assembly model, and open representative fan assembly model. Ned) tilade
damage is compared for thhysical fan blades, tifan blades from the CFM5BB fan assembly
mode| and the fan blades from the open representative fan assembly model. After that
comparisons are made with the strain gauge data from the experimettits aimdins in the model
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of the CFM567B fan blades at the locations of the strain gauffesn, outof-plane displacement
measured using the DIC from the experimsmompared with theorresponding motion for the
CFM56-7B fan assembly model. Finally, the overall fan damage severity evaluation defined in
previous work is used to classify the damage inféimefor the experiment, the CFM5®B fan
assembly model, and the open representative fan assembly. model

7.1 KINEMATICS

The kinematics of the ingestion event fraiC view 1 can be seen figure35. It should be noted
thatdue to different sabot and UAS debris blocking portions of the camera view and the fireball
created during the explosion as a result of the ingestion, data could not be recorded during this
time. The data loss can beesein theDIC measurements from view 3 kigure31.

Figure35. Ingestion kinematics frorthe experiment

The kinematics of the ingestion evémtthe CFM567B fan assembly model can be seeRigure

36. The fan was simulated to make one full revolutimhich wa around 11.6 mst should be

noted that the UAS parts were deleted once they cleared the contact region with the fan blades
which was around 10 m improve the computational efficiency.
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(a) Front view

Ingestion st test conditions
Time =0,002204

(b) Isorhetric view
Figure36. CFM56-7B fan assembly model ingestion kinematics

The kinematics of the ingestion event for the representative fan assembly model can be seen in
Figure37. The fan was simulated to make one full revolutiwhich wa around 11.6 m#t should

be noted that the UAS parts were deleted once they cleared the contact region with the fan blades
which was around 10 ms to improve the computational efficiency.
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Representative fan model at test canditions
“Time = 0.00¢

(b) Isometric view
Figure37. Representativéan assembly model ingestion kinematics

The similarity in the ingestion kinematissevident for the three cas@stual test, CFM5&B fan
assembly, and the representative fan assembhg UAS is completely obliterated during the
ingestion and very similar blades in the fame impacted and damaged. Nthtat the largest

difference is the explosion that occurs in the experiment, whimumerical simulation in L-S
DYNA cannot capture
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7.2 FAN BLADE DAMAGE

In this sectionimages of the fan blade after the ingestion event are comparegloti$tof the
effective plastic strainin the blades after the impacthe fan blades in the experiment did
experienceextra damage due to excessive bladeuipbing so some blade tip damage from the
physical blades is not expected to be captured in the numerical résgltsomparison ismade
for blades 12 through 1@®lade numbers shown Figure 34), where blade 18 is the first blade
that comes in contact with the UA&hd blade 2 is the lastThe comparison shows the fan blade
after one full revolution for both computational mod&bile the physical fan blads after the
conclusion of the test (the fan rotates many tiafesr the UAS impact before it comes to a stop).

A comparisorof blade 12 after the ingestion test with the CFME6fan blade after the ingestion
simulation and the representative fan blade after the ingestion simutaibawn inFigure 38.
There is some small material loss along the leadihgeof each of the blades. Noteaththe
physical blade hasome blade tip lossnost likely due to the tip rub that resulted during the
experiment.
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il el |

(a) Picture of blade (b) CFM567B model (c) Representativenodel

Figure38. Blade 12 aftethe ingestion experiment/simulation

A comparison of blade 13 after the ingestion test with the CFRIBEan blade after the ingestion
simulation and the representative fan blade after the ingestion simulation is shegur@9. A
significant portion othe top of the physical bladeoke offdue to the impaabdf the UAS Both

the CFM567B and representative fan assembly model show a significant tear in the fan blade in
a similar region to where the experimental blade tip liberated.iid&l could potentially lead to

the computational fan blade tipsso liberatinghemselves from the fan blade if further rotated.
This was noted in the previous UAS ingestion reseavbichdiscussedhow portions of the blade
couldbreak freadue to significant crackinglong the leading edfje
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Figure39. Blade 13 after the ingestion experiment/simulation

A comparison of bladedlafter the ingestion test with the CFM38 fan blade after the ingestion
simulation and the representative fan blade after the ingestion simulation is shieigarav0.
There isalargenotchmade in the leading edge of the blades of similar size for all three cases
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(a) Picture of blade (b) CFM567B model (c) Representativenodel

Figure40. Blade 4 after the ingestion experiment/simulation
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A comparison of bladeSlafter the ingestion test with the CFM38 fan blade after the ingestion
simulation and the representative fan blade after the ingestion simulation is shéiyarev 1.
There isasignificant notch maden the leading edge of the blades, with the physical blade notch
being slightly smaller than the notch madetioe blades from the simulations

