LIFE CYCLE COST IMPROVEMENTS FROM FOD ELIMINATION
ON TURBOFAN

COMPRESSOR ROTOR BLADES

A Thesis
Presented to
The Academic Faculty

by

Mauricio J. Guadamuz

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of Aerospace Engineering

Georgia Institute of Technology
August of 2016

Copyright 2016 by Mauricio J. Guadamuz



LIFE CYCLE COST IMPROVEMENTS FROM FOD ELIMINATION

ON TURBOFAN

COMPRESSOR ROTOR BLADES

Approved by:

Dr. Dimitri N. Mavris, Advisor
School of Aerospace Engineering
Georgia Institute of Technology

Dr. Kelly Griendling
School of Aerospace Engineering
Georgia Institute of Technology

Joseph Bobinis
LM Fellow Senior, SoS
Lockheed Martin Corporatic

Dr. George Kardomateas
School of Aerospace Engineering
Georgia Institute of Technology

Dr. Daniel P. Schrage
School of Aerospace Engineering
Georgia Institute of Technology

Date Approved: July 20, 2016



To Mauricio, Georgia, Lia and Gianna



ACKNOWLEDGEMENTS

I would like to thank my lord and savior Jesus i§thfor being the catalyst and
heading for my journey. | would like to thank myrfdy for supporting/withstanding my
schedule and focus — without their support thissandr would not have been as rewarding
or valuable. | would like to thank my friends anodlleagues for their encouragement,
availability and coaching — without those shoulderstand on, it would have been harder
to see further.

I would like to thank my advisor Prof. Dimitri Mas for his academic, technical
and personal advice — without his kind and empatlaglvice | might have lost the balance
needed to be a parent, professional and Ph.D. rdtuideould like to thank Dr. Ray O
Johnson for believing in me and for championingnetyrn to Georgia Tech to complete
my Ph.D. | would like to thank Manuel (Manny) Saeehand Joseph Bobinis for their

coaching and deep insight into the world of compgstems.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ... e v
LIST OF TABLES ...ttt e e e e e e e e Xl
LIST OF FIGURES ... e e e e e e e s X1l
LIST OF ABBREVIATIONS & SYMBOLS ... XX
SUMMARY e et XX
1 INTRODUCTION/LITERATURE SURVEY.....cooiiiiiiiiit e 1
1.1 “I T'SAFFORDABILITY , STUPID” .. .tiiiiitieeiiieiieeesieeesiteesseee s e 1
1.1.1 NEED FORAFFORDABILITY IN MILITARY AVIATION ....oeovvivvirrninnnnnn. 1
1.1.2 NEED FORAFFORDABILITY IN COMMERCIAL AVIATION .......cccveeene. 4
1.2 DEFINITIONS , COSTS ANDCONSEQUENCES OFFOD........ccccoviiiiicn 6
1.2.1 WHATISFOD? ..o e 6
1.2.1.1 FOD is a Disabling System ............ccoovvieemmmmneeeeeeeneennn. 7
1.2.1.2 FOD CIaSSifiCations .............cccvvveeeees s eirreeeee e 8
1.2.1.3 FOD Taxonomy across Industries............cccccuvvvvvnnenns 9
1.2.1.4 Controllable vs. Uncontrollable Sources of FOD..... 11
1.2.1.4.1 Controllable Source of FOD.........c.c.cccc....... 11
1.2.1.4.2 Uncontrollable Source of FOD.................. 12
1.2.2 FODISPERVASIVE AND DIVERSE........cccuuuuiiiiiiiiiieeeeeeeiieiieennnnns 12

1.2.2.1 FOD Impact to Commercial Operators.........ccceeeern. 12
1.2.2.1.1 FOD to Jet Engines..............ocomseeeeeenen. 14
1.2.2.1.2 FOD to Tires

1.2.2.2 FOD Impact to Military OperatorsS...........coceeeeeeeeennn. 18

1.2.2.2.1 FOD to Jet ENgInes...............ommmmeeeeeeeennnn 19



1.3  IMPROVED AFFORDABILITY VIA FOD ELIMINATION ...ccovviviiiiiiiiiinn, 21
1.3.1 WHAT'S NEEDED TOELIMINATE FOD?......vviiiiiiiiiie e 21
1.3.2 RESEARCHOBJIECTIVE ....ciiiiiiiiiiiiiiiiieiiitii s ennne e 24
BACKGROUND/MOTIVATION ....oiiiiiiiiiiiieeeeeeeee sttt 26
2.1  CuURRENT FOD PREVENTION/REMOVAL PROGRAMS.........cccuvvvvvrrinnnnnnn 26
2.2 FOD ELIMINATION |MPLICATIONS FROM RUNWAY OPERATIONS ........ 28
2.3  HOWIS FOD DEALT WITH TODAY? ..eiiiiiiiiieiiiiiiieeeeiri e 30
2.3.1 FODPREVENTION, DETECTION, REMOVAL & EVALUATION ......... 32
2.3.1.1 FOD Program Administration..................ceeeeeeeenn. 32
2.3.1.2 Area DesSignations .........ccccceeeeiieeeeeeiiseeeeeeeeeeeseeeeeinnnnns 33
2.3.1.3 Debris/FOD Migration ..........cccoeveeeeeeeeicca e 34
2.3.1.4 Clean-As-You-Go and Housekeeping..........ccccc...... 34
2.3.1.5 Consumables, Expendables & Hardware................ 34
2.3.1.6 Tool Management ...........cccoovvvieeevirniimmmmmenieee e 35
2.3.1.7 Material Handling and Packaging............cccceee......... 36
2.3.1.8 Product and Process Design Considerations.......... 36
2.3.1.9 ACTOUIOMES ....coviiiiiiiiiieeeee e 37
2.3.1.10 Bird/Wildlife StriKesS............cccomemrieeeeeeiiiiiieeee e 37
2.3.2 FODMANAGEMENT FORRUNWAY OPERATIONS........cccvvrmmmeennnnnns 38
2.4 CURRENT FOD PREVENTION /REMOVAL PARADIGM DEFICIENCIES ..... 39
2.5 WHERE ITHURTS MOST—FOD DETRIMENT ON AN ENGINE MAP........ 42
2.6 CASE FORRESEARCH ON FOD ELIMINATION ...cceiiviiaiiieaiieeaieeesieeenneens 43
2.6.1 FODELIMINATION DEFINITION & RESEARCHALIGNMENT ........... 44
2.6.2 FODELIMINATION - Low BYPASS TURBOFAN ROTORBLADES ... 44
2.7  ACHIEVING FOD ELIMINATION .otuiiiiiiiiiieee et 48

Vi



2.7.1 MORPHOLOGY OFELIMINATION uiueninieninieeeneeeeeeeeeeneseeensesensens 49

2.8 IMPLEMENTING FOD ELIMINATION iitiiiiiiieiiiiesiieesiieeesinee e e 50
2.8.1 MODEL FORFODELIMINATION ....outiiiiiiiiiiieeeeeeeeieeeeeeen e 50
2.8.2 METHODOLOGY FORFOD ELIMINATION ....vvviiiiieiiieeniiieaniieesinens 51
2.8.2.1 Formulae for Gaging FOD Elimination ..........cce..... 52
2.8.2.1.1 Measure of Eradication {&R) ..................... 52
2.8.2.1.2 Measure of RobustnessRW...........ccccceeennn. 54
2.8.2.3 CoSt MOdeliNg ........cuuuuiiiiiiiiieeeiiiii e 57
RESEARCH QUESTIONS, HYPOTHESES & SUCCESS CRITERIA ..... 60
MODELING & SIMULATION ... et 66
41  MORPHOLOGY OF DAMAGE , ELIMINATION & MODELING ........ccccovvnnnn. 66
4.2 FOD ONRUNWAY MODEL ...ccitiieiiiiiiiiiieaiieesieeesiiee e esneessieeesneee s 68
4.2.1 FODSIZES. ..ottt e 68
4.2.2 RUNWAY DENSITY ...uiiiiiiieiiieesiiie st siee et tee e e 70
4.2.3 RUNWAY DISTRIBUTION ....uiiiiiiiiiiiiiiiiiiiiiiiii e enenene e 70
4.3  GEOMETRY EXTERNAL TO ENGINE MODEL ...ccocvvieiiiieiiiiieniiiesiiee e, 71
4.3.1 ENGINE INLET DIAMETER ....covvviiiiiiiiiiiiinieee e eeeeeeeeeeeene v nenmneeeanns 71
4.3.2 INLET HEIGHT TODIAMETER RATIO & VORTEX DISTANCE........... 72
4.4  OPERATIONAL GROUND CONDITIONS ...ottirtiiiiiiiiieeeeeeeeeeeenennnnnnnennnnns 73
A5 VORTEX MODEL ...tiiiiiiiiiiiiieiiiee sttt ettt ettt et eeantee e 74
4.5.1 VORTEXFORMATION ..ouuiiiiiiiiiiiiieeeieiie e eesni s es s e enn e 74
4.5.2 VORTEXSTRENGTH& ASPIRATIONCONDITIONS ...ccvvveiniieennieeannn 76

45.3 VORTEX ONGROUND & FAN FACE MODELS& RESULTING FITS... 79
4.5.3.1 Stagnation Point Pressure Ratio ...........commmmeeeeeeene. 79

4.5.3.2 Fan Face Location and Pressure Ratio ......ceu..... 82

vii



4.6

4.7

4.8

4.9

4.5.3.2.1 Pressure Ratio & Fan Face Loc. Model FBY

ASPIRATION IMODEL ..vttviiiieeiiiiiiiiiieeesesiitieeeeeessassienesssssteeeeeeesaannnneeeens 90
4.6.1 PROBABILITY OF GROUND VORTEX COREENGULFING DEBRIS..... 91
4.6.2 ASPIRATIONFORCES& VELOCITIES ...uuvvveieeeesiiiiireeeeeeesnnrneeeaessanns 92
4.6.3 ASPIRATIONSIMULATION ...ciiiiiiiiaeaiieiiiaaaeeeeeninaaeeeeesnmmmeens 97
ENGINE MEANLINE ANALYSIS MODEL ...ccciiivviiiieeeesiiiiieee e e 100
4.7.1 MEANLINE ANALYSIS LINGO ...ccvtiiiiiiiiiiiiieeeei e 102
4.7.2 MEANLINE ANALYSIS ASSUMPTIONS ..ceeeeeeiiiiiireeeeaannreneeeeeesannnns 106
4.7.3 MEANLINE ANALYSIS MODELING PROCEDURE& FORMULAE ..... 108
4.7.4 MEANLINE ANALYSIS SIMULATION eeeeiiiiiiiiieeeesininieeeeeesasnnnneeens 123
IN-ENGINE PARTICLE KINETICS MODEL ...uuiiiiiiiiiiiieeeeieeeei e e 124
4.8.1 EQUATIONS OFMOTION .. .uutiiiiieesiiiiiiiieeeessnieieeeeeeeesnenneessnees 124

4.8.1.1 Plane, Polar Coordinate Kinetics ...........commeneen.... 124

4.8.1.2 AXial KINELICS......cevviiiiiiiiiiiiieeeiireemi e 129
4.8.2 FAN FACE TOBLADE FOD TRAJECTORYIMPACT MODEL........... 132
4.8.2.1 Model ASSUMPLIONS.......cuuuuuiiiieiieeeeeees e eeeeeeannennns 133
4.8.2.2 Lay-out and Sizing of Turbomachinery ................. 134
4.8.2.3 Airfoil Fixed GEOMEetry........ccccceeeeeeiieesimmmeeeeeeeeeinnnns 135
4.8.2.4 Airfoil Taper and TWISt.......ccoooeiiiiiiiiiiecemiiceee e 136
4.8.2.5 Airfoil Section Stress .........cccvvevieiiiieeen e 138
4.8.2.6 IMPACE LAW....niiiiiiiiiiiieeeeie e 143
4.8.2.7 Impact VElOCItIES.........ccovveieieeeeeviieee e 146
4.8.2.8 Impact Velocity to Particle Penetration ................. 148
4.8.2.9 Impact Model Pseudo Code .........cccceeeeiieeeeeeeennnnnn. 153
CRACK GROWTH MODEL ..cvvviiiiiiiiiiieie e 155

viii



4.9.1 LEFM APPLICABILITY 1iuetuieiie et eeeeeteaeeeeeeeeaeneesenmannsenanens 155

4.9.2 LEFM CRACK GROWTHTHEORY & APPLICATION .....cceeveririinnnns 157
4.9.2.1 Stress INteNSIity (K) .....uuueeeuuioieeeee e e e 158
4.9.2.2 Geometry FacCtors [S) ...ccoeevveeeeeieiieeeeeeiiiieee e 163

4.9.2.2.1 s, Airfoil Mid-Section...........cccccevvvvericeeen. 164
4.9.2.2.2 s, Airfoil Leading and Trailing Edge........... 168
4.9.2.3 Crack Growth Rate (da/dN) ..........ccooviiiiiiieennniinnen. 169
4.9.2.4 Residual Compressive Stress Treatments ............172
4.9.2.4.1 Comparison of Dominant Treatments....173
4.9.2.4.2 Airfoil Map for LSP Treatment.......... 179
4.9.2.5 Damage Tolerance Interval Engine Inspections....184

4.9.2.6 Equivalent Initial Flaw Size & Critical Flaw Size.... 187

4.9.2.7 Repair/Replace CriterioN........cccvveeeeeeeiiieeiieeeiiiiinnns 188
4.10 LIFE CYCLE COSTMODEL.....tiiiiuiiiiiiiieiiieesieeesiteeesieee e ssnessnnee s 191
4.10.1 INSPECTION$REMOVALS & LCCS, VISUAL INSPECTIONS.......... 193
4.10.1.1 Inspection/Removal Model, Visual Inspeatdia......... 193
4.10.1.2 LCC Model, Visual Inspections........ccccccvvuieiienennnn. 198
4.10.2 INSPECTION$REMOVALS & LCCs, AUTO. INSPECTIONS............ 199
4.10.2.1 Inspection/Removal Model, Auto. Inspedion........ 199
4.10.2.2 LCC Model, Auto. InSpections ........cccccuvvveieieeeennn. 203
4.10.3 LSPLCC MODEL ..ccvvvtiiiiiiiiaasiae e eee e eeeeeesesensssssmmesennnni s 204
4.10.4 ENGINE INTERVAL INSPECTIONS REPAIR/REPLACELCCS........... 205
5 CASE STUDY ettt e e e aa s eeeaeeeas 209
5.1  ONE EFFORT, TWO LESSONS......uutiiiiieiiiiesiieeesiieesiree e smeessses e 209
5.1.1 EXPERIMENTAL CONDITIONS .....uuuuuuuiiaiiieeeeeeeeieeeennnnnnnneennnnnas 209



52 PARTICLE IMPACT AT 1STHPC BLADE ....veieieie e 211

5.2.1 DESIGN OFEXPERIMENTS ..ceiitiiiiiiessieeasiieeasineesieeesseeesneeeseeas 211
5.2.2 EXPERIMENTATION ...uuuiiiiiiieeeeieeeiieeesnnnibs e 213
5.2.3 DOMINANT CONTRIBUTORS. ... .ceeiiurieiireesnieeesnreesssseesnsnessneeens 224

5.2.3.1 Contributors & Trends for Impact Occurrence ....... 226

5.2.3.2 Contributors & Trends Once Impact Occurs..........229

5.3 REPAIRS, REPLACEMENTS AND LCCSDUE TO IMPACTS .......ccovvvvinnnne 234
5.3.1 DESIGN OFEXPERIMENTS ..ceiuvieitiieniieeesiteeaieeesieeesseeesneeeseeas 234
5.3.2 EXPERIMENTATION ...uuuiiiiiiieeeeieeeieeeenntti s e e 236
5.3.3 DOMINANT CONTRIBUTORS. ... .cetiiurieitriesieeesieeassnesssseessneeens 244
6 CONCLUSIONS & RECOMMENDATIONS ...t 251
B.1  CONCLUSIONS .....ttteitteesiteeesnteeesiteeastteesstseesmeeasseeesseeeannbeeabeeesnbeeesnneeas 251
6.2  RECOMMENDATIONS ...ovttiiiiiiiiiieeeeeeeeeeeeeeeessnnsis e e e 254
APPENDIX A: VORTEX PRESSURE RATIOS & RAW DATA ..., 257
APPENDIX B: VORTEX AT INLET LOCATIONS......cooiiit e 259
APPENDIX C: ASPIRATION SIMULATION CODE.......cccct i 261

APPENDIX E: IN-ENGINE PARTICLE KINETICS SIMULATION  .......ccceeveee 277
APPENDIX F: CRACK GROWTH AND LCC ESTIMATION ....... oo, 313
APPENDIX G: PARTICLE IMPACT FITS & DISTRIBUTIONS .. ..........cceeeiiis 368
APPENDIX H: PARTICLE IMPACT OUTPUT DATA. ...t e 385
APPENDIX I: LCC, LRU REPLACEMENT/REPAIR OUTPUT DATA ............ 390
REFERENCES ... ... s e 394



Table 1.1:
Table 1.2:
Table 1.3:
Table 1.4:
Table 2.1:
Table 2.2:
Table 2.3:
Table 2.4:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:
Table 4.5:
Table 4.6:
Table 4.7:
Table 4.8:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:
Table A.1:

Table A.2:

LIST OF TABLES

Page
Boeing Company Nine FO Non-Conformancdes .................cccccceeeeeeeennnn. 10
Lockheed Martin Space Systems Five F@pe3/Categories............eceeee.. 10
FAA FOD TaXONOMY ....uiiiiiiiieet s s e e e et s e e et e e e eaneeeesnessenesnn s 11
FOD INAIr€Ct COSES .....coiiieiei et e e e e 14
NAS412 Example of FOD Risk and Contr@thd ................cccoevvvvvveinnnnnns 35
Cost of Quality BreakdOWn .........ccceeeieiiiiiiiiiiiiiiii e 41
ENgine Failure MOUES............commmmmeeeeeieeeeeeeeee ettt 43
FOD Elimination Morphology ... 50
Morphology of FOD-Induced Damage eeeeeeeeeeeeeeeeeeeeeieireeeieiiiniiieeennn 66
Morphology of FOD ElMInation ......ccc.....ooeeiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee, 67
Morphology Of MOAEIS ........uiii i 67
FOD Sizes from Runways at Military Baged Research Stations............... 68
Engine Public Domain INformation ................uuviiiiiiiiiieeeeeeeeeeeeeieees 102
Impact Velocity to Penetration Depthdamd Statistics................eveeeiennn. 150
Automated FOD Detection Systems Capglaiid COSt........ccccoeeeeveeeeeen.n. 201
LSP Acquisition and Application COSIS.........iiiiiiieeeeiiiiieeeeeiiiiiiiaaen 205
Full Factorial Experimental Factor S&js — Particle Impact...................... 213
Particle Impact Data for Experimental'&o Additional Regimes............. 223
1] o= Tt o Tox= 1o ] 1RSI 224
Experimental Factor Settings — Crackw@ing& LCCS ...........cccccvvvvvvnnnnnne. 236
Murphy's Wind Tunnel ConditioNS ...cceeeeeveeeiiiieieeeeeeeeeeeeeeeeevii e 257
Quiescent Pressure Ratios and Raw Data............ccccceeeiiiiieeiiinnenns 257

Xi



Table A.3:
Table A.4:
Table B.1:
Table B.2:
Table B.3:
Table D.1:
Table D.2:
Table D.3:
Table D.4:
Table D.5:
Table D.6:
Table D.7:

Table G.1:

Headwind Pressure Ratios & Raw Dat@ ........oooeeeiieiiiiiiiiiiiiiiieeee, 258
Headwind/Ground Roll @) Pressure Ratios & Raw Data.................... 258
Quiescent Full Scale, Corrected Locatibxortex at Inlet........................ 259
Headwind Full Scale, Corrected Locatbiortex at Inlet ....................... 259
Headwind/Rolling Ground Full Scale, @ated Vortex at Inlet Location . 259
Fan Inlet & Fan Outlet/Stator Inlet FI@ensity (Kg/M3) .........ovvvveveieennnn. 270
Stator Outlet/IGV Inlet & IGV Outlet/RatInlet Flow Density (kg/m3)... 271
Rotor Outlet Flow Density (kg/m3) & IhKeridional Velocity (m/s) ...... 272
Fan Outlet/Stator Inlet Tangential V@ies (M/S)..........ccccevvvvvveniiinnnnnn. 272
Stator Outlet/IGV Inlet Tangential VakdEs (M/S).........oovvvvevvvvveiiiineenenn. 22
Outlet/Rotor Inlet & Rotor Outlet Tangi@hVelocities (M/S)...........c......... 274
Fan Inlet Static Temperature (°K) ceueeeee oo, 275
Particle Impact INPUL BOUNS ....comiieeeeeeeeeiieeeeeeiiii e 369

Xii



Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:
Figure 2.1:
Figure 2.2:
Figure 2.3:
Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:

Figure 2.10

Figure 2.11:
Figure 2.12:
Figure 2.13:
Figure 2.14:
Figure 2.15:
Figure 2.16:

Figure 2.17:

LIST OF FIGURES

Page
US National Defense Spending ...ccce.veeeeveeiiiiiiiiiieeeeeeeeeeeeeeeeveeeene e 3
Revenues Costs Net Profit per DepaR@&SSeNger..........ccceeeeeieeeeeeeeeeeene. 5....
Average Round-Trip U.S. DomestiC AlBI............ccceeiiiiiiieeeeeeiieeeiiiiiie 5.
Airline Operating COSES .. .... i 6
FOD Elimination Theoretical Framewark..............cccvvviiiiiniiiiineneens 24
Fatalities per 10 M DePartUresS. .cccccaeeeeeeeeee e 27
Global Commercial Fleet Doubling by @03...........cccoooveiiiiiiiiiiieeeeiie 27.
Evolving Geography/Topology Of Wal ..o 28
Four Main Areas in @ FOD Program............cccoovvvviieiiiiiiiiiiiineee e eeen 32
COoSt Of QUAIILY ... e 41
Economic Conformance Level MOl o .cooooiiiiiiiiiiiiiiccen 42
F135-PW-600 ENQINE.......uutttt i eeeeeetitniiiiaaaeeeeeeeaeaeeeeeeeessiesneneeeessees 43
HCF VS, LCF oo e e s 46
Military Aircraft Jet Engine Failure Mes ................oouuueiiiiiiinniieeeeeeeeee a7
: Component Failure Due to HCF Disthidut.................cccceeeeiiieiiieeeennn. 47
Fatigue Life Reduction Due t0 FOD..co....ooooiiiiiiiie e 48
Elimination Benefits on Component ti@IMode ..............coovvvvviiciiiennnnn. 48
Foreign Object Debris to Damage PSBIOR .............coevvevviivnvinnninnnnnnn. 49.
FOD Elimination Model...........ccoiiiiiiiiiiieeee e 51
SWISS CheeSe MOAEL.........o e 52
Debris on Runway for Operational Dayddl .............ccccoeeeeeeeeiviiiiieennnnn, 54
Modeling and Simulation Architecture.............coooviieiiiiiiiiiiiccie e 59

Xiii



Figure 4.1: Typical Runway Debris, Military Runways...............coveieiiiiinnneeneeeenen. Qa9
Figure 4.2: Foreign Object Damage Engine Stag&ovRotor Span .............cceevvevvvvnnnnns 69
Figure 4.3: FOD on Runway Distribution MO w..ccoooiiiiiiiiiiii e 70
Figure 4.4: Ground to Fan Face FOD Aspiration Madel.............ccccovvvvvviviiinnnnnn. 72
Figure 4.5: Normalized Non-Dimensional Vortex STm..........ccooovvveeiieiiiiiiiieeiiiiinnn s 4.7
Figure 4.6: Model for Ground/Stagnation Point Iatgion................cccceevvvvvvvvnninnne. 75
Figure 4.7: Engine Placement Trend ...... .o 76
Figure 4.8: Normalized Non-Dimensional Vortex Sm..........ccccceeeeeeeeieeeveeeeeennnnnnd 87
Figure 4.9: Ingestion ThreSholds .......... .o 78
Figure 4.10: Quiescent Pressure Ratio Magnitudefliog ....................oceevvvvvnnnnnnnnnn 34
Figure 4.11: Head Wind Pressure Ratio Magnitudedtion................cccccoeveiiieneennininnne. 85
Figure 4.12: Headwind/Rolling Ground Pressure Risiagnitude/Location ................. 86
Figure 4.13: 1/30 Scale vs Full Scale Inlet MOdElS ...........oceeeeeeeeeeeeececeeeeieeee e, 87
Figure 4.14: Stagnation Point Pressure Ratio FRMEES ..............cceevvvvvvvviinninnnns 38
Figure 4.15: Inlet Ingestion Point Pressure Ratid/leasures ...........ccccceeeveeeeeeeeeenn. 89.
Figure 4.16: Inlet Ingestion Point Vertical Locatibit Measures ..............ccceeeevvennnnnd 0.9
Figure 4.17: Probability that Ground Vortex Coreghilfis Particle ...........cccooeeeeieieiinn. 92
Figure 4.18: FOD Particle Aspiration Velocity/Fofd®del .............coovvvvviviniciiennnnnn 49
Figure 4.19: Ingestion of Glass Beads into DiamBtke ... 94
Figure 4.20: Particle Trajectory into Full Size HETesSt ...........oovvvviiiiiiieeiieeeeeee e 95
Figure 4.21: F-16 Engine Ingesting a Vortex Strefi@t.............ccoeeeeeeeeieeveeeiviniinnms 98
Figure 4.22: 747 Engine INQgeStiNg @ VOIEX . coeeeeevvvrurrniiieeeeeeeeeeereeeevesissnnnnmnnnnneens 99
Figure 4.23: Boeing YC-14 Engine INgesting VOIrteX ...........cceeiiirieeeeiiiiieeiiiiiiinnnees 99
Figure 4.24: Aspiration Model Typical Velocity/Tegjtory Profile 1.33 mm Patrticle.... 99

Figure 4.25:

Aspiration Model Typical Velocity/Tegjtory Profile 3.2 mm Particle.... 100

Xiv



Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:
Figure 4.35:
Figure 4.36:
Figure 4.37:
Figure 4.38:
Figure 4.39:
Figure 4.40:
Figure 4.41:
Figure 4.42:
Figure 4.43:
Figure 4.44:
Figure 4.45:
Figure 4.46:
Figure 4.47:
Figure 4.48:
Figure 4.49:

Figure 4.50:

Modeled ENGINe SECLONS .......ccceuiiiiiiieeiiieieeeeeei e 102
Meanling LOCALION.........coiceeeee ettt 104
VelOCity TrHANGIES ......uuueiiiieeeeeietiee e eeeeme e eeeeaees 104
FOD Particle Trajectory & Flow DynasiicC..........cccoeveevieeeeeeenneeennnnnnns 051
Blade and Cascade GEOMELNES .....cceveeeiiiiiiiiiiiieiiiiieeee e 106
Meanline Analysis ENgine StatioNS.ccc.....coeeeeieieeeeeeeeeeeeeeevveeee 108
Engine Station GEOMELIY ......ccoiiii e 112
F100-PW-229 Fan Performance Map...........cccceevvevvveveenininniiineeenn 115
F100-PW-229 ComMPresSsor Map ... e ceeeeeeeeeeeernneeeeeeennneeeeeeennna. 123
In-Engine Particle Polar Force/Displ&ystem ............cccceevvvvvveeviinnnnnns 712
Flow Velocities Acting on FOD Partgle.............cccceeeiiiiiiiiiiiiiie 131
Possible Particle Trajectories anddohBites..........cccvvvvvvvviveiiinnnnnnn. 133
Turbo Machinery Lay-out and SIZING..........uueiiiiiniiineeeiiiieeeeeeiiiiiies 135
NACA 65-210 Airfoil GEOMELIY ..o e ee e 136
FL00-PW-220 CULAWAY ...... e escceeeemeeeeeeeiia e e eeeii e e eeein e e aneeeneees 136
Tensile Forces at Airfoil SECHIOM. ..o 139
Visual Representation of IMpPact LaW.........ccoeveeeeiiiiiiiiiiiiiiiiiieen 143
Particle & Airfoil NOdeS LOCAtIONS.--.....cccoviiiiiiiieeeiiiiiieee e eeeens 146
FOD Particle/Blade Node VelOCIties...........oevvveiiiiiiiiiiieiiiiiiiiiiiees 148
Impact Velocity to Penetration ProCess..........ccevvvvvvvvviiiiiiinieeeeeeennn, 151
Penetration Depth to Width Relatiopshi...............ccoviiiiiiiiiee. 151
Impact Test Crater & Cross-sectiomieBAl-4V Specimen.................... 152
FEM, Impact Crater & Cross-sectiod B6AI-4V Specimen.................. 152
In-Engine Particle Kinetics Simulati®seudocode...........ccccceevveeeeeennen..
1.33 mm Particle Impact at Fan Blade..............ooooviiiiiiiiniinnneeeenn, 154

XV



Figure 4.51:
Figure 4.52:
Figure 4.53:
Figure 4.54:
Figure 4.55:
Figure 4.56:
Figure 4.57:
Figure 4.58:
Figure 4.59:
Figure 4.60:
Figure 4.61:
Figure 4.62:
Figure 4.63:
Figure 4.64:
Figure 4.65:
Figure 4.66:
Figure 4.67:
Figure 4.68:
Figure 4.69:
Figure 4.70:
Figure 4.71:
Figure 4.72:
Figure 4.73:
Figure 4.74:

Figure 4.75:

1.33 mm Particle Impact #tHPC Rotor Blade..............cccccevvveeevvne. 154

Reported FOD Depth Field Data...........ccceeeeeiiieeeiieiiieeeeeiieeee 157
Stress Field along Crack Surface, tFRitiress State.............ccccceeeeeeeeeenns 915
Stress State at Points along CraclaGair.............cooeevveveeeeiviiiiei o 159
Fracture Toughness vs. ThiCKN@SS.cccccivviiiiiiiie e 161
Fracture Toughness Goodness of FisMes ..............cccoevvvvvvviiiiieennennn. 163
Airfoil Sample Impact Locations & Assed Crack Profiles ................... 165
Compressor Airfoil Crack Growth Georet............cccoevvveveveviivinninnnnn. 166
Impacted Airfoil Mid-SeCtiOrB..........cooviiiiiiiiiiiiee e 166
FFs GOOANESS Of Fit MEASUIES..........vviiiiicecccemieee e 167
Sample Crack Growth PIOt......coueueeiiiieiieiiiiiieei e 169
da/dN vs.K Curve for TI-BAI-AV ........cccuuiviiiii e 172
Shot Peening, LPB & LSP ComparisQn................ueveiiiiiiineeeeeeeneeeee. 174
Laser Shock Peening Gradient ..............coovvvvviiiiiiiiiiiiiinnee e eeeeen, 176
Goodness of Fit Measures, LSP Madel.............ccoociiiiiiiiiiiiniinnn. 177
LSP Residual Stress Change along &ufifeeated .............ccevvvvvveieennnnn. 178
Airfoil Stress SUPEIrMPOSITION . e vvvvvvniiiaaeeee e e eeeeeeeeeeeiivieeiemmaneees 179
Suction Side Radius vs. % Chord Impacations, 1.33 mm FOD......... 180
Pressure Side Radius vs. % Chord IMpmmations, 1.33 mm FOD ....... 180
Suction Side Radius vs. % Chord Impacations, 3.2 mm FOD........... 181
Pressure Side Radius vs. % Chord IMpmzations, 3.2 mm FOD ......... 181
Suction Side % Chord vs. Impact Veélgd.33 mm FOD....................... 182
Pressure Side % Chord vs. Impact Wglat.33 mm FOD ..................... 183
Suction Side % Chord vs. Impact Vélo@.2 mm FOD..............cceeee. 183
Pressure Side % Chord vs. Impact Wgldg.2 mm FOD ..........cccccenn.... 183

XVi



Figure 4.76:
Figure 4.77:
Figure 4.78:
Figure 4.79:
Figure 4.80:

Figure 4.81:

Figure 5.1:
Figure 5.2:
Figure 5.3:
Figure 5.4:
Figure 5.5:
Figure 5.6:
Figure 5.7:
Figure 5.8:
Figure 5.9:

Figure 5.10

Figure 5.11:
Figure 5.12:
Figure 5.13:
Figure 5.14:
Figure 5.15:
Figure 5.16:
Figure 5.17:
Figure 5.18:

Figure 5.19:

DTA Interval Engine Inspection Schedul

Flaw Size at Impact and Regressioninee Zero ........ccccceeeeeeeeeeeeeeeennnnnns 188
Process to Estimate EIFS ... eee e 188
Blade Repair/Replace & Engine Rep@Gerion ............ceeeeeeevveevveeennn, 189
Blade Repair/Replace & Engine Rep@geerion (cont.).........cceevvvvvnnnens 190
Blade Repair/Replace & Engine Rep@gerion (comp.)......cccevvvvvvnnnens 191
Fixed ENGINE GEOMELIIY........... oo eeeeeeeeriirnniiiaaaaeeeeeeeaaeeeeeeeeeeneeeeees 210
Particle Impact at Fan Blade .....cccccvvvveviiiiiiiiiiiieeeeeeeeeeeeeee e 214
Particle Travels Out of HPC Rotor Blade (no impact)...................... 214
Particle Impact at' HPC Rotor Blade Trailing Edge..........c...ceeemeu...... 215
Particle Impact att HPC Rotor Blade Mid-Section................ceeeeu...... 215
Axial and Tangential Particle VelOGUE. ............eeeiiieiiiiieeeeeeeeeee 216

R vs. Non-dim Chord Impact Distributi@uction Side, 1.33 mm FOD ... 217
R vs. Non-dim Chord Impact Distributi®@uction Side, 3.2 mm FOD .....

R vs. Non-dim Chord Impact Distributiétressure Side, 1.33 mm FOD .. 218

: R vs. Non-dim Chord Impact Distribati®ressure Side, 3.2 mm FOD .. 219

Non-dim Chord vs. Impact Velocity, 8oic Side, 1.33 mm FOD........... 219
Non-dim Chord vs. Impact Velocity, 8o Side, 3.2 mm FOD............. 220
Non-dim Chord vs. Impact Velocity, $5ere Side, 1.33 mm FOD ......... 220
Non-dim Chord vs. Impact Velocity, $aere Side, 3.2 mm FOD ........... 221
Planar Particle Trajectory, Forward-¥Aew for 3 DOE Settings ........... 221
Screening Test, Input Factors vs. BNEECUITeNCe........cccceeeeveeeeeeeeeeeenne. 228
Histogram, Input Factors vs. ImpactiEnce...........coevvvvvvvvvvnnnniinneennn. 922
Data Trends, Radial Impact LocationRators ...........ccccvvvveevivvvvnnnnnnnnn. 323
Data Trends, Non-Dim Chord, Impactodel & Depth vs. Factors....... 234

XVii



Figure 5.20: “Bootstrap” of Standard Deviation oédh LCCs vs. Replicates............. 237
Figure 5.21: Process/Pseudo Code for Crack GrowtlC& Simulation..................... 238
Figure 5.22: DTA Inspect. On, LSP Off, Single Impd&epair, 1.33 mm FOD........... 241
Figure 5.23: DTA Inspect. On, LSP Off, Multi ImpaBepairs, 1.33 mm FOD .......... 241
Figure 5.24: DTA Inspect. Off, LSP Off, Multi ImpadNo Repairs, 1.33 mm FOD.... 242
Figure 5.25: DTA Inspect. & LSP Off, Single Impaiiip Repair/Repl., 3.2 mm FOD 242
Figure 5.26: DTA Inspect. & LSP Off, Multi Impad®eplacement, 3.2 mm FOD...... 243
Figure 5.27: DTA Inspect. & LSP On, Full Capalyilif Simulation, 3.2 mm FOD ... 243
Figure 5.28: Mean of Fleet LCCS VS. FaCIOrS....cccoiiviiiiiiiiiiiiiiiiie e 248
Figure 5.29: Mean of Replacements per Engine WEOFR.........ccooeiviieeeiiiiieiieeiiininnnns 924
Figure 5.30: Mean of Repairs per Engine vs. Factars.........ccccceeeeiviiiiiiiiiieeiiiiieens 250
Figure B.1: Goodness of Fit Measures for Corredtedex Location at Inlet ............. 260
Figure G.1: Axial Stress Goodness of Fit, 1.33 MDDF..............cccooiiiiiiiiiiiiiieeeee, 73
Figure G.2: Axial Stress Goodness of Fit, 3.2 MMDEQ.............coevvvvvvvivviiicieenn. 372
Figure G.3: Chord Length Goodness of Fit, 1.33 nDFE...............coovviiiiiiiiiciiiin. 374
Figure G.4: Chord Length Goodness of Fit, 3.2 mnDEO..............ccoevvviviiiiciieenenn. 376
Figure G.5: Radial Impact Location Goodness of EB3 mm FOD............cccccceeeeennn.. 378
Figure G.6: Radial Impact Location Goodness of E&,mm FOD.............cccccceeeeeennn. 380
Figure G.7: Local Airfoil Thickness at Impact Goeds of Fit, 1.33 mm FOD............ 381
Figure G.8: Local Airfoil Thickness at Impact Goeds of Fit, 3.2 mm FOD. ............. 382
Figure G.9: Non-dim Chord and Depth of PenetraBeta Dist., 1.33 mm FOD ........ 383
Figure G.10: Non-dim Chord and Depth of PenetraBeta Dist., 3.2 mm FOD ........ 384
Figure H.1: Factors vs. Radial Impact LOCAtION e .cceeeveeeeiiiiiiiiiiiiiie e 385
Figure H.2: Factors vs. Non-dim Chord Impact Lom@ti............ccccoeeeeeeeeeeeiirinneennnns 863
Figure H.3: Factors vs. Impact VeIOCItY .....cccceeiiiiiiiiiiiiiciiie e 387

Xviii



Figure H.4: Factors vs. IMpact SIde.........ccoooo i 388

Figure H.5: Factors vs. Impact Depth of Penetration.............cccoeeeeveeeiiiiiivinieiiens 389

Figure I.1: Factors vs.
Figure 1.2: Factors vs.
Figure 1.3: Factors vs.
Figure 1.4: Factors vs.
Figure 1.5: Factors vs.