Eff. Plastic Strain
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(a) Picture of blade  (b) CFM567B model (c) Representativenodel
Figure4l Blade b after the ingestion experiment/simulation

A comparison of bladeglafter the ingestion test with the CFM38 fan blade after the ingestion
simulation and the representative fan blade after the ingestion simulation is shenyarev2.
There isminor damageo theleading edge of the blades for all three cases.
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Figure42. Blade 5 after the ingestion experiment/simulation
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A comparison of blade 17 after the ingestion test with the CFRIBEan blade after the ingestion
simulation and the representative fan blade after the ingestion simulation is shiéiyarev3.
There is a similar level of minor damage to the leading edge of all the bldaephysical blade

also had a piece missing along the most likely resulting from a severe tipb.
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(a) Picture of blade  (b) CFM567B model (c) Representativenodel

Figure43. Blade 17 after the ingestion experiment/simulation

A comparison of blade 18 after the ingestion test with the CFRIBEan bladefter the ingestion
simulation and the representative fan blade after the ingestion simulation is shéiyarev4.

There isa smallnotch made in the leading edge of the blades of similar size for all three cases.
Additionally, the physical blade also hagraallpiece missing along the timost likely resulting

from a tip rub.
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(a) Picture of blade  (b) CFM567B model

(c) Representativenodel

Figure44. Blade 18 after the ingestion experiment/simulation
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The damage tall the impactedfan blades is very consistebetween the experiment and
simulations from the actual UAS impact. There is some additional tip damage in the physical
blades from the experimerttsat result from blade tip rubs not captured in the simulation

7.3 STRAIN GAUGE DATA

Strains from two locations on evenjade and two additional locations on every third bladesw
obtained during the experimer&train gauge elements were placed in the same loaatitre
CFM56-7B fan bladedor the simulation. The location and orientation of the strain gaages
shown inFigure32. A comparison of thetrains for the impacted blades (bladesl82is given

in Figure45-Figure51. The start of UAS contacthé ime when instability occurs in the teahd
thetime when the UA®arts are deleted in the simulation are noted on thepititslatum lines

The data should only be compared before the instability acEhesinstabilityoccurs when the
explosion occurs during the ingestiamd the data from the strain gauges is questionable after this
point. Taking into account all the assumptions intlaenericalmockl, the agreemenh the strain
databetween thsimulation andhe experimentbefore the instabilitys reasonable
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Figure4b5. Strain comparison for blade 12
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Figure47. Strain comparison for bladet.
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Figure48. Strain comparison for blade 15
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Figure49. Strain comparison for blade 16
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Figure50. Strain comparison for blade 17
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Figure51. Strain comparison for blade 18
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7.4 DIC DATA

The experimental DIC data of the fan bladess difficult to compareavith the CFM567B fan
assembly model simulation datapoint along the leading edge of the computational model was
chosen to compare against the-ofiplane displacemennhformation provided by Trilion for
blades 1218. It should be noted that there are gaps in the experimental data due to parts of the
sabot, UAS debris, and a fireball created during the UAS ingestion event obscuring the view of
the highspeed camerapreventing them from recording the fan blade surfadewever, the data

that was recorded matchiéne computational model reasonably well, with similar initial and peak
displacement valueas shown irFigure52.

(a) Blade surface construction from DIC  (b) Element locatioronthe model used for
displacement measurement
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Figure52. Out-of-plane displacement measured by DIC
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7.5 DAMAGE SEVERITY LEVEL

The simulations conducted the prior engine ingestion reseambrefocused on understanding

the effect of the UAS collision with an aircraft engine aselates to damage in the fan in
particulaf. This fan damage has implications on rotor imbalance, blockage (which impacts thrust),
containment, and retainment mechanisms. Note that the fan rig assembly model does not contain
most of the downstream components of the fan (i.e., compressor, combustdurbine), and
therefore any damage tihese componentsout of scopevhen using the fan assembly rig models

The live ingestion test can be used to fillsome of these blankis the previous research effort,

the damage was separated into fowesiéy levels based on discussion with the research team and
the industrial partnersvhich are detailed imTable7. Table7 has four columns: (i) the damage
severity level; (ii) 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 lev8lsik 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 contairhahd®vn safely

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

Table7. Damageseveritylevelclassification.

Severity

Fan (Engine) Damagg

Aircraft Operational
Impact

Typical Associated Damage

Level 2

significant reduced thrust

Within engine certification
envelope

flight or rerouting as needeq
Inspection after landing.