Figure 1.6: Factors vs.

LCCs, Runway Visual INSImaT ..........ccovvvviiiiiiiiieeieeeeeeee, 390

LRU Replacements, Runwagu#li InSpections..............c.c...... 391
LRU Repairs, Runway Vidagpections ...........cccccceevveeeeeeeenn. 391
LCCs, Runway Automated #Tsions............cceeveevvvvvnnnniinneennn. 392
LRU Replacements, RunwatoAmspections ...............ccceen.. 392

LRU Repairs, Runway AuBPIECLIONS...........cvvveeiiiiiiieeeeeeeenn. 393

XiX



LIST OF ABBREVIATIONS & SYMBOLS

Cp Specific heats

C Whirl or absolute tangential velocity

d Runway width-wise FOD particle pitch
D Diameter

D Engine inlet diameter

DRPT Debris removal process and/or technology
E Material Young's Modulus

FOD Foreign Object Debris or Damage

g Gravitational acceleration

h Engine ground clearance or ground to engine iglghtlearance
Hs Static enthalpy

H: Total or stagnation enthalpy

IGV Inlet Guide Vane

IPT  Inspection process and/or technology

L Length

MoER Measure of Eradication

MoR Measure of Robustness

N Runway width space counter between FOD partmtesngine spool speed
P Pressure
r Radial distance from engine centerline axis

RMT Robustness method and/or technology

XX



Ts

Tt

Static temperature

Total or stagnation temperature
Width

Weight of Eradication
Weight of Robustness
Relative tangential velocity
Height from ground datum
Efficacy

Twist or stagger angle
Density

Stress or blade row solidity

Angular velocity

XXI



SUMMARY

Currently, Original Equipment Manufacturers (OEMs)d operators of military
aircraft with low-bypass jet engines do not considiee expensive and possibly
catastrophic consequences of Foreign Object Danfe@D) to the High Pressure
Compressor (HPC) rotor blades due to impacts fromeign Object Debris (FOD, acronym
context interchangeable with damage) during runey@rations early in the takeoff phase
in a systematic/symbiotic practice Igvel approximations to the affect/effect of FQD t
these critical, rotating structures are neededndudarly design studies of conceptual
military jet aircraft — equally important is theatwe by operators of current aircraft to be
able to gage the effectiveness and affordabilityeir operational paradigm (baseline) and
of enhanced configurations. The presence, distabwnd nature of FOD on the runway
are analyzed separately from its structural or enoa degradation to turbomachinery of
the engine. Missing in the public domain is a sywsld of the physics and probabilistic
models for how FOD on the runway is aspirated vaugd vortex action, how and where
it is then ingested by the engine at the fan fatbat trajectory through the turbomachinery
does it follow to impact the rotor blades, where ah what velocities do impacts occur
and ultimately what is the ensuing damage andfgsteon crack growth at the location of
the impact sites. Also missing in the public domaia synergistic assessment of the Life
Cycle Cost (LCC) impact of the current methodolsgier mitigating the deleterious
effects from FOD on the runway — equally needed imethodology to gage the LCC
implications of improved or new processes, techgiel® and design improvements to

mitigate the effects of FOD on current and futungiee/engine on aircraft designs.
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A research and business case for the eliminatioth@fFOD-exacerbated High
Cycle Fatigue (HCF) failure mode caused by HardyBadebris impact damage on blades
on the 1st rotor disk of the HPC of a modeled Igpwass, turbofan engine of a military jet
during runway operations early during takeoff Wil made. The research objective of this
thesis will be to determine if FOD elimination, thenimization of the FOD-exacerbated
HCF failure mode that leads to 1st HPC rotor blegldacements and/or catastrophic
engine losses while reducing or marginally incnegdiCCs, is achievable and if so by
what mix of technologies, processes and/or desigmges at the primary and support
systems. A detailed discussion on a proposed melbgy and process will be presented
along with a numerical/analytical experimental pdardl questions to systematically test if
FOD elimination can be achieved affordably in a L&Dtext.
To investigate how FOD-induced damage to the HPGrroan be eliminated

models were developed to estimate/calculate:

Conditions for debris aspiration from ground

Density and distribution of FOD particles on runway

Probability that the ground core of the vortex lthat sheds from engine fan

face will move over a FOD particle

Kinetics of FOD particle travel as it is aspired ground vortex action to engine

fan face — this regime occurs when aircraft engagesme to 100% power and

begins to travel down runway for takeoff, commordferred to as “High Suck,

Low Speed” regime — flow outside of the engine &lwelow Mach 0.3 during

this early takeoff phase and the condition of inpogssibility is assumed

xxiii



In-engine flow total and static properties — thempoessible flow regime through

fan, stator, inlet guide vane up to first rotorkdismodel also enables sizing of

turbomachinery at specific runway conditions

Kinetics of FOD particle travel as it is ingestéiough fan, stator, inlet guide

vane up to first rotor disk

Impact law for FOD particle and rotor blade

Map of impact locations on rotor blade

Centrifugally-induced, tensile, principal stressmapact site

Statistical relationship between FOD patrticle véloand depth/width of

penetration at impact site

Geometric factors needed in stress intensity cafics to fully determine state

of stress at the tips of cracks that grow naturibyn Equivalent Initial Flaw

Size (EIFS) and/or FOD particle impacts

Crack growth with and without surface treatmentshsas Laser Shock Peening

that induce beneficial, residual compressive st®$3 the rotor blades

Current and improved runway FOD inspection and rehoprocess

performance

A methodology was developed to account for the L&&®ciated with current and

improved runway FOD inspection and removal as wasltechnology infusions such as
automated debris detection, Damage Tolerance haiszdal engine inspection schedules

and imparting structural robustness to rotor bladesurface treatments.
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A total of 2,162 numerical/analytical experiments FOD particle impact were

performed (1,081 experiments for mild steel paggcbf 1.33 and 3.2 mm diameter) —

revealing:

Particle size matters — 3.2 mm diameter partidiesk blades on the*1HPC
rotor less often than 1.33 mm diameter particlds&26 vs. 37.2% impact
occurrence respectively)

For the two particle sizes considered, 1.33 and 3@ diameter, impact
locations are distributed radially and chord-wise tbe airfoil suction and
pressure sides — debunking for these two partizessthe trend of impact

testing only at leading edges

For crack growth and LCC estimation a total of 92 3humerical/analytical

experiments, each representing an engine lifetmeeg performed (9,696 experiments for

crack growth and LCC estimation if impacts occumwedot for mild steel particles of 1.33

and 3.2 mm diameter) — revealing:

Particle size matters — 3.2 mm diameter partidiesk blades on the*1HPC
rotor less often than 1.33 mm diameter but havgrafeantly larger impact on
LCCs, blade Replacements and Repairs - Vs. themiparadigm of two visual
inspections and one runway sweep for debris onrdhgvay for the larger
particle, the technology infused configuration ofutdmated runway
inspections and interval engine inspections has B@gter LCCs but 92%
fewer LRU Replacements

Automation is key — automated inspections alondy wiser Shock Peening

(LSP) and interval engine inspections reduce sicamtly the risk of engine
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catastrophic damage because flaws that would hewe gritical are detected
and repaired — allowing for a fuller realizationesfgine operation
LSP has a small footprint on LCCs but a significhanefit in reducing blade

replacements and repairs
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1 INTRODUCTION/LITERATURE SURVEY

1.1 “I TS AFFORDABILITY , STUPID"

The famous mantra coined by James Carville dutimg 1992 presidential
campaign, “It's the economy, stupid” [1] is a sabgrreminder of how the economy
impacts key decisions: Bill Clinton beat a strongponent on a message centered on
national economics. Foreseeably for aerospace Cdfldsoperators the mantra needs to
be “It's affordability, stupid”. Affordability isdefined by the International Council on
Systems Engineering (INCOSE) and the National Defdndustry Association (NDIA):

INCOSE definition — “Affordability is the balancd system performance, cost
and schedule constraints over the system life vaatesfying mission needs in
concert with strategic investment and organizatioeads” [2].

NDIA definition — “Affordability is the practice oénsuring program success
through the balancing of system performance (KRB®&)I ownership cost, and
schedule constraints while satisfying mission need®ncert with long-range
investment, and force structure plans of the DOBJ. [KPPs are Key

Performance Parameters.

1.1.1 NEED FORAFFORDABILITY IN MILITARY AVIATION

Defense budgets for the foreseeable future ar¢hendecline [4, 5]; military
acquisitions are already recalibrating to this mewality [5]. Since the height of defense
spending in 1944 of 43% of U.S. GDP to 5% in 204€e(Figure 1-1), national defense
spending has been on a steady decline that isastext to continue [4, 6]. The Budget
Control Act (BCA) of 2011 mandates defense spentbirdgcline by $487 billion (in 2011
U.S. dollars) from FY 2012 through 2021 [7]. Cutranilitary programs are being
reorganized to reduce costs and future progranhfianke to accurately forecast significant

LCC improvements throughout program life early e tRequirements Definition and



Conceptual Design phases [8, 9, 10]. In the pasidkethe F-35 Lightning Il Program has
seen significant rebaselining and cost scrutingetioit back on track to acceptable per unit
acquisition costs: rescheduled/rescaled deliverieglementation of more stringent
program cost/managerial controls and capabilitysebning [8]. The Weapons Systems
Acquisition Reform Act of 2009 puts Systems Engimege(SE) practices to law by driving
improved design-to requirements, life cycle pland inancial management early in the
acquisition process [11]; the implications of thesv change the focus of government
acquisition to affordability. Senator Carl Levinne of two proponents of the law,
contextualized its need and implications to theaBeWrmed Services Committee: “The
key to successful acquisition programs is gettimggs right from the start with sound
systems engineering, cost estimating, and develofahtesting early in the program cycle.
The bill that we are introducing today will requitee Department of Defense to take the
steps needed to put major defense acquisition @nagon a sound footing from the outset.
If these changes are successfully implemented,gheyld help our acquisition programs
avoid future cost overruns, schedule delays, arfdqmeance problems” [12]. Senator John
McCain, the ranking member of the Armed Services@ittee and the second proponent
of the law, echoed the need for the legislatiorheéWeapon System Acquisition Reform
Act of 2009 is an important step in efforts to reficthe defense acquisition process. This
legislation is needed to focus acquisition and prement on emphasizing systems
engineering; more effective upfront planning andnagement of technology risk; and
growing the acquisition workforce to meet prograectives” [12].The fear of the “Death
Spiral” in aerospace defense is here to stay: aitoun unit costs of new defense-centric
aircraft are going up, driving fewer acquisitiorfsnoore expensive to maintain aircraft,

which in turn drive unit acquisition costs up everther [13, 14].
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Figure 1.1: US National Defense Spending
Operations and Support (O&S) of military, fixedngiaircraft account for 63% of

LCCs — half of the O&S LCCs are attributable to Manance, Repair and Overhaul
(MRO) on jet engines [15]. HCF, a phenomenon whéxde material is weakened by low
stress cycles repeated many times (typically begitise range of 10to 10 cycles), is the
prime driver of component failure and associatest modern jet engines of military
aircraft and is a significant concern for futurgeeres — FOD catalyzes HFC failures [16].
Large data sets for bird and debris strikes onrengomponents are not readily available
for military aircraft as they are for their commiatccounterparts, but public domain
evidence suggests direct costs to mitigate thectsfief FOD are comparable — a strong
indicator that on the military side FOD is pervasiand expensive to deal with [17].
Runways by far pose the greatest location riskaatam with FOD to jet engines — damage
causing debris strikes are more frequent and mqrersive than bird strikes to jet engines
during aircraft runway operations at takeoff. Ia ttontext of this thesis runway operations
are synonymous with and focused on the early pbitskeoff.

Quantifying the costs associated with FOD for entyimproved or future military
aircraft engine designs may be a prime opportunigssess and predict improvements to
LCCs — a key requirement that already makes oikBraa acquisition decision — with the
ability to estimate early during design studiegreif only via ® level approximations, an

OEM would have a competitive edge on the competitip proposing engines/engines in



aircraft configurations and improved operating mchres that would empower the
operators with increased robustness and afforéabin aggressive, novel approach must
be implemented that delivers improved life cycldoafability or the self-fulfilling

prophesy of fewer acquisitions of ever more expensd maintain aircraft becomes a

spiraling reality.

1.1.2 NEED FORAFFORDABILITY IN COMMERCIAL AVIATION

In the commercial aviation sector, affordabilignd its beneficiary, profitability
have seen volatile swings since deregulation ofitdastry in the United States in 1978
[18, 19]. Deregulation allowed the United Statesegament to transfer, via the Airline
Deregulation Act of 1978, its management respolisdsi over the airline industry to
private firms; no longer would the government reggitticket prices, services and growth
of airline networks [19, 20]. America’s leap interdgulation of its airlines was quickly
seen as a success by most of the world; deregulatidoreign markets followed suit
largely because governments saw benefits passeunl tbetr travelers (lower fares,
increased airline choice, better service) [18, B@&regulation drove stiff competition and
lower fares amongst airlines, leaving very litifeany margins; airlines are expected to
profit on average $5.94 per departing passeng2did, fares are 40% less than what they
were in 1979 [21, 22] (see Figure 1-2 and FiguBe)1-Despite continued passenger growth
and record ridership profit margins in commercib#on are fleeting; according to the
International Air Transport Association (IATA) tlaerage net profit margin for airlines

globally was 0.0% (1990 — 2012) [23, 24].



Margins will remain thin and fragile
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Figure 1.3: Average Round-Trip U.S. Domestic Airfaes
Higher costs of fuel burden heavily on afforddpifor this industry; currently fuel

takes up the largest share of an airline’s opegatosts at over 30% [23, 25]. Airlines are
hamstrung on fuel price, they cannot control itlim@és must continue to aggressively
improve their cost efficiency in non-fuel operason maintenance accounts for 11% of
operating expenses, it may provide a sizeableormaitle room for affordability

improvements [28, 29] (see Figure 1-4). Novel apphes to cost reduction must be

proposed to drive improved affordability in thiglirstry.
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Figure 1.4: Airline Operating Costs

FOD costs the global airline industry $14.86 billi(in 2013 U.S. dollars) PA in
direct and indirect costs; $1.35 billion (in 20135Udollars) PA are direct costs that are
burdened with a 10X multiplier from indirect souscich as the forty-nine considered by
McCreary [30]. The world’s airlines netted largefits in 2013 of $12.9 billion with total
revenues of $708 billion, their Total Operating 80§ OCs) are $695.1 with 2.14% of
these burdened just by FOD — FOD still outpacedantfi@ancially and hardly anyone
noticed [31]. FOD strikes occur twice as often i&d btrikes and are more likely to cause
damage — whereas the current paradigm for airwges certification mandates structural
robustness towards bird strikes [30]. For totatrait MRO, 35% is attributable to the
engines — making the single largest cost contribigtototal MRO on commercial aircraft

[32].

1.2  DEFINITIONS , COSTS AND CONSEQUENCES OFFOD

1.2.1 WHATISFOD?
FOD in the context of this thesis is best defingdh® National Aerospace FOD

Prevention, Inc. (NAFPI) [33]:



Foreign Object Debris (FOD) “A substance, debris or article alien to a vehimt
system which would potentially cause damage”.

Foreign Object Damage (FOD) “Any damage attributed to a foreign object that
can be expressed in physical or economic termshwvimay or may not degrade the
product’s required safety and/or performance charistics”.
1.2.1.1 FOD is a Disabling System

Systems Engineering (SE) as defined by Blanchadd Fabrycky is [34]: “the
application of efforts necessary to:

1. transform an operational need into a descripticgystem performance

parameters and a preferred system configurati@ugjtr the use of an iterative

process of functional analysis, synthesis, optittora definition, design, test, and
evaluation;

2. integrate related technical parameters and aslsarcompatibility of all

physical, functional, and program interfaces inanner that optimizes the total

system definition and design; and

3. integrate performance, producibility, relialyilimaintainability, manability,

supportability, and other specialities into that@ngineering effort.”

In the tradition of Systems Engineering a Primaygt&m is defined by Bobinis as:
“The product design, output mechanisms for genggathe functions the system was
designed for” [35]. No Primary System is perfedt;paimary systems require Enabling
Systems that provide countermeasures in the forfanabling Functions to overcome
design deficiencies. Bobinis contextualizes thatr@hship of Enabling Systems and

Enabling Functions to the Primary System (the aiplin the context of this thesis) as:



“Enabling functions countermeasure deficiencieglesign, in terms of unreliability and
quality of output, in the generation of primary &y functions. Enabling Systems are
often referred to as Support Systems”. Because ESDefined by NAFPI [33], offers no
enabling functional value to the Primary Systers & Disabling System — it exists only to
degrade the performance of the Primary Systemillity& shown later in this document
that current FOD “management” strategy is ledstdéble with external Support Systems
— FOD Elimination internal to the Primary Systentl diive greater life cycle affordability.
1.2.1.2 FOD Classifications

Before FOD causes physical damage to a systencdllied Foreign Object Debris.
Once debris causes physical detriment to a systemalled Foreign Object Damage. Both
classifications of FOD are found at commercial amlitary operation of aircraft [17, 30,
33, 36]. Runway operations are at the mercy of batbgories of FOD.

Foreign Object Debris:

Foreign Object Debris comes in two major desigmati&Goft Body FOD and Hard
Body FOD [17]. Soft Body FOD includes, but is natited to: ice, birds and other animals,
leaves, paper, cloth rags, wood, plastic. Hard Be@P includes, but is not limited to:
personal equipment, tools, rocks, pebbles, dustalheedebris and small parts left on
runway or tarmac from other aircraft. The differerietween Soft Body and Hard Body

FOD arises from the type of damage they may calide [

Soft Body FOD in the form of birds and ice will cgusoft impacts, as relative
to the aircraft in flight these types of FOD areving slowly — these soft, slow
impacts are able to transfer most of their momerttuthe structure they impact

with ensuing damage over a large area with largstigl deformations, but no



material loss, tearing or cracking — this type afndge is typically constrained

to flight and runway operations

Hard Body FOD in the form of small rocks, dust,way material, small parts
will cause hard impacts whose damage is very Ipedlilargely in the form of
material loss, tearing and cracking — this typelafiage typically occurs on

runway operations

Foreign Object Damage:

Foreign Object Damage resulting from Foreign Obigaris can take the form of,
but is not limited to loss of function, decreas#etiency, material loss, tearing, cracking,
plastic deformation and electronic systems degrawalft7, 33, 37]. The economic impact
of Foreign Object Debris is considered by the auttithis thesis a form of Foreign Object
Damage — even when no catastrophic physical damsaiggparted a loss in Quality (an

economic loss) results from Foreign Object Debris.

1.2.1.3 FOD Taxonomy across Industries

Bird ingestion during flight is publicly viewed &ise most widespread instance of
FOD; it causes loss of life, economic detriment eodcern, albeit only 8% of bird strikes
cause damage to aircraft of which 15% are to elsginem which only 32% cause damage
to engines [30, 37]. On volume of occurrences, iniggstion may rank very low in the life
cycle of modern aircraft; during production andyiffi operations FOD in the form of
manufacturing byproducts, misplaced tools, envirental debris, personal items, small

metallic parts is pervasive [17, 38, 39].



Boeing Company tracks FOD with 9 dedicated non-@onénce codes presented
in Table 1.1 [38]. FOD data provided by the aircdifision of another large aerospace
OEM to the author of this thesis specifies 128 sasked to track FOD. Lockheed Martin
Space Systems Company suggest 5 FOD Types/Categotieir FOE Quick-Start Guide
as a starting point for their suppliers (see Tabl2) [40]. The Federal Aviation
Administration (FAA) has published a FOD TaxonomyAdvisory Circular No. 150-
5210-24 that is presented in Table 1.3 [41]. Beyaindraft, FOD poses a problem for
space and missile systems in those industriesre the taxonomies exist [40, 42].

Table 1.1: Boeing Company Nine FO Non-Conformance @les

Nine Common FO Non-Conformance Codes
Degradation Rust, plastic/seal breakdown etc.
Manufacturing Debris Metal shaving, loose sealant, rivet tails, etc.
Panstock Rivets, washers, bolts, screws, pins, etc.
Q-tips, caps, bags, tape, rags, cleaners, tie wraps/zip
Consumables ties, string ties etc.
Personal items Pens, keys, change, paper, etc.
Environmental Dirt, dust, insects, rocks/pebbles, fluids etc.
Tools/ Shop Aids Wrenches, sockets, screwdrivers etc.
Perishables and Expendables |Clamps, clecos, drill bits, apex tips, etc.
Trash Plastic wrap, paper backing, used tape, etc.
“FOD Prevention - It Takes a Team”, Boeing, NAFPI Conference 2010

Table 1.2: Lockheed Martin Space Systems Five FODypes/Categories

Five FOD Types/Categories
Parts Any component, assembly, or other item that is
installed in the product and intended to be a part of its
configuration. Includes excess parts, spare parts, and
test parts.
Consumables |ltems that are used in the manufacture of the product,
but are not intended to be a part of the product’s final
configuration. Examples of consumable items include
tape, zip ties, and cleaning wipes.
Tools ltems that are used to manufacture/test the product
such as wrenches, screwdrivers, gauges, mirrors or
any piece of one of these items.
Personal tems [Any item that originates from employees that is not
normally a part of the production process. Examples
include badges, pins, rings, and glasses.
General Debris |True FOD. Any item, particle, or scrap made of any
material that represents a potential hazard to the
hardware or equipment such as metal shavings,
dust/dirt, and strands/fibers of thread or wire.

FOE Quick-Start Guide: "Everything You Need to Build Your Own FOD
Prevention Program", Lockheed Martin Space Systems Company 2013

10



Table 1.3: FAA FOD Taxonomy

FAA FOD Taxonomy

aircraft and engine fasteners (nuts, bolts, washers, safety
wire, etc.);
aircraft parts (fuel caps, landing gear fragments, oil sticks,
metal sheets, trapdoors, and tire fragments)
mechanics' tools
catering supplies
flight line items (nails, personnel badges, pens, pencils,
luggage tags, soda cans, etc.)
apronitems (paper and plastic debris from catering and
freight pallets, luggage parts, and debris from ramp
equipment)
runway and taxiway materials (concrete and asphalt chunks,
rubber joint materials, and paint chips)
construction debris (pieces of wood, stones, fasteners and
miscellaneous metal objects)
plastic and/or polyethylene materials
natural materials (plant fragments, wildlife and volcanic ash)
contaminants from winter conditions (snow, ice)

FOD Taxonomy, FAA Advisory Circular No. 150-5210-24

1.2.1.4 Controllable vs. Uncontrollable Source§0D

Flight operations (including runway operations ansceptible to uncontrolled and
controllable sources of FOD including, but not bed to: environment, wild life
strikes/ingestion, dust, small rocks, sand, aitgrafts/remnants on runways and runway
material [17, 30, 36, 37, 41, 43]. The author of tihesis proposes that the distinction
between controllable vs. uncontrollable sourceB@D lies in the risk posed by debris to
the Primary System during a runway operation (@ section).
1.2.1.4.1 Controllable Source of FOD

A source of FOD is controllable if the risk to tRemary System, the compressor
rotor blade in the context of this thesis, is indigant — explicitly in the context of a
runway operation, the risk posed by the debrisraBpn/ingestion/impact life cycle from
presence on runway to just prior to impact at arrblade can still be mitigated, controlled.
The risk is mitigated, controlled through counteaswwes from the Enabling/Support
Systems — prime examples are processes and tegie®litm minimize debris on the

runway that could be aspirated up to the fan fdcéh@® engine and to minimize debris
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inside the engine that could travel up to the casgor rotor blades and pose a risk of
impact.
1.2.1.4.2 Uncontrollable Source of FOD

A source of FOD is uncontrollable if the risk keetPrimary System is significant —
explicitly in the context of a runway operatione tiisk posed by debris that impacts a blade
is significant and unavoidable. The risk is mitgghtoy countermeasures at the Primary
System — a prime example being a surface treatoretite rotor blade to improve crack

growth resistance.

1.2.2 FODis PERVASIVE AND DIVERSE

FOD is pervasive and abundantly diverse duringetiitee life of modern aircraft;
it is also difficult and expensive to deal with entgpounding the threat is the reality that
1st level approximations to where and how FOD &dfeatical, rotating structures such as
HPC rotors are completely missing from early desgrdies of conceptual military jet
aircraft — equally needed is the ability of operatof current aircraft to be able to gage the
effectiveness and affordability of their operatibnparadigm and of enhanced
configurations. A summary of affected systems asilting direct/indirect costs will be
presented to give a perspective of the holisticachpf FOD.
1.2.2.1 FOD Impact to Commercial Operators

FOD costs the global airline industry $14.86 billi(in 2013 U.S. dollars) PA in
direct and indirect costs; $1.35 billion (in 20135Udollars) PA are direct costs that are
burdened with a 10X multiplier from indirect souscaich as the forty-nine considered by
McCreary [30] (see Table 1.4). Business asidewtbd’s airlines netted large profits in

2013 of $12.9 billion with total revenues of $70#idn, their Total Operating Costs
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(TOCs) are $695.1 with 2.14% of these burdenedqu$tOD — FOD still outpaced them
financially and hardly anyone noticed [31].

The main embodiments of FOD for commercial Operatibmodern commercial
aircraft are: debris and wildlife strikes to jeeres and tires [30]. Damage to the aircraft
skin and/or airframe is not documented thoroughlthe public domain literature, largely
because it is economically less costly than daniagiees and/or jet engines — anecdotal
evidence suggests that fractionally wing and fuge@amage is 1%-2% of tire and engine
damage costs [30]. Ingestion in it of itself may be harmful, but when the ingested debris

or wildlife strikes structure or systems it may sagpermanent damage.
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Table 1.4: FOD Indirect Costs

Indirect Cost Categories

IMWMEDIATE AIRLINE DELAY COSTS CREW AMD STAFF COSTS

1. Delayfor planes in air 24 Lost time and overtime

2. Delayon runwaytaxiway 25 Replacement crews required when maximum
service hours are reached

3. Delayat gate 26. Reaction by crews leading to disruption of
schedule

4. Increased gate or other airport fees 27. Morale and morale-based productivity losses

5. Increased gate staff and ground crew / 28. Loss of productivity of injured personnel

ground support fees

6. Cost of aircraft changes 29. Cost of hiring and training replacements

7. Cost of rental or lease of replacement CORPORATE COSTS

equipment

&. Cost of any incident investigation 30. Cost of restoration of orderMedia and PR
response

AR TRAFFIC CONTROL f AIRPORT 31. Cost of carrective action

DPERATIONS COSTS
9. Delays to allow for runwaytaxiway inspection |32. Fines and citations
and cleanup
10. Delays from closed runway 33. Legal fees resulting from passenger action

11. Delays from closed airport 34. Legal fees resulting from airport action
MAINTEMAMCE AMD FLIGHT OPS COSTS 35. Legal fees resulting from action by other airline

12. Fuel efficiency losses 36. Legal fees resulting from action bv regulator
13. Un=scheduled maintenance 37. Liabkility claims in excess of insurance

14_ Increased work required during ongoing, 38. Increased insurance premiums

scheduled maintenance

15. Loss of aircraft 39. Insurance deductibles

16. Increased wear or operating costs on 40. Corporate manslaughterfcriminal liakility for
remaining equipment the corporation

17. Loss of spares or specialized equipment 41. Corporate manslaughterfcriminal liakility for
executives. staff. and pilots/crew

PASSEMGER (FPAX™) COSTS REGULATORY COSTS

15. Mis sed connections 42. Cost of the investigation

19. Rebooking fees and effort 43, Administrative costs of airline reporting.
monitaring, etc. to comply with regulator needs

20. Replacement flights on other carriers ENVIECOMNNENTAL COSTS

21. Hotels 44. Carkon / Environmental issues

22_Food and meal vouchers 45 Ajrcraft fuel burned as consequence of delay

23. Loss of business and damage to reputation [46. Ground vehicle fuel burned as consequence of
delay

47. Ongoing aircraft engine fuel efficiency
ARPORT RELATED COSTS

48 Airport efficiency losses

48 Increased landing fees to pay for resulting
airport safety expenditures

Data from “Runway Safety: FOD, Birds, and the Case For Automated Scanning”, Insight SRI, 2010

1.2.2.1.1 FOD to Jet Engines
Wildlife strike damage to jet engines of moderrciaft is overwhelmingly a bird
issue — 97% of all wildlife strikes in the U.S. aincraft from 1990 to 2012 were by birds,

of these bird strikes it is estimated from the FabddAviation Administration’s (FAA)
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National Wildlife Strike Database Serial Reporttth@% caused damage, of that damage
26% was reported on engines [43]. This type of A®Eharacterized as Soft Body FOD
[17]. McCreary’'s updated report for cost of FODthe world’s airlines focuses on debris
and bird strikes as main sources of Foreign Olidarhage — at 2.1 occurrences every 10k
movements 8% of bird strikes to commercial airlineause damage, of which 15% of
strikes are to engines, from which 32% of damagmtsvare to engines [30]. The most
commonly struck component on a modern commeraiwher is the windshield at 17% of
occurrences, but only 6% of these cause damagee-mitst commonly damaged
component are the engines [30]. It is easily cakeal using McCreary’s data that bird
strikes to engines have direct costs of $7,653 pkmovements (in 2013 U.S. Dollars) —
movements are used in the airline industry to referach takeoff or landing [30].

Anecdotal evidence hints that the most common nafdiailure from wildlife
strikes to jet engines is by large plastic deforare, over a large area of component with
no material loss, tearing or cracking [17, 30].

Debris-induced damage to commercial airliner jegie®s comes in several
varieties (see Table 1.3) [30, 33, 36, 41, 44]. @kbris that causes damage is typically
characterized as Hard Body FOD [17]. The majoritly©D strikes to commercial airliners
occur on the runway, at 50% (the remaining 50%pl& Between the taxiways 30% plus
ramps and maintenance areas at 20%) — not at the gain the air, yet most airport
operators miss 96% to 97% of this type of FOD anrtinways because they still rely on
visual inspections [30]. Strikes to engines take0f of occurrences, with 50% of those
causing damage [30]. Size of FOD has direct impboa to safety and cost — though less

frequent (9% of debris), larger FOD that rangemfrt0-5009g poses a safety risk as it can
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destroy entire engines, primary structure and obstrrfaces while more frequent (10% of
debris), smaller FOD that exists on the runwayiiespthat range from 2-4g poses a cost
risk as it degrades engine efficiency and drivesemmaintenance/replacement activity
[30]. Larger FOD in the form of large pieces of way material, control surface tracks,
fuel caps, hoses and tools poses a grave thredtdl® engines and aircraft — but tends to
be detected and removed more readily than small BDD Small FOD in the form of
runway material, environmental debris, small pkat®ver from other aircraft (including,
but not limited to nuts, bolts, washers and othecgs of metal) are ingested by engines as
the aircraft move on the runways [30]. McCrearyadadcan be readily used to calculate a
direct cost due to FOD strikes to the engines @f422 per 10k movements (in 2013 U.S.
Dollars) [30]. Additionally McCreary suggests treg more advanced/complex, lighter,
thinner blade designs are used on the turbo maghafiget engines they will become more
prone to small FOD - further driving up replacemamd repair activity [30].

Debris strike-induced failure modes on jet engiteesl to concentrate on blades —
typically the damage is localized and is in thenfasf material loss, notches and cracks
[17, 30, 45]. This damage is largely induced bydHaody FOD ingestion of small debris
— including, but not limited to sand, small rockmall parts left over from other aircraft,
bitumen and parts from the engine that come loas@g runway operations [17, 30, 45].
In the context of FOD, on average the jet engimemnents rejected most during stringent
inspections are the compressor and turbine blddes3p, 45]. Most of these rejections are
due to non-critical cracks on the surface of blape none-the-less the standard practice
is that most of these “minor” flaws are “blendeti-tthis “standard practice” is in of itself

an economic failure as it clearly demonstrates huscharacterized and misunderstood
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useful remaining life and risk management at therafor level are. The mechanical
detriment does not end there — these FOD-inducedl snacks catalyze and exacerbate
HCF [17, 45, 46, 47]. In HCF the blade materiakesakened by low stress cycles repeated
over many cycles, typically over 40FOD induces and worsens HCF through [17, 45, 46,
47].
Material erosion on the blades that prompts maietai to blend-in the surface
roughness - now out of balance, the blades’ naftequiencies shift to coincide
with the engine’s natural modes and resonate esstevels larger than design
levels — additionally blending throws off the batanof the engine’s turbo

machinery leading to fuel efficiency losses of 0.624..0%

Strikes on the leading edge of the blades geneesidual stress fields that
induce faster crack growth - additionally FOD stskmay themselves create
very sharp notches that carry very large stressartrations (Ks), these also

reduce the life of the blades [17, 46, 47]
1.2.2.1.2 FOD to Tires

The most common items struck by debris in a comiakairliner are the tires —
80% of all debris strikes are to tires [30]. Diragtdlife strikes typically do not damage
tires and are not documented in the public domabj.[The debris striking the tires
includes, but is not limited to small parts leftodeom other aircraft, rocks and other
metallic FOD mostly on runways — 96% to 97% of F@Dnissed by the current practice
of visual inspections on airport runways [30]. THanmage caused by debris strikes to tires
has two dominant types: strikes that embed FODetites that causes them to fail retread

and strikes that puncture or tear tires leadintbeéa immediate replacement [30]. The most
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common forms of visible damage to tires are: cuttears (80%), punctures (16%) and
gouches (3%) [30]. Tire strikes by debris have ezuaence of 3.2 strikes per 10k aircraft
movements (aircraft movements are each takeofamdihg) — more common than bird
strikes that have an occurrence of 2.1 striked Pkraircraft movements [30]. McCreary’s
report quantifies the cost of tire strikes at $8,0ib 2013 U.S. dollars) per 10k aircraft

movements [30].

1.2.2.2 FOD Impact to Military Operators

According to USA Today, "Russian warplanes ser@yoa to back the regime of
Bashar Assad are breaking down at a rapid rateagiatars to be affecting their ability to
strike targets, according to a senior Defense iaffidNearly one-third of Russian attack
planes and half of its transport aircraft are gomdat any time as the harsh, desert
conditions take a toll on equipment and crews, gadofficial who was not authorized to
speak publicly about sensitive intelligence mattéfke Russians appear to be having

difficulty adapting to the_dusty conditions, andetmumber of airstrikes they have

conducted seems to have dipped slightly." [154]pdpears that Russian aircraft, long
thought of as robust under harsh conditions, ageifstantly susceptible to FOD (small
rocks and sand are considered Hard Body FOD). Godisced by FOD to military
operators are not readily available in the pubbendin — perhaps because of politics or
because of the entwined nature of military acqois\lexpenditures. The militaries’
themselves may not be able to understand/quarntigeast their own overall maintenance
costs, let alone those driven by FOD at an aggedgael — interestingly enough, the U.S.
Air Force sponsored a report by the RAND Corporatited “The Maintenance Costs of

Aging Aircraft” that focuses on commercial aircraff a means to glean lessons that may
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be applied in the replacement of its own fleetd.[48Bere is evidence from the literature
about how military costs compare with those froomamercial operators of modern aircraft
— a NATO Research and Technology Organization (RIEOhNnology report states that
costs (inferring from the report as to be diredtspfor military air forces are “comparable”
to those from the commercial aviation industry [IIhe NATO technology report states
that depending on severity of damage to a jet engma military jet by FOD the direct
costs to repair are $119,282 - $477,126 vs. Mc@eaeport presents a direct cost range
to repair similar damage to commercial airlineriaeg of $112,290 - $837,195 (in 2013
U.S. dollars) [17, 30]. A Rough Order of Magnitu@OM) estimate for the total costs of
FOD to military air forces is to take the globahwmercial airlines’ direct costs given by
McCreary as $1.35 billion (in 2013 U.S. dollars) pl&s estimated indirect costs attributed
to loss of readiness [30]. The $1.35 billion estenalls between $0.54 billion estimated
by Procaccio and Chaplin’s estimated $2.47 bilirodirect costs burdened by the military

air forces of the world due to FOD (in 2013 U.Sllals) [49, 50].

While there are significant differences between hmywnmercial and military
operators employ their aircraft - most notably coencral operators will fly their aircraft
for up to ten times as many hours as military ofgesaon a regular basis, but military usage
severity is more aggressive and is substantiallremdetrimental during adverse
weather/geographic conditions in the increasinglgrencommon asymmetric combat

theaters — there may be a cumulative, smearingtdtiealamage by FOD.

1.2.2.2.1 FOD to Jet Engines
During aircraft runway operations, early in thedgak phase FOD damage to

engines during runway operations is pervasive apersive —military operators burden
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large economic losses via mitigative, preventivemaeal and maintenance
activities/processes that do not eliminate FODigantly [17]. On a low bypass turbofan
jet engine of a military fighter the literature pts to the fan, compressor and turbine blades
as the turbomachinery affected most by FOD [17E Titerature evinces that bird and ice
strikes, common forms of Soft Body FOD, are mostiaiental to forward-most fan blades
— overwhelmingly causing large plastic deformationsr a wide contact area with little
or no material loss or cracking - the literaturigsus on fan blades is from a regulatory
context, despite evidence that damage from SoftyBedD such as bird strikes is less
frequent and expensive than that from Hard Body ROD 30, 43, 82]. Hard Body FOD
is most detrimental to compressor rotor bladestarsdesser extent to turbine blades — the
majority of debris found around runway operatiansmall Hard Body FOD, coupled with
a higher rate of impact and damage to engines3@,793]. The literature evinces that the
volume of FOD-induced and/or exacerbated failured@sooccur forward-most on low
bypass turbofan jet engines — specifically, the HBOr blades are susceptible to HCF
(phenomena of structural degradation from lowegsstes repeated at high cyclic rates),
FOD-induced damage and the interaction of the avg 46, 80, 81]. A compressor blade
specific annual cost estimate can be had from the&d States Air Force’s HCF Science
and Technology Program — a report from the progeatrmated that the annual cost of
HCF per blade to be $110,112 (in 2015 U.S. dollér® report estimated the yearly cost
of HCF to be $400 million in 2000 U.S. dollars smteover 5,000 blades) — as FOD-
induced cracks are primary catalysts and exacaafdHCF a bulk of this dollar figure
is assumed to be attributable to FOD impact at cesgor blades [17, 45, 46, 47, 127,

128]. Aside from posing a serious operational/$tmat risk to engines and to aircraft
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readiness, the foot print of economic detriment twd-OD-induced damage is large
enough to cover the acquisition and operationatsco$ several weapon systems —
eliminating the FOD-induced failure mode presentsizeable opportunity to improve

affordability and operational readiness concurgentl

1.3 IMPROVED AFFORDABILITY VIA FOD ELIMINATION

Although not the most commonly struck componemyact of compressor rotor
blades by Hard Body FOD exacerbates HCF, the ladye®r of maintenance activity and
associated costs on jet engines of military aiteraizeable real estate in the effort to drive
improved affordability [17, 46, 80, 81, 83, 84]hi¥ thesis will be aligned specifically to
the elimination of the FOD-exacerbated HCF failorede caused by Hard Body FOD
impact damage on blades on the 1st rotor diskeoHRC of low bypass, turbofan engines
of military aircraft during runway operations eanythe takeoff phase — where damage in
a LCC context ranges from Line Replaceable Unit)Repairs to replacements and
associated economic detriment - in the contexhid thesis the LRU and the Primary
System are the compressor rotor blade. FOD Elinoinas hereby defined as eradication
and robustness toward controllable and uncontralaburces of FOD respectively in the
Enabling and Primary Systems - robustness in timgext is the ability to function without

failure under various conditions while eradicatis@voiding/ridding sources of FOD.

1.3.1 WHAT’S NEEDED TOELIMINATE FOD?

Current efforts (FOD Programs for prevention aedhoval of debris on the
runway) of operators of modern aircraft, focusegmventing and removing FOD, do not
systematically consider the root causes that leddor do they consider Primary System

robustness; the bulk of the efforts are reactiveature (inspections, “Clean as You Go”,
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detection, removal) — these efforts are not lodgseak to early design studies of conceptual
aircraft [33, 41, 44]. A theoretical framework iepented in Figure 1-5 that synthesizes a
novel a methodology and process to achieve afféed&®OD Elimination on current and

future engine/engine on aircraft designs. The ngwaach’s key enablers are:

1. Quantifying and characterizing FOD during runwagi@tions and associating

those findings under a taxonomy that identifies ohamt drivers.

2. Leveraging Industrial Engineering and Economicshoé$s and theories to

develop analytics to gage economic effectivenesdimination methodologies

3. Leveraging system synthesis approaches from Sydteigiseering to develop

processes where FOD Elimination methodologies ¢pkterate

4. Leveraging physics-based formulations and appreachem Fracture
Mechanics, Probabilistic Fracture Mechanics, Rol&irgiineering to develop

methodologies to gage required robustness to FOD
5. A literature review on the industry’s paradigm foranaging” FOD reveals:

Characterization/Quantification of FOD from Operatomilitary and

commercial — to find trends, commonalities and Ipeattices
Paradigm’s technologies, processes and designadreeities

Adjacent and remote disciplines that offer poténapplications and

theories to enhance/complement FOD Elimination
Laws, standards and market analysis

The intent is that from this framework a methodglagd a process will arise that

will assess how affordably portfolios of technolesji processes and design improvements
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eliminate FOD. From the theoretical framework présd in Figure 1-5 it is evident that a
contribution to the state of the art of Systemsii®gring for design of modern aircraft
will be had by the infusion and/or revised applmatof concepts from Industrial
Engineering and Economics — concepts such as Guoafare Levels will be adapted to
operate on FOD Elimination goals by trading-off hiealogies, processes and design
improvements with associated LCCs. An additionaldbié apparent in the theoretical
framework will be the infusion of Fracture Mechaninto the methodology for FOD

Elimination — an infusion of a discipline entiratyissing in the early stages of design.
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Figure 1.5: FOD Elimination Theoretical Framework

1.3.2 RESEARCHOBJECTIVE
From the Theoretical Framework a research objedsissynthetized: to determine
if FOD elimination, the minimization of the FOD-eoaabated HCF failure mode that leads

to 1st HPC rotor blade replacements and/or cagsireengine losses while reducing or
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marginally increasing LCCs, is achievable and ibgavhat mix of technologies, processes

and/or design changes at the primary and suppstess.
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2 BACKGROUND/MOTIVATION

21 QURRENT FOD PREVENTION /REMOVAL PROGRAMS
FOD Prevention and Removal programs for commegeeidl military aviation are

mandated — both operators and OEMs abide by the sarsimilarly derived guidelines
and standards focused on operation, OEMs additiohale to abide by Quality standards
for aerospace [41, 44, 55, 56, 57, 58]. The detatandards and guidelines are distilled
into actionable guidelines or programs by orgamrat such as the National Aerospace
FOD Prevention, Inc. (NAFPI) and NATO’s Researchd arechnology Organization
(RTO) — these programs may then be tailored by OBMS Operators to improve their
own or to adapt to their production or operatioeguirements for FOD prevention and
removal [17, 33]. An additional sobering reasontfair existence in commercial aviation
is a market that is accustomed to increasinglyr$hdt (see Figure 2-1) — in the context
of FOD this ideal of ever safer flight may be reagha paradox since commercial aircraft
will double in numbers by 2032 while bird populaisoare growing, airport growth will be
slower and new flight destinations may be in lawadi more prone to FOD [30, 59, 60]
(see Figure 2-2 and Figure 2-3). On the militanaon side FOD prevention and removal
programs will continue to exist and grow becauseetu and future combat operations
will be more diverse in terms of geography/topolaggymmetry and aircraft usage in more
FOD prone areas (see Figure 2-4) — increasingling@sgreater risk of FOD to aircraft is
a more aggressive and frequent combat usage @ fee®r, consolidated military assets
[17, 33, 61, 62]. Over time stakeholders of FODvpregion and removal programs accrue
large amounts of valuable data on locations, dess#nd sizes of debris on a runway —

that tribal knowledge is not currently mined fomsaeration during early design studies

26



of conceptual aircraft — currently, in the publiondiin a methodology leverage that

valuable data is missing.
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FIGURE A: ICAO data for the worldwide number of accidents involving fatalities for 1990 — 2010* among aircraft
weighing more than 2250kg (MTOM>2250) (data, RED; trend line GREY DASH, 2009 and 2010 estimated).

Figure 2.1: Fatalities per 10 m Departures

Market expansion will require $4.8 trillion investment
Airlines will need to raise funds to invest in 35,000 new aircraft over 20 years
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Figure 2.2: Global Commercial Fleet Doubling by 203
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Massive expansion ahead for emerging markets
Expanding middle classes drive both travel and air cargo flows
Serving this demand will require a big expansion of investment

Global middle income class in 2009 and prediction for 2030
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Figure 2-3 Commercial Aviation Expansion into Emergng Markets

Source: Professor Havard Hegre, University of Oslo

H

UGANDA BURMA

NZANIA
r / )
2012 i 2017 2050
Onein six countries at war, War will be over in Libya, Tajikistan, Syria, Justonein 12 countries will
including Afghanistan, Chad, Senegal, Ivory Coast, Mauritania and Iraq. be at war. But risk of new conflict
Syria, Irag, Sudan, Somalia, But risk of new conflict will be greatest in India, will be greatest in India, Nigeria,
Ingushetia Ethiopia, the Philippines, Uganda and Burma Sudan, Ethiopia and Tanzania

Figure 2.3: Evolving Geography/Topology of War

2.2 FODELIMINATION |MPLICATIONS FROM RUNWAY OPERATIONS

OEMS and operators will be able to leverage aesyatic/symbiotic methodology
and process to address the expensive and posathstiophic consequences of damage to
the HPC rotor blades due to impacts from Hard BB@PD on the runway early in the

takeoff phase by:
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Infusing and/or revising the application of consefstom other disciplines —
concepts such as Conformance Levels will be adamteoperate on FOD
Elimination goals by trading-off technologies, peeses and design
improvements vs. LCCs [51, 63, 64] — a side beniit be the ability to
develop knowledge early on in the design procdsseetto operational FOD
Infusing Fracture Mechanics — leveraging discig@irsch as Probabilistic
Fracture Mechanics and Damage Tolerance to chametand quantify
structural damage caused by debris impact on tdtates and to assess the
benefits of Primary System countermeasures sucfacaurtreatments to
retard/halt structural degradation
The risk from Hard Body FOD to aircraft during ruayvoperations is felt
economically — great economic opportunity is atchlp its elimination. FOD Elimination
has a market potential of at least $16.35 billi®h4(86 billion direct + direct costs from
commercial aviation and $1.35 billion calculatetedt costs of military aviation in 2013
U.S. dollars PA) PA in savings to military and coemmal operators globally [17, 30].
Safer travel and combat would be a significant oufppm FOD Elimination. As
commercial and military aviation are projected tovg in the next two decades operating
aircraft under a new framework that determines kontrollable sources of FOD can be
mitigated by Enabling/Support Systems and how rothes Primary System needs to be
toward uncontrollable sources of FOD will reducegiaa susceptibility to critical failures
and reduce LRU replacements and repairs.
FOD Elimination would have the consequence of i aircraft brand since

perceived Quality is a beneficial component of pefed value — literature and data in this
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thesis makes a compelling business case that OllI®perators of aircraft are very
sensitive to FOD, it is very likely they will perige aircraft that are rid of controllable and

are robust to uncontrollable FOD as high Qualitghtvalue products [65].

2.3 How 1s FOD DEALT WITH TODAY?

Currently, Original Equipment Manufacturers (OEMs)d operators of military
aircraft with low-bypass turbofan engines do nohsider the expensive and possibly
catastrophic consequences of damage to the HPChiaides due to impacts from FOD
during runway operations early in the takeoff phiasa systematic/symbiotic practice —
even ®'level approximations to the affect/effect of FQDMese critical, rotating structures
are completely missing from early design studiesafceptual military jet aircraft —
equally important is the need by operators of cur@rcraft to be able to gage the
effectiveness and affordability of their operatibnparadigm and of enhanced
configurations. The presence, distribution and reatd FOD on the runway are analyzed
separately from its structural or economic degiliadatio turbomachinery of the engine.
Missing in the public domain is a symbiosis of fiteysics and probabilistic models for
how FOD on the runway is aspirated, how and whasehen ingested by the engine, what
trajectory through the turbomachinery does it folli® impact the rotor blades, where and
at what velocities do impacts occur and ultimaveat is the ensuing damage and its effect
on crack growth at the location of the impact sifdso missing in the public domain is a
synergistic assessment of the LCC impact of theeatimethodologies for mitigating the
deleterious effects from FOD on the runway — equadleded is a methodology to gage

the LCC implications of improved or new processéschnologies and design
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improvements to mitigate the effects of FOD on entrand future engine/engine on
aircraft designs.

FOD is “managed” in a case-by-case fashion — aedst@ a previous section
commercial and military operators take guidelimesnf organizations like NAFPI and suit
their perceived needs in terms of a FOD Progranj. [8®st FOD Programs follow a
pattern of operation where prevention and remoxallze dominant activities — detection
becomes a precursor to removal and evaluatiores tesimprove the programs post-facto
[33, 36, 38, 40, 42, 44, 55, 66, 67, 68] (see Fditb). The spillover value of decades of
knowledge and experience on FOD “management” frozeds of aircraft is not looped
back to early design studies — the importance siias briefly highlighted in the National
Aerospace Standard 412 (NAS412) for FOD Preventind the Product Realization
section of the Aerospace Standard AS9100C for @Quallanagement Systems in
Aviation/Space/Defense organizations [56, 69]. ABH1 states, “Where appropriate, the

organization shall divide the design and develogreéort into distinct activities and, for

each activity, define the tasks, necessary ressuresponsibilities, design content, input
and output data and planning constraints” — thieative conflicts with systematically
looping back to the early design phases in_an iated manner — integrating FOD
Elimination into the design activities will driveaglication of controllable sources and will
impart robustness to uncontrollable sources of FOdahnical aside: if the holistic impact
of FOD on the Primary System is assessed to befisagnt during early design of new
engines on aircraft or on current designs, the autt this thesis proposes the©D
Criticality be adapted as a call-out in design drawings oratipe@al specifications for

components prone to FOD. FOD Criticality is herdbjined as the attention/due diligence

31



that must be placed on the design and/or operafiarsystem, subsystem or process whose
significant degradation or failure due to FOD wopluse a severe economic, mission or
safety risk to the Primary System.

Relationship between the four main areas in a FOD program

Source: FAA AC 150/5210-24
Figure 2.4: Four Main Areas in a FOD Program

2.3.1 FODPREVENTION, DETECTION, REMOVAL & EVALUATION

NAS412 is widely used today by commercial and ailitOEMs and operators as
a guideline or model for FOD Programs; NAS412 pdesi a rigorous/thorough set of
activities put in place to prevent FOD that is esggntative of the current paradigm, its key
points are highlighted in the ensuing subsectiéB$. [Commercial and military operators
2.3.1.1 FOD Program Administration

At the top of a FOD Program for OEMs and operagxescutive commitment from
the organization’s leadership sets the tone forachpnd. Organizational leadership also
identifies the FOD Program leader that takes tregeggic direction they set and converts it
to actionable measures and policy — key to theabtbe program leader is the authority,

resources and ability to set the tone for a “FOBrs&” culture for the entire organization.
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As needed a FOD Prevention Committee may be cateditcross functionally — the
committee supports the program leader in promotivg culture of FOD prevention,
reviewing/assessing the program, pinpointing argagrogram improvement/growth,
supporting the development of specialized techraffnethods of prevention, supporting
FOD investigations, characterizing/quantifying tyf@nd sources of FOD and assisting in
developing training material. The FOD Area FocalnPdFocal) is responsible for
validating the effectiveness of the FOD Prograntjvaly participating in the FOD
Prevention Committee, serving as POC for the progemd associated training and
recommends the level of FOD awareness that mustassgned to an area.
Managers/Supervisors are responsible for FOD Pmogaalherence to policy, FOD
prevention and Tool Control procedures, requiresiémt FOD or lost tool investigation,
root cause analysis, area visit control, makingagament and/or the FOD program leader
aware of prevention needs, keeping training curard reviewing/assessing suitable
metrics for compliance and/or trend analysis.
2.3.1.2 Area Designations

FOD Areas are designated and/or categorized inF@B Program in order to
control the susceptibility of equipment/hardwaref@sses prone to FOD in varying levels
- the most severe area of vigilance being the shawfahe aircraft. As the risk by FOD
increases prevention activities become more aggeessd rigorous — area criticality
levels assigned according to risk convey levelwér@ness, participation and detail that
must be placed to prevent and remove FOD from thepenent/hardware/processes —

NAS412 lists the following categories of area catity level in ascending order of risk
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potential and attention, “General Housekeeping, FMareness, FOD Control and FOD
Critical”. Runways are FOD Critical areas.
2.3.1.3 Debris/FOD Migration

In the context of this thesis only risk from FODgration in the form of Hard Body
FOD left on the runway from other aircraft is calesied. Debris may pose a risk during
runway operations if it is of significant size agdantity on a runway. If FOD migration
from the areas of generation to the vicinity of ipguent/hardware/processes susceptible
to it is not controlled the risks associated witincrease. The methods to control FOD
migration are extensive making it impractical Wtw list/encompass them; these methods
may include but are not limited to: encapsulated&ied small miscellaneous parts or
fasteners, caps, protective films, barriers, readps, consumables control, fool-proofing
“Poka-yoke”, etc.
2.3.1.4 Clean-As-You-Go and Housekeeping

Clean-As-You-Go is a legacy concept that has sthedest of time — quite simply
it calls for clean-up during and after work is perhed. Housekeeping is a means to
establish effective processes to prevent the niagrand/or cross-contamination of FOD
— it ensures that areas are kept free of debris.
2.3.1.5 Consumables, Expendables & Hardware

NAS412 states that in the context of Managemer@aisumables, Expendables
and Hardware “The purpose of this process is tabéish defined practices for the
accountability, storage, use/consumption, and dislpof consumables, expendables, and
hardware for effective control within the produceas to prevent the risk of these items

being left within the product as FOD” [56]. The hecues employed to prevent
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consumables, expendables or hardware from becoRtrig include, but are not limited
to maintaining a clean and organized workstatiooper labeling and identification of
consumables and expendables, removal of spentpiredxconsumables or expendables
such as adhesives or fastener stems, isolatingragidbuping parts from assemblies when
they are disassembled, Point of Use storage toraloguantities of consumables,
expendables or hardware to only what is required,afi spill or loss proof containers, item
or tool control methods and technologies, enhangedor item accountability methods
and technologies, control of administrative itetmat tcould become FOD (staples, rings,
pencils, etc.) and special consideration shouldjilien to the use of “poka-yoke”, the
Japanese term used to refer to “mistake-proofitmimake areas/workstations unable to
produce or migrate FOD (see Table 2.1) [71].

Table 2.1: NAS412 Example of FOD Risk and Control Mthod

Potential Risk Possible Control Method
Rivet washer Magnetic nose pieces

Rivet stem Containment bags

Trimmings from safety wire/cable, cotter key Pliers and dykes rubber inserts
Debris from drilling, sanding|, grinding, polishing Vacuum collection systems

Source: NAS412

2.3.1.6 Tool Management

In the context of this thesis tools do not poseaificant risk to compressor rotor
blades as they are very likely to be detected antbved from a runway and in the case
they were not, they very likely will not be ingegtcross the fan face — they would impact
the fan and/or stators/guide vanes before theydvimapact an HPC blade. As stated by
NAS412, “The essence of Tool Management is a psoites controls and accounts for all
tools used in manufacturing, test, assembly, amdatipnal environments to prohibit tools

from causing damage to the product”. Activitiesttheevent tools from becoming FOD
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include but are not limited to: limiting/controltintools to the adequate quantity for the
task(s) at a specific work area (controlling whatsvehecked out, by whom and for what
purpose — accountability through ownership/respmlityi), use of tool containers, control
of personal items, procedures to replace/removss tibat are out of specifications or
become damaged, lost tool procedures to condutlseavestigation, documentation and
close-out, tool storage or kitting, tool storagel/an location indicators, tool marking
and/or chitting, advanced tool design for speaifses, RFID tags to track/monitor tool
checkout and location, automatic inventory and mmgrikfor magnetic resonance to
track/find lost tools.
2.3.1.7 Material Handling and Packaging

In the context of this thesis material handling gratkaging do not pose a
significant risk to compressor rotor blades. NAS4&tates that for effective Material
Handling and Packaging, “FOD prevention controlsltbmato material handling and
storage operations will help prevent the introducf contamination”. Specific processes
have to be put in place properly store, handle mmoye material that is required in
production and flight line activity for aircraftush processes include, but are not limited
to employee training for compliance with handlingrfage/shipping requirements, material
handling/parts protection procedures, accountgbditd reporting processes and kitted
protection devices.
2.3.1.8 Product and Process Design Considerations

Product and Process Design Considerations ardategiand/or processes that are
put in place to avoid migration, collection or emment of FOD where risk is heightened.

Some of these activities and/or processes includedimg/reducing the volume and
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guantities of cavities or enclosures where FOD adod trapped, minimization of FOD
migration prone geometries, designing-in acceselpdor inspections and/or removal of
debris, captive hardware, use of fasteners thatl@segn to not generate FOD, seal-out
moisture or debris, design inlets or ducts to awndironmental FOD, design production
or operation processes to avoid FOD generation]J@ngevices to avoid, divert or filter-
out FOD and design tools and equipment to avoiceigdgimg, migrating or entrapping
FOD.
2.3.1.9 Aerodromes

The section on Aerodromes in NAS412 is extensiwk the reader is directed to
read it to get a thorough understanding of whaakes to prepare, monitor, assess and
maintain the environment around operating airareltitively free of FOD. As stated in
NAS412, “Foreign objects can be generated from quersl, airport infrastructure
(pavements, lights, and signs), the environmenid(if@, snow, ice) and the equipment
operating on the airfield (aircraft, airport opé&vats vehicles, maintenance equipment,
fueling trucks, other aircraft servicing equipmearid construction equipment)” — sources
for FOD are diverse and complex. Keeping the aemeér safe to operating aircraft
requires a concerted set of activities that ramgenfunderstanding the local types and
sources of FOD, the immediate weather, aircragsypools, environmental contaminants,
runway types, material and condition, contractaivdes, ingress and egress procedures,
aircraft servicing, airfield maintenance, foreignext detection at the aerodrome and use
of inspections and sweeps.

2.3.1.10 Bird/Wildlife Strikes

37



In the context of this thesis bird/wildlife strike® not pose a significant risk to
compressor rotor blades — the literature surveygdat provide an instance where damage
to rotor blades from ingested birds or wildlife aoed — damage to compressor rotor
blades from external debris will be shown in a sgoent section to be the purview of
Hard Body FOD. As stated by NAS412, “The intentasafeguard air operations assets
and flight crews by preventing bird and wildlifeikes with aircraft” — as was previously
discussed in this document, avoiding collisiong¢set with birds and wildlife is paramount
in keeping aircraft operationally safe and affoldalctivities and processes put in place
to avoid bird/wildlife strikes include but are nonited to: wildlife hazard assessments,
management of the environment that attracts wddlid the aerodrome, exclusion
techniques to keep wildlife out of aerodrome, actimonitoring of bird/wildlife,
understanding migrations of animals, designingdiexibility to flight schedules to
minimize risk of strike, active harassing/repellingr birds or wildlife, radar
monitoring/tracking of animals around aerodromegraft design and strike reporting for

trend analysis.

2.3.2 FODMANAGEMENT FORRUNWAY OPERATIONS

The FOD Program at an airport will include a spe@fotocol for management of
FOD on the runways. The typical protocol in the tddiStates for runways employed by
commercial operators is to inspect visually 1 tin#es per operational 24 hour day — the
Federal Aviation Administration mandates one in§ipaca day but most large airports
require 2 inspections per operational 24 hour &®J.[The inspection of the runway is
done visually on a vehicle by two personnel drivatn@0 mph [30]. This inspection process

is able to find and remove only 3% - 4% of FOD ba tunway per operational 24 hour
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day [30]. Runways at military bases in the Unitetdt& are inspected 1 time per
operational 24 hour day in the same manner as ¢baimercial counterparts, visually on
a moving vehicle with similar inspection/removalripemance — Moffett Field in
California goes through a single, visual inspeceeery morning [70]. In the context of
this thesis the assumption will be made that threeat paradigm for FOD management at
an airport requires 2 daily visual inspections perfed by two personnel on a moving
vehicle with the ability to detect and remove 3986 of runway debris per operational 24
hour day. The literature also supports the assamphiat commercial and military runways
are swept with mobile or towed debris removing pment 1 time per operational 24 hour
day — mobile or towed debris removing equipmemh@&dated by the FAA to remove a

minimum of 90% of FOD in the path of the sweep atiaimum speed of 15 mph [30, 41].

2.4  CURRENT FOD PREVENTION /REMOVAL PARADIGM DEFICIENCIES

Specifically for runway operations early in th&daff phase, the current paradigm
for prevention and removal of FOD does not systerally/symbiotically consider the
expensive and possibly catastrophic consequenagasnadge to the HPC rotor blades due
to impacts from Hard Body FOD. The presence, distron and nature of FOD on the
runway are analyzed separately from its structuwal economic degradation to
turbomachinery of the engine — the discipline thharacterizes and quantifies the
consequences of Hard Body FOD impact at the roladds, Fracture Mechanics, is
disconnected from the economy of runway operatidhs. current paradigm is reactive -
no public domain evidence could be found to corratethat tradeoffs between current
and improved technologies, processes and desigowaments vs. LCCs for holistically

mitigating the effects of FOD had been conductdxt durrent paradigm of prevention and
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removal relies heavily on manned visual inspectimnd=-OD on runways — despite very
low performance in terms of detection and remow@0].[ The personnel that can
significantly influence the consequences of FODs#hthat inspect and sweep runways are
disconnected from the economics of debris impatirtmomachinery because metrics that
link their effort to FOD mitigation performance avet available.

The current paradigm for FOD prevention/removasinot make a direct case to
pursue robustness to uncontrollable sources of FGdurces of FOD that pose an impact
risk that cannot be eliminated entirely and thusinhe design for or impart robustness
toward them at the Primary System [56]. The curparadigm is a balance between the
cost of “good quality” and the cost of “poor quglifreferred to as Prevention & Appraisal
and Internal & External Failure Costs respectivalyhe literature) — non-conformance,
allowing a significant amount of debris on the rayws willingly accepted along with the
tradeoff between costs of prevention vs. deteci®m@ means to “economically” address
runway FOD [72, 73, 74]. The breakdown of Cost afa{ly presented in Figure 2-5,
broken-out into the activities that contribute tstof “poor quality” and “good quality”
in Table 2.2, aides a better understanding of Quialithe context of FOD during runway
operations for military, low-bypass, turbofan jeigames. The aerospace industry, OEMs
and operators, is an oligopsony and an oligopely,lfuyers and few sellers — the literature
hints that this oligopsony-oligopoly co-dependerstgports the aerospace industry’s
unwillingness to shift away from the Economic Canfance Level (ECL) paradigm, that
ever careful balance of cost of “good quality” Ysoor quality” — in the context of FOD

Elimination the industry spends a great deal of eyoand effort on manual/reactive

40



processes and not enough on automated/proactiygowed processes and new

technologies [72, 74, 75, 76, 77, 78, 79] (see l&i@6).

Cost of Quality
i | 1
Cost of Poor Cost of Good
Quality Quality
Internal External Appraisal Prevention
Failure Costs Failure Costs Costs Costs

Source: hitp: fivwwwy isixsigma.comimplementation/financial-analysisicost-quality-not-only-failure-
costs/

Figure 2.5: Cost of Quality
Table 2.2: Cost of Quality Breakdown

Flight Operation Delayg Repairs due to FOD Plannerg-OD Checking and Testing that
Prevention Runway Operations are oh
Track for FOD Elimination
Primary System Performance/Economic |Engineering Design Runway FOD Audits
Redesign / Runway |Degradation Review
Operations Changes
Runway Inspections |[Loss of Vehicle FOD Prevention Technology or Process
(manual & automated) Improvement Meetings |Audits
Unscheduled Correctivoss of Life FOD Prevention Tool and Item Control /
Action Activities Improvement projects |User Accountability
Process for Runway
Reporting Lost Unable to Support the |FOD Prevention Clean as You Go
Tool/ltems on Runwa |War Fighter Missio Education and Trainir
General Housekeeping
Practices

Internal Failure Costs are costs that are caused by products or semiesonforming to requirementsjor
customer/user needs and are found before delifgyoducts and services to external customers. They
would have otherwise led to the customer not bemtisfied. Deficiencies are caused both by errors i
products and inefficiencies in processes.

External failure Costs are costs that are caused by deficiencies fouted @élivery of products and
services to external customers, which lead to auetalissatisfaction.

Prevention Costsare costs of all activities that are designedrevent poor quality from arising in
products or services.

Appraisal Costsare costs that occur because of the need to dgmrducts and services to ensure a
guality level in all stages, conformance to quaditgndards and performance requirements.

Source of Definitions: http://mwww.isixsigma.com/itementation/financial-analysis/cost-quality-notypnl
failure-costs

Modified by author in the context of FOD Eliminatiat Compressor Rotor Blades During Runway
Operations for Military, Low-Bypass, Turbofan Jeigihes.

Originally provided as source of Quality Costs mn@x of FOD at OEMs by Mark J. Rodriguez, FOD
SME.
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ECONOMIC CONFORMANCE MODEL

Costs
Total Costs

Prevention &
Appraisal Costs

Internal &
Extermal
Failure Costs

ECL
Conformance level

Source: http:fmaaw info/QualityCostConformancetdodel htm

Figure 2.6: Economic Conformance Level Model

2.5 WHERE ITHURTS MOST—FOD DETRIMENT ON AN ENGINE M AP

As was presented on previous subsections of hlesig, FOD damage to engines
during runway operations is pervasive and expensis@mmercial and military operators
burden a great deal of economic losses via mitigapreventive removal and maintenance
activities/processes that do not eliminate FODifigantly [17, 30]. So where on an engine
map is FOD most impactful? The literature pointdhfan, compressor and turbine blades
being affected by FOD on modern jet engines [17., Bfe literature evinces that bird and
ice strikes, common forms of Soft Body FOD, are nmietrimental to forward-most fan
blades — overwhelmingly causing large plastic defiiions over a wide contact area with
little or no material loss or cracking [17, 30, 4Bard Body FOD is most detrimental to
compressor rotor blades and to a lesser extentriine blades — the majority of debris
found around runway operations is Hard Body FOipbed with a higher rate of impact
and damage to engines [17, 30]. On an engine magradailure modes occur at each
section —Figure 2-7 presents a low bypass turbefagine and along with Table 2.3 a

mapping of the most common failure modes arises 467 80, 81]. Fan blades, though
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forward-most on an engine, are mostly susceptibl&dft Body FOD — the literature’s
focus on fan blades is from a regulatory conteggpite evidence that damage from Soft
Body FOD such as bird strikes is less frequenteqmkensive than that from Hard Body

FOD [17, 30, 82].

INTAKE COMPRESSION COMBUSTION EXHAUST

Cold Saction Hot Section

Pratt & Whitney F135-PW-600 F-35B STOVL Engine

wwiw.airforce-technology.comffeaturesffeaturelockheed-martin-f35-
pratt-whitney-engine-analysisf

Figure 2.7: F135-PW600 Engine
Table 2.3: Engine Failure Modes

Failure
Modes
1 2 3 4 5 6 7 8

Componen
5 | Rotors and HCF+FOD z - :
o
3 | stators HCF FOD Interaction Erosion Corrosion |Clang Fretting
qé_ Disc Fatigue Creep Wear Rubbing
o | Compressor  [Mechanical : 2
O | Tie Bolts Fatigue Wear Fretting Rubbing

Liner ll\:A:ﬁc;l?:ical Fretting  [Buckling Wear ggﬁg}:l Yield Slip B?;m%n Corrosion
é . . Pressure
2] Casing Fatigue Cycles
o
£ | Cross Fire ’ . . Thermal
G | Tubes Wear Rubbing |Fretting Corrosion Fatigue
O

Transition Thermal : .

Pans Fatigue Wear Rubbing Fretting

Rotors HCF Creep Corrosion  [Sulphidation |Erosion
8 Creep Thermal
s Stators Rupture Corrosion |Sulphidation |Bowing Fatigue Fatigue
=
= | Rotorpise (ST licF

upture

2.6 CASE FOR RESEARCH ON FOD ELIMINATION
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2.6.1 FODELIMINATION DEFINITION & RESEARCHALIGNMENT
In the context of this thesis, FOD Eliminationdisfined and aligned respectively
as follows:
Eradication and robustness toward controllable amzbntrollable sources of
FOD respectively in the Enabling and Primary Systemmobustness in this
context is the ability to function without failutexder various conditions while
Eradication is avoiding/ridding controllable sowsad FOD
This research effort is specifically aligned to glienination of damage caused
by Hard Body FOD on blades on th& rbtor disk of the HPC of low bypass,
turbofan engines of military aircraft during runwaperations early in the
takeoff phase — where damage in a LCC context safrgen LRU repairs to
replacements and associated economic detrimentheioontext of this thesis

the LRU and the Primary System are the compressor blade

2.6.2 FODELIMINATION - Low BYPASS TURBOFAN ROTORBLADES

The literature and the mapping presented on Figat@and Table 2.3 demonstrates
that the volume of FOD-induced and/or exacerbaseldire modes occur forward on
engines — specifically, the HPC rotor blades asesptible to HCF, FOD-induced damage
and the interaction of the two [17, 46, 80, 81]eTdmergent case for research on the
elimination of Hard Body FOD from low bypass, tuféo engine HPC rotor blades of
military aircraft during runway operations is fugthevinced by the following [17, 46, 80,

81, 83, 84]:
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Low Cycle Fatigue (LCF), phenomena where blade nateubjected to high

stress cycles at frequencies generally lower tifémyicles, is less frequently

a cause of failure on modern jet engines as cordgarelCF (see Figure 2-8)

HCF, a phenomena where blade material is weakep&mhbstress cycles

repeated many times (typically begins in the ramiged® to 10’ cycles), is the

prime driver of component failure in modern jet @g of military aircraft

and is a significant concern for future enginesObHs a key catalyst of HCF

failures as follows (see Figure 2-9 and Figure 2-10

o Strikes on the leading edge of the blades genezatdual, tensile stress
fields that induce faster crack growth

o FOD strikes themselves create sharp notches thgtlaage stress
concentrations (KTs), these also reduce the liftheblades

0 Material erosion by small Hard Body FOD drives @&ters to blend-in
surface roughness - now out of balance, the bladssral frequencies
coincide with the engine’s natural modes and resoaistress levels
larger than designed for

o HCF/FOD interaction is evident: less time to reanbtable flaw sizes and
high cycle, low stresses are amplified further g component life —
reductions of orders of magnitude vs. undamagedelsiésee Figure 2-11)

Additionally the blending by operators to mitigataterial erosion due to

small Hard Body FOD throws off the careful balant¢he jet engine’s turbo

machinery leading to fuel efficiency losses 0.5% @%
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Exacerbating the effect of FOD on HCF are technobddimits to current
inspection capabilities — notches caused by FODlades are often smaller
than can be inspected for — as blades accumulatg oyales small flaws
initiate and grow cracks to failure (see Figure)2-8

Compressor section provides 55 — 60 % of totalrentirust — any efficiency
and/or structural decay degrades overall engin@meance

A paradigm shift is needed to steer OEMs and opesabward elimination —
current approach to mitigate FOD is not holistia; is FOD field data driving
design activities — the current standards and ¢jneefor OEMs and

operators are reactive and disconnected from a&®gsEngineering practice

f
£
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c
@
-
-
[&]
o
o LCF
Inspection limit HCF )
‘ L
0 % Fatigue Life 100

Fig. 1 Schematic showing difference between
HCF and LCF.

“High Cwcle Fatigue Managemnent in Gas Turbine Engines”™, NATO Reszearch and
Technology Organization (RTO), MP-17, October 1998

Figure 2.8: HCF vs. LCF
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Figure 1. Representative jet engine component distress mode statistics.

Cowles, B.A , “High cycle fatigue i aircraft gas turbines - an industry perspective”,
International Tournal of Fracture, Velume 80, Issue 2-3, pp 147-163, 1996

Figure 2.9: Military Aircraft Jet Engine Failure Mo des
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Figure 2. Representative distribution of HCF problems by component.

Cowles, B.A , “High cycle fatigus in aircraft gas turbines - an industry perspective”,
International Journal of Fracture, Velume 80, Issue 2-3, pp 147-163, 1996

Figure 2.10: Component Failure Due to HCF Distributon
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Figure 2.11: Fatigue Life Reduction Due to FOD

2.7 ACHIEVING FOD ELIMINATION

A case on the elimination of damage from Hard Bé@D from low bypass,
turbofan engine HPC rotor blades of military aiftduring runway operations in the early
takeoff phase has been made — a methodology amgégas now required to achieve
elimination. Elimination will drive structural lifemprovements to HPC rotor blades by

eliminating damage from FOD and its deleterious@fbn HCF (see Figure 2-12).