Slight damagé Continued| Minimal effecti Continued [ Small deformation of fan blades

operation with negligible t{ flight to destination. f No crack initiation (blade adisk)
Level 1 | small reduced thrust Inspection after landing.

Within engine certification

envelope

Moderate damageMore | Moderate effect Continued [{ Significant deformation of fan blade

Material loss ofeading edges of
blades

Visible cracking insingleblade abovq
mid-span

No disk crack initiation

Level 3

Significant damageé
Potential engine shutdowi|

Within engine certification
envelope

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

Significant material loss leading to ¢
imbalance that is less than or equal
asingleblade loss

Visible cracking insingleblade below
mid-span

Visible cracking inmultiple blades
above midspan

No disk crack initiation

Level 4

Damage outside of desigr
criteriaand certificatiori
Potential hazardous engir
effect

Beyond engineertification

envelope

Significant effecti
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

49



The FAA's Center of Excellence for UAS Research

THIRD PARTY RESEARCH. PENDING FAA REVIEW. XASSU RE

It is important to note thatable7 only providesan initial assessment of the fan damagedues
not classify overall engine damage (since the model does not include most of the downstream
components of the engine).

The damage severity level classification for the ingestion test and the simulation of the
CFM56-7B fan assemblyndopenrepresentative faassemblynodek all resulted in very similar
damage to the farkach of these casesin agreement and would lead to a levede¥erity level
classificationwith significantmaterial losgo the leading edge of multiple blades with cracks or
notches occurring in multiple blasl@bove the midpan. Theoverall imbalance and damage to
the fan is less than that offan blade out event antherefore would be within the engine
certification envelope. The consistency in the level of danaagethe damage severity level for
the fan assembly gives confidence in ¢therallcomputational modeling approach

8. COMPARISON OF REPRESENTATIVE FAN MODEL AND CFM56 -7B
MODEL

In this section a more detailedcomparison ofthe ingestionresults for the representativan
assemblymodel andCFM56-7B fan assemblynodelis discussedForeach ingestion simulation,

several types of analyses were conducted. First, several steps were taken to ensure the stability and
accuracy of the solution. Then, the simulation data was processed in several ways to provide useful
metrics to understand andrapare thengestionfor each fan assembly model

To ensure the stability and accuracy of the solution, several steps were taken for each simulation.
First, the animations of the simulations were carefully inspected to ensure that all the contacts were
behaving properly anthatparts of the UAS and fan did not fictitiously pass through each other.
Also, the total energy in the systeas well as energy in individual componemtere analyzed to
ensure reasonable transmission of energy between componerttseeamvkrall stability of the
simulation.

To analyze and compare the results of the different ingestion simulations, several analyses were
performed to assess the relative difference between cases in terms of (i) overall damage to the fan,
(i) imbalance in the rotognd(iii) containment.

() Two analysesare used to understand the overall damage in the system. ddalljsesare
important in understanding the ability of the fan to continue to provide thrust. Tharfalytsis
involvesunderstanding the overadffective plastic strain in the fan at the end of the simulation.
This isachieved by plotting theverall effective plastic strain in the fan at the end of the simulation

to show the distribution of the damage over the entire fan surface and to understand the localized
damage in edcbladeandhow close it is to failureThe secon@nalysiss a quantitative measure

of the overall damage in the fan using the damage indiCattoat is defined on each element as

PN
o —0Qb
f

(1)
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wherg s the plastic strain evolution and 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 wholafaassweighted average @ is used
for all elements to get a composie
, B & O.
°© T
(2)

where( is the number of elements in the fan, is the mass of th& element and is the
cumulative plastic strain in tH@ element. Th&®©  metric quantifies the damagethe fan as a
whole structure.

(i) To understand the imbalance in the rotor due to the ingestion two anadgreesarried out.
Understanding the imbalance loads is important since it defines the structural and mount loads of
the fan on the shaft. The firahalysisidentifiesthe center of gravity of each of the blades. A
comparison of the preand posimpact center of gravities shows where damage occurs in the fan
and how it relates tthe steady statenbalance in the rotor. The secoaddysis compute the

forces in the disk thatra acting on the rigid shafluring the simulationThese forces give the
overalltransienoads acting on the shatturing and just after the AS ingestion

(iii) To understand the relative difference between the UAS ingestioaktion to containment,
the energy imparted to the casing is tracked using the MATSUM cardDVIDMBA. It is important

to understand if the ingestion is likely to prodingh-energy debris beyond the capability of the
containment systeniNote that thepredicted loadsire expected to be very differdot the two
models based on the construction of the casing model. Hovikedrend in the energy imparted
to the casing should besilar for the two different fan assembly models.