Failure
Modes
1 2 3 4 5
Compone - e ]
£
8 gutursand HCF (FOD 4CF+FQD }rosinn Carrosian |Clan
i tators - rteraction
@ "
o | Disc Fatigue Creep \Wear Rubbing
£ :
Compressor  [Mechanical . .
8 Tie Bpults Fatigue \Aear Fretting Rubhing

Figure 2.12: Elimination Benefits on Component Failre Mode
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The case for eliminating FOD was made clear inviptes sections, the
consequences of not achieving the goal are direeihd

Continued operation of aircraft/engines under aggm that is inefficient and
expensive
Continued design of engines/engines on aircratt dhe not FOD robust and
will operate increasingly in FOD prone areas arotimal globe — recall that
Russian aircraft in the Syrian theater of operatiad a 40% drop in readiness
due to FOD from desert conditions (refer to Secfich?2.2)
The consequences of FOD are not the cost of daisghess as was said by a
top executive at an OEM — & [evel approximation to the affect/effect of FOD
can be made by the right mix of physics/probaldésand Systems Engineeing
— better designs may be the outcome of implemetii@gnethodology set forth
in this thesis
Large LLC savings could be missed by not pursui@DFelimination
systematically as it is showcased in this thedise-cost of not being able to
perform missions, of increased spares and unsobetiade replacements and

of perceived unrobust engine/engie on aircraftgtesare likely to be large

2.7.1 MORPHOLOGY OFELIMINATION
A progression chain for FOD present on runway damag a compressor rotor

blade is presented on Figure 2-13:

FOD o FOD . Fop
Present Ingestione , Impact

Figure 2.13: Foreign Object Debris to Damage Progssion
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The progression chain of Foreign Object Debris tamge lends itself to
conceptualizing the morphology for achieving FODvithation — the form is presented in
matrix fashion in Table 2.4, while the function Mag the stuff of ensuing subsections. The
numerical/analytical experimental permutationseabnsidered are circled in Table 2-4.

Table 2.4: FOD Elimination Morphology
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2.8 IMPLEMENTING FOD ELIMINATION

2.8.1 MoDEL FORFOD ELIMINATION
With the context for FOD Elimination presentedvoeisly and with a focused

research direction/alignment a model for elimimatis presented in Figure 2-14. The
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model has the goal of enabling FOD Elimination byventing/removing the presence of
debris, avoiding its ingestion by the engine andielting its damage by providing

robustness toward debris that does impact blades.

FOD Elimination

Eradication of controllable sources of
FOD on Enabling/Supporting Systems

FOD Eradication

Improved
FOD
Criticality

Enabling/Support
[ My Approach ] [MyApproach ]

Robustness toward uncontrollable
sources of FOD on Primary System

FOD Robustness
@ Damage
Tolerance

Systems
Improved
Processes

Figure 2.14: FOD Elimination Model

2.8.2 METHODOLOGY FORFOD ELIMINATION
The methodology for FOD elimination presented pmesly in this thesis will

include modifications to accommodate the focuseéction/alignment of eliminating
FOD-induced damage on HPC rotor blades. The praposethodology stems from
Taguchi’'s concept that products should be desigiwedbe on target and robust to
uncontrollable sources of noise and from Orlandaifld Reason’s Swiss Cheese Model
that propounds accident progression across layedefense in a system (see Figure 2-
15)[85, 186]. The resulting methodology is as fato

In the FOD debris to damage progression chain ex@ments must be made to

prevent/remove the presence of debris, avoid irggeand mitigate the effects

of impact on the blades
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The assumption is made that layers of defenseaalication (prevent/remove
and avoid ingestion) will have weaknesses, thuywing some debris to

impact and damage the blades — robustness to dbhtisnakes it across the
defense layers must be designed into the bladegitgate the effects of impact
— in this context design modifications, such asamr treatments, specifically

align to robustness

Hazards
-

The Swiss cheese model of how defences, barriers, and safeguards
may be penetrated by an accident trajectory

“Human error: models and management”, BIT Volume 220, pp 7T68-770, 2000,

Figure 2.15: Swiss Cheese Model
2.8.2.1 Formulae for Gaging FOD Elimination

The methodology to gage FOD elimination aggregatéfeasure of Elimination
(MoE) from a Measure of Eradication {&R) and a Measure of RobustnessiR
2.8.2.1.1 Measure of Eradication {&¥R)

A Measure of Eradication (BER) aggregates non-dimensionally the efficacy of
processes and/or technologies at ridding FOD omuheay. Embedded in the formula is
the proposed process by whichEBIR may be achieved, e.g., the current paradigmedoae
debris on the runway requires: one daily sweepefrunway that takes close to an hour
and has an efficacy of collecting 90% of debrisrdiie area and at the time of sweep, two

daily visual inspections by vehicle that each t&8keminutes and have an efficacy to
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detect/collect 80% of debris during the time ofstion. The equation for 4R for one
FOD type non-dimensionally accounts for remainiegris on the runway after processes
and/or technologies are applied during one operatig4 hour day (see Equation 1). To
more readily understand the model forEBR Figure 2-16 presents the numerator of
Equation 2 as a uniform distribution of FOD throtmlt the operational day - McCreary’s
report on the cost of FOD to commercial airlineisel the assumption that FOD through-
out the day is uniformly distributed and very quycketurns to an equilibrium as debris
accumulates and distributes [30]. The number Ihenformula represents the 100% of
debris that is present instantly at any time in dperational day. Processes and/or
technologies for the length of time and area thheyeagaged, how often they are employed

and associated efficacies reduce the amount ofaymebris left on the runway.

$ 1)

Where:
I — specifies debris type
DRPT — debris removal process and/or technology
NprpT - hOW many times a debris removal process and@dnmiology is engaged
Torpt— duration of debris removal process and/or teldgyoprocedure
preT — efficacy of removal process and/or technology
IPT — inspection process and/or technology
Nipt - how many times an inspection process and/ontolgy is performed
TipT — duration of inspection process and/or technologgedure

ipT — detection efficacy of inspection process ant¥ohnology
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IPT,Removai— €fficacy of removal during inspection procesd/antechnology

Instant Amount of
Runway Debris Debris Removed
A
100% =+
2 g
=] =]
25 g3 25
23 55 3
Q o Q
)] S & )]
A S =1 hour, sweep A
> e / duration > |e
0.5 hour, AA 0.5 hour,
inspection duration > e inspection duration Time

24 (hours)

Figure 2.16: Debris on Runway for Operational Day Mdel
2.8.2.1.2 Measure of RobustnessRY

A Measure of Robustness ¢M)) (see Equation 2) is proposed based on the number
of Primary System (rotor blade) replacements. Hbenit of robustness is for the Primary
System to operate under various conditions, i.eontmollable sources of FOD, the
assumption is made that a robust Primary Systemdaaperate fully up to its design life.
This implies that Primary System replacements aneans to measure overall robustness
— specific to the case study to be considered iatirs thesis, the replacement reductions
that could arise from design improvements and/ohrielogy infusions such as Laser
Shock Peening (LSP) at the blade surface and Damiajgerance interval engine
inspections (vs. the current operator paradignoagmgine inspections until the first depot
level teardown engine inspection).

The modeling required to calculate the number ah&ry System replacements is
complex (including deterministic and probabilidbemulae) — as such, the,® becomes
contextual, it depends on the number of replacesnefresulting from a

numerical/analytical experimental setting) that bfaseline replacements will normalize.
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The baseline encompasses the current paradigm gstodesign and/or technologies

experimental factor settings for Primary Systemaegments.

og ' — 0 2)

() 4"+

Where:
i — specifies debris type
RMT - robustness method and/or technology
| — DOE setting
Nreplacements,RMT,|— Primary System replacements with a robustnesghadeand/or
technology at a DOE setting
Nreplacements,baselime Primary System replacements from baseline cordigon

Since the Primary System, the compressor bladag,encounter more than one
type of FOD an aggregate, normalized Measure ahiBation must be considered.
Additional consideration must also be given to ttedue an operator may place on
eradication or robustness enhancements — thisnis da expert-weighted aggregation of
Measures of Eradication and Measures of Robustidss.equation for Measure of

Elimination for more than one FOD type is propoasdollows (see Equation 3):

)89 5 367

)
5 2347 ,
- : ,<1ls & ———;

1 .3 4&'°

Where:
wer — Weight of eradication
wr — weight of robustness

2.8.2.2 Formulae for Probability of Achieving FODr&ination
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As there is a debris to damage progression clhiagng is also a probability of
damage chain that is described by Equation 4 kDR type and in Equation 5 for multiple
types. Public domain commercial operator evidemesgnts field data on how often debris
is found on runways, frequency of impacts and hétenoit causes damage [30]. Military
operator evidence in the public domain presentsaiteld set of data for frequency, location
and magnitude of damage [17]. Missing in the pubbmain is a mapping, in the radial
and chord-wise direction, where impacts on thedsastcur — most impact tests on blade
representative coupons focus on the leading edges@nception that in a later section
will be debunked [87, 88, 89, 90]. Also missinghe public domain are the impact velocity
distributions and a mapping of these to where thmpact rotor blades — the public domain
lists velocity ranges for impact, but no link to evh these impacts occur nor what
magnitude of impact velocity occurs at those cansédes [17, 87, 88, 89, 90, 91]. In an
aggregate context, direly missing is how velocjtiesations and ensuing impact flaw
geometry and size are connected — some relatianekRipt in the public domain for impact
velocity and depth of impact penetration, but nowhhey relate to locations on rotor
blades [90, 91, 92]. The location, incident veiiesi and geometry/size of impact flaws
(depth and width of penetration) on the blade aneik the modeling of crack growth as a
means to estimate the probability of significantndge — damage that would warrant a
Primary System replacement. Later sections inttiesis will present deterministic and
probabilistic models to estimate debris particlgir@sion from runway to engine fan face,
in-engine kinetics, impact velocities and locatiomapact flaw depth and width and
ensuing crack growth at impact sites. EquationeSgnts the end goal — an estimate of the

probability of achieving FOD elimination.
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where:
FOD — specific Foreign Object Debris type
Probirresent— probability that Foreign Object Debris is prdsam runway
Paspirated/iFopirresent pProbability that if a Foreign Object Debris peld is present on runway
it will be aspirated to the engine fan face — tihatill travel from the ground to engine
fance via ground vortex action
Pingested/aspirated— Probability that if a Foreign Object Debris ped is aspirated to the
engine fan face it will travel througlfstage low pressure compressor fan and reach the
1%t stage HPC rotor disk (particle travels throughwatmout impact)
Pimpact/ingested— probability that if a Foreign Object Debris peld is ingested it will impact
a rotor blade on the®istage HPC rotor disk
Ppamage/impact- probability that if a Foreign Object Debris pele impacts a blade on th& 1
stage HPC rotor disk it will cause significant dgma- damage that would warrant a
replacement of the blade

It will become apparent in later sections of tifissis that some probabilities will
be affected by the processes, technologies andrd@sprovements used to reduce the
ammount of debris on the runway and eliminate daaghe rotors.

2.8.2.3 Cost Modeling
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In a later section of this thesis an aggregateeiwd| be presented that estimates
LCCs from runway inspections and sweeping, re@sreplacements of rotors, aircraft
fuel efficiency degradation and associated acdorsitlabor and operation for a
representative engine subjected to a ferry fligleicsrum.
2.8.2.4 Overarching Modeling and Simulation Arctitee

The overarching architecture that will enable niiodeand simulation of portfolios
of technologies, processes and design enhancerttattamay affordably drive FOD
Elimination is presented in Figure 2-17. Embedatetthis architecture is the process where
the methodology for FOD Elimination operates. Tnscess may be employed assess the
current paradigm or to optimize or enhance existingew compressor rotor blade designs

respectively for FOD Elimination.
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Figure 2.17: Modeling and Simulation Architecture
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3 RESEARCH QUESTIONS, HYPOTHESES & SUCCESS

CRITERIA

The previous sections of this document built-ugase for the need of research on
FOD Elimination — a case that presents the grelanve of resources spent on mitigating,
not eliminating this expensive and dangerous ngisdallowing a traditional Economic
Conformance Level (ECL) model — an economic mokal in its current form may be in
conflict with the market's serious focus on lifetgycaffordability. Recall the two
definitions of affordability from the InternationaCouncil on Systems Engineering
(INCOSE) and the National Defense Industry AssamiafNDIA):

INCOSE definition — “Affordability is the balancd system performance, cost
and schedule constraints over the system life vaatesfying mission needs in
concert with strategic investment and organizatioeads” [2].

NDIA definition — “Affordability is the practice oénsuring program success
through the balancing of system performance (KRB&|, ownership cost, and
schedule constraints while satisfying mission need®ncert with long-range
investment, and force structure plans of the DOBJ]. [KPPs are Key
Performance Parameters.

Affordability in the context of this thesis beconteg balance of cost and system
performance — specifically, the balance of LCCgliminate the FOD-exacerbated HCF
failure mode and to reduce LRU (the blade) replag@s Elimination of FOD, in the
context of this thesis, has the primary goal of imining the physical and economic
impacts of this phenomena — its definition is rkszhl

Eradication of controllable sources of FOD in theahling System — recall that a

source of FOD is controllable if the risk to thenRary System is insignificant —
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explicitly in the context of a runway operationgthsk posed by the debris from

presence on runway to just prior to impact at arrbtade can still be mitigated,

controlled

Robustness toward uncontrollable sources of FOtheaPrimary System — recall

that a source of FOD is uncontrollable if the rigk the Primary System is

significant — explicitly in the context of a runwaperation, the risk posed by debris
that impacts a blade is significant and unavoidable

In the context of affordability for this thesis FGmination becomes minimizing
the debris impact - exacerbated HCF failure modat feads to Primary System
replacements and/or catastrophic engine losse® wdducing or marginally increasing
LCCs. This overall context of eradication of cofiable and robustness toward
uncontrollable sources of FOD and affordabilitydeshe way to the ensuing observations,
research questions, hypotheses and success criteria

Observation 1:

For compressor rotor blades FOD is complex in tepfidiversity of debris from
Supporting Systems (e.g. the runway) and ensuipgitad failure modes and economic
impact. The OEM and operator paradigm is to miggaiot eliminate, the deleterious,
costly effects of FOD — it is commonly accepted‘the cost of doing business”. The
paradigm, via current standards and guidelinesratgs not integrates, efforts to mitigate
FOD - ensuring that the problem will not go awagéiese there is an entwined nature
between the inefficiencies of current processestaduhologies that prevent and remove
debris and designs that are not robust to debaitsetventually impacts a blade and causes

damage. A concerted Systems Engineering effortésied to:
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Prevent/remove debris on the runway and avoid itnpa¢iPC blades
Eliminate damage ensuing from debris that does ang®C blades

Based on this observation the research questias figllows:

Research Question 1:

Can elimination of the FOD-exacerbated HCF failmede be achieved affordably
in the life cycle of an engine?

Hypothesis 1.

The elimination of the FOD-exacerbated HCF failumede can be achieved
affordably in the life cycle of an engine. A metlotmyy was constructed to estimate the
effectiveness of portfolios of technologies, pr@sssand design changes at affordably
eliminating damage exacerbated by Hard Body FOBIBR rotor blades of low bypass,
turbofan engines of military aircraft during runwagerations early in the takeoff phase.
The methodology will calculate LCCs and rate of LRiglacements associated with the:

Aggregate efficacy of technologies and processas d¢hadicate Hard Body
FOD on runways - eradication via technologies andcegsses that
prevent/remove debris and avoid its ingestion

Aggregate efficacy of technologies, processes asilgd improvements that
provide robustness toward Hard Body FOD impachat4PC rotor blades

By employing the methodology to perform tradeoffpimcesses, technologies and
design changes that affect the efficacy of eraminaand robustness vs. LCCs and rate of
LRU replacement the most affordable portfolio thiahinates the FOD-exacerbated HCF

failure mode will be identified/contrasted vs. ttast and rate of LRU replacements of the

62



current paradigm of a single sweep and two visuspections of the runway once per day
to remove debris with no design changes to rotldéd and no interval engine inspections.

Success Criteria 1:

Success is achieved if the methodology estimate@d.@e marginally higher or
lower and LRU replacement rates are lower vs. ts and rate of LRU replacement of
the current paradigm of a single sweep and twoalisispections of the runway once per
day to remove debris with no design changes tor rolades and no interval engine
inspections.

Observation 2:

A decision maker often is hampered from doing ladit tcan be done because she
has budget constraints and does not have enoughldashge ahead of time to make a
decision. If a decision maker had a means to determinvesting in a new technology
vS. optimizing the current paradigm would elimin&®D damage to engines more
affordably she would be able to more strategicallgcate resources.

Research Question 2:

By employing the proposed methodology can the caumasures that need to be
deployed at the Support System and what/where eauetisures at the Primary System

be identified that achieve FOD elimination affory&b

Hypothesis 2:
Yes by leveraging the proposed methodology the tevoreasures that need to be
deployed at the Support System and what/where eauetisures at the Primary System

will be identified that achieve FOD elimination aftlably.
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Success Criteria 2:

Success is achieved if by employing the methodolelggt mix and placement of
countermeasures estimates LCCs that are margmgher or lower and LRU replacement
rates that are lower vs. LCCs and rate of LRU m@pteent of the current paradigm.

Observation 3:

The public domain literature presents evidence thatmagnitude of damage to
engine components scales with the size of debrisherrunway, though no scientific
relationship is made. If in addition to impactozesiother experimental factors influence
the affordability of FOD elimination their signifmce must be gaged.

Research Question 3:

Is there a subset of experimental factors thau@mfite LCC affordability more
significantly due to FOD elimination in comparistmother factors that were also varied
during the numerical/analytical experiments?

Hypothesis 3:

Yes there are experimental factors that influenc@CLaffordability more
significantly due to FOD elimination vs. other fag that were also varied during the
numerical/analytical experiments. A set of expentsewill be run to gage the effectivity
of the methodology at affordably eliminating FOR Besign of Experiments will establish
the manner in which the experimental factors (em@peration, engine external/internal
geometry, particle size, runway debris sweeping, deso of inspections and
countermeasures) will be varied. A screening tesk e conducted to reveal the
importance of the factors on the variability of iagp occurrence, blade location, impact

velocity, LCCs, and LRU replacements/repairs.
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Success Criteria 3:
Success is achieved if the screening test reveistgal significance (P-value test
vs. null hypothesis) for factor setting and outfampact occurrence, blade location, impact

velocity, LCCs, and LRU replacements/repairs).
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4 MODELING & SIMULATION

4.1 MORPHOLOGY OF DAMAGE , ELIMINATION & M ODELING

The Oxford dictionary defines morphology as thedgtof the form of things.
Section 2.6 demonstrated that FOD is a key catalystCF — where HCF is the prime
driver of component failure in modern jet enginésnditary aircraft and is a significant
concern for future engines. With a focus on FORIyaed HCF a morphology for damage
arises and is presented in Table 4.1. Encircleiermorphology are the alternatives that
address each phenomena represented by the critérga.morphology for damage is
followed by a morphology for elimination in Table24also presented in section 2.7.1). In
this morphology alternatives are presented to asdFOD at stages of eradication and
robustness (see Section 1.3). The ensuing subsecudl present the background,
assumptions and physics that enable the eliminati¢itOD.

Table 4.1: Morphology of FOD-Induced Damage

Alternatives
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Table 4.2: Morphology of FOD Elimination
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Table 4.3: Morphology of Models
Alternatives
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4.2 FODoON RUNWAY M ODEL

4.2.1 FODSIzEs

As was mentioned before Foreign Object Debris rsgmve on runways [17, 30].
Hard Body FOD, a focus of this thesis, can rangmfsmall pebbles to large aircraft parts
[17, 30]. Small metallic parts, rocks or pieceshsd runway material (bitumen), less than
29, pose a greater risk to the smaller HPC rotadds than to the larger fan blades at the
LPC on a jet engine — the fan blades have more andamaterial to absorb damage,
whereas HPC rotors blades are smaller and thidfei30]. A recent study at four military
bases and two research stations in the UK revélade®7.6 % of the debris collected (Hard
Body FOD) on the runways was smaller than 5 mmameter [93] (see Table 4.4) — keep
in mind that a 5 mm diameter steel sphere woulg weigh 0.5g. NATO'’s technical report
on mitigating damage to compressor blades presphisrical, metallic Hard Body FOD
left on runways and flight decks that is smallertid mm in diameter [17] (see Figure 4-
1) — the report also evinces that Foreign Objech&ge occurs beyond the LPC fan stages
(see Figure 4-2). Despite ample evidence that srikld Body FOD poses serious
economic risk, it takes a backseat to bird strikélse current paradigm for airworthiness
certification mandates structural robustness towaid strikes [30].

Table 4.4: FOD Sizes from Runways at Military Baseand Research Stations

GREENHALGH ET AL CHARACTERISATION OF THE REALISTIC IMPACT THREAT FROM RUNWAY DEBRIS 561
Size Fraction (g)  All(g) % Lyneham Boscombe Coltishall Lossiemouth Coningsby Warton
% of Each 21% 7% 13% 25% 27% 7%

d > 10mm .08 7 2% 809 28 (Veg) 100 149 0
10>d > 5mm 798 5-3% 227 54 19 324 174 0
5>d>2mm 3368 22:2% 811 305 44 1.358 462 388
2>d>1mm  2.501 16-5% 519 270 231 859 419 203
1>d>05mm 3507 23-1% 328 243 1.165 757 730 284
d<0-5mm 3925 25-8% 549 148 506 373 2.141 208
Total 15,185 3.243 1.048 1.965 3.771 4.075 1,082

Table 2
Size fractions (in grammes) from the different airfields
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Figure 2 Typical Runway Foreign Object Debris, as Picked
up by FOO BOSS® System Rurway Cleaning System

MNAWCAD-PAX A8R2 Z8kV

Figure 4: US Navy Forsign Object Debris - Small Shot Peen used to Clean and ATO RTO-
Repair Flight Deck (magnified views, units in right photograph are inches). TR-AVT-094

Figure 4.1: Typical Runway Debris, Military Runways

NATO RTO-TR-
AVT-094

QT0%-80%
WE0%-7T0%
@50%-60%
W410%-50%
Q30%-40%
C20%-30%
H10%-20%
Bo%-10%

% of FOD

% Span

Figure 2: Percentage of FOD Located along the Span Relative to the Blade Tip.

Figure 4.2: Foreign Object Damage Engine Stage V& Rotor Span
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4.2.2 RINWAY DENSITY

An AIAA paper presents FOD runway density (amoafndlebris per runway) for
military operations of fighters out of combat Idoas at less than 1 per 108 1 per 9.29
m?) [94]. This is the density that will be modeledtis thesis — technologies and processes
will operate on this densityunway FOr the runway considered in this thesis of 10,80
length by 250 ft. width (3,048 m by 76.2 m) a tatél4,606 pieces of FOD less than 5

mm in diameter are calculated (1 per 9.2%#048 mx76.2 m).

4.2.3 RINWAY DISTRIBUTION
McCreary’'s extensive research into the impact ©ORo commercial operators

evinces that debris on the runway is evenly distatd through-out the operational day
[30]. With this assumption the model in Figure 4s3proposed for runway debris
distribution. By means of patrticle to particle diste d Equations 6 and 7 can be related to
reduce the number of variables to relate the cosirftr space between particles on
periphery, respectively M and N (Equation 8). Equa® represents the total number of
particles on the runway in relation to space cagnk& and N (Equation 9a reduces the

formulation further).

Figure 4.3: FOD on Runway Distribution Model
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Q R S creusv (6)

R WX Y creusv (7)
Q Ycreusv
Z = 8
Screvy WK ®)
[\[* N abcdeN\fN gfi~h i <& <i JQ<&'i k<« '&<& Q<
<& Q'& )

After simplifying,
[\J* N'abcdeNfN gfi"h i Q< <Q<& (9a)
Recall that total number of FOD particles on a rapus related to debris density,
["_NabcdeN\fN gfi*h | creusv Yeteusv Screusv (9b)
Where,
2 (M+1) — number of debris particles on length ofway (Lrunway)
2 {(N+1)-2} — number of debris particles on width minway (Wunway)
(M-1+1) N+(M-2+1)-(N-1) — number of debris particles onidesof runway

runway— ON runway FOD density

d — runway width-wise FOD particle pitch

4.3 GEOMETRY EXTERNAL TO ENGINE M ODEL

4.3.1 BGINEINLET DIAMETER

The engine to be modeled in this thesis is tha Rrdthitney F100 engine — amply
used by the F-15 and F-16. The choice of the engi rather of convenience — some
geometry and performance values are availablearptiblic domain for the full line of
these engines. Key to this thesis is the inlet di@mof the engine — the 0.88 m diameter

of the F-100 will be used as full scale dimensibthe modeled engine in this thesis [95].
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4.3.2 NLET HEIGHT TODIAMETER RATIO & VORTEXDISTANCE

The engine to be modeled for this thesis will pléite face of a single LPC fan at
the inlet diameter — the decision was made to nolude cowling or inlet thickness
structure as that information tends to be highlyppetary and not in the public domain.
The distance from the ground plane to the lowesttpon the inlet (often called the
highlight plane) will be referred to as engine tn¢jdr. The ratio of the engine height to
inlet diameter D(h/D) is a parameter that has a significant influeocéné phenomena of
intake ground vortex aerodynamics and debris aspiraia ground vortex action [96, 97]
(see Figure 4-4). Figure 4-4 also presents twot@aail parameters that will be dialed to
gage their effect on intake ground vortex aerodynarand debris aspiration via ground
vortex action — the horizontal and vertical diseaftom the vortex core on the ground to
the location on the LPC fan face where it is ingéstn a later section the engine height to
inlet diameter parameter h/horizontal/vertical distance from the ground eartore to

fan face will be dialed to gage their influencedatris aspiration.

Figure 4.4: Ground to Fan Face FOD Aspiration Model
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4.4 OPERATIONAL GROUND CONDITIONS
For this thesis runway operations will be synonyswith aircraft operation at the
start of a runway during the early takeoff phase:

Aircraft at beginning of takeoff phase on the rugwa
Engine is throttled to 100% power setting — at gast the engine is at what is
known in the operational vernacular as “High Suaky Speed” — the riskiest
regime for aspiration of ground debris
The aircraft begins to roll down the runway and floe next 3 — 4 seconds
vortices will form from the fan face to the grouakead, just below or behind
the location on the ground where the engine inést + the strength of the
vortices will keep increasing with wind velocityp wo a peak, after which a
further increase in velocity (in this case the wielocity is a Head Wind)
blows them away [96, 97] (see Figure 4-5)
In the paper by Lee, Singh and Probert that modi#led=100-PW-229, the
assumption was made that the inlet Mach numbeisa@perating conditions
varied from 0.4 to 0.5, while Murphy in his Ph.besis matched by dynamic
similarity inlet Mach numbers for quiescent, heaatrolling ground and
headwind conditions of a 1/8Gcale inlet model in the rage of 0.29 to 0.58 [96,
98] — for this thesis the inlet Mach number willyeried from 0.45 to 0.5 and
the modeled engine internal turbo machinery willzed via a Meanline model
in later section at an inlet Mach number of 0.475

A Standard Day at Sea-level will be assumed [99]
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Note: Dynamic similarity is a principle where ifade is varied between two
geometrically identical replicas the full scale mbthdependent and dependent
non-dimensional parameters are equal to the scaldeimindependent and

dependent non-dimensional parameters respectivéR] [

Figure 4.5: Normalized Non-Dimensional Vortex Stregth

4.5 VORTEX M ODEL

4.5.1 \ORTEXFORMATION

A vortex describes the region in a fluid where tlogv rotates about a line axis.
During slow, ground operations vortices are know/fotm between the inlet of an aircraft
engine and a stagnation point (a point where thal libow field is isentropically brought
to rest, from the Bernoulli equation this pointisere the static pressure is highest) on the

ground (see Figure 4-6). The formation of the stéign point on the ground is the catalyst
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to the formation of the vortex from the groundttet stagnation point) to the engine inlet
— the stagnation point serves as the focal pointpstream vorticity that is concentrated
and stretched to the intake [96, 97]. The stagnaimnt forms as a result of the interaction
of the streamtube (the tube of airflow that coctsdrom a larger area upstream to a smaller
area at the inlet) with the ground — the streamaurea upstream of the inlet is constrained
by the ground, causing flow/ground interaction® (Bejure 4-6) [96]. The parameters that
dominate the phenomena of streamtube and grouathation are the height to ground
ratio (h/D) and the inlet to wind velocity ratio (W , this ratio for incompressible flow is
equal to the inverse of the area contraction ratid that is a result of conservation of
mass) [96, 97]. Murphy identifies the current tréodengine placements in his thesis [96]
— with the least vortex generation risky geomentrg wind velocity ratio H/Dof and WU

of 0.875 and 12.75 respectively (on a Standard DdMyyphy’s plot of engine placement
trend evinces that for the geometries consideraetkuthis thesis vortices will occur

between the stagnation point and the fan faceRgpee 4-7).

Figure 4.6: Model for Ground/Stagnation Point Interaction
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Figure 4.7: Engine Placement Trend

4.5.2 \ORTEXSTRENGTH& ASPIRATIONCONDITIONS

Murphy’s paper for vortex ingestion under headwiodditions provides a means
to estimate the strength of the vortices that aeetated under the operational and
formation conditions already stated in this thesisere Quiescent, Headwind is equal to
Rolling Ground and Headwind conditions are congid¢100] — Quiescent conditions are
a subset of Headwind [96]. Under the assumptiohahg runway boundary layer effects
are negligible, since the boundary layer at ancairs taller than the aircraft that operate
on it, Figure 4-8 clearly demonstrates that fofUmax of 3.9 (this non-dimensional vortex
strength represents the smallestUJ (U") ratio of 18.9 and the weakesf\d of 4.8
calculated from Murphy’s updated equation for thatameter [100]) the vortex present is
strong, as it is ascending towards the maximum diorensional vortex strength with
decreasing wind velocity.

The paper by Glenny and Pyestock on debris ingesia vortex action (they use
the term ingestion for the total action of aspaatirom the ground to ingestion into the

engine) presents thresholds for ingestion [97] Sgare 4-9). Note that their thresholds
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are for inlets much smaller than the one consideréas thesis, 12 in and 6 in vs. 0.88 m.
In their paper they make the assertion that, 'tabse the Rossby number is inversely
proportional to the inlet diameter it will be snallfor the larger intake. Thus on the
evidence of Figures 9, 10 and 11, at a given (H¥2}Y will have to be increased to a
higher value to blow the vortex away and so elin@arthe risk of debris ingestion. This
means that for the intake diameter (0.88 m) comedlin this thesis and for H/Dalues of
0.77 to 0.875 (in a later section, h from the eagimodeled in this thesis will be shown to
vary in the design of experiments from 0.24 m ©30m and for Glenny and Pyestock's
paper H is the height to the center of the engieeH = h + 2, where D = ) Vc/V,
would have to be increased considerably more tharcéses considered by Glenny and
Pyestock to blow away the vortex - evincing thdirgeingestion for the engine considered
in this thesis will occur. In their paper they alssert that, "In the scaling the necessity
will be recalled for retaining the same Rossby nerdi both the model and full-scale, so
that the prediction of maximum particle size jusade necessarily assumes full-scale
Froude and Rossby numbers similar to those employee model work." This assertion
allows the author of this thesis to assume thaRbgsby numbers Glenny and Pyestock
used in their paper are not very different fromsthof today's engines — specially, since
their paper focused on engines with large inlets tlo the ground, just as this thesis does.
If the highest H/DI of 0.875 and the highest/U; of 0.078 on a Standard DaydV, in
Glenny and Pyestock's paper for zero crosswindngpne centerline angle, effectively
represents headwind conditions, a focus of thisishsee Figure 4-9) are considered along
with the assertion that the Rossby numbers in thiewould not change drastically for a

modern engine that is low to the ground and hasgelintake defends the assumption that
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ingestion is not just possible, but highly probablihne author of this thesis makes the
assumption that based on these conditions andnevaguoperational conditions presented

in Section 4.4 aspiration via vortex action wilkcoc.

Figure 4.8: Normalized Non-Dimensional Vortex Stregth

Figure 4.9: Ingestion Thresholds
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4.5.3 VORTEX ONGROUND & FAN FACE MODELS& RESULTING FITS

Key to estimating the velocities of the FOD paescarriving at the engine fan face
is the model for particle aspiration that will beegented in Section 4.6 — this model will
depend on the pressure differences between anjiriesgure and core pressure along the
path from the ground to the fan face and any effétihe horizontal and vertical distance
of the stagnation point to where on the fan faegevibrtex/particles are located/arrive (in
this model the assumption is made that the pastaigve at the center of the vortex on the
fan face).

The following data from Murphy’'s work on the aeyodmics of ground vortices
presents will be leveraged in this thesis to edevnaodel pressure ratios on the ground
and fan face and the locations on the fan faclefrigested vortex/aspirated debris [96]
— see Appendix A for full data set:

h/D — height to inlet diameter ratio
Mi — inlet Mach number
Ui — inlet velocity, function of inlet static tempéuee and Mach number
Ui/lU - velocity ratio, the inverse of the area conimactatio Ai/A
Non-dimensional boundary layer — a parameter use®lurphy in closed
laboratory tests, for full scale engines operatingh a runway the parameter is
insignificant as the runway boundary layer is lartpan the aircraft

" - Non-dimensional vortex strength
Fan face location of aspirated debris

4.5.3.1 Stagnation Point Pressure Ratio
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A key parameter in modeling the aspiration of dehspiration to the engine is
the pressure ratio on the ground, at the stagnpbont - that parameter was not directly
considered by Murphy [96]. The author of this tkgmioposes an estimate based on
Murphy’s Non-dimensional vortex strength’Y and vortex aerodynamics to estimate the
pressure ratio at the stagnation point (go to AdpeA for the full data set and
estimations). The following assumptions are made:

The vortex core is circular in geometry

The vortex on the ground can be divided into twgiares [101]:

0 A rotational core, whose velocity profile is modeley V= r (where r
ranges from O at the center to the vortex coreusadiand is the angular
velocity that because of dynamic similarity willdgeits values) and
whose motion is that of a rigid rotating fluid

o Beyond r = ¢the velocity profile is assumed, irrotational anddeled by
V = C/r, where C is a constant

0 Atr =rc the tangential velocities must be the same:

m G NLCy
Leading to,
n m cy (10)

For use on full scale geometry considered in thesis dynamic similarity is

also assumed, thus the stagnation pressure ratldseep the values

estimated with Murphy’s data

Pressures at both regions can be estimated froitibegum — centripetal

acceleration must be equal to pressure force (sxoayBernoulli’s equation):
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| = c (11)
At the rotational region,
I: gc P
= | = (11a)
After integration,
cP

rl 2=<s (12)
At the irrotational region,
: qCP p
K C
e I c (13)
After integration (p atr =rtop atr=r),

1 Cx P
rro,'l 2 (14)
At r = rc pressure must be equal, leading to the solutipndostant A,

' [
s r,'l m G,
Thus the vortex pressure in cylindrical coordinases

qc P,
rr,<lI I m Gy (15)
An average pressure ratio at the stagnation p®itiiuis estimated by the
proposed formulae:
a total force inside the vortex core is estimated a
' G cP

Xepsp Ty 'l m Gy ycM<z|z|{I 1 c Rc
R} (16)

The pressure ratio at the stagnation point thusrbes,
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The rotational velocity is not directly considered by Murphy, an estimate

will be made from that data set [96]:

o0 The rotational core of the vortex rotates as alrilyiid, this idealization
leads to vorticity, a measure of air rotation, lgeiwice angular velocity

0 The vortex strength, also called the circulationtfie context of the vortex
modeled in this thesis circulation is the line grtd of velocity r ) can be

calculated as follows:

. f.Re z'cm cR i yc mi~rm (18)

0 Murphy presents non-dimensional vortex strengtler@ye vortex strength

T normalized by the product of inlet diameteradd inlet velocity iJ

:t %0
’ 8. ¢

(19)

Tis extracted by multiplying” by inlet diameter Dand inlet velocity i)
T, 5 @® ey (20)
o With T at hand from Equation 20 and applying the relastiim of

Equation 18, can be calculated:

%0 ~18. ¢
m = <o

(21)

4.5.3.2 Fan Face Location and Pressure Ratio
The vortex ingested at the fan face of the engitet modeled by Murphy has
distinct locations and pressure ratios for thedhegimes that are of interest to this thesis

— quiescent (no wind condition on runway), headwand headwind/rolling ground [96]
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(see Appendix A and B for complete data set forcalditions). Quiescent conditions
present the ingestion at the inlet of two countgating vortices whose pressure ratios and
vertical locations are influenced by the paramekdi and M (see Figure 4-10) — the
strongest pressure ratio and its height are redoegethe dominant ingested vortex.
Headwind conditions present one ingested vortdkeinlet as soon as a small non-zero
Head Wind velocity occurs (Uis from a Head Wind) (see Figure 4-11) — the damin
parameters for this condition ar¢l , h/D, M; and approaching boundary layer (has an
insignificant influence in the context of this tleebecause the runway boundary layer is
taller than full scale aircraft). Headwind/rollimgound conditions present behaviors that
range from no boundary layer, when the headwindaltidg ground velocity synchronize
and eliminate the incoming vorticity that causes ltloundary layer (effectively similar to
guiescent conditions), to boundary layer behaviilar to the headwind conditions (see
Figure 4-12). The dominant parameters for this ¢andare WU , h/D, Mi, approaching
boundary layer and &J(rolling ground). Data on pressure ratios and stgg vortex
location was extracted with the aid of the colaadients on Murphy’s plots and scaling
rulers used to “size” how far from the inlet lipetliortices where located vertically [96] -
the pressure ratio, based on dynamic similaritgimst its magnitude (see Figure 4-10,
Figure 4-11, Figure 4-12, Appendix A and B). Murighgngine inlet model has a “lip”, a
transformation is made via Equation 23 to scaleviréical distance from the ground to
the center of the ingested vortex on the inlete-itflyested vortex center is moved down
by " bwseal pDwmspafl 1O place it on the scaled inlet highlight diamdtere Figure 4-
13). Appendix B contains the data and fit of therected vertical location of the ingested

vortex on the inlet or fan face.
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Figure 4.10: Quiescent Pressure Ratio Magnitude/La@tion
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Figure 4.11: Head Wind Pressure Ratio Magnitude/Loation
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Figure 4.12: Headwind/Rolling Ground Pressure RatiaViagnitude/Location
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Figure 4.13: 1/3@" Scale vs Full Scale Inlet Models
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4.5.3.2.1 Pressure Ratio & Fan Face Loc. Model Fits
The result of physically modeling the pressureosatat the stagnation point and

inlet and the full scale, corrected height of thgested, dominant vortex center is a data
set that is employed to generate fit formulas neglin the particle aspiration model that
will be presented in Section 4.6. The fits for $it@gnation point and inlet/fan face pressure
ratio were developed with Wolfram MathemaficeD while the fit for vertical location of
ingested vortex was produced with J¥Pro 11.2.0. Due to the limited training data from
Murphy’s experiments the goodness of fit tests W63 (see Appendix A for raw data
used to create models):

R? (values greater than 0.90)

Actual by predicted plots (whose data points anelomly scattered along a 45

degree line (perfect fit))

Residual by predicted plots (whose data pointsgotes random scattering with

magnitudes much smaller compared to the predicikces)
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Model Fit Error (MFE, error of the model relative actual values, at points

employed to make the model)

The fits and statistical support are as follows:

Pressure ratio at stagnation point

”:t— o SS — HN<nn; — < H T <XX H
U DF>@E>FHE " "

— <YY ™Lp< H<QQ py<== | < —-~<— (24)

Figure 4-14 presents goodness of fit measures @efticents of fit,

Figure 4.14: Stagnation Point Pressure Ratio Fit Masures

Pressure ratio at inlet/fan face ingestion

Tt e ss — <8 — u4<nn — — < - —<
U HEPAF
by < XX H—g <» g — <0 o —<e —<77 4<VYY
— <YY —< (25)

Figure 4-15 presents goodness of fit measures @effiacents of fit,
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Figure 4.15: Inlet Ingestion Point Pressure Ratio fE Measures

Vortex ingestion vertical location at inlet/fan éac
Zuepar it C&N <N EE @ ™L p<N'jii&¥X L' p<N'i88CE
h<j im0 — L(N<N'j &£ —-

Figure 4-16 presents fit quality measures,
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Figure 4.16: Inlet Ingestion Point Vertical Locatian Fit Measures

4.6 ASPIRATION M ODEL

The conditions for vortex generation, strength aspiration as well as the physical
models for pressure ratios and location of ingestedex at inlet/fan face have been
established in Section 4.5. The following sectiah present the assumptions, conditions

and physical representations required to model:
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Likelihood the ground vortex core (stagnation ppinill move over a FOD
particle sitting on the runway

Forces that lift the particle off runway and asptrinside the vortex to inlet
Arrival velocities at the fan face location whehe tvortex is ingested — recall
that the assumption is made that the aspiratedsdednticle arrives at the center

of the ingested vortex at the fan face

4.6.1 HMROBABILITY OF GROUND VORTEX COREENGULFING DEBRIS
The probability that a FOD patrticle on the runwagmngulfed by the ground vortex

core (a pre-requisite to aspiration, as the partiels to be inside vortex core to be aspirated
off the ground) is a function of where on the rugwae vortex core is during the early
takeoff phase — at that phase strong vorticesatbpite debris occur (see Section 4.5). The
assumption is made that width-wise on the runwayvtirtex core has equal probability of
being anywhere (uniform distribution) as the eaaleoff phase begins — also assumed is
that width-wise as the aircraft rolls down the rayit stays in the same trajectory, takeoff
roll does not seem to have much “wiggle”. Sectidr2s2 and 4.2.3 provide the density and
distribution of debris that will be considered inmist thesis. Figure 4-17 presents the
geometric parameters employed in the proposed ieguaee Equation 27) to estimate the

probability that a particle will be engulfed by theund vortex core of radius r

67 ®
_ «(, = ( D
=2E@TPOAI = (27)

(C+212

Where:
N — runway width space counter between debrisgesti{see Section 4.2.3)

Dvortexcore— twice the radius of the vortex corg, r
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D — diameter of the FOD particle

Wrunway— Width of runway

Figure 4.17: Probability that Ground Vortex Core Engulfs Particle

4.6.2 ASPIRATIONFORCES& VELOCITIES

To derive a model to estimate the aspiration femed velocities on a FOD
particle that is engulfed by the vortex core ansujected to the net impulsive resulting
from the pressure ratios calculated under condits®t forth in Section 4.5 for vortex

formation/strength and aspiration thresholds thieiong assumptions are made:
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From ground to fan face in the early takeoff prasdélow is considered
incompressible — the maximum headwind condition Wik be considered is
12 m/s, only at the inlet will Mach number varyweéen 0.45 and 0.5
Frictionless/adiabatic flow — an isentropic process

Flow is along a Streamtube — a defining conditionaf vortex

Flow is uniform at each section of the vortex

By Bernoulli's equation (derived from equilibrivmacceleration must equal
pressure force ) static pressure, dynamic presswudiead (height pressure
potential) are held constant for incompressible/f(see Equation 28) — the
assumption is made that the dominant impulsiveeftinat aspirates the FOD
particle is caused by the pressure differentiavben the pressure inside the
vortex and ambient pressure outside the vortexgalath a net head, for this
particular case total and static pressure areaghmegsee Equation 29) — the
assumption is supported by tornado aerodynamicsenhside the core axial

velocities are small and yet aspiration of heavjgctis occurs [103]

~

= =pppam&li I3 <17 Z (28)
=W = pepa€ Nl 7 jZyccamraiZ k (29)
Where,

— flow density

V — flow velocity
g — gravitational acceleration
Zcorrected— height from datum (ground) to vortex core agirfSection 4.5.3)

Z — height from datum (ground)
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Pinlet — pressure inside the vortex core where ingestionlet occurs
Figure 4.18 presents the velocity and force moded FOD patrticle aspirated from
the ground to the inlet/fan face — the figure gbsesents visually the assumption of a
parabolic particle trajectory inside the vortex idgr aspiration, this assumption is

supported by scale and full size aspiration modes Figures 4-19 and 4-20 )[97, 104].

Figure 4.18: FOD Particle Aspiration Velocity/ForceModel

Figure 4.19: Ingestion of Glass Beads into Diameténtake
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Figure 4.20: Particle Trajectory into Full Size Engne Test
The pressure ratios developed in Section 4.5rapayed via a linear relationship

to estimate the net pressure on a FOD particldetie vortex (see Equation 31). This net
pressure along with drag and weight comprise theefeystem in the x-z plane (see

Equations 32 and 33) — in this thesis crosswindditmms are not considered and the
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trajectory plane of the FOD particle is 2-D and hasncidence of Qwith respect to the
engine axis. The formulation is as follows:

Stagnation point to vortex core ingestion poinnédt/fan face,

NNNNN:caeegcaﬂ_‘?ré" N

(e |

NNNNNNNNNNNNNNN

Equation 29 via Equation 30 is converted to,

NNNMNNS» ~t_ Y4 ' »"t_ Y Y ZLdccameaR
=V df a] =V er N\

NNNNNNNNNNNNNNNNNNSRMNNGN N NN NN NNNNINN NN SRNNNNNNNI

TV eM A\
Forces on the particle,
NxAzg'=s Z# s AAAY ' - 13, n s A % (32)
Recall that,
Vx:dX/dt
Ux = X
RA RALR]
AAAY
ARA <RZ ARALR] < RZLR]
Cx ;A
.:u |4%11:t_ ° (1] :t_ ° O <
U HEPAF U DF>@E>FHE **((*"
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‘A7 - 13, n s A'IO?E(BC%)

RZLR]

=, '= Z# s EEA}]
Recall that,
V., = dz/dt
Uz =Z
. RZ
EEA}]

ARA < RZ

X Aeg "4%"Tt_ o
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The vortex ingestion/particle aspiration verticaddtion at inlet/fan face developed

from scaled/corrected data from Murphy’s work [@&)ng with setting the displacement

at start to zero and the horizontal distance frtegrsation point to fan face set via DOE

setting provide the initial conditions.

4.6.3 ASPIRATIONSIMULATION

The force system developed in Section 4.6.2 is taokecoupled differential

equations that are solved numerically in the saroéffdm Mathematic8 10 code that was

employed to develop the pressure ratio fits of i8ac4.5.3.2.1. Once the condition for

particle presence inside the stagnation point xocte is met the solution to the force

system provides the trajectory and velocity prafifeom the ground to fan face. The

assumption is made that because the engine moieleid thesis did not include an inlet
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that recesses the fan face, where effectively thex is turned horizontal as it reaches the
fan face, only the horizontal component of velodgyconsidered at the inlet — this
assumption is supported visually by public domdintpgraphs of vortices ingested by jet
engines where there may be a trend for straigluitex tubes at lower engine heights, thus
if the fan face is near the inlet the ingestionoedl would be mostly the horizontal
component (see Figures 4-21 and 4-23). Note tleadkhor of this thesis did not encounter
studies that related fan face recess to vortex@iD fngestion. Figures 4-24 and 4-25
provide typical trajectory and velocity profiles fie two steel particle sizes (1.33 mm and
3.2 mm diameter) whose case studies will be predeint a later section in this thesis.
Appendix C presents the code, initial conditionsfiomerical solution and a discussion on

how the code works.

Figure 4.21: F-16 Engine Ingesting a Vortex Streamibe
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Figure 4.22: 747 Engine Ingesting a Vortex

Figure 4.23: Boeing YC-14 Engine Ingesting Vortex

Aspirated Particle Velocity

Vx (m/s)

S S S S
0.002 0.004 0.006 0.008

Figure 4.24: Aspiration Model Typical Velocity/Trajectory Profile 1.33 mm Particle
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Aspirated Particle Velocity

VX (m/s)
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0.001 0.002 0.003 0.004 0.005 0.006 0.007 )

Figure 4.25: Aspiration Model Typical Velocity/Trajectory Profile 3.2 mm Particle
4.7  BENGINE MEANLINE ANALYSIS MODEL

The turbomachinery modeled for this thesis inctuddors, stators and guide vanes
— on current engines the rotors are attached to thsks — the LPC fan is attached to a
rotor disk just as the HPC rotor is. Rotors excleakigetic energy for pressure rises — the
blades do work on the flow they move across theteto® and guide vanes condition or
“straighten” and diffuse the flow before it entelf®e next rotor or exits to another
component.

Fully 3-D flow dynamics and thermodynamics insateoperating jet engine are
computationally intensive, an approximation is liegghto estimate the nature of the flow
that a particle will encounter on its trajectoryth@ blades on the HPC rotor disk more
efficiently. Additionally, the approximation musiiav greater control of input variables
as a range of conditions via a Design of Experisi¢DOE) will be considered. A lower
level approximation that provides ample informatmm the nature of the flow, allows
sufficient control of the inputs, is not proprigtaand is computationally economic (as
opposed to full 3-D CFD codes that are complex amchputationally intensive) is a

Meanline Analysis. A Meanline Analysis, also call@dMean Streamline Analysis is a
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streamline or 1-D first level principles approachmodel the thermodynamics and flow
dynamics inside an axial compressor — the appraxamés effectively done across a mean
or averaged line radially located from the shatft enord-wise located from the leading to
the trailing edge of the turbomachinery airfoil §1@06]. Most of the current jet engine
designs are of the axial compressor type — axialptessors compress and move flow
through the action of rotating airfoils — the teamal is apropos because flow is moved
with negligible incidence with respect to the axisotation.
A Meanline Analysis tool, spreadsheet-based apdatied by Falck’s work on the

topic, was developed to providé& tevel principles estimates of [105]:

LPC fan to HPC rotor static and total flow dynamacsl thermodynamics

A baseline sizing of the modeled engine turbomamlyin- the Meanline

Analysis tool was set to the average inlet Mach Inemof 0.475 and it provided

the baseline, internal sizing to the turbomachinsepan (height from shatft),

blade chord to pitch ratio (solidity), angles of thlades and chord lengths

Recall that the Pratt & Whitney F-100 low-bypasdtdan is being modeled for

this thesis. To expedite the modeling of FOD pasidrom ground to impact at th& fow
of blades (a row of blades from a rotor disk isexhh cascade) on the HPC rotor disk this
set of engine sections will be simplified — thetgats to be considered will consist of a
single LPC fan at the inlet, a single stator belimdfan, a single Inlet Guide Vane (IGV)
behind the stator and a single HPC rotor behindi®\ (see Figure 4-26). Available,
public domain and simulated performance and geacriaformation is presented in Table

4.5 — as most of the physical engine’s performamoee configuration information is
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proprietary a mix of Pratt & Whitney and third paxdpenly available data had to be

collected to model a “similar-enough” engine faistthesis.

LPC
Fan

Stator

Figure 4.26: Modeled Engine Sections

Table 4.5: Engine Public Domain Information

1Sl

Number of LPC Fan Number of | Number of IGV | Number of 1st HPC Inlet Shaft Diameter LPC Fan
Blades (source: Stator Blades |Blades (sourcel Rotor Blades |Diameter (m) (m) (author Stages
government Pre- source: author] author source: author source: N source:

P ( h h ( h ( approximation) ( P&W)
solicitation Notice) [L07]] assumtion) assumption) assumption) P&W) [95] [108]
38 34 34 34 0.8 0.42 3
OPR Fan
Mass Flow Stages LPC Spool HPC Spool

HPC Rotor Stages Rate (kg/s) | Bypass Ratio [ Owerall Pressure | (source: Anaular V(re)loocity Angular
source: simulate source: source: atio | Velocity,

¢ imulated ( ( P&W) Ratio (OPR) P&W) ng(r )(source’ Velocity, N2

engine) [98] simulated [95] (source: P&W) [95]| (source: NAZTA) [109] ‘[ (rpm) (source:
engine) [98] simulated NASA) [109]
engine) [98]
11 112.7 0.3p 3214 38 100p0 14900

4.7.1 MEANLINE ANALYSIS LINGO

A Meanline Analysis is a®llevel principles approximation for the flow dynamsi

and thermodynamics inside a turbomachine. Befoeedynamics and thermodynamics

methodology and formulation is presented a basiderstanding of terminology is

required. The following definitions along Figure4, 4-28 and 4-29 serve as a guide:
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Meanline or Streamline — in the context of analg$ithe aero/thermo dynamics
of an engine refers to a line that starts at thet Bind continues aft and whose
distance from the engine axis datum (center) isrtlo¢é mean squared of the
tips and hubs of the inlet and outlet respectiwéls rotor, stator or guide vane
Flow velocity triangles — at any point inside angee the flow can be
decomposed into its tangential, radial and axiahponents — Figure 4-28
presents in the context location and airfoil geagynehe velocity triangle
components with their definitions

Particle trajectory in the context of geometry amdocity triangles — as an

ingested patrticle travels inside the modeled enging partly subjected to

forces from dynamic pressures resulting from theyéatial, radial and axial
forces imparted by the flow (see Figure 4-29) —ghtiand drag also impose
forces as will be seen in a later section

o Velocity along Meanline is meridional, along a id&m (Gn)

o As will be determined form the baseline geometrgvael at Mach 0.475
employing the Meanline Analysis tool, the tapett# Meanline across a
component is small and thus the assumption wilhitaele that the axial
velocity component of flow and the meridional vetp@are the same

0 V, V., Vaa are the tangential, radial and axial componentpavficle

velocity respectively
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LPC
Fan

Stator 1st

—
\I

Figure 4.27: Meanline Location

Figure 4.28: Velocity Triangles
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Figure 4.29: FOD Particle Trajectory & Flow Dynamics
Airfoil & cascade geometry — the NACA 65210 airfais chosen for the

modeled engine in this thesis because it was eraglextensively in legacy

axial compressors and ample data is available fadD, 111] — refer to

Figure 4-30 as a guide to match key terminology

o Airfoil max thickness 10% at 40% chord, max camhbégs at 50% chord
[112]

o Solidity, or the ratio of chord to blade pitcH(c/S) is a key parameter that
will be sized by the Meanline Analysis tool at theeseline condition of
inlet Mach number of 0.475

0 The stagger angleis the radially local incidence of the chord lioethe
engine axis — as it varies along the radial diogctf a rotor it is called

twist — this parameter will also be sized by theaMlene Analysis tool
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o0 Remaining parameters will be sized by the Meanfinalysis tool at the
baseline inlet Mach number of 0.475 and by methbaswill be

presented in a later section

Figure 4.30: Blade and Cascade Geometries

4.7.2 MEANLINE ANALYSIS ASSUMPTIONS
The dynamics and thermodynamics of flow througéta&ngine are complex and
lengthy, the reader is encouraged to read the ceétziences for more definitive and
insightful overviews of related disciplines [11314] - the following assumptions will
enable an approximation of the complex natureaf finside an engine:
In a cylindrical control volume enclosing a rotbetflow crossing the inlet and

outlet is axis-symmetric and steady — leading talsror negligible effect
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radially for inlet and outlet components of tangantradial and axial flow
velocity

Free vortex flow (r-C= constant) — this is a consequence of no torgtisca
on a single flow particle about the axial axis -additional assumption results

from free vortex flow: radially along a rotor, twstations” can be related

G Inig N Nl nj (34)

ng N I%]nig (34a)

From the velocity triangle,

—N nj <S (35)

— —c iycQ (36)
_ e N @i Q.

S“ N — C N O|_I — C S iG (37)

Near constancy of axial flow velocity — becauseabxelocity does not change
appreciably as flow travels aft in the compressetien of an engine the density
increases and the annulus area of passage decteasastain the mass flow
— rotors get smaller

The modeled engine will contain a constant innaftstr hub diameter — in the
engine lingo called a Constant Hub Diameter (CID)

As the flow in consideration travels in the comgm@ssection of an engine very
little heat is added/encountered (<56(), the flow will be assumed to behave
as a calorifically perfect gas — the gas does @attrchemically with internal
energy and enthalpy being functions of temperataig and the specific heats

are assumed constant
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4.7.3 MEANLINE ANALYSIS MODELING PROCEDURE& FORMULAE

By dynamic similarity, the Mach number range o4®to 0.5 for the full scale
engine in this thesis will be matched to Murphy’'sdal [96]. Refer to Figure 4-31 to
follow the procedure in the context of “Stationg’he Meanline analysis tool was
developed as a spreadsheet. Static and total flowpepies along with geometric
parameters are iteratively related via circulaerences in the spreadsheet — the “baseline”
modeled engine geometries are sized iteratively Waw properties at an inlet Mach

number of 0.475 (splits the range of inlet Mach bens to be considered 0.45 to 0.5).

Figure 4.31: Meanline Analysis Engine Stations

Meanline Analysis Basis Discussion, Formulae andé&cedure:
Mass flow is a key parameter of the engine thal bvélleveraged through-out
the formula development and procedure, recall éh@dlation for mass flow:

e~

AN — s | (38)
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Note: internal to engine U will be replaced by theridional velocity G, per
reasoning already stated — axial velocity is apipnaxed by meridional velocity
Flow properties at the exit of a component ararilet properties of the ensuing
component

The bypass ratio of an F100 engine is 0.36, itsalvmass flow is 112.7 kg/s

[95, 98] — the core and bypass flow can be estithiaye

m W/ICA<A\~'OV:>DD &&i i"NO,Le (39)
&= N ??“*;j'(' X8 (40)

Reducing variables through Equation 40, solving®gr-from Equation 39,

o 2K iIONO@LD . .\ jen (A
Rica o3 < ¥i¥NO'Le (41)
Byyspp AN T, ca iE¥XNO Le (42)

Three engine parameters are set a priori:

o0 Axial Velocity Ratio (AVR) — as the meridional velity is the axial
velocity, its velocity ratio of outlet to inlet 399 (the meridional velocity
at the outlet of the fan is 0.99 the meridionabedl at its inlet)

o Diffusion Factor (DF) - relates peak velocity oncBon Side of airfoil to
velocity at trailing edge — Falck suggests thatetirsg of 0.45 for this
parameter is typical in the sizing of compresdarger values are indicative
of stall [105]

o0 Blockage Factor (BLK) — a measure of the narrovohg¢he flow passage
as boundary layer growth on the compressor houstrgases as the flow
travels aft — Falck takes this parameter to be@pprately linear from fan

inlet to the % stage of the compressor in the engine he cons{gdns
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ranges from 0.98 to 0.88) [105] — for this thesssdtarting value at the fan
of 0.98 is kept and by linear interpolation theuneabf BLK at the HPC rotor
is 0.955

Station 1 — fan inlet

o At the fan inlet only flow with zero incidence amgWith respect to the
engine axis is considered in this thesis (no crosbus assumed) — from

the velocity triangle (Figure 4-29) at the fan tnleith 1 =0,

n, n, XQ”‘S@ n (43)

0 Recall the inlet Mach numbers are matched by dyoasmilarity to
Murphy’s engine model at those laboratory test dents (parameter call
out “scaled test conditions”) [96] — the full seangine modeled in this
thesis operates at a Standard Day at Sea Leveitiomsdwith inlet Mach
numbers that range from 0.45 to 0.5 (parametepaalifull scale Sea Level
Std. Day”) — that match up allows the estimationtioé static inlet

temperature as follows:

H DM>PAIFADFM EIHFH ED H ©TPPDM>PA~A>UAUAP~FI >V (44)
Y e x4 S Remsnaia vl ( 45)
AP3 1y x4 M3 o

Recall from Equation 38 the definition of mass flavow including BLK
and leveraging Equation 45 and assuming an isdntpypcess from far-

field to fan inlet leads to,

9

N N -9 1?9
Ip | 520 ©TPPDM>PA-ASUAUAP~FI X - /4 (46)

RO™H 14 "3, 12
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AY; oTPPDM>PA-ASOAUAP-FI AN

NNNNNNNNNNNNNNNNANSNSs AN DEN NN NN YNNI NNNNNNNN

e~

AN H ©TPPDM>PA~A>0AUAP~FIIE [ >?0 FADFM EIHFH EDY

NNNNNMNNNACo A 1520 oTPPDM>PA-ASUAUAP-FI >V

9

NNNNNNNNN»S—— 15° gyy o (473)
RO™AT A 1E A 12

Where,

SH Y 8CHEH: 'C H_Tod (48

Solving for the static temperature at the fan ieget

[0 AN LcH orprom>pA-A>0AUAP-FIAR [ >70 FADFM EIHFH ED
NNNNNNNNNNBNY 188 1520 otppomspa-a>0aUAP-FI Y Y 5 €8
NNNNNNNNNNNNSYY (49)

For the static pressuresgPat the fan inlet,

a

— - N N -9 1/
=D = >20 GTPPDM>PA-A>UAUAP-FI N /4 (50)

Bem-*"ala "a, 12
The stagnation or total properties can now be tatled by means of their

thermodynamic relationship to Mach number,

b

o .

= &< H ©TPPDM>PA~A>UAUAP~FI >V (51)
a

Bo P a9

By &< H ©TPPDM>PA~A>UAUAP~FI>V (52)
a

*9 m P o a9

Ty &< T HOTPPDMoPA-ASUAUAP-FISV (53)

Entropy, specific heat and static enthalpy are utated via an ideal

properties of air tables [116]:
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w é[ p (54)

Y (55)
| €[ p

The meridional velocity at Station 1 (see Figui@ld-can now be estimated:

2N

n —
? {éC,) pC a°/ Pa-_g Iué

(56)

The Meanline analysis Streamline is radially lodat®em the engine axis
center — that distance from the engine axis cesitbe root mean square of

the tip and hub radii (see Figure 4-32):

PC., p L
S Cer g (57)

G @
For thei;y at the fan inlet (Station 1),

L
a @, P.Coey P

Ccop ® (57a)

Figure 4.32: Engine Station Geometry
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o With theijy and the spool speeds for the LPC and HPC, N1 &d N

respectively (have units of rpm), at hand the wkpekds can be calculated:

— —cm 1Y C e ol (58)
— —cmo 1Y Cocewn g (59)
— —cmo 1Y Cocewn g (60)
— —cwi Y C cwi g (61)

o From the velocity triangle at the fan inlet (segufe 4-29) and recalling
that only flow with zero incidence angle with respt® the engine axis is

considered (1=0):

nf n-, ORAO (62)

Si — 'nj — (63)

6 iR = (64)
N,

S EERs

o Rothalpy, stemming from the concept that the risgagnation enthalpy is
equal to the specific work done on the fluid (the’é rotation does work on
the flow that passes through it), can now be catedl as follows:
frawdédwNS\cON\INn\Arcaeed\f N6 — nj '— n;
INNINN NN NN NN NN NN N NHNANENASNNNENNANANNSOBNANNNUNNNANMNES BN A NN NN
Stagnation or total enthalpy is related to statihalpy
g ep<&Li n (66)

For Station 1 the stagnation enthalpy is
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(0]

0| 0ep <&Lin (66a)
Equation 65 can be re-arranged with Equations 3b @6 to reveal a

powerful relationship: rothalpy I, across a ro®constant

033<&£|S '&ZI— (ED<8TIS '&ZI— ° (67)
Relative properties will need to be calculatedsiineate pressure losses and

entropy rises across the fan:

_ 9
o B3 (68)
=F-y, =D &< — g * ° (69)
o9,L 7 P
[r-y = (70)

As the flow travels from Station 1 to 2 (across the) it's design total
pressure ratio can be used along with a fan stagermance map (see
Figure 4-33) to estimate the actual total pressat®m affected by the
operating conditions and pressure losses as follb@&y:
With an estimated design total fan Pressure REB#R() of 3.8 for three
stages, the design total pressure ratio for aesifagl stage modeled in

this thesis is approximated by:

"TFi_ e U Xj¥'te &jn§ (71)
—F  ADH@E

Total pressure losses across the fan are estimatadprofile and
endwall losses, p and e, following Falck’s methodology [105]:
0= m:<mA# :F*QI:D# (72)

Correcting for operating conditions and losses:
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”:Ft_ .
—F .. CCAMFAI

”:Ft_ .
—F  ADH@E

13
w .o
S ¥

UN=caeegcaN "d\gace co>eEmas>:

(73)

Figure 4.33: F100-PW229 Fan Performance Map

To extract the ratio of total pressure ratios fribva performance map
(reported as % pressure ratio on map) and therggeatefficiency of
the fan stage (reported as plateaus of constantffftiercy) the
corrected mass flow ratio (reported as % airflowtlom map) and the

corrected N1speed ratio (reported as % curves pn$taat N1 ratio
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magnitudes on the map, the % sign is omitted in)nmayst be estimated

from operating conditions as follows:

[\* N[aArac~]gcaN Ad\ } — = - (74)
Bo

Br/gemrrana ma e

[\]*_N=caeegcaN "|d\ |

(75)

Assuming operating condition and design ratios aésnflows and N1

speed are similar in magnitude at 100% power ggttin

QENUESUYNDAAAR NAGAE »—t v, 0
O+ . CCAMFAI

2N,

NNNNNNNNNNNNNNN

Likewise the Corrected N1 speed ratio becomes,

QENUEBSUYNEN GUYNAGAE »—2 1, u
Yo -0+ ccaMFAI
NNNNNNNNNNNNNNN

o0 To estimate the efficiency of only the fan, insteddmploying the fan stage
isentropic efficiency isentropic €xtracted from the performance map,
polytropic efficiency p will be used instead — polytropic efficiency i®th
result of “chopping” up the compression process intlividual steps that
aggregately approximate the isentropic efficiency

+B
(%] ’pth‘

p
= oo . (77)
p Q vpt ’90
Where,
o A
N ” rptB‘go
9 &< N HDAEFC :HM (78)
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Station 2 — fan outlet, stator inlet

With Station 1 static and total properties, Staoralculations can proceed as

follows:

0 N, N, s ¢ (79)
cp ) p Cpéo/ p L

0 Cp & ———"7—® (80)

o Uz was presented in Equation 59

0 The Stage Load Coefficient) correlates stage efficiency, it is a parameter
whose first guess (it will be iterated in the taslused to estimate the whirl
velocity in Station 2 as follows:

nj — <2y (81)
Gp

o From the velocity triangle at Station 2 (see Figdu29):

Si — 'nj (82)
L

n n, <n; # (83)
L

S no, <S; # (84)

At this point is recalculated (it is linked to Equation 81 vaacircular

reference) by,

--@pQ—P -89 G-9 85

Yp Gop (85)

o BRA e (86)
“p

6 ORA "—t. (87)

0] - ! :fi< P (88)
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From 6y ¢p2 and &2 are extracted from ideal properties of air tables

(embedded in Meanline Analysis tool),

W w. 0 (89)
[b [ b o (90)
I N (91)

{4Cp ) PCpey Pa.p 10 41 ¢
From the ideal gas law or by applying Equation &0Station 2 (they are
thermodynamically equivalent),

= | p [ b (92)
Entropy is extracted from ideal properties of ablés (embedded in
Meanline Analysis tool) and entropy increase duésses calculated by
Falck’s procedure [105],

7" 1 'ow <117 1 oopap (93)
Assuming specific heats are nearly constant N uNw), Equation 78 can

be used to estimate total enthalpy,

a9

Bp, . &
Moo g P (94)
29 Mo o - ()
p
» AP3 (95)
2
| E | D "& < D_ o (96)

P

o At this point, the Meanline Analysis tool can bepoyed to “size” the fan
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The stagger angle of the fan blade with respetttd@ngine axis center
can be estimated with a NASA procedure [115] — ftbenstagger angle
other airfoil angles will be calculated

With the Stage Loading Coefficient,

x@U

sAd"_NT\_dRd]h , W% AAK ' 6 (97)
_.U QXQUQ,U pXQUp

" U oU (98)

w AAAG6 '~ EEAG'EEA6 'AAAG (99)

XMNY]Y acNsf_a N ¢ oA 2 (100)

-

blade metal angles are estimated with the aidagfg&tr angle  and
the angles between the camber line tangents dtaldeng and trailing
edge and the chord line, and 2 respectively (see Figure 4-30 for full

list of blade angles calculated),

>E < (101)
>E (102)
d 6 ' (103)
0 <d' < (104)
o (105)

The blade camber is calculated by,
} ' (106)
At any point radially on a rotor the twist is lingaapproximated by,

C 'ttt =———< o (107)
C) Cev
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The height or span of the fan rotor can now bedsiza iteration — recall
that Meanline Analysis tool links geometric paraengtto static and
total properties via circular references (the tmoin the form of a
spreadsheet)

From mass flow at Station 2,

2N
*p-p iUe 6+

CsETRPAR 1 C Ry E{ C 10 (108)

The Meanline Analysis tool can now size the averagechord of the
airfoil
With known number of fan blades, the pitchrat fat inlet and outlet of

fan rotor) can be calculated,

xMNS_~RaN=dw™ iﬁm (109)
I

The inverse of cascade solidity 15/c) is calculated with the Hearsey
Method [105] employing relative flow angles, to@dses ( = e+ |,
already calculated for pressure losses and entriggy and a fixed

Diffusion Factor with a typical value for compresswing of 0.45

. O|OOO 9 ! HXQU 9_
— i¢a o0 70 (110)

the averagess chord is estimated by,

Wepcop ————F (111)

Station 3 — stator outlet, IGV inlet
0 N N, S _ppc (112)

O Njg N ¢ 6ﬁAQ (113)
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Assuming that 3 = stator because stators have no twist, only a constant
stagger

statoriS calculated with the same procedureras

Ne XQ%U (114)

Recall that at the stator no work is done on tbevflthus the stagnation

properties at the inlet of the IGV remain the sasdhose at the outlet of

the stator

0|e BF (115)
1 p

Ohe BB — (116)

The flow is now entering the core,
Alica N 2 Shepar kol pe 3YYio NNN
92
NNNNNNNNNNNNNNNNNNSUMNANN NN NN N NN NNENYNNNNNNA
P

Solving for Ts3,

b

(e ——— [ (118)
{ 1(;;.1'!’(’) p — 3/zr_p IUé 4
2
lpe | p "—=*° (119)
P
pe = b ":—p'éyg (119)
We pd[pe (120)
- (121)

AP3 .

For total properties,
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— < (122)

os}
| U
W
©

B g« . (123)

Lovge B0 (124)

Rrms through the stator remains constant,

op P b
o,
GLy P

CcoD ~F>EC (125)

0 The stator is assumed to have the same numbeaadédhs the fan, thus the
procedure to calculate blade pitch S and cascddétgo is the same as

that of the fan

Wespogop  —t—E (126)

o The diameter of the stator at inlet and outletsézed just as the Fan

. - T 2N e,
~F>F CKePAFl C ~psFckeparrFhl B < (127)
{*p.p V&4

T <F>FCTFPAF | C —F>FCTFPAFFH: | E{._ ..T)N%Ué i <= (128)
Station 4 — IGV outlet,AHPC rotor inlet
All calculations are performed per the procedureStation 1 (fan inlet) with
the exception that is not zero and tieHPC rotor employs the performance
map for the compression section of an F100 engiee Figure 4-34) [108]. An
approximation was made to estimate the single R,k will be assumed that

corrected, design total pressure ratio for tieHPC rotor blade stage is

approximately:
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3
9

B B3 , ,
—% &g——m U=caeegcaN "|d\ gace co>emas>: (129)
B ..ccavwral "TPtgg

Note that the performance map for the compressecigally calls out Sea
Level takeoff (SLTO on plot) — this is the very cation that this thesis focuses

on, thus the corrected total pressure ratio adhessotor can be calculated

»Bag, &S | £¥ & jitange (129a)
B . CCAMFAI

Figure 4.34: F100-PW229 Compressor Map

Station 5 — T HPC rotor outlet

All calculations are performed per the procedureSiation 2 (fan outlet).

4.7.4 MEANLINE ANALYSIS SIMULATION

The Meanline Analysis tool was ran 10,000 timegardomly, 10,000 inlet Mach

numbers were generated and 10,000 values for @flepties already detailed in Section

4.7.3 were calculated using Microsoft Excel's Daédble feature [117]. From the 10,000
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data point sets distributions were developed witB Statistical Discovery Software JMP
- Beta distributions were developed that simulat&dic properties and flow velocities
needed for the particle aspiration and kinetics e®df Sections 4.6 and 4.8 respectively

— the distributions are presented in Appendix Dhglwith the code for the simulation.

4.8 IN-ENGINE PARTICLE KINETICS M ODEL
This thesis focuses on small, Hard Body FOD —i§ipalty small, metallic, debris

particles on the runway during the early takeofdgih Though small (most of the case
study work in a later section will focus on steatteles 1.33 mm and 3.2 mm in diameter)
the particles are dense, thus we must speak ofiésnand not kinematics. Kinematics
focuses on the displacements of particles whoseesase negligible or not accounted for,
while this thesis focuses on very real damage chbyesmall, Hard Body FOD - the
mass/size of the debris particles and the foraspitopel then from ingestions through the

fan face up to impact at a blade on tReHPC rotor are the stuff or kinetics.

4.8.1 EUATIONS OFMOTION
4.8.1.1 Plane, Polar Coordinate Kinetics

To develop the equations of motion for a partitiat is ingested into the engine
(beyond the fan face the regime is ingestion, fgyound up to fan face aspiration) it is
assumed that the motion of the particle in thepad@rdinate system, whose datum is the
engine centerline axis, is decoupled from the axiation. The assumption is supported
from the previous assumption that a cylindricaltooinvolume across any of the engine
components is axis-symmetric — this assumptionsiéadlow properties that are radially
independent of axial behavior — e.g. the meridimeédcity of the flow, which represents

the axial velocity, is calculated across compon$tations by means of an Average
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Velocity Ratio (AVR) while tangential velocitieseamust add up to the local wheel speed
(see Figure 4-28 and go to Section 4.7).

A coordinate system in the engine is not an iakriference frame — there is
rotation. To determine the force system that gawvdhe trajectory of a particle in a
reference frame rotating with an angular velocityhe relationship of an inertial reference
frame collocated at that engine axis center androt&ting reference frame must be
understood. It is assumed that the datum for adfi@artesian coordinate system is the
engine centerline axis — the rotating referenceé&ahares this same datum. If an arbitrary
vector n is rigidly fixed to the rotating referenftame, then the time derivative of that

vector about the fixed or inertial reference frame

5 n0* 0 (130)

If the radial vector extending from the datum isa@posed into its components on the
rotating frame (Equation 131) and the time derixais taken, the first parenthesis in Equation 132
reveals that the unit vectors remains fixed, witile second parenthesis represents the time
derivative of) on the rotating frame. After re-arranging the teimthe first parenthesis in Equation
132 (see Equation 132a), Equation 133 revealselationship between the inertial and rotating

reference frames.

¢ c ab<cpb<cH (131)
R(‘J ” Rg& R@ \,Ri. "RCA Rqﬂ' RCZ v.
Rl CAR<Chig<Czg < ?]9\<?]0< & (132)

CAE—Q]R<Chi—?<Cz% calh* A <c,®* b <cy* &

NNNNNNNNNNNNNNN

” R@.
R] «fac]d"_f dfanaflac_dfasAde
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Considering Newton’s second law, assuming thatracpathat is ingested keeps
it's mass and taking another time derivative (ohgyhe chain rule) reveals that external
forces on a particle must match the forces fronh libée inertial and rotating reference
frame see Equation 134. In reference to Equatigh afler the cross product is taken in
the second term it shares the same direction arshéerm, those two terms are lumped
as “centrifugal” forces - they account for forckattpull the particle radially, the third term
is the Euler that force accounts for forces onptaeticle perpendicular to the radial vector

and the fourth term is the Coriolis force thatlsays perpendicular to velocity vector.