The following subsection will present a detailed comparison of the results from the live ingestion
conditions showingthe plastic strain in the fans after the ingestibwe, center of massf the
blades,loads on damaged and undamaged blaaledenergies in componentéfter that four
additional cases will be compared to highlight tberesentative fan assembly mdsisimilarity

to the CFM567B fan assembly modednd its ability to capturesimilar trends fordifferent
ingestion scenarios. Finally, a summagmparing the ingestions into the representative and
CFM56-7B fan assembly modelgill be presented.

8.1 LIVE INGESTION CONDITIONS

This subsection provides a detailed comparison o$itinelations of theJAS ingestion intadhe
representative and CFM5@ fan assembly models #ite conditions of the live ingestion
experiment. Note that the kinematar® shown irBection7.1, and thandividual blade damage is
compared irBection7.2, and both were found to bewery good agreement.

Contour plots of the front and rear views of the CFM®5and representative fan assembly
model® effective plastic strain can be seerfFigure53. These contour plots highlight the areas

that sustained the most damage in the ingestion dvshbuld be noted that while similar plastic

strain distribution is seen in the damaged blades, there is some small plastic strain in the leading
edge area for all blades of the CFMBB model that is not seen in the representative model
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Additionally, there is more plastic strain in the disk of the CFMB6mModel when compared to

the representative modevhich can be attributed to timanner in which the model was created

as discussed iBection5.3.2 Figure53 shows that the damage is focused on the leading edge of
several fan bladesausing plastic deformation. Several blades exhibit material loss along the
leading edge, and one blade potentially leads tdilhkeeation of a fan blade tip above the mid

span line This would create an imbalance in the fan blades that would be less than the loss of a
full fan blade corresponding to a damage severity level 3 for both computational matels.
damage leveD is 0.00156 for the CFM58B model and 0.00177 for the representative model

so there islightly more overall damage in the representative fan assembly model.

Eff. Plastic Strain Ingestion at test conditions Eff. Plastic Strain Representative fan model at test conditions
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(a) CFM56-7B front view (b) Representative front view

Eff. Plastic Strain Ingestion at test conditions Eff. Plastic Strain Representative fan model at test conditions
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(c) CFM56-7B rear view (d) Representative rear view

Figure53. Effective plastic strain in thian assembly models
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Thesteadystateimbalances in the famssembly modslcan be related to the change in position of

the center of mass of eadhn bladefrom the ingestion evenThe plots of this change for the
CFM56-7B and representative fan assembly modetsshown inFigure54. It is clear that the
change is very similaior both modelswith a decrease in the center of mass of the blades that
sustained the most dama@s can be seen Figure53a andFigure53b. It should be noted that

even though both computational models have similar fan diameters, the representative fan
assembly model does not account for the dovetail in the center of mass calculbtierthe
CFM56-7B fan assembly model doddhis accounts for thiargedifference in the average center

of mass of the fan bladagiven the fan diameters are similar in siklke resultant force in the disk

is also looked at to gain an understanding of transient loads in the fan assembly during and just
after the impactand those results are includedSaction8.3.

460 490

400 450

—&— Pre-impact

©— Pre-impact
Post-impact

Post-impact

(a) CFM56-7B (b) Representative

Figure54. Center of mass dilades preand posimpact

The resultant force and moments from a sectional plane in both a daimagedted)and
undamageéhot impactedjan bladeor both fan assemiglscan be seen iRigure55. The CFM56

7B and representative fan blades have very similar forcing and moment \aldles impacted
blades. For the moments on thedlamaged bladehe magnitudes are similar but are out of phase.
Overall, the agreemebetween the models is gaod
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Damaged
blade 19

Undamaged

blade 7

(a) Location d forces and moments of (b) Sectional force
sectional plane on blades

(c) Sectional moment in-girection (d) Sectional moment in-direction
Figure55. Comparison of sectional force and moments innfaxdels

Finally, overall energyand energy in particular components wexrplored and comparedhe
overall energyor the ingestion simulation can be seefigure56. The energy is very similar for
both simulationswhere the bulk of the energy is in the kinetic energy ofdtaing fan, and some
additional kinetic energy is the UAS. Internabnd sliding interfacenergy increases from zero
due to the impactExternal work is due to the fan being driyen external work is added to the
fan to keep it at a maintainesppeed during the ingestion event.urglass energy is very small
throughout the ingestion for both casElse internal energy of both system®f a different order
of magnitude than the kinetic energyaking it difficult to see in the overall energy plotisl
will be discussed more in the breakdown of the UAS and fan blade energies.
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