.. P¢ ..
2 A L% <An)* Bh* ¢ <
IFP 3 F>SFHE@2E@HEA3SAGOACAEMA C>?A " LU
.. . Wl
NNNN ' ANNA” * g <iAm() * 19, (134)
3 F>FHE@2E@HEA3ACACAEMA C>?A IF 3 F>FHE@2E@HEA3AGQACAEMA C>?A

The time derivative of angle at any point and the angular velocity are reldtgd
Equation 135 - said relationship evinces anothé&gnation 136 that will be employed to
separate Equation 134 in terms of force magnitud#sad of vectors. Figure 4-35 presents
the particle inside the engine in the context ef datum, the engine centerline axis — the
figure presents the particle force system that hest¢he magnitudes of the Euler, Coriolis
and “Centrifugal” forces.

N m] (135)

MmN (136)
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Engine
Centerline representative

engine diameter

particle
, mass m

‘_ AT particle

trajectory Att=0:
M=0=Two= h+ rFan,tip - Z(t)
vV where,
Particle h — engine ground clearance

Velocity I ranip — F@N tip radius at inlet
Fecentrifugar MY z(t) — vertical location of
particle at inlet

Figure 4.35 In-Engine Particle Polar Force/Displace System

The assumptions of axis-symmetry due to the choieecylindrical control

volume enables the key assumptions for the poldicfgkinetics:

“Centrifugal” forces on the particle are negligilalffected by radial engine flow

as radially there is little flow in an axial compser — those forces are affected

by particle weight and drag similar to that expece by traveling through

stagnant flow

Euler forces on the particle are most affecteddoy tlynamics — they encounter

the tangential velocities across component Stations

Coriolis forces on the particle are affected bpmponent of Euler forces along

the trajectory tangent

With the assumptions on the nature of forces onpéugicle, the relationships

revealed in Equations 137 through 139a for theeabgtween the radial vector and particle
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velocity (see Figure 4-35) the polar force/dispraeat system is described with any two
force sets (any two of “Centrifugal”, Coriolis ouker force sets). Choosing “Centrifugal”

and Euler forces, the summation of forces is prieseby Equations 140 and 141.

3] EEA, ] cN] (137)
31 ABA, ] ¢c1} N (138)
EEA ] <AAA ] & f‘; <"CEF'&- (139)
3] EcN] <c] } N# (139a)

CX ...AEFCH@T(é}»P
Acl WN <cqd # -l pmue® s &'n  EBEA ] <A EEA}] (140)

Substituting folEEA ] from Equation 137 and & from Equation 139a,

Acl N <cd # -l pmeEc#<c] INe s &n o <

NNNNNNNNNNNNNNNNNNBHNNNNNNNNNNNNNNNNNNNNNNNNNNNA" (140a)

CX 27padd

A c] } - | _erHE 3 >E@AEFHSP P UoAP MHFV S &'n A" AAA}] (141)
Initial conditions to solve the coupled differatequation system are as follows
(recall for this thesis we consider incoming paetiand flow to have no incidence angle

with respect to the engine centerline axis):

3]

c] \Fti<TM<Z
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cN
Where,
Z — Zorrectedfrom Equation 23 for corrected vertical locatidrparticle at inlet
h — engine ground clearance or ground to engingligly clearance
Di — engine inlet diameter
4.8.1.2 Axial Kinetics
The axial kinetics of the FOD particle as it trisv@side the engine are affected by
the meridional velocities calculated with MeanliAealysis tool. Equation presents the

model for the axial force/displacement system tiest as an inertial reference frame the

fan face.
. | P, & . '
A w7 lggae MA Sk &'ne (142)

Initial conditions to solve the differential equatiare as follows:

0]
ONJ 3 » R_ﬁi/‘,'
¢ HEPAF R]
HEPAF
Where,
-1 2 -NEi ‘i- - are the inlet velocities of Section 4.6.2 (Aagimn Model

2+
formulation, Equation 32)

A discussion is required to specify per componeati& what tangential and axial
velocities apply and how they are scaled radialy dssumption made in Section 4.7) and
axially (the Meanline Analysis tool calculates thagential velocities at each Station, the
differences must also be accounted for) respegtiVéle modeling per component Station

of the tangential velocities on the FOD particlassfollows (see Figure 4-36):
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Station 1 — the particle is ingested with no inoicke angle with respect to the
engine centerline axis, it is subjected toi\(équal to the wheel speed at this
Station) and 1 —as no documented assumption could be made onthew
static density of the flow changes as it traveloulgh a component, the
assumption is that it stays constant, thus for$ation the density isp

Station 2 — at the fan outlet the particle is scigé to W> and Gz, at the stator
inlet the tangential velocity becomezGecausthat component is fixed whilen2

is kept - for this Station the flow densitylig

Station 3 - at the stator outlet the particle ibjscted to G and Gz, this
combination remains at the IGV inlet - for thist®ia the flow density i$ pe
Station 4 - at the IGV outlet the particle is subgel to Cs and Gus, while at
the F'HPC rotor inlet the particle is subjected tos\&nd Gns - for this Station
the flow density i3 p

Station 5 - at theS1HPC rotor outlet the particle is subjected tos\Ahd Gs -

for this Station the flow density Isy;
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Figure 4.36: Flow Velocities Acting on FOD Particle

The tangential velocities were linearly interpothcross a component Station —
the linear interpolations are built into the In-krey Particle Kinetics simulation code
developed with Wolfram Mathematiz40 presented in Appendix E. The following detail
how that interpolation is made:

Recall the Free Vortex condition o€r = constant

G20 Nicoo C] N g (143)
N %? Njcop (144)

Recall that there is a relationship between whetbeity and wheel speed €

U-W (where U =r(t) -, isthe angular velocity in rads/s)
G Ccop M'S jcp# C] c] m'S j (145)
Solving for W,
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F , R b
Sic o 8%cop M %ﬁ m<%ﬁ Sicp® (146)

The absolute tangential velocities are revealeBdpyation 144

4.8.2 FAN FACE TOBLADE FOD TRAJECTORYIMPACT MODEL

With a model for kinetics that includes in-engiflow dynamics and
thermodynamics, the context of turbomachinery e phath of the moving particle has to
be considered. Are there conditions favorable gestion across the fan? Does the particle
trajectory waver significantly due to tangentiavil influence? If the particle clears the
turbomachinery forward of the'HPC rotor, the component of key interest for thissis,
at what velocities, on what side of the airfoil ddke particle impact? If indeed there is an
impact what penetration depth does it cause, vehidiel rotor stress at the point of impact
and how does this induced flaw affect growth ottkseaemanating from that impact site?
Figure 4-37 evinces a very tortuous path to impditade on theSIHPC rotor — the particle
can impact the fan, the stator or the IGV befoteaitels to the StHPC rotor — the figure

also evinces that there are several locationsqgraponent where impact can occur.
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Figure 4.37: Possible Particle Trajectories and Imact Sites
4.8.2.1 Model Assumptions

The fan face to 1st HPC rotor trajectory to impanctdel works off of a set of
assumptions:
Ricochet is negligible — no modelling is done pasichet
o If a particle impacts rotating turbomachinery fordvaf the bypass section
on the Suction Side of the airfoil it is slowed downd spun out to the
bypass and out the engine — if the particle isckthy the Pressure Side of
the airfoil (this is probable as the angular vloof the spools where the
rotor hubs are attached is very high) the localet/gBpeed (tangential) may
be significantly higher than the axial velocity thie particle, striking the

particle like a paddle to the bypass and out oktigine
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o It is also assumed that if a particle impacts stetty turbomachinery
forward of the bypass section the airfoil it isveénl down and spun out to
the bypass and out the engine

Impact event is very short — only a small portiomomentum is transferred at

the impact site — this assumption is consistertt thié definition of Hard Body

FOD supported in the literature and presented ati@e1.2.1.2 [17]

The resultant, normal (locally perpendicular todld@angent at point of impact)

component of velocity at impact is key and drivesdeling of impact depth —

the normal impact configuration causes the deapgsict depth [88]

A statistical relationship exists between impactogy and depth of

penetration — Hambrick’s work presents the resafltspact tests with varying

particle diameters, impact velocities and ensumgact crater geometry via
means and standard deviations — that format igdeeel for data from other

researchers who did impact tests and publishedtsd90, 91, 92, 118]

4.8.2.2 Lay-out and Sizing of Turbomachinery

The lay-out and the sizing of the turbomachineey @esented visually in Figure

4-38. The distance between the components is eadtlifrom an approximation of 20%

the width of the largest chord projection to thgiae centerline axis. Note that span of the

rotors at the fan and"HPC compressor stage and the span of the statdi€&d are sized

by the Meanline Analysis tool (detailed in Sectibid). Also recall the chord and Stagger

Angle at rmsare calculated by the Meanline Analysis tool —tttist and chord at any point

radially must be calculated to more accurately rhad&eal world” rotor with a given

airfoil, twist and chord.
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Figure 4.38: Turbo Machinery Lay-out and Sizing
4.8.2.3 Airfoil Fixed Geometry

A A
y

A

The airfoil that was chosen for all the componentsleled (fan, stator, IGV and
15t HPC rotor blades) was the NACA 65210 - it was emobecause it was employed
extensively in legacy axial compressors and amale & available for it [110, 111] — refer
to Figure 4-30 as a guide to match key terminoldgye website http://airfoiltools.com
provides ample information and the feature of pigtthe coordinates of the airfoil surface,
chamber line and chord line [119]. The airfoil swe is given in the format of 51
coordinate locations in an XY plane, Figure 4-38sgnts the airfoil surface, camber line
and chord line — thickness, camber and other &igooperties are inherent in the
coordinates, e.g. the tangent from the leadingtailihg edges was employed to calculate

the stagger angle of the blade (see Section 4tf7@ figure is not drawn to scale to allow
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features such as camber and shape ready discernimentn-Engine Particle Kinetics
simulation code developed with Wolfram Matheméticd presented in Appendix E
contains the fan, stator, IGV anél HPC rotor coordinates atk (accounting for Stagger

Angle) of the 51 nodes of the NACA 65-210 airfoil.

Figure 4.39: NACA 65-210 Airfoil Geometry
4.8.2.4 Airfoil Taper and Twist

While the stator and IGV are fixed in stagger arggid chord not so for the fan and
15'HPC rotor blades — the author of this thesis didfind official, detailed taper and twist
data for the Pratt and Whitney F100 engine compressction - from public domain
images the assumption was made that for low bypasgary engines the compressor
turbomachinery do not taper or twist as radicafiicammercial engines do (see Figure 4-

40)(it is from this image that a constant shafttiger of 0.42 m was estimated).

Figure 4.40: F100-PW220 Cutaway
The NACA 65-210 airfoil raw coordinates are pldtten an XY plane whose X

axis is lies on top and parallel to the chord lnEigure presents the transformations that
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are be made to provide airfoils along the radia agale and twist with respect to the fixed
values ats
XY plane to X'Y' plane that has X' parallel to fagangle stagger

05 0 EEApr@aic 6 AAApeg@ac (147)

65 0 AAApr.gesc 6 EEApr@@ac (148)
Twist with respect to stagger angle atcan be approximated with a simple
linear relationship that assumes the ratio of taidtp to root is estimated

)

»—1

c a‘—é(— C'Ccop (149)

All along r twist must be applied,

0%umora€C 05 EEAT ' 65 AAAc (150)
6%uroraC 05 AAAT < 65 EEA ¢ (151)
Scaling of chord is more involved, but can be daaglily by assuming it has
a linear relationship about the chordratsuch as:

wc s c<b (152)

The known data points areng rms, fip and Foot,

WG Wcem S Ccop<b (153)
WCF Wcg S Ccfg<b (154)
W GH# WEy: S C p<b (155)

Assuming that the ratio of chord at tip to rooésdimated a-priori, Equation

148 can be transformed to Equation 155a,

W Gn# Wc "\MHtV\tF‘ S C ru:<b (155a)
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solving for the A slope, intercept b ands,cfrom the three variable, linear
system, rearranging terms (recalling whatand gnartare in terms of engine
parameters for the fan are¢/®and Rnarl2 respectively and /2 and
Dshaif2 respectively for theS1HPC rotor),

”M)tM « CC(, , CyCH#
WC Wcop oy : Ya (152a)
UM, & G L G G F

Aside: for simulation code for in-engine partiatavtel Equation 152a is
rearranged in terms of a span to chord ratio (k/ehake the formulation

more intuitive,

aQ),C(_ ”M)tM, .« $ M)tM, .Ntx ®

R (156)

M )
(-%» ) Ze  we0

<Weop (152b)

The aggregate formulation for transformation, twisout ens takes the form:

O%wmspalFunpE& 905 EEAT ' 65 AAAc ¢ ,\'\,:—C (157)

6%M>PAI FUHDFA 05 AAAi < 65 EEA c e ll\\;_C (158)

4.8.2.5 Airfoil Section Stress

The airfoil is subjected to several modes of logdiue to the angular velocity of

the rotor and the localized mass a distance r ftoenengine centerline axis — axial,

bending, torque. These quasi-static modes of lgagive rise to section stresses at each

airfoil section a distance r away from the engieeterline axis. Only axial stresses will be

considered for this thesis for the following reason

Regardless of the location of the point about wtachairfoil is twisted, the

resultant tensile force can be transferred to draehby means of a force-
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couple system (an equivalent force and momentat-dbain reveals a tensile
force that produces a tensile stresses (see left side of Figure 4-41) — the
assumption of largely uniaxial stress is corrokegatrom Finite Element
Analysis (FEA) stress profiles (see right hand sitiEigure 4-41)

In a later section a model for growing cracks duthe impact locations will be
presented — that model relies on geometric prageethiat affect the growth of
cracks, these properties (calledgeometry factors) are much more readily
available in the public domain for tensile stresbas for other types of stresses
— the bending mode of loading is specifically coexpbecause twisted shapes
couple in bending generating a complex mix of tensind compressive
stresses, thus axial stresses will be pursued

As will be shown in this section, a rare analytichbsed form solution can be
had for the axial stresses at an r away from thenala the author of this thesis
derived the analytical formulation — these stressesto be termed reference

stresses, the term is consequential for growingksra

Figure 4.41: Tensile Forces at Airfoil Section
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From continuum mechanics tensile forces at a pm@intbe derived from the rate of
differential extensile force and loading (rotatibimathis case) equilibrium [120]:

Differential equilibrium,

% SC %$ 'l >FACH>PS C M fc (159)

Where,
E — material Young’'s modulus
A(r) — airfoil section area

materiai— airfoil material

— angular velocity

u — displacement along r
Recall that Equations 157 and 158 provide a meattatisform, twist and scale
any airfoil coordinate with respect t@¢— but as was stated before, only tensile
loading is considered, thus twisting the airfoismo bearing on the calculation

of stresses, thus the equations are modified lbyge(r) to zero as follows:

0%uspal 0P = (1572)

6wopaC B (158a)

It is proposed that the area of the airfoil sectcam be approximated by
trapezoidal integration, keeping in mind that thare 51 coordinate points

numbered per Figure 4-39:

sc N ja2 R S8 Tk 0%M-pAX B Ofppspac d <&

89y CIHESw CIH é$ :05mspAL Bi'd €'05 pyspaic 8&'d6®  (160)
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Aside: Time determines the location of the partigteluding in the radial
direction. Because the stresses being consideeegluasi static, time becomes
of a scale larger than that of particle kinetidbus r(t) becomes just r.

Recall that in the formulation f@%,spaC and65uspaC there is a scaling
factor c(r)/ems (Equation 152b) — that term can be extracted fEmmation 160

as it is the only one dependent on r, thus revgalif) in a convenient form:

sc 7T N PERSPET 05 @ 05 d <&
NNNNNRRNNTONTSS 050 oi'd €05 @ 0&'d &® (160a)

Taking the derivative on the left hand side of Eoqpural59 with r and assuming
the material is isotropic:

| IT IG C IT I PT

— sc —$ @

—<
IC IC IC IC ICP

The X'Y' terms in Equation 160 are not functions,athus they drop out of

Equation 159a, revealing a very simple form:

4 St M- M BETCRN VIR TCTE

NNNNNNNNNNNNNNN

Equation 159b is solved analytically through WatfrMathematic& 10 with
the following boundary conditions:

No displacement at root,

gc Ccr (161)

No axial force at the tip (blade ends),

141



SC ¢ gt L (162)
Resulting in axial displacement,
gc NN i icg'il "X ii - <&§i‘|FH;€N'OQV\#C?D
Wop<icop " 16 01 pyy N' Ry Weop<icmp <i ¢
”OQ\A#C?DV\C?D'NHCF <i didlcp 1<C1 < id¢gg 1
i lcp <i idlcg iI<Ci " idlcg <ii ®ligp<t¢
ilcep <iNilceg 1<¢1 Nk < R, W |
icp <i 1 & ¥Niigcg <iNiilgg 1<CNi icmp
< Eppachsit &Ei > T cE <i Ry Weop'i
TcopN Ryt Weop <1’ 1 cop (163)

Recall from elementary mechanics that the axiaddh (not N1 the fan spool

speed) is as follows,

Q sc - (164)

The formulation for axial stress is as follows,

% N &L &Ei > Ryt wop<i'l cop X i1 gy <

&8 i1 p SN Ryt Weop 'l cop < B¢ 0T pn T Ry
Wop<icomi' &1 8 Ry, wep <X 1 <¢ Ry
Wop | 1'X T cop' ¥ 1 1cop<8icop < =spachsp (165)
Aside: the 1 stress is the single principal stress, if failwas not by HCF, it
would be the sole failure criteria, if no additibnf@ilure modes were

considered.
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4.8.2.6 Impact Law

If the distance between a particle and the clasad¢ on a blade section is less than
or equal to the radius of a FOD particle impacté@azurred. This law is presented visually
by Figure 4-42 and mathematically by Equation 186e-equation is a reminder that the

impact problem is fully 3-D.

Figure 4.42: Visual Representation of Impact Law

B>CFHMPA

GHCOHP I|A
) &
i i "
' ”Or’\c]dw_a] " Ongeerg fiRa ] A2 < ”6r’\c]dw_a] " Bageard ira ] 47 * NNNNN
NN $ Ac (166)
NNNNNNNNNNNNNNN NN NEENATINY i ]
Where,

t — denotes time in seconds, begun at the arrivileoFOD particle at the fan face
i — airfoil nodes (51 coordinate nodes on NACA @® airfoil section)
j - accounts for blade that had closest node tb particle — the fan hub has 34 blades

while the *HPC rotor hub has 38 blades
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The particle and blade coordinates of Equation &6t be calculated from the
particle kinetics formulations detailed in SectB.1, Section 4.8.2.1 and Section 4.8.2.4.
Particle coordinates can be readily calculated fFogure 4-35 by applying the following
relationships of axial and planar displacement:

Axial displacement of the particle located fromdegum at fan face/inlet is the
solution to X(t) from Equation 142:

O.>crmph  BO (167)
With an YZ plane located at the engine centerlixis at the inlet (see Figure
4-43), Yparticle @Nd Zarticle are as follows:

6-crnmpd  'C] AAAY] (168)
@cravpd  'C] EEA}] (169)

The coordinates of the airfoil blade nodes carcdleulated from Figure 4-43 —
specifically, in the figure dashed lines along @ahdirection connect engine nodes from
airfoil sections, revealing that sections displacagid body angular motion as follows:

The axial displacement, also referenced from tierd®f the engine centerline
axis at inlet, of the nodes on an airfoil sect®omnly dependent on time and on
node location (see Figure 4-39) - the formulatiafi be the time and node

location (i counter) dependent expanded versidagqofation 157:

Oshconpeial d 0% o ool d 0 00R EEApE@@ac 6&F
AAAor@afic EEAT 8#' 0qR AAApr.geat 60 EEADR.geitc

AAAc | # NM'\-@EJF— (157b)
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The planar displacement, referenced from angulaation when the particle
arrives at the inlet or when it arrives at tieHPC rotor, of nodes on an airfoil
are dependent on time, node location and whichebiadeing considered (]
counter, recall that a spool hub will have sevblatles or rotors) — corrections
are embedded to account for the rotation of bladesse angular location is
evenly/randomly distributed when the simulationdibegins and are angularly
spaced apart (angular pitch) — the formulation wéhslate Equation 158 for
65 m>pal ruHDES  IN the 2-D plane of an airfoil into the time, nddeation and

blade reference engine centerline axis componerisdyZ (see Figure 4-43):
Boncorpeia] d? 2 1 0GR EEApe.g@ac 608 AAAgr.geic AAAT <

Ogﬁ AAADF>@@A% 6@ EEADF>@@£LC EEAC , l\,\';—c® EEA m ]<

ia'  Caf_h'de]cdbg]aR ~fRQgAb E,..({ < 7& Ef+$'c]

AAA m ]<ia' Gaf_h'delcdbglaR MRQgAD ——< ?'&

e -

{
——$ (170)

@uconpein]l d? 2 1 0GR EEApr.g@ac 608 AAApr.geic AAAI <

ngé AAADF>@@A% 6@ EEADF>@@£LC EEAC ; ,:ZI—C® AAA m ]<

m'  Caf_h'deledbglaR MRQUAb  ——< 2'&

{_ $'c]

EEAm ]< jo' Gaf_h'delcdbglaR "fRQgAb ——< ?'&

-

‘{_ $ (171)
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Figure 4.43: Particle & Airfoil Nodes Locations
4.8.2.7 Impact Velocities

After the condition for impact (Equation 166) itrthe velocities at which the
particle impacted a blade section can be calcufabed the dynamics of the airfoil and the
kinetics of the particle. Figure 4-44 depicts tl@Fparticle and airfoil node velocities on
the plane of the airfoil sectionx\6 the velocity of the particle in the local aitfcoordinate

system that also coincides with the global X agferenced from the engine centerline axis
— Vi is the solution fo%l+ from Equation 142. The local airfoil plane parislelocity

is comprised of the global YZ plane (referencedftine engine centerline axis at the inlet)
components. The impact or incident velocitieseatitbn the Suction vs. Pressure Side of
the airfoil (see Figure 4-44).The formulation isfaléows:

For the Suction Side of the airfoil:
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Taking the time derivative (with chain rule consetteon where appropriate) of

the coordinate formulations from Equations 167, 468 169:

3, ONcpyvph B9 (172)

4

G.ISICFHMPA % ¢ ] EEA}] ”lTF<AAA}] T (173)

Blormpd S e 1 AAAY LEoggAy) SE. 0 (174

Recognizing that the airfoil section, planar paetieelocity \4 is the same on
any blade on the spool hub,

3y @crved EEAY < Nrvpd  AARY (175)
The local node tangent angleas required to calculate the velocity components
normal at the local normal vector at the pointrapact — it can be estimated

from the airfoil coordinates,

280 8¢H, &

D-tmrr e-Hia ORA 2= P

(176)

After accounting for the local wheel speed compadonemd recalling that all
velocities have been projected onto the plane@ittfoil (any V. u 0 m/s)

the impact velocity on the Suction Side of thealtbecomes,

3 {2:5MF ~TMEH E-HIA E 3, EEA mrrEe-na <3. (178)

For the Pressure Side of the airfoil:

Once again the local node tangent angke required to calculate the velocity
components normal at the local normal vector apthiet of impact — it
requires a modification as the node count on tles$re Side travels on the

opposite side as that of the Suction Side (see)4-39

~ % a8, & 8cHg
Dgcapprca-Hia0NA am@ (179)
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Once again, accounting for the local wheel spe@dpoment, and recalling
that all velocities have been projected onto tlaa@lof the airfoil (any Yu 0

m/s) the impact velocity on the Pressure Side efdifoil becomes,

3 HosME BeADDTCA-HIA B3y <c] m# AAA geapproatih <3. (180)

Figure 4.44: FOD Particle/Blade Node Velocities
The In-Engine Particle Kinetics simulation code eleped with Wolfram

Mathematica® 10 presented in Appendix E contaiesethtire formulation and structure
that was presented in this section — the intrica@& Mathematica® 10 are better
appreciated by thoroughly reviewing the code.
4.8.2.8 Impact Velocity to Particle Penetration

As mentioned previously a statistical relationsbéxists between impact velocity

and depth of penetration — Hambrick’'s work presehes results of impact tests with
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varying particle diameters, impact velocities ansleng impact crater geometry via means
and standard deviations — that format is leverdgediata from other researchers who
performed impact tests and published results [90,92, 118]. Data that relates impact
velocities to the most common sizes of Hard FODiglas (a recent study at four military
bases and two research stations in the UK revehadad7.6 % of the debris collected on
the runways was Hard Body FOD smaller than 5 mmiameter [93], see Table 4.4) is
sparse — two particle sizes of mild carbon steehsity 7850 kg/rf) of 1.33 and 3.2 mm
diameter contained sufficient spread in their refeghips of impact velocity to penetration
depth to be usable for this thesis [90, 92, 118] & later section a case study will reveal
that impact velocities do vary significantly. Thiadle material for these two particle sizes
was the two phase € ), solution treated, over aged (SOA) Ti-6Al-4V wllowith
chemical composition Ti—6.30Al-4.19V-0.19Fe-0.19%wt.) [83] - the material is
extensively employed for low temperature compresgmiications. The raw data, along
with statistical measures for these two partictesiis presented in Table 4.6. The process
by which impact depth is extracted from the st@@stmeasures is provided in Figure 4-
45. As the impactor is considered infinitely st compared to material being impacted
the impact depth has a relationship with impactnaiter depicted in Figure 4-46 and
Equation 181 — this assumption, often called outhm literature as twice the length of
crack on the surface or 2-c, is supported by impast photographic evidence and
computational modeling on same material couporglen@ng the small rim material pile-
up (see Figures 4-47 and 4-48) [84, 92]. The InHmméarticle Kinetics simulation code
presented in Appendix E contains the Mathematic@®&uhctions to achieve the process

and extraction of impact penetration depths andhsid
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Table 4.6: Impact Velocity to Penetration Depth Dad and Statistics

Indentor Impact Impact | Impact
Diameter| Velocity | Depth|Radius Statistical Measures
(m) |Normal (my/s)| (m) (m)
0.00133 264.13775( 0.000R6 0.00953 Diameter (m) 0.00133
0.0013: 264.1377 ]0.0003:/0.0005|] Mean Normal Velocity (m/s) STD Normal Velocity (m/s)
0.00133 264.13775| 0.000B4 0.00958 267.94826 148.01940
0.0013: 264.1377 |0.0003!|0.0005|Mean Normal Impact Depth (m)|] STD Normal Impact De pth(m)
0.00133 264.13775| 0.000¢2 0.00962 0.00035 0.00023
0.00133 264.13775| 0.000¢2 0.00962 Diameter (m) 0.0032
0.00133 264.13775| 0.000p7 0.00p5¢Mean Normal Velocity (m/s) STD Normal Velocity (m/s)
0.00133 264.13775( 0.000R6 0.00953 226.6025404 48.89090684
0.00133 264.13775| 0.000B8 0.00¢@Ean Normal Impact Depth (m)| STD Normal Impact De pth(m)
0.00133 58.02370 | 0.000p4 0.00923 0.0004982 0.000151357
0.0013: 58.0237'  ]0.00001] 0.0002:
0.0013: 58.0237'  |0.0000!| 0.0002
0.0013: 58.0237'  ]0.0000:| 0.0002:
0.00133 58.02370 | 0.000p5 0.00924
0.00133 448.60116| 0.000p4 0.00965
0.0013: 448.6011 |0.0005(| 0.0006!
0.0013: 448.6011 [0.0006!{ 0.0006!
0.0013: 448.6011 |0.0006:| 0.0006!
0.0013: 448.6011 [0.0006!{ 0.0006!
0.0013: 448.6011 |0.0007!| 0.0006°
0.0031! 200.0000 ]0.0004:] 0.0010:.
0.0031! 200.0000 [0.0003(| 0.0010-
0.0032( 300.0000 ]0.0006']0.0013
0.0032( 300.0000 [0.0006'| 0.0013
0.00320 200.00000( 0.000¢3 0.00)07
0.00320 200.00000| 0.000¢3 0.00}07
0.00320 259.80762( 0.00067 0.00129
0.00320 259.80762| 0.00067 0.00)129
0.00320 173.20508| 0.000B4 0.00p97
0.00320 173.20508| 0.000B4 0.00p97
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Process: Impact Velocity PDF, 1.33 mm FOD Particle
) PDF

¢ Calculate Impact Velocity

¢ Extract Cum. Probability of Velocity 0005

» Set Impact Depth Cum. Probability to Curgey
Probability of Velocity

¢ From Impact Depth Cum. Probability extract
Impact Depth — Equivalent to Calculating the
Probability of a Value from the PDF of Impadt™
Depth Until the calculation equals Impact o w1 ol @ ImpectVeloity
Depth Cum. Probability

Impact Depth CDF, 1.33 mm FOD Particle Impact Velocty CDF, 1.33 mnj FOD Particle
CDF CDF
10 10

08 08T

06 06 |
04 f 04 |

02 02k

. . . ~  ImpectDepth 00 . . . . . — ImpectVelacity
QR 004 Q Q0B Q0010 m 20 330 40 IO @0
Impact Depth PDF, 1.33 nim FRD Particle
PDF -
Material:
1500 | . T|'6A|‘4V + a||0y
e Grainsize ~25m
1000  Solution treated, over aged (SOA)

» Material data from forgings produced for U.S.
Air Force sponsored programs on High-Cycle
Fatigue [83]

500

ImpactDepth

00002 0.0004 00006 00008 00010

Figure 4.45: Impact Velocity to Penetration Process

FOD Particle

Penetration
Depth, a

Blade Surface

Penetration
Width, 2-c

Figure 4.46: Penetration Depth to Width Relationshp
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=afa]cM|d\f'SAR]™ i w itAE c ' ¢ ‘'=afa]cM]d\far]™ (181)

Figure 4.47: Impact Test Crater & Cross-section offi-6Al-4V Specimen

Figure 4.48: FEM, Impact Crater & Cross-section ofTi-6Al-4V Specimen
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4.8.2.9 Impact Model Pseudo Code
The key formulae for impact of mild steel partglen Ti-6Al-4V blades has been

presented in the previous sections. Additionaludateons are also made by the In-Engine
Particle Kinetics simulation code (presented in &mglix E): %Chord, impact statistics and
visualizations — the reader is encouraged to revimvcode. The basic workings of the
code are presented by the pseudo code in Figuée Bigures 4-50 and 4-51 depict particle
impact at the fan and at & HPC rotor blade. Equation 182 presents the basithé time
increment that was employed in the code — thisement is the minimum that ensures that

particles do not artificially miss turbomachinery.

Do[
Dol
Do[

Distance of FOD Particle to Airfoil Node

If[Distance of FOD Particle to Airfoil NOJ& rgqp,
Record Particle Impact Location;
Do[

Record All Coordinates of Airfoil Nodes, {ii,1,51}]

Record Impact Surface (Suction or Pressure Side);
Calculate/Record %Chord of airfoil plane;
Calculate/Record r at impact;
Calculate/Record Impact Velocity;
Calculate/Record Impact Depth/Width;
Calculate/Record Blade Thickness at impact site;
Calculate/Record Reference Stress at r at impi&ct s
Calculate/Record Impact Velocity;
Record turbomachinery strikes/misses and bypasgpesc

{, 1, Ngjaged]i{is 1, N airtoiinodest s {t: 6 1, 1]

Figure 4.49: In-Engine Particle Kinetics SimulationPseudocode

lill€

1 Go7
S WEE | FOP.iO; PN

EY(—BH p,o +, + PN

£¢i NeNd j& Ne (182)
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Figure 4.50: 1.33 mm Particle Impact at Fan Blade

Figure 4.51: 1.33 mm Particle Impact at ¥ HPC Rotor Blade
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4.9 OGRACK GROWTH M ODEL

As was previously mentioned, the material that kel considered is the two phase
( + ), solution treated, over aged (SOA) Ti—6Al-4V gl{avith chemical composition Ti—
6.30Al-4.19V-0.19Fe—0.190, %wt.) [83] - a matemaitensively employed for low
temperature compressor applications, both in mylitemd commercial aircraft jet engines.
FOD-exacerbated HCF was identified in Section 2&2he key driver of military jet
engine failures and associated costs — based otoisel2.2 direct costs with 10x
multiplier (assuming direct to indirect costs mplier for military aircraft subjected to
FOD is similar to that of their commercial brethyéime annual costs incurred by military
aircraft of the western air forces would be estedadt $14.86 billion (in 2013 U.S. dollars).
A compressor blade specific annual cost estimatebeahad from the United States Air
Force’s HCF Science and Technology Program — atrépon the program estimated that
the annual cost of HCF per blade to be $110,112Q#b U.S. dollars) (the report estimated
the yearly cost of HCF to be $400 million in 200(BUdollars spread over 5,000 blades)
[127, 128]. In order to understand how structerat detriment is being produced on
blades of the material considered in this thesaicted by mild steel spherical particles it
is required to estimate how often those LRUs aregoeepaired, replaced and how such
activity impacts LCCs. To estimate how often refpaplace activity occur a physical
relationship must be assumed and modeled betweesizé of FOD patrticles that impact
the blades, the natural growth of cracks due teileioading and “as-built” initial flaws

on the blades — that relationship is the stuffratk growth.

49.1 LEFMAPPLICABILITY
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Linear Elastic Fracture Mechanics (LEFM) is tharwmh of Solid Mechanics
focused on the growth of cracks in materials tlaatloe assumed to be isotropic and whose
constitutive law is linearly elastic (e.g. Hooké&'aw, where strain and stress are linearly
related) [121, 122] — it is widely considered thrarich focused on “large cracks”, cracks
whose fracture surfaces are larger than the mhteirgao-structure in the length and width
direction (the growth behavior of these types dicks is largely 2-D) [123]. LEFM
analysis is governed by the Stress Intensity Fddemoted by K, often quoted as SIF) — a
factor that universally determines the entire cragkstate of stress (it was derived from
the assumption of an arbitrary crack on an arhittazdy that is arbitrarily loaded) —
analysis by means of the SIF is readily supporigte literature, especially for the uniaxial
loading of blades considered in this thesis [12Z5]1If the impact penetration depths
calculated in Section 4.8.2.8 and from field dataréported FOD impacts on blades are
larger than a threshold size based on the matar@bstructure LEFM analysis is valid.
The deductive steps are as follows:

A recent study determined that cracks grown froitmailn0.01 inch flaws were
accurately predicted by LEFM methods vs. coupoting®f Ti-6Al-4V [124]

It is widely accepted in the Fracture Mechanics eamity that if the cracks
are grown from initial flaws greater than 10 tintles size of the material grains,
LEFM is valid for analysis — for the Ti-6Al-4V aljoconsidered in this thesis a
grain size of 25 m is reported [125] — after multiplying by 10 thgives a
threshold of 0.000250 m or 0.01 inch

The statistical data presented in Table 4.6 foraohprs of 1.33 and 3.2 mm

diameter present impact penetration depths lahger the LEFM threshold

156



Field data from a United States Air Force studyspréed in NATO'’s extensive
report on mitigating/controlling FOD-induced HCFifrad and presented in the
format of Probability Distribution Functions (PDFanhd Cumulative Density
Functions (CDFs) in Figure 4-52) reveals that feparted FOD depths on
compressor blades of military aircraft the vast ariy were larger than the
calculated LEFM threshold [17]

Thus LEFM analysis for the cracks that will be groinom the material and loading

being considered in this thesis is valid
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Figure 4.52: Reported FOD Depth Field Data

4.9.2 LEFMCRACK GROWTH THEORY & APPLICATION
The validity of LEFM analysis for crack growth frothe material and loading

considered in this thesis has been confirmed irpteeious section. A discussion is now
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required to substantiate the formulae for charautgy/determining, assessing and
calculating the state of stress at the crack i geometry factors that influence that state
of stress and the cycle-by-cycle growth of the eisded crack respectively.

4.9.2.1 Stress Intensity (K)
In the case of LEFM analysis, the Stress Interisi{yn units of stresgEGUAHQ

Pawl or psiWAA not to be confused with a stress riser referredas a Stress
Concentration K is a factor that fully determines the state oést at the tip of the crack
being grown [126] — often in the lingo of Fractiechanics K is also referred to as a
Stress Intensity Factor (SIF). The origins of K iguctive in nature:
For an arbitrary body, arbitrarily loaded in Modécbmmonly referred to as
“opening mode”), with an arbitrary crack and no stoaints on out-of-the-page
contraction the resulting stress distributionrad away from the crack tip are
described by the left hand side of Figure 4-53ywdnere on a plane of the body
the right hand side of Figure 4-53 and Equatiors -1886 describe the stress
state at a point
For a Mode | loaded crack split evenly by and alamgane ( = 0) and whose
tip is at r = O (it can be shown that this provitles lowest energy path to grow
a crack in the configuration considered in thisthe the stress state at points
along the crack surface is described by Figure 4siflEquations 187 - 189 —
the x normal stresses ang, shear stresses are automatically zero as at the
free surface (the crack tip in this case) as theyaopposed — sufficiently away
along x from the crack tipxx stress is zero while thgy stress becomes the

reference stress(stress resulting from Mode | load)
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Figure 4.53: Stress Field along Crack Surface, Padirstress State
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Figure 4.54: Stress State at Points along Crack Siace
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(187)

(188)

(189)

The crack openingyy stress must be proportional to the referencesstres

Equation provides the proportionality, to makentemuality a constant B is

added — after replacing B thyl WMand from equating Equations 189 and 191

the commonly known form of Stress Intensity is diesal by Equation 192 —

henceforth thé are called Geometry Factors as they relate andtifythe

effect of geometry around the crack tip to the allétress Intensity

>

W
wN = (190)
W = (191)
Y N6 wy A (192)

no an opposing

The stress intensity value at which fracture oggsicalled the Fracture Toughness
— K¢ for Plane Stress orKfor Plane Strain Fracture Toughness. Recall tmatRlanes

Stress condition arises when through-the-thicksésséns in a body are not opposed, thus

out-of-plane stress does not ey, stresses in the plane of the body —

this is generally true in slender bodies where fi@@ugh-the-thickness expansion or
contraction is allowed (in elastic materials likeetals, where the Poisson ratiois

positive). The Plane Strain condition arises whegpaasion or contraction is constrained
— the means of constrain are out-of-plane stregsssallow no out-of-plane strains —
typically thicker bodies encounter this conditibmthe context of this thesis the test to be

performed is whether the Plane Stress or PlanenStoadition results from the thickness
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of the largest chord station on a fan blade — $ipally the maximum thickness of the
airfoil is 10% of chord, giving a maximum thickness0.0079 m (0.10-0.079 m), the test

follows the generally accepted Fracture Mecharassfor Plane Strain [126]:
Nacd®_N[™dwOfaee 0 ija »—Vs (193)
For t = 0.0079 m, K = 147 MPaJ and the Yield StrengthyF= 930 MPa for Ti-6Al-4V
[132] Plane Stress is confirmed (K should be reféto as Kfrom this calculation),

&C NP TW

£X _NPh i 8 NA

i "ENA Oijo

Where for a given thickness t a value of K (plaiides K in units of MsMWAAthis thesis

considers only Sl units, thus units for K are cataetdp Pii W ) is extracted from a K

vs. thickness plot for the material of the bladse(Eigure 4-55),

Figure 4.55: Fracture Toughness vs. Thickness
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Values of Fracture Toughness were extracted fragur€ 4-55 and a polynomial
model fit was performed as this key material propesrneeded in the extraction of critical
crack sizes that are the triggers of replacemeivityoof the LRUs. Measures of goodness
of fit (five figures of merit must be checked tosare goodness of fit: Rralues greater
than 0.90, actual by predicted plots whose datatpa@re randomly scattered along a 45
degree line, residual by predicted plots whose paliats present a random scattering with
magnitudes much smaller compared to the prediakdces, Model Fit Error (MFE) of the
model relative to actual values at points employedmake the model and Model
Representation Error (MRE) of the model relativat¢tual values at points not employed
to make the model) and the fit were created witls SAatistical Discovery Software IMP®

and are presented in Figure 4-56 and Equation d9gectively.
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Figure 4.56: Fracture Toughness Goodness of Fit Meares
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4.9.2.2 Geometry Factors's)

The previous section detailed how Stress Intengdty derived from a generalized
loading, crack on an arbitrary body. Inherent iru&tpn 192 is the effect of Geometry

Factors on the overall magnitude of the SIF — fgnvean crack length a there is a linear

163



relationship between Geometry Factors)(and K. So what dos account for? How are
they calculated? How are multiple geometric effectsounted for bys?
Geometry Factors can account for, but are notdihio [126]:
Finite geometry — loaded body width, thicknessgtaretc.
Shape of the crack front — crack fronts can berassuto take several shapes
including, but not limited to circular, ellipticastraight — often simple shapes
approximate laboratory observations of crack sheiehigh accuracies, e.g.
a Part Thru crack models the growth of a crackftbe edge of a slender plate
accurately
Effect of Free Surfaces — Free Surfaces wherertiuk degins to grow (called
Back Free Surfaces) and ahead of the crack fratie(c Front Free Surfaces)
have empirically derived (from tables that contast data) effects
s are calculated by:
Use of empirical solutions
Finite Elem Modeling (FEM) approximations
Multiple geometric features captured ls/can be combined for a collective effect:
Compounding
Superposition
Engineering judgement
4.9.2.2.1 s, Airfoil Mid-Section
The mid-section of the NACA 65-210 airfoil is tkicompared to the trailing and
leading edge (the airfoil mid-section for this tisesgpans from 5% to 80% chord). When a

FOD particle impacts the mid-section it leavesa@pant that bears it's geometry up to the
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depth of penetration on the blade (see Figure 4-5if)is assumed that the impact site
geometry produces cracks of the Thumbnail type is #8ssumption is supported by
evidence in the literature (see Figure 4-58) [130f growth of the crack from its initial
size (“as-manufactured” Equivalent Initial Flaw &iZEIFS) or from the impact flaw
geometry bears the same compounded formulationd@resented in Equation 193 and

Figure 4-59. Superposition was not required foaxial loading.

Figure 4.57: Airfoil Sample Impact Locations & Assumed Crack Profiles

165



Figure 4.58: Compressor Airfoil Crack Growth Geomety

Figure 4.59: Impacted Airfoil Mid-Section s
Y 6. 6. 6 0 w A (195)

Where the compounded are calculated as follows:
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The Back Free Surface 6. Q &jé&i

The Front Free Surfaceis estimated from an empirical table [126], theref

s

6. 6 - (196)

mlv

Z
M
A Response Surface Fit of the empirical table regabby Broek was performed

to sufficient goodness [126] — Figure 4-60 pres@mgoodness of fit measures

and Equation 197 the fit.
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The width of the airfoil mid-section is finite arige location of the impact site
has eccentricity from the center of the airfoil rsiection (impact sites may
vary), a must account for both geometric features — a fbalance method

derived w that accounts for finite width and eccentricityssfollows [129]:

R S (198)
9 . p

a n™\cRAJ*Ar*w] sbe¢ Oracwafln™\cRN ' Noé (199)

> EEA gwL n™\cRAPAMwWIN'Ni a & (200)

> EEA gwL n™\cRMNAr*w]<Ni a & (201)

ve  Agn™\cRASArMW] J 'a<
NNNNNNNNNNNNNNNNRUSRNSHME N NNNNNNNNSINN NN NN RN (202)
> Ag n™\cRAPPAMW] J <a<
NNNNNNNNNNNNNNNNRUSRNSHME S NNNNNNNNSINN RN NN RN (203)
The Crack Front Curvature is assumed to conforthéayeometry of the
assumed infinitely stiff impactor (the FOD particpeer Figure 4-46 and
Equation 181, conservatively thas calculated at = 0 — Broek’s solution

for crcis as follows [126]:

>LMR%

(204)

0 -
""" =P >LlM P US PkS

Where,
t — local thickness at impact site
2c — local width at impact site, estimated from &pn 181

4.9.2.2.2 s, Airfoil Leading and Trailing Edge
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For the leading and trailing edge of the NACA @®airfoil cracks are assumed
to be of the Part-Thru type because the localibedkness much smaller than chord of the

airfoil. The formulation for Stress Intensity andre as follows [126]:

Y 6 - w A (207)
6- & &' iX& ARJGIEiyAdJ] AES< & jor  ARJAI EiyiidJ) AESVI

i& &+ AR A ElyAd)d AESVX < X iX¥i £ AR Eiyiidd RESVE (208)
4.9.2.3 Crack Growth Rate (da/dN)

Crack Growth Rate (da/dN) is the amount a cragklagrow in one cycle N. Crack
Growth Rate is a function of the Stress Intensatyge K (KmaxKmin) and Load Ratio R
(Equation 209) — asK or R increase so does the rate of crack growfhis-the ratio of
minimum stress to maximum stress in one cycle{ may. The integration of da/dN in
cycles or crack size increments yields crack sezdoading cycles curves (see Figure 4-
61) that are the basis of fracture control — thepesland magnitude of the curves are
employed to determine if a component has to banegpat a given cycle or if its structural

life is compromised.

2 éav (209)

Figure 4.61: Sample Crack Growth Plot
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Recall from the formulation for Stress IntensiBg(ation 192), that K is related to

a geometry factor and the reference stresslinearly W NL X WM A ) — as this
relationship represents the Stress Intensity atekcsize a and the reference stress
independent of crack size (recall from Section23Bthat the reference stress is primarily
a function of angular velocity and radial locatior is a related to the reference stress by

Equation 210. The reference stresis related to the load ratio R by means of Equatio

212 and 213.

YW NL YX WM Ti (210)

YX o e (211)
: (212)
g et B (213)

Equations 208 and 209 yield,

— (214)

?>¢ 3

3
T (215)

With an understanding and formulae fd{, R and the question of the form of
the rate equation can now be addressed. Formulfatiata/dN is test specific — curves are
fit through test data for da/dN vsK points at a load ratio R — this empirical relasbip,
embodied in Equation 216, is known in the field~odcture Mechanics as the Paris law or
equation [126]. For the material considered in thisis, Ti-6Al-4V, a modified version
of the Paris law was employed by Ritchie, et ah¢oount for tests conducted at varying
load ratios [131] — that specific formula for da/dBlquation 217) is pivotal to growing

cracks from the loading configuration and mate(tia material considered by Ritchie, et

170



al is the same Ti-6Al-4V alloy) considered in thigesis as the residual, compressive
stresses from beneficial surface treatments suthse Shock Peening (LSP) modify the
effective load ratio — the assumption is made thatresidual, compressive stresses from
surface treatments can be super-posed on the metestresses (“Centrifugal” stresses on
an airfoil section resulting from blade rotatiom) the airfoil section. The formula provides
a powerful capability - it was built from data frotests on large cracks (>5mm) whose
worst-case lower-boundKs ( Kinreshold are able to describe the early growth of smaller
cracks emanating from simulated FOD impact sitéise-assumption is made that the
formula captures the growth rate trends in the Ali$V alloy blades considered in this
thesis with acceptable accuracy. Figure 4-62, téiten Ritchie et al, strengthens the case
to use their formulation to grow cracks under tbeditions considered in this thesis [131]
— recall from Equation 210 thatKs are affected bys directly, FOD particle impact
geometries if more severe than naturally growirgcks account for the jump in crack

growth rates evinced in the figure.
~ n. OY?) (216)

> oaiio& 6Y 1 ¥, 100 (217)
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Figure 4.62: da/dN vs. K Curve for Ti-6Al-4V

Implicit in the crack growth rate formulation issggnificant assumption whose
consequences will be made explicit: loading oreihfeil is of constant amplitude and high
R (in this thesis R larger or equal to 0.8, to tage public domain impact test data [92,
118, 131]), as such there is no retardation — drawtnot retarded due to negligible
plasticity effects at the crack tip.
4.9.2.4 Residual Compressive Stress Treatments

As was discussed in the previous sections crasWtfris influenced by loading
and geometry of the crack and loaded structureigineEquations 209 and 210). If a
wholesale design change of the blade geometrytigsossible and the size/geometry of the
FOD particles that impact the blade or of the ahjtias-built” cracks cannot be changed a
less-invasive beneficial procedure needs to beidered to reduce the effective reference
stress that along with Geometry Factors drivessSthatensity and by extension the Crack

Growth Rate (da/dN). An additional consideratioatttie-incentivizes geometric changes
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stems from the way compressor blades are design#te -current design paradigm
prioritizes performance, blades are optimized gdooadly for efficiency — the engine
OEMs may not be keen on having their ultra-effici@esigns’ Outer Mold Lines (OMLS)
changed.

4.9.2.4.1 Comparison of Dominant Treatments

There are three dominant treatments that infuseflmeal compressive stresses
from the surface to a depth on a compressor b&luet Peening, Low Plasticity Burnishing
and Laser Shock Peening. These three surface gattrwork on the same principle: a
residual, compressive stress gradient is impahattot an effective penetration depth that
effectively reduces reference stress (by extenseduoicing the Load Ratio R) and thus
slows down the rate of crack growth [132, 133, 1IR5].

Shot Peening is the oldest residual, compressiessstsurface treatment — the
treatment provides a limited compressive stresdigna from the surface of the material
treated with significant surface roughness — bezahe surface roughness effectively
changes the geometry of the material treated &nlintited treatment penetration depth it
will not be considered for the compressor bladdhkisthesis (see Figure 4-63) [135, 136].
Low Plasticity Burnishing (LPB) employs a smootted rolling spherical ball to impart
deep compressive stresses on the material beiaigdrevith improved surface finish (see
Figure 4-63)[136]. LPB has drawbacks: it can distioe surface being treated and it is has
to come in contact evenly, a significant constréanthighly twisted blades. LPB will not
be considered for the blades in this thesis. L& &rck Peening (LSP) is the only non-
invasive treatment that imparts deep compressiessts with improved surface finish

(see Figure 4-63) [132, 133, 134, 135]. LSP empkoysgh power laser to focus a short

173



energy pulse on a coating (typically paint) thapgplied to the material being treated. The
coating is constrained by a thin film of water. the laser passes through the water it
rapidly vaporizes the coating creating a fast epetgock wave that imparts dynamic
stresses that exceed the dynamic yield stresseomgterial and thus locally, plastically
deform the surface of the part/component beingtdteaOnce the laser is removed,
compressive, residual stresses that grade fronsutace to a penetration depth on the

material being treated remain. LSP is the treatroemnsidered for the blades in this thesis.

Figure 4.63: Shot Peening, LPB & LSP Comparison

LSP performance data for depth of penetrationdues stress magnitude and for
varying intensities for Ti-6Al-4V is scarce andfwoprietary — Brajer’'s work provides the
only source of LSP performance data in the pubtimadin could be mined for an LSP
residual stress model (see Figure 4-64)[134]. Brajesents residual stresses for varying
penetration depths and application intensity inftmen of mean values with maximum and
minimum Quartilevalues. A simple statistical approximation is asednto create a

polynomial fit for one application intensity:
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The maximum and minimum residual, compressive stéieare approximately
A 3apriTsp-Fcapp@™  3apHiTsp-rcasd X TIMRACR'a CiMd\f (218)
df sapHIT>P~-FcabD@™f  3apHITSP~FcaDD X ]MR7McR'a Gd”]d\f (219)

The standard deviation is approximated with Equeti®18 and 219

MA 3apHiTsp-rcantdf  sapHiTsp-rcapE TMRACR'a CoMd\f (220)
fIMRACR'a GNd\f  Ze—rale T Al (221)

Fits are made on the extracted data for mean, mawinand residual
compressive stresses for ¥4 of the minimum apptinatitensity from Figure
4-64 — Y4 the minimum intensity was chosen basedhenreference stress
magnitude and the thinness of tfeHPC compressor blades — Equations 222
- 224 present the fits and Figure 4-65 goodnedi$ wleasures

A normal distribution is made with the fit for meand standard deviation made
with the fits for maximum and minimum residual, quessive stresses
(Equations 221 and 222) — the randomly sampled ré&veCumulative
Distribution Function (CDF) value is the LSP restwstress (Equation
225)(Appendix F presents the code for the simutatar Crack Growth and

LCC Estimation that contains LSP treatment modelhe-formulation is as

follows:

aM sapHiITsp-FcapD i XXi N< N&&'&&S§jigXE "< At X A

i X 'XEa¢'¢oo&jm¥a< N X A X N X

8 S¥ CI&I¥XE<N N | X N~ X M X A

i X N'X&XXEi CI&¥EEXi (222)
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AR ADHITsP-FeADD E&IXYYE < &EXYY&{8&¥I "< A'j X A
i X 'S8I&&8C&BE¥< NG X A X M X
"¥C¢ £8IX&&Xijp¥iIN< A j X A X A X

i X '&¥&Ei¥ Xo 8R&™

df 3apDHIT>P-FcADD P&} XiX < "X§i&j £&¥ "< A' | X A
i X '&¥B¥CIT¥&u< AT X AT X N X
NXSE&XB¥CEIE¥¥&XN<N ™' j X ~'j X 2 X A
i X 'XX& io¥oC8&&¥

From mean residual stress and standard deviatquefibn 221 and 222),

3ADHIT>P
of Gi n‘XQQ\C\de]Q anf 3ADHIT>P~ECAD ]AfRACR\a Cd’\]d\f e AfRQgAé

Figure 4.64: Laser Shock Peening Gradient
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Figure 4.65: Goodness of Fit Measures, LSP Model
Now that the formulation has been established estipn needs answering: how

can the benefit of residual, compressive stressesn fLSP treatments be
implemented/modeled in the blades considered sth@sis? Part of the answer is in how
LSP treatments are performed: high energy lasesepure carefully overlaid to provide
an averaging effect on the magnitude of residuakstthat is left on the material being
treated — a compressive stress gradient at thercaimpplication (see Figure 4-64) grades
from the surface to a penetration depth on the mahteaway from the center of application
the gradient gradually reduces in compressive streagnitude until at a distance it
becomes a residual tensile stress (see Figure[442)) The assumption is made that a
suitable overlay distance is chosen to maintainajy@ication center depth to cover the
OML of the airfoil — on the extreme ends of theatpbverlaid application on the airfoil
residual, tensile stresses will remain (see Figué&). It is precisely this residual, tensile
stress that limits what treatment intensity is inb@@ to a component being treated — from
Figure the ratio of tensile to compressive residtr@sses is about 1/7, if a “large enough”

compressive stress is imparted there would bed Magnitude in tensile stress at the ends
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of the treatment overlay that may locally exacex4€CF regardless of FOD impacts (by
superposition this tensile stress would add tor#ference tensile stress of the rotating
blade). The decision was made to impart the minirmiensity gradient scaled by a factor
of 4 from Figure 4-64 — it is assumed that for B@D particles considered in this thesis
the scaled gradient must also accommodate thedratsess from the impact site sizes,
specifically for the of 1.33 and 3.2 mm diametempautors the scaled gradient is of
magnitude 1 and 1.5 respectively. The stress bigtdan on the airfoil is achieved by
superposition — the Load Ratio R is affected by dldition of the residual stress to
minimum and maximum section stress and becomefeatiee ratio (Equation 226) while
in the da/dN formulation (Equation 217) the onlymethat is affected is the nk&x
formulation ( presented in Equation 217a). Figw@/4presents a physical limitation to
LSP treatments — real estate has to be left omitfieil to accommodate the residual
stresses. Appendix F presents the code for siroalatdr Crack Growth and LCC

Estimation where the reader can observe the impitatien of LSP.

Figure 4.66: LSP Residual Stress Change along Suda Treated
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Figure 4.67: Airfoil Stress Superimposition

e e
AGOAMFHUA (226)

|

I'i gji & OY " 5, < aergn. O W ";“OO (217a)

4.9.2.4.2 Airfoil Map for LSP Treatment
As was presented in the previous section LSP ddenapplied to the entire airfoil,

“real estate” must be left on the OML of the ailfor the residual, tensile stresses left over
from overlaying LSP treatments (see Figure 4-68cdR from Section 4.8.2 that the
location where an impact occurs is known once thpact law of Section 4.8.2.6 is
triggered — specifically the radius, impact sideqt®n or Pressure side) and % chord from
leading edge. Histogram plots of these three rexmbxalues at impact provide a map for
where LSP should be performed (see Figures 4-68 1) 4 the plots come from 1,081
simulations (81 Full Factorial and 1,000 SpacarfglLatin Hypercube) of fan face t6'1
HPC rotor FOD particle travel for FOD of 1.33 and B8im diameter. The plots reveal that
impact testing only the airfoil leading edge is ngo- impact locations are distributed
across the airfoil. The LSP treatment mapping wWititbe implemented in the simulation
for Crack Growth and LCC Estimation (see Appendixskas follows:

FOD particle of 1.33 mm diameter

0 On Pressure Side for 0.29ARimpactA 0.39 m and @ % ChordA 1

0 On Suction Side for 0.29 A RimpactA 0.39 m and & % ChordA 0.8
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FOD particle of 3.2 mm diameter
0 On Pressure Side for 0.30ARimpactA 0.39 m and @ % ChordA 1

0 On Suction Side for 0.30 A RimpactA 0.39 m and & % ChordA 0.39

Figure 4.68: Suction Side Radius vs. % Chord Impactocations, 1.33 mm FOD

Figure 4.69: Pressure Side Radius vs. % Chord Impad.ocations, 1.33 mm FOD
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Figure 4.70: Suction Side Radius vs. % Chord Impactocations, 3.2 mm FOD

Figure 4.71: Pressure Side Radius vs. % Chord Impad.ocations, 3.2 mm FOD
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In addition to the locations where the impactsuoc@dially from the engine
centerline axis and on the airfoil the simulatioae for particle travel (if ingested through
the fan, Appendix E) records the impact velocitiBsough not considered in this thesis,
future research work may consider the magnitudenpict velocities on the airfoil to
determine where, locally the LSP treatment needsat@ increased intensity. Figures 4-
72 — 4-75 present the histograms for the chord-Vasation and impact velocity on the
airfoil. These plots reveal that most impact tesfgorted in the public domain erroneously
fix impact velocity mostly at the leading edge ardl800 m/s [17, 87, 88, 89, 90, 91] —
this research effort reveals that impact velocayies from impactor size, airfoil side and
spool speed. On the Suction Side of the airfoilithpact velocities are overwhelmingly
the function of the particle’s axial velocity — thare much slower than on the Pressure
Side. On the Pressure Side another key findingevealed: it is the wheel velocity
(2- ‘RimpactN2/60) at the impact location on a blade on tifeHPC that drives the

magnitude of impact velocities — like a paddle oacket particles are struck by the blade.

Figure 4.72: Suction Side % Chord vs. Impact Veloty, 1.33 mm FOD
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Figure 4.73: Pressure Side % Chord vs. Impact Veladty, 1.33 mm FOD

Figure 4.74: Suction Side % Chord vs. Impact Veloty, 3.2 mm FOD

Figure 4.75: Pressure Side % Chord vs. Impact Velaty, 3.2 mm FOD
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4.9.2.5 Damage Tolerance Interval Engine Inspestion

The current paradigm for structural design of coespor blades is termed Safe Life
or safe cyclic life [137]. This criteria is one thfe oldest still practiced and one that still
governs turbine and compressor design and cettditactivity [137, 138]. The Safe Life
design criteria assumes a corrected, averagexfeatancy for parts under average usage
and loading - the average life expectancy is ctecewith a scatter factor - this factor is
the ratio of test demonstrated crack free lifen@ minimum life of the component [137].
This design life criteria drives fixed, schedulegpections [137]- for the F100-PW100
series engines on F-15s the original design life @sed on the accumulation of 1800
Total Accumulated Cycles (TACs) that for the assdmsgage of the aircraft in this thesis,
ferry flights at constant spool rpm (75% N2 Spebd,code for the simulation for Crack
Growth and LCC Estimation in Appendix F presentsithplementation of the reduction
of reference axial stress by means of N2 spooldspeduction) at an average altitude of
30,000 ft. lasting 2 hours, places the first schelengine teardown/overhaul inspection
at 600 flight hours (from an average of 3 TACs pkght Hour, average was estimated
from the TACs and Flight hours at time of crasimiran incident report of a Hellenic Air
Force F-16D)[139, 140]. The 600 flight hours reprégs300 takeoffs during what will
henceforth in this thesis be referred to as theditife of the engine - the lifetime to be
considered is up to the first scheduled enginedtaan/overhaul of 300 takeoffs. Legacy
F-15s averaged 270 flight hours per year up ta 889s [141]. This defined engine lifetime
is contextualized in takeoffs for FOD susceptipilitecall from Section 4.4 that the engine
faces the riskiest regime for aspiration of grodedris during aircraft operation at the start

of a runway during the early takeoff phase - tyjpycan the first 3-4 seconds after the
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engine is throttled to 100% power and the breakseleased. The decision was made to
consider on-runway activities such as sweeping greéing by means of towed sweepers),
runway debris inspections and unscheduled engimgemance when significant structural
damage has been signaled by sensors or by pilais, iput not including, the scheduled
teardown/overhaul inspection at the end of 300dHke- note that by means of vibrations
monitoring events such as the loss of a pieceadébhre detected by the signaled loss of
tuning at a rotor disk, pilots report even sligh&inges they sense and it is documented that
engine fuel efficiency losses 0.5% — 1% are a sfgrevere FOD strikes [17, 30, 150, 151].
The intent is to implement an interval engine imtdjpd schedule protocol derived from
Damage Tolerant design criteria - a paradigm gtofn the current criteria of Safe Life
that assumes that cracks will not grow beyond tingt [Engineering Crack, this size is
reported in Figure 4-52 along with field cracksnfiré-OD particle impacts that to near
entirety are much larger [17, 128] - the currersigie criteria for blades is un-conservative
as FOD damage to blades is pervasive and is ngtdemed as design driver (Section 2.5).
Damage Tolerance design criteria works on the gi@dhat "as-built" flaws or

cracks exist on structural components and theilgdasust tolerate/sustain their growth
until repairs can be made. These "as-built" craates specifically termed in applied
Fracture Mechanics as Equivalent Initial Flaw S{E&FS) - they also represent the
regressed, time zero initial sizes from cracks ébdaring engine inspections (field cracks)
- the point is precisely made in Figure 4-52, thAB First Engineering Crack is very
likely and non-conservatively smaller than the Elfégressed from the field cracks
presented in that figure. In the context of Damagkrance design criteria an interval

engine inspection schedule can be developed tacfexcks whose sizes may drive a repair
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or a replacement of the blade - this interval salegrotocol would provide a damage
tolerant capability to the blade without any geameatedesign. Henceforth in this thesis
the interval engine inspections will be also bemnefd to as damage tolerant interval engine
inspections or DTA interval engine inspections. Timerval inspection schedule to be

considered in this thesis is presented in Figuré 4-

Figure 4.76: DTA Interval Engine Inspection Schedwd
The DTA interval engine inspection schedule need$d contextualized with

engine stress cycles as Crack Growth Rate da/dNti¢8e4.9.2.3) in the Fracture
Mechanics discipline is typically not presentedcmack length per takeoff. To convert
takeoffs to stress cycles the frequency of the xiaidoad spectra must be known or
approximated. Ritchie et al tested coupons of TiHBA under simulated FOD impact
conditions at varying stress frequencies and disea that frequency has a negligible
effect on da/dN [131] — those tests had to be datten a time frame much shorter than
engine life, thus the stress frequencies are igeckaignificantly. The author of this thesis
chose a frequency of 25 Hz for the stress cyclastiie modeled engine will be subjected

to — this choice is within the range that Ritchi@leconsidered of 20 — 1500 Hz [131]. The
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stress cycle increment that will be employed tallttee £'HPC rotor blades for each flight
lasting two hours (Appendix F presents the impletaigon of the stress frequency as an

incremental cycle and as the engine lifetime cyatals for 300 takeoffs) is as follows:

?HETFAD

. DAMEID . MVMPAD
QhemcazaeriIN™\gce § —— ' § '

HETEA |0I\DAM = &¥ Nwhw_ae (227)

4.9.2.6 Equivalent Initial Flaw Size & Critical MeSize

With the formulation for Stress Intensity (K) a@dack Growth Rate (da/dN) the
Equivalent Initial Flaw Size (EIFS) and the critidlaw/crack size can regressed and
estimated respectively.

When a FOD particle impacts a blade at a partidaleoff and radial location, be
it on the mid-section, leading or trailing edges($égure 4-57), the penetration depth may
exceed the depth from the naturally growing crdekt ttmanated from the originally
assumed “as-built” flaws (recall the LEFM validityreshold value of 0.00025 m
calculated in Section 4.9.1) (see Figure 4-77).d$smed “as-built” flaw size may be too
small and un-conservatively leads to crack growtt ts artificially retarded because the
smaller starting point provides more time to grogvack — as there is finite engine lifetime,
cracks could artificially not trigger repair or tape activity that is scheduled at specific
takeoff intervals because the flaw size at thosenmls (time, stress cycles or takeoffs)
would be artificially smaller. A solution is to nexgs to time zero the “bumped-up” cracks
at impact by means of a simple routine that loopstiess cycle increments back to a
(regressed flaw size). As impacts are random (@uwence and location on a blade) during
an engine lifetime many simulations of lifetime de® be run to create a vector of
regressed flaw size — the'®percentile of the regressed flaw size vector exftisithe EIFS

— Figure 4-78 presents the process by which ElFalaulated — 500 lifetime simulations
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were run for EIFS for the 1.33 and 3.2 mm diamegaticles considered in this thesis,

resulting in magnitudes of 0.000251067 and 0.000382n respectively.

Figure 4.77: Flaw Size at Impact and Regression fbime Zero

Figure 4.78: Process to Estimate EIFS

The point at which fracture can occur is when 8teess Intensity reaches the
Fracture Toughness {Kof the material. This limiting condition allowké calculation of
the critical flaw size at the point of impact fragquations 194, 207 and 214 by solving for

& (aac in simulation for Crack Growth and LCC Estiima code, Appendix F) as follows:

1=

s for airfoil mid-section and leading/trailing edaye described by Equations 195 and 208.
4.9.2.7 Repair/Replace Criterion
With the formulation for LEFM “large” crack growttihe basic questions on the

structural life of the LRU can be posed:
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When/how often should a blade be repaired?
When/how often should a blade be replaced?
The answer to these questions can be had by imptergehe following criterion
(in the form of If statements in Figures 4-79 —1-B the code for the simulation of Crack
Growth and LCC Estimation (Appendix F) as a trigfygrrepair or replace activity — the

simulation records when in the life of the blade thapairs or replacements occur.

Figure 4.79: Blade Repair/Replace & Engine Replac€riterion
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Figure 4.80: Blade Repair/Replace & Engine Replac€riterion (cont.)
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Figure 4.81: Blade Repair/Replace & Engine Replac€riterion (comp.)

4.10 Uure CycLE COSTMODEL

A buildup of models and simulation environments baen presented beginning
with the characterization/quantification of damagenilitary jet engines and followed in
sequence by models/simulations for on runway FOEgneetry external to engine,

operational ground conditions, vortex formatior@asgth/location, debris aspiration from
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ground to fan face, in-engine flow aero/thermosaigits (Meanline Analysis), in-engine
particle kinetics and crack growth. The questiow @comes: by synergy of the physical
and statistical models with suitable economic meaen the overall cost trends for the
blades be identified from the life cycle of the @ Note that the simulations for particle
impact and subsequent crack growth focus on aesirgjine, while the LCCs are scaled
to fleet level by means of number aircraft (1,200leet), number of engines per aircraft
(2) and number of rotors on the HPC (13). A keyagsion to estimate LCCs for any
number of aircraft including a fleet is that thelpability of impact once a particle passes
the P'HPC rotor is the same —the enablers to this assomare that in military jet engines
the HPC compressor rotor blade geometries charagiuglly and very little across those
stages, it is assumed that the blade chord to @tah(solidity) stays the same, additionally
the particle axial velocity should not change digantly as its impulsive force comes from
the meridional velocity that changes gradually ardy little and lastly the HPC spool
speed is the same — thus to account for the nuofb@tors and engines being modeled
2 13 suffices where appropriate (refer to the Cracdwih and LCC simulation code in
Appendix F for details on how this assumption igpkaped to estimate LCCs and refer to
Section 4.10 for the formulae for cost estimation).

Purposely missing to this point is how FOD on tineway is being rid of by means
of detection/removal — that piece of the puzzleriBcal because when it is seen through
the prism of the Primary System (the blade) it meseal the impact from the current and
novel processes and technologies of detecting iddthg runway debris on the LCCs of
the blades. The current paradigm for runway detheigction and removal is by visual

inspections — two airport personnel inspect a ryntmace per day (morning and evening)
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by car. Additionally the current practice calls fame sweep of the runway with debris
removing equipment. A new (albeit hybrid becauswvilt retain the debris sweeping
paradigm) paradigm will be considered where vismapection will be replaced by
automated inspections with sensing equipment. Bjjgimanned/manual operations such

runway or engine inspections are labor intensiveetand to dominate long term costs.

4.10.1 INSPECTION$REMOVALS & LCCs, VISUAL INSPECTIONS
4.10.1.1 Inspection/Removal Model, Visual Inspatio

Currently the inspection of a runway is done vilsuan a vehicle by two personnel
driving at 20 mph [30]. This inspection processalie to find and remove only 3% - 4%
of FOD on the runway per operational 24 hour d&}.[Runways at military bases in the
United States are inspected 1 time per operat@halour day in the same manner as their
commercial counterparts, visually on a moving vieghigith similar inspection/removal
performance — Moffett Field in California goes thgh a single, visual inspection every
morning [70]. In the context of this thesis theuasption will be made that the current
paradigm for FOD management at an airport req@iréaily visual inspections performed
by two personnel on a moving vehicle with the #&pilo detect and remove 3% - 4% of
runway debris per operational 24 hour day. Theditee also supports the assumption that
commercial and military runways are swept with n@bowed debris removing equipment
1 time per operational 24 hour day — mobile/towelrt removing equipment is mandated
by the FAA to remove a minimum of 90% of FOD in fhegh of the sweep at a minimum
speed of 15 mph [30, 41].

Following the assumption in this thesis that ait¢OD management is a hybrid

of commercial and military practices it will be assed that the model for detection and
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removal of debris on the runway depends on a hyddrilde military FOD density presented
in Section 4.2.2 and FOD runway distribution présdnn Section 4.2.3. Recall from
Equations 9a and 9b and Figure 4-3 that the totaler of debris particles on the runway,
their density (number of particles per area) amstriution are related. As debris is
detected and immediately removed by airport persbtite total number of particles on
the runway is reduced in an operational 24 hour Héewise as sweeping equipment is
deployed on the runway it removes an amount of FQDhe operational 24 hour day.
Recall from Section 2.8.2.1 that a model was predoso gage the efficacy of
eradicating/ridding runway FOD, the Measure of kraton (MER) formula (Equation
1) will be employed to reduce the quantity of FODtbe runway after visual inspections
and sweeping takes place. The assumption is madehi reduced quantity of FOD is
distributed uniformly and following the model prageal in Section 4.2.3 - this assumption
is supported by McCreary's work that presents amlay of FOD reported at the end of an
operational day on a runway that is uniformly dimstted [30]. The proposed model is as

follows:

[ Q< <Q<& | CTEUsV YCTEUsV ScTEUsV

—

-+ ) ) *, +- M) x4+ o cnr

++!
NN NN NN L&

(229)

Where,

Nsweep - number of times the debris removal proaedfor technology is engaged, in this
case sweeping by mobile/towed debris removing eqeip (FOD*BOSS)

Tsweep— duration of debris removal process and/or teldgyoprocedure, in this case a

Triplex System (uses three FOD*BOSSes towed by \aiacle) is assumed to be the
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choice for a large military runway as it can sw86p,000 ni¥hour, thus the time to sweep
the runway once iScreysy  ScreusvL sca™laarL™c

sweep— €fficacy of removal process and/or technologyhis case the baseline efficacy of
removal of debris by sweeping is 0.90 mandatechbyRAA [41]
Ninspections hOW many times an inspection process and/omtolyy is performed, in this
case number of visual inspections — baseline tw@perational 24 hour day is assumed
Tuisualinspection— duration of inspection process and/or technolpgycedure, in this case
duration of one runway visual inspection — the baseluration is 0.5 hours [30]

visual — detection efficacy of inspection process ant#ohnology - the baseline efficacy
of inspection detection is 0.8 [30]

removal— €fficacy of removal during inspection procesd/antechnology, in this case the
assumption is made that inspections personnel reralbthat is detected;emoval = 1
AreaSweep/hr — the sweeping equipment area swedyope in this case a Triplex System
(uses three FOD*BOSSes towed by one vehicle) caeg\800,000 fhour
d — runway width-wise FOD particle pitch

runway— ON runway FOD density
Equation 6 relates the runway width counter N fomber of FOD patrticles to pitch by
Q R S creusv
Equation 7 relates the runway length counter Mhiamber of FOD particles to pitch by

R WX Yereusv

Reducing number of variables by means of Equatoaisd 7 and particle pitch d

Q YCTEU>VZ _
Screusy WX

Solving Equation 229 for N,
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oo
J
With a parametric formulation for the FOD runwayd®i counter N a modified
Equation 27 will estimate the probability that atmde will be engulfed by the ground
vortex core of radiuswith the inclusion of inspections and runway sweefhis is the

probability the particle will be inside the groumdrtex where aspiration conditions are

met according to Section 4.5.2.

_ «(, = (
TE@TPOAI  opiys 4 = . (27a)

(412

Where,
Dvortexcore— iS twice the vortex core radius r

To develop formulation that approximates theisgafor r. from Murphy’s work
on ground vortex ingestion to full size considerethis thesis assumptions are made [30]:

A key scaling parameter in Murphy’s work is non-dimsional vortex strength

o (231)
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Where,

- vortex flow circulation
Ui — inlet velocity
Di— inlet diameter
In Murphy’s work ~ is a dependent variable thus by dynamic similattiy
assumption is made that the full scale non-dimevagigortex strength of the
vortices on the runway of this thesis have the saragnitude

x| oMK i
Y gy , "oTPPDM>PA (232)

+
» DM>PA 3~

*|" "ok

An assumption that was made implicitly in Sectiob.g is that ground vortices
are plane potential flows — they behave like sbbdies inside the vortex core
(often called forced vortices) - their tangentialocity (V: = 0, there is no radial
flow) is described as

3 O ¢ (233)
If a velocity potential is assumed as follows,

Oc } (234)

Then from the polar coordinates formulation,

m z
3§ i Oc (233a)

Velocity is in m/s k is made to be equal to thewdagvelocity of the flow
From Equation 234 the vortex circulation can bewaled by the path integral

of the potential total derivative in polar coordies

. fR z' T Ri<z’%=Rc z'Oc R iy nc (239
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Recalling that a premise in this thesis was thatitet velocities where of the
same order as Murphy’s because inlet Mach nhumbers matched (Section
4.7.3), assuming that the angular velocity of seadd full scale flows is the

same and recalling that Murphy’s model was 1/8€ale

f0Gu P {0Cgmay P gy

- - = 232a
Y "_*!-- ¥_ "_*!-- ¥_ "B ||||| x| Y "B ||||| K ( )

The scaling of the vortex core is revealed - Eque®i7a can now parametrically
calculate the probability that the particle will beside the full size ground

vortex core where aspiration conditions are met

G ©TPPDM>PA M DM>PANK (236)

4.10.1.2 LCC Model, Visual Inspections

Recall from Section 4.9.2.5 that legacy F-15s fs@waverage of 270 hours per year
that with an average ferry flight considered instthesis of 2 hours an average of 135
takeoffs per year is calculated — the result i$ tmaaverage the aircraft being resembled
has a takeoff every 2.704 days. This number is/gpkeameter to calculate costs in the life
cycle of the blade as it relates takeoffs to thiydaveeps and runway inspections (refer
to the code for the simulation of Crack Growth ai@C Estimation, Appendix F). The
sweeping equipment acquisition cost at the baseeniéthe aircraft of the engine type
modeled in this thesis (F-15s and F-16s) takesofihiared — the assumption is made that
there are 1200 such aircraft with two engines agfthe assumption is supported by the
current number of F-16s and F-15s in the U.S. Aircé [143]). Inspection and sweep
vehicle usage cost per mile and labor costs forgersonnel from the public domain are
accounted for as well — the accounting takes iotmant how long a single sweep of the

runway takes and how many sweeps are done alohghatlabor and vehicle usage costs
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incurred for the time duration of these daily ati®s/processes [144, 145]. As visual
inspections take place on a moving vehicle a spge@0 mph is chosen based on

McCreary’s reported numbers for inspection vehgpeed [30]. The cost model is as

follows:

,\ 3~G... 1p RB- e T (o412
QIUyHDT>PHED:AMFH Ey < EE li" ¢'Q puaa: YcTEUSV T ) =<
Uesrre (s N } 3

5(E) Qouaa: | SY<Q nep:avrn el unpT>PHEDAMFHET N3— <

&

Quep:aMFHIEIHDT>PHED:AMEHIE 'Y ¥4 (237)
Where,

RSAC (Runway Sweep Acquisition Cost) — cost to aegsweeping equipment, for this
thesis a Triplex System that uses three FOD*BOS8e®d by one vehicle will be
assumed with each of the three units costing $7,000

CVUM (Cost of Vehicle Use per Mile) — cost of veleizisage per mile, the literature lists
that for a small vehicle, likely to be used for way inspections, the cost per mile is
$0.1375 [144]

IVS — inspection vehicle speed (in mph)

BDL (Burdened Direct Labor) — is the burdened ditabor cost per work hour from the

DOD of $111,426.95/2080 in 2015 US dollars [145]

4.10.2 INSPECTION$REMOVALS & LCCs, AUTO. INSPECTIONS
4.10.2.1 Inspection/Removal Model, Auto. Inspediion
As was mentioned before a new (albeit hybrid bseat will retain the debris

sweeping paradigm) paradigm will be considered whesual inspection will be replaced

199



by automated inspections with sensing equipmenthenrunway. McCreary's work
presents a case for automated scanning becauss & higher sensitivity (90%— 99%
probability of detection vs. 80% for visual inspent) and due to the short time between
scans (can be dialed down to minutes or secondgyneegligible) the assumption can be
made that automated FOD sensing systems are imaons operation [30,148]. Table 4.7
lists the three most widely deployed automated F@Hdection technologies whose
capabilities and costs are in the public domaifi F@D detection systems are mandated
by the FAA to detect debris much larger (>2 cmnhtkansidered in this thesis [75, 146,
147]. As can be appreciated from the table tworteldygies are able to detect the size of
FOD considered in this thesis (1.33 and 3.2 mm dtanspherical steel particles). Because
one of the systems works on much larger debrismapoomise/assumption is made to
McCreary’s range of detection capability — the mamd probability of detection will be
0.65 to 0.74, a knockdown in capability of 0.25r Pable 4.7 another assumption can be
made: the cost of the more sensitive systems Isehighus a linear relationship between
sensitivity and cost will be assumed (to review die¢ection sensitivity-cost relationship
refer to the code for the simulation of Crack Growahd LCC Estimation, Appendix F).
The assumption is made that the system to be cenesitnodeled is a fixed, runway lights
collocated technology whose detection sensitivayld be any value in the 0.65 to 0.74
range whose cost to acquire is indexed by the thahsto the dollar amounts in Table 4.7.
Per the literature for fixed systems their largesst contributor is acquisition — once
installed they require very little power and manaece is typically built into the

acquisition contract [146, 147].
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Table 4.7: Automated FOD Detection Systems Capaltiji and Cost

Detection Probability of FAA Cost

Sy_stem . Mode of Sensing mandated FOD (2015 U.S. Source
(vendor, if provided) .
(resolution) dollars)
Optical-radar sensors collocated|on "Logan Airport
FODetect runways. Hybrid integrated optid 90% 1.73 million installs runway
(XsightSystems) sensor with NIR ilumination and @(can detect rivets, <5 mm diarn% ' scanning systemf,
milimeter-wave radar sensing. Boston Globe.
"Stratech’s
iFerre" Optical system, employs high mast 94% - Ferret™ Wlnf n
(The SFra}tech Group mounted cameras. (can detect objects 4 cm dial 15518'44 milion Hong Kong,
Limited) Stratech Systens
Limited.
PavemetricE” Laser "Laser—Basded Fu
Foreign Object Debris . . 90% | Automated FOQ
(LFOD? deteJc fion systen Mobile, laser FOD detection. (can detect objects 2 mm dia r{55).763 millor| Detection’,
(Pavemetrics) PavemetricE”.

Modeling inspection/removal of FOD on the runway dutomated inspection is
very similar to that of visual inspections. Whaanofbes is how the number of scans (term
scan avoids confusion with runway sweeping) andléngth of a scan are calculated.
Automated FOD detection systems perform a numbscars per unit of time, a scan rate
— it will be assumed that because takeoff actig@tipwer than in a commercial airport the
number of scans in an operational 24 hour dayheiflewer but lengthier in time followed
by a fixed amount of time to remove debris{bva) that was detected and GPS located by
the system — all the systems that were researdrethble 4.7 provide the GPS location
on the runway where FOD is detected. The numbscaris in an operational 24 hour day
and the length of scan is related to the scanbate
Qomse 1€ TwAfAa (238)
[omse  —sgasea [ cazusp (239)

The formulation for automated inspection and rerhobvaebris from the runway
in an operational 24 hour day is under the samangsison as the current paradigm - the
reduced quantity of FOD is distributed uniformlydafollowing the model proposed in

Section 4.2.3. The formulation is as follows:
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Where,

(240)

(241)

ScanRate — number of runway scans per unit timethfe thesis three scan rates will be

considered: 0.33/hour, 0.5/hour and 1/hour (1 ssany 3, 2 and 1 hour respectively)

Tremovai— duration of debris removal process and/or teldgyoprocedure, in this case the

duration will be fixed to 0.5 hours

scan— detection efficacy of automated inspection pssand/or technology - the efficacy

of inspection detection has a uniform distributwaith a range of 0.65 — 0.74
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removal— €fficacy of removal during automated inspectwacess and/or technology, in
this case the assumption is made that dispatchedmpeel are burdened with more detected
debris and during the fixed removal time therefaggova = 0.90

As was mentioned before with a parametric formatator the FOD runway width

counter N a modified Equation 27 will estimate grebability that a particle will be
engulfed by the ground vortex core of radig@ecall the vortex core radius for full scale
is calculated following the procedure in Sectioh041.1)with the inclusion of automated
inspections and runway sweeps — this is the prabakie particle will be inside the

ground vortex where aspiration conditions are nsebeding to Section 4.5.2.

a 67 ®
«(, = ( D

=E@TPOAI 1o 1 rays, (27D)

(4
4.10.2.2 LCC Model, Auto. Inspections

The model for the LCCs from runway sweeping antdormated inspections
functions under the same assumptions as the cadelrfar visual inspections in Section
4.10.1.2. The only salient change is that becautmated inspection technologies scan
the runway 24 hours a day continuously personneeé lia be on call when debris is
detected — that is the burden of the technologyishaften overlooked, for this thesis a two
personnel will be on call during the operationall@tir day (may be three 8 hour shifts).
The acquisition cost of the detection technologyiiie accounted for as well — again that

cost is shared amongst 1,200 aircraft that takeofi the same runway.

3~G...  ...GG ~ Jp BB (4212

QU0 TE 2>FAIHED:AMFH E TS S e li" ¢1Q puaa: YcTEUSV SV

NNNNNNNNNNNNNNNNNWNNWWNNWNWN@#% (242)
it
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Where,

RSAC (Runway Sweep Acquisition Cost) — cost to aegsweeping equipment, for this
thesis a Triplex System that uses three FOD*BOS8e®d by one vehicle will be
assumed with each of the three units costing $7,000

CVUM (Cost of Vehicle Use per Mile) — cost of veleizisage per mile, the literature lists
that for a small vehicle, likely to be used for way inspections, the cost per mile is
$0.1375 [144]

CAAFDS (Cost of Acquisition of Automated FOD Detiect System) — cost of acquisition
of detection technology, whose detection sensytistituld be any value in the 0.65 to 0.74
range and whose cost to acquire is indexed byehsitsvity to dollar amounts in Table 4.7
BDL (Burdened Direct Labor) — is the burdened ditabor cost per work hour from the

DOD of $111,426.95/2080 in 2015 US dollars [145]

4.10.3 LSA.CC MODEL

The assumption is made that the military operafathe 1,200 aircraft with the
engine modeled in this thesis will make the capriaestment of equipment to perform
Laser Shock Peening on the compressor blades -d lms&hukla’'s LSP acquisition,
treatment and process costs it appears that tlestiment is small and the payoff high if
much more expensive engine components can be sadd extended (see Table 4.8)
[149]. The assumption is made that any acquisitimst or process time is equally likely
from those presented in Table 4.8, but the cleamang change-over times are constant.
The assumption of keeping the LSP treatment wonkhttuse” has a consequence for

modeling, the understood and documented DOD labstscare applied to the process,
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clean-up and change-over times for each of thel@#eb on theL\HPC rotor disk [145].
Equation presents the model for LCC costs of L8Rtinents.

Table 4.8: LSP Acquisition and Application Costs

Process Clean-up Change-over
Capital Costs Time Labor | Time Labor Time Labor
(2015 US dollars) | (minutes, per| (minutes, per | (minutes, per

blade) blade) blade)
$66,976 - $109,702 1-10 5 10
...GU~B5 "
Yangg  “—<f crcopsmp ¢ Yi=[caJAal] Yf==[<Yf=n—[<Yf=n /[ L
§ §Y e (243)

Where,

CALSPM (Cost of Acquisition of LSP Machine) — céstacquire LSP equipment
LSPPT — LSP process time labor (in minutes)

LSPCUT — LSP clean up time labor (in minutes)

LSPCOT — LSP change over time labor (in minutes)

BDL (Burdened Direct Labor) — is the burdened ditabor cost per work hour from the

DOD of $111,426.95/2080 in 2015 US dollars [145]

4.10.4 ENGINE INTERVAL INSPECTIONS REPAIR/REPLACELCCsS

The LCCs of interval engine inspections, LRU (leladepairs and replacements
and engine replacements if an engine is severahadad (as defined by the FAA an event
such as a debris impact at a blade that crossdhrénghold for per-flight, short-term risk
of less than one Level 3 event in 25,000 flightsl@5) - a Level 3 event carries serious
consequences including permanent loss of thrysvwer to the propulsion system [152])
along with their associated material and labor sostll be calculated employing

Meadows’ methodology derived from the Boeing Depmdmidy Cost Model [153].
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Additionally, the cost (a cost delta) of fuel efincy losses due to FOD strikes in the range
of 0.5% — 1% will be included in the aggregate LE&Sts [30].

The formulation for the damage tolerant intervalgiee inspections, LRU
repairs/replacements and engine replacements cbomasMeadows’ work [153]. The
formulation is presented first, it follows Meadowsiming convention with slight changes
(this convention is adhered to in the code forgimeulation of Crack Growth and LCC
Estimation, Appendix F). The formulation for thest®associated with engine efficiency
losses due to FOD impacts are approximated. Thdea@oeplace an engine of $2.46 million
(in US dollars) was calculated by the RAND costmoeblogy [155]. Definitions for terms
follow after. The full implementation of the cogjirformulae resides in code for the
simulation of Crack Growth and LCC Estimation inp&mdix F. In Equations 244 — 250

the denominator is the calculation for the labaurisaat the interval inspection, in this case

300 hours.
U~ s 8Go2U@3~...85 K~5510
naeQn [ AL L L, (244)
"5 tpas Go20 g3
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Where,

FLTS - Flights per year per aircraft

QTY - Component quantity per Aircraft,

SCHMNTINSMM - Scheduled inspection labor at tfeahd 29interval engine inspection
BDL (Burdened Direct Labor) — is the burdened ditabor cost per work hour from the
DOD of $111,426.95/2080 in 2015 US dollars [145]

Ntakeotts— Total takeoffs

AVEFLTHR — Average flight hours per flight

LifeTimerepairs — Number of LRU (blade) repairsamengine lifetime
LifeTimereplacements — Number of LRU (blade) replaents in an engine lifetime
LifeTimeEnginereplacements — Number of engine @gteents during engine lifetime
RECMHRSrepairs — Rectification man hours at therirdl engine inspections for repairs

SCHCALrepairs - Scheduled Corrective Action labosts for repairs
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SCHINCOST - Scheduled inspection labor cost, tis¢ @bthe interval engine inspection
SCHCAMATrepairs - Scheduled Corrective Action metlecost
SCHEDCAMATrepairs - Scheduled Corrective Actiontcos
RECMHRSreplacements - Rectification man hours RULreplacements
Lreplacements — Labor costs of LRU replacements
CAMATreplacements — LRU replacement material cost
MATreplacements — LRU replacement cost
MHRSENginereplacements - Man hours for an engipkacement
LEnginereplacements — Labor costs for engine repiant
CAMATENginereplacements - Engine replacement maltedst
MATENginereplacements — Engine replacement cost

CFF — Cost of fuel per flight

CIDEED - Cost increase due to engine efficiencyraegtion
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5 CASE STUDY

5.1 ONEEFFORT, TWO LESSONS
There are dominant lessons to be learned fromebemarch effort of this thesis:
Nature of particle impact at the rotor blades -atmn and velocity on the airfoil
LCC and LRU replacement impact by FOD and its eiation
The following sections will present a case study fmpact and ensuing
structural/economic detriment at th& HPC rotor blades of two patrticle sizes, 1.33 and
3.2 mm diameter spheres of mild carbon steel -Irdet the research objective of this
thesis is to determine if FOD elimination, the migation of the FOD-exacerbated HCF
failure mode that leads to 1st HPC rotor bladeasgihents and/or catastrophic engine
losses while reducing or marginally increasing LCi€schievable and if so by what mix

of technologies, processes and/or design chandke atimary and support systems.

5.1.1 KPERIMENTAL CONDITIONS
The experimental conditions that will drive theseatudy are as follows:

Crosswind conditions are not considered and thedwi@y plane of FOD
particles is 2-D and has an incidence offih respect to engine centerline axis
(trajectory is on x-z plane where x is measuredoaingine centerline axis
located at center engine inlet, z is measure \&yiérom this same location)
Two FOD patrticle sizes, 1.33 and 3.2 mm diametkesgs of mild carbon steel
with a density of 7850 kg/t
The engine model is geometrically and performansawimilar to the F100-

PW100 engine family (Meanline Analysis Model preasénn Section 4.7)
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Cran inlet,tip'COS Fan inlet,tip

Aircraft runway operation, early in the takeoff gkaat a Standard Day (288.15
K, 101.325 kPa and 1.225 kgirfor ambient temperature, pressure and air
density) at Sea Level conditions with inlet Machners ranging 0.45 to 0.5.
Fan and $HPC spool speeds N1 and N2 of 10,000 and 14,000eppectively
during takeoff at 100% engine power setting
Numerical/analytical experiments will match Murpsgxperimental condition
for inlet operation under a Headwind (Uand Rolling Ground (&) equal in
magnitude [30] — Murphy chose the condition tothd influence of boundary
layers in his laboratory experiments — boundargigyare larger than aircraft
on the runway the assumption is made that thetaffddeadwind is dominant

Turbomachinery sized at Mach 0.475 with Meanlinaleidsee Figure 5-1)

Cstator'COS  stator N
0.2- (Qan' cos Fan)max >

0.2- (%tator' cos Stator) >

7Y

< Cigv ' COS gy

e CRolor,tip -Cos Rotor,tip

) B 0.2:(Ggy *COS gyv)
7 RE Note:

—

r o st rl,hub = Dshaﬂ/4

[ S~ =

r 1P r HPC F2hub = Dshatl2
2, Fan tip I'1tip rms1 Rotor

ri,hubrI
rrl hub

a

I316v = F4,16v = T4,
D;, I p Rotor = T4, Rotor

. . r2, Stator —
Statiol Statio r
1 5 2, Fan tip

Figure 5.1: Fixed Engine Geometry

Where,

Spacing between stations is 0.2 * chord at tip gice (twist at tip)
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5.2

D — Shaft diameter, 0.42 m
ry,tip- r at fan inlet (¥2), 0.44 m
Cran inletip— Fan chord at inlet tip, 0.0762667 m

Faninlet, ip- TWIiSt angle at tip of fan at inlet, 0.09711diems measured
counter-clockwise from stagger angleat (see Figure 4-30)
Cstator— Stator chord, 0.070421 m (stators have fixedd;homeasured
clockwise from engine centerline axis)

stator- TWist angle at stator, 0.509946 radians (stataxee fixed stagger)
cicv — IGV chord, 0.058090 m (IGVs have fixed chord asuwed clockwise
from engine centerline axis)

icv - Twist angle at IGV, 0.305109 radians (IGVs héixed stagger)
Crotortip— Rotor chord at tip, 0.023740 m

Rotortip- TWIiSt angle at tip of rotor, 0.085565 radiansasured counter-
clockwise from stagger angle atg(see Figure 4-30)
I2, Fantip- I' @t stator tip, 0.427465 m
I2, stator tip- I' @t stator tip, 0.427465 m
I3, stator tip- I' @t stator tip, 0.427465 m
I3, 1cvtip- I at IGV tip, 0.385615 m
r4,16vtip- I at IGV tip, 0.385615 m
4, Rotor tip- I @t B* HPC Rotor tip, 0.385615 m

I's, Rotor tip- I @t B' HPC Rotor tip, 0.385615 m

PARTICLE IMPACT AT 15THPC BLADE

5.2.1 DESIGN OFEXPERIMENTS
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Experimentation will be run by the Design of Expaents methodology — under
this systematic methodology the main factors tffacathe outcome will be determined.
The two particle sizes for experimentation, 1.3@ &2 mm diameter, were chosen because
the public domain data on their velocity at imgaas enough spread to cover all the impact
velocities calculated by the In-Engine Kinetics MbdSection 4.8) — thus the public
domain data on velocity to depth of penetratiomgtact can be leveraged to extract depths
of penetration at the impact velocities calculadtgdhe In-Engine Kinetics Model. Four
input factors control the experimentation in theEimgine Particle Kinetics model (Section
4.6): engine/ground clearance, stagnation pointirgtadistance to fan face, inlet Mach
number and Head Wind — the external geometry ofetingine and the vortex ground
conditions under the experimental conditions fs tase study lead to strong vortices that
will aspirate debris if it is located inside theognd vortex stagnation point (Sections 4.5
and 4.6). The experiment is run for each partidediion in the In-Engine Particle
Kinetics model simulation (Appendix E) — this simtibn code contains the inlet velocity
and location of the ingested vortex at fan face fiiom the Aspiration Model simulation
run for the same experimental factors and levelshase of this case study, beta
distributions for flow aero/thermos dynamics partere from 10,000 runs (at 10,000
random inlet Mach numbers) of the Meanline Analys@del. The experimentation input
factors are varied at three levels for a Full Faatoof 81 settings (see Table 5.1). To
expand the coverage of the experiments and to @ensiternal experimental points 1,000
(points are evenly spaced) additional settings wereatenated to the Full Factorial 81
settings — these additional settings are called¢&pdling Latin Hypercube designs, where

levels are spaced evenly from lower bound to uppend of each factor.
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Table 5.1: Full Factorial Experimental Factor Settngs — Particle Impact

Ground Clearance, h (m)
0.24 | 0.285 | 0.33

Ground Distance
(Ground Stagnation Point to Fan Face) (m)

05 | 0.75 | 1
Inlet Mach Number (M)
0.45 | 0.475 | 0.5
Wind Velocity (Head Wind, U ) (m/s)
9.357 | 10.6785 | 12

5.2.2 EPERIMENTATION

Before the raw data and trends for impacts at ther blades are discussed the
gualitative nature of these will be discussed. Th&ngine Particle Kinetics code was
developed with the capability to graph the engimernal geometry, impact events and
particle trajectory. The code can also graph tifeiageometry where impacts happen. As
the code is computationally intensive (1,081 ruiitk ¥ull visuals takes over a week on 8
GB RAM laptop with an Intel® Cord i5-3437U CPU @ 1.90 GZ) for full runs the full
graphics routines are paused. Figures 5-2 andrgs®pt impact at the fan and exit out of
15t HPC rotor (no impact) respectively. Figures 5-31 &5 reveal that the particle
meanders slightly as it travels through the engiieis is consistent with the forces from
tangential flows that are imposed on the partiste(Figure 4-36, Section 4.8.1). Figures
5-4 and 5-5 present impacts at the trailing edgenar-section of the airfoil. Figure 5-6
reveals that axial particle velocity inside theiaegas a slight increase as compared to its
magnitude at ingestion (t =0) — this is consisteith the physics of the axial flow in the
engine, the meridional flow velocity is larger thdre initial particle velocity and thus
provides an impulsive force to the particle (seedfuations of motion in Section 4.8.1) —

the particle does not outpace the flow impulsing it
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Figure 5.2: Particle Impact at Fan Blade

Figure 5.3: Particle Travels Out of B HPC Rotor Blade (no impact)
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Figure 5.4: Particle Impact at ' HPC Rotor Blade Trailing Edge

Figure 5.5: Particle Impact at ' HPC Rotor Blade Mid-Section
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Figure 5.6: Axial and Tangential Particle Velocities
The radial and chord-wise locations of impactstios blade reveal patterns that

differ from the airfoil Suction Side to the Press@®ide. Figures 5-7 and 5-8 reveal that on
the Suction Side impacts for the two particle siz@ssidered in this case study, 1.33 and
3.2 mm diameter, tend to congregate near the lgatige — the larger particle congregates
more aggressively on the Leading Edge than thelesmahe. Figures 5-7 and 5-8 also
reveal that there are chord-wise gaps where noatepeccurred — this is a key finding
since LSP treatments cannot be applied to theee®L of the airfoil, area must be left
untreated to carry left-over residual tensile siesgSection 4.9.2.3). On the Pressure Side
Figure 5-9 reveals that for the smaller partickedistribution of impacts is largely uniform

— for the larger particle, radially on the bladenfr0.33 to 0.34 m there are gaps where no
impacts occurred (recall the blades extends frarhtmtip 0.21 to 0.385615 m) (see Figure
5-10). Figure 5-11 for the smaller particle on $hection Side the higher impact velocities
tend to congregate (chord-wise) near the leadigg edlthe airfoil — for the larger particle

a more uniform distribution for velocity on the reararrow chord-wise locations of impact
is observed (see Figure 5-12). On the Pressureddithe airfoil for both particle sizes a
“horseshoe” impact velocity vs. non-dimensional rchtbcation distribution is revealed

(see Figures 5-13 and 5-14). Recall that most testssimulate particle impact on axial
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compressor blades are performed on the leadingseamfggpecimens [87, 88, 89, 90] — for
the impact simulations on the two particles sizmssaered in this case study the assertion
of dominant leading edge impacts in the public diortiterature is debunked. Though not
a focus of this thesis, for three input setting®isettings) Figure 5-15 reveals that the
planar trajectory of the particle has a “kink” -atlikink” suddenly ends when the particle
enters the IHPC rotor where whirl velocity is significantlydtier than on the fixed stators
and IGVs - the higher whirl velocity angularly ‘&ghtens” the planar trajectory of the
particle. This finding perhaps hints that if theeel been more stationary stations between
the fan and theS1IHPC rotor the particle may have spun inwards ¢ostmaft. Figure 5-15
also evinces a less aggressive trajectory in tlaxi¥ (measured from engine centerline)

when the kink is more pronounced.

Figure 5.7: R vs. Non-dim Chord Impact Distribution, Suction Side, 1.33 mm FOD
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Figure 5.8: R vs. Non-dim Chord Impact Distribution, Suction Side, 3.2 mm FOD

Figure 5.9: R vs. Non-dim Chord Impact Distribution, Pressure Side, 1.33 mm FOD
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Figure 5.10: R vs. Non-dim Chord Impact Distribution, Pressure Side, 3.2 mm FOD

Figure 5.11: Non-dim Chord vs. Impact Velocity, Sutton Side, 1.33 mm FOD
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Figure 5.12: Non-dim Chord vs. Impact Velocity, Sutton Side, 3.2 mm FOD

Figure 5.13: Non-dim Chord vs. Impact Velocity, Presure Side, 1.33 mm FOD
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Figure 5.14: Non-dim Chord vs. Impact Velocity, Presure Side, 3.2 mm FOD

Figure 5.15: Planar Particle Trajectory, Forward-Aft View for 3 DOE Settings
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Not all particles strike blades at th& HIPC rotor — though only the 1.33 and 3.2

mm mild steel particles were fully studied for reas already mentioned the In-Engine
Particle Kinetics simulation was run an additiosizk, 2 mm diameter (see Table 5.2). The
regime being considered for the case study is wHeesl Wind is equal to Rolling Ground
— Murphy’s regimes for Quiescent (no wind) and Baany Layer (with Headwind but no
Rolling Ground) were run in the In-Engine Partikieetics model (see Table 5.3). Tables
5.2 and 5.3 evince the following:

As particles get larger fewer of them impact tHeHPC rotor blades

The airfoil Pressure Side impacted is more thaodwhat of the Suction Side

A local boundary layer effect (local to Murphy’speximents, recall that vortex

vertical location is extracted and corrected frasdtaled model to the full size

model of the case study, for details go to Sedfidn3.2) lowers the location

(height) where the vortex is being ingested atitihet, resulting in a sizeable

number of particles exiting via engine bypass secti

As particles get larger more of them impact the fan

The impact rate (total impacts & HPC rotor blades to simulation runs) drops

significantly from particle diameter 2 mm to 3.2 nfus. a more gradual drop

from particle diameter 1.33 mm to 2 mm)

Impacts do not occur radially at all points noraditnon-dimensional chord

locations on a blade (the blade has a shaft radi0s21 m and a tip radius of

0.385615 m) — impacts radially range from 0.2966.8855 m

The data from Table 5.3 comprises the radial/clas® map where LSP

treatments will be applied to the OML of the blade
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Table 5.2: Particle Impact Data for Experimental & Two Additional Regimes

1stHPC | Pressure |Suction Sidg Exited Impact
On Particle Rotor Side 1st | 1stHPC Fan Exited |Ilmpacte 1st HPC Rate
Runway |Diameter|Runs| Blade | HPC Rotor |Rotor Blade Impacts via |d Engine Rotor (no (1st
Regime | (mm) Total Blade Total Tota Bypass [ Housing| . HPC

impact)

Impacts Impacts Impacts Rotor)
Quescent ) 23 | g4a| 203 198 95 246 0 0 302| 0.348
(no wind)
U =U
(Head
Wind = 1.33 | 1081 402 283 119 303 0 0 375 0.312
Roling
Ground)
Boundary
Layer, 1.33 | 1243 276 190 86 363 346 0 257, 0.2%2
Headwind
Quescent — » | 7751 268 180 88 Not |~ Not | Not |\, | 0344
(no wind) recorded recorded recorded
U =y,
(Head
Wind = 2 1081 349 280 69 534 0 0 197 0.333
Roling
Ground)
Boundary
Layer, 2 1243 239 174 65 616 243 2 144 0.192
Headwind
Quescent 55 | g3a| 181 129 52 655 0 0 97| o0.1ds
(no wind)
U =y,
(Head
Wind = 3.2 |[108% 225 150 75 748 0 0 107 0.2(8
Roling
Ground)
Boundary
Layer, 3.2 | 1243 145 96 49 890 118 1 89 0.117
Headwind
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Table 5.3: Impact Locations

Radial Impact |Non-dim Chord (from
Location (m) Leading Edge, m)
Impact Particle Diameter |On Rumvay Min Max Min Max
Side (mm) Regime
Suction 1.33 Quescent | , ,o66| 0.3427] 0 0.7507
(no wind)
U =1,
Suction 1.33 (Head Wind  3197| 03683 0 | 07014
= Rolling
Ground)
Boundary
Suction 1.33 Layer (BL), | 0.324 | 0.3852 0 0.7999
Headwind
Suction 2 Quiescentl 0.2966 0.3427 0 0.75Q7
Suction 2 U =U, | 0316 | 0.3591 0 0.2026
Suction 2 BL 0.3259 0.384 0 0.2529
Suction 3.2 Quiescen{ 0.3024 0.3371 0 0.1531
Suction 3.2 U=y, |0.3197( 0.3273 0 0.3495
Suction 3.2 BL 0.3269 0.3854 0 0.3853
Pressure 1.33 Quiescent 0.2966 0.3417 0.005 0.8459
Pressure 1.33 U=U, |[0.3197| 0.3677| 0.005 0.9464
Pressure 1.33 BL 0.3242 0.38%6 0.005 0.9444
Pressure 2 Quiescent 0.2966 0.3417 0.005 0.84K9
Pressure 2 U=y, | 0.312| 0.359| 0.005 0.9963
Pressure 2 BL 0.325p 0.3855 0.005 0.99683
Pressure 3.2 Quiescert 0.3 0.33/7 0.0p5 0.99p3
Pressure 3.2 U=U; |0.3109| 0.3555 0.005 0.9963
Pressure 3.2 BL 0.3265 0.3895 0.005 0.9943

5.2.3 DoOMINANT CONTRIBUTORS

The research question still to be considered ighvaxperimental factors (recall

factors in the DOE are engine/ground clearancgnstéon point ground distance to fan

face, inlet Mach number and Head Wind) contributisinio the outputs recorded by the
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simulation code — the full set of recorded outmrssimpact occurrence at 3 iPC rotor
blade (does it take place or not), if an impactuosche radial location, non-dimensional
chord location, impact side, impact velocity, axgitess at radial location, depth of
penetration, width of penetration, chord lengthpatt node, local thickness and geometry
factors (Betas for Stress Intensity). Though reedrdhe entire set of outputs is not
required to gage the importance of the experimdiiabrs because some outputs are
indexed to others — employing the simulation caotation StressatimpactSite is a function
of radial location Rimpact via Equation 165, widthpenetration DiameterofPenetration
is a function of DepthofPenetration via Equation11&hord length at impact
Chordatimpact is function of Rimpact via Equati@?2h, the impacted node on the airfoll
Nimpact is determined in the simulation code via ithpact law where the node with the
smallest distance that is less than or equaldeto the center of the particle becomes the
impacted node (recall that as the NACA 65-210 dirfodiscretized into 51 nodes, non-
dimensional chord location along with impact side adexed to the impacted nodes)
(Section 4.8.2.6), LocalThicknessatimpact is cat®d in the simulation code as the
distance from the impacted node to the node dyegposite (refer to code in Appendix
F for routine). The geometry factorsompoundeddre not necessary as the Crack Growth and
LCC model computes them. Thus Rimpact, XnondimchbmghactVelocity, ImpactSide
and DepthofPenetration become the outcomes to wiieh contribution of the
experimental factors will be gaged — LocalThickmagsspact is indexed to non-
dimensional chord location it need not be analyagdt will provide the same trending
information. The experimental factors from the DfoEboth particle sizes and associated

outcomes were converted to a data table in SASsstat Discovery Software JMPand
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a screening analysis was ran (screening testafigeutitich factors have the greatest effect
on the outcomes). Additionally, histograms plotstloé factor settings vs. output were
generated to support the screening test.
5.2.3.1 Contributors & Trends for Impact Occurrence
Figures 5-16 presents the statistically significadtors for the output (impact
occurrence recorded in binary mode, 1 for impadt@ifor no impact), whereas Figure 5-
17 presents how via a Histogram plot trending imfation can be discerned — both figures
can be used by the reader as rubrics to discenifisant contributors and trends as they
present means to infer or distinguish tendencibs.sklient findings are:
Figure 5-16 reveals that for the range of setticlyssen the factors and their
higher order terms and interactions that domindtetiaer a particle impacts a
blade on the LtHPC rotor or not are: MParticleSize, MM ,Mi*ParticleSize,
ParticleSize*GroundDistance,ifWl i*M and M*GroundDistance (assuming a
p-Value 0.01 indicates strong evidence against the nylbthesis that the
factors are not statistically significant)
Figure 5-17 corroborates that particle size andtiMach number contribute
most to whether a particle will impact a rotor l@adthe larger particle in the
larger inlet Mach number range, in the smaller eefground clearance range
and in the smaller ground distance from the stagmgioint to the fan face
range has the largest frequency of non-impacts
The largest frequency of impacts is had from thalEnparticle in the smaller
inlet Mach number range, in the smaller engine/gdociearance range and in

the larger ground distance from the stagnationtgoitthe fan face range - as
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the ground distance from the stagnation point ¢éoféim face increases so does
particle velocity at inlet and because the flow idienal velocity does not
change appreciably across the engine stationsS@eteon 4.7) higher particle
velocities inside the engine occur, this relatiopstiong with a higher rate of
impact at the Fan station by the larger particdefrto Table 5.2) corroborates
that the smaller particle that moves more quickBide the engine will impact
the 1st HPC rotor blades more often — the smdHster moving particle more
often misses the slower rotating fan ¢f 10,000 rpm at fan vs 14,000 rpm at
HPC rotor) and reaches the faster rotating HPQ reh®re it has a greater rate
of impact and of passing through that station withimpact than the larger

particle (refer to Table 5.2)
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Figure 5.16: Screening Test, Input Factors vs. Impa Occurrence
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Figure 5.17: Histogram, Input Factors vs. Impact Ocurrence
5.2.3.2 Contributors & Trends Once Impact Occurs

The subset of data once particles impact the blesdasn through the screening
analysis. For the screening test plots for radigltion, non-dimensional chord-wise
location on the airfoil, impact side, impact velycand depth of penetration of a particle
that does impact a 1st HPC rotor blade refer toefpip< H employing Figure 5-16 as
rubric to discern statistically significant factoFsgures 5-18 presents trends for the radial
location of where an impact occurs on a rotor bfadéhe dominant factors (particle size,
inlet Mach number, ground clearance to inlet andd/ind) and their higher order terms
and interactions. Likewise Figure 5-19 presentsdsefrom the data points for the non-

dimensional chord location, velocity and depth ehgtration of where an impact occurs
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on a rotor blade for the dominant factors (partsig® and ground distance from stagnation

point to fan face) and any higher order terms ameractions. The salient findings are:
More impacts occur on the pressure side of theihidr the smaller particle
(also evident in Figures 5-7 through 5-10)
Figure 5-18 reveals that particle size is most equential for radial location
of impact — the larger particle impacts closerh® ¢ngine centerline (all other
factors held constant) — it has greater momentuan the smaller particle that
is more susceptible to being spun out by the fldwhcomponent
Also revealed from Figure 5-18, inlet Mach numbmd &nlet ground clearance
have a sizeable effect on radial location of impaas inlet Mach number
increases particles strike further from the engieaterline axis and as the
engine moves higher up particles impact closeh¢oengine centerline axis —
both of these trends are consistent with MurphyXpeemental data of the
location of the vortices at the inlet and the wtgpees for the particle sizes
chosen for the case study do not meander significgaxial momentum
dominates over flow whirl component effects on tparticles) — this
consistency is validation that for impact locatidghe particle kinetics model
provides useful trending information [96] (referSection 4.5.3 and Appendix
B) — recall that vertical location of the partiadethe inlet is related to radial
location at the start of the simulation by R = BW2Z where the vertical
location Z is calculated from the fit in Appendix(Borrected vortex vertical
location at inlet) that is a function of h/DI, ndimn boundary layer, inlet Mach

number, Head Wind (U) and Rolling Ground - for this case study thereeio
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boundary layer and Rolling Ground is equal to H®dadd, h is one of the
factors and bis fixed

The screening test plots in Appendix H reveal gaaticle size and stagnation
point to fan face ground distance are statisticalgnificant for non-
dimensional chord location, impact velocity and ttiepf penetration at the
point of impact — this finding is intuitive for inaat velocity (also intuitive for
depth of penetration as they are statistically xed@ as the longer the ground
distance from the stagnation point to the fan theemore time the particle has
to convert more of its velocity to Vx (refer to $iea 4.6.3 for more detail) -
none of the factors are statistically significamtimpact side (assuming a p-
Value 0.01 indicates strong evidence against the nydothesis that the
factors are not statistically significant)

Figure 5-19 reveals a weak trend for non-dimeradiothord location
(employing Figure 5-18 as a rubric to discern tgndexhibited only for the
smaller particle as the ground distance from thgrsition point to the fan face
is increased the strikes occur closer to the lepdage of the airfoil - this is
intuitive as increasing ground distance increasesigle velocity at inlet, the
impacts that occur tend to be toward the leadingeedtherwise the particle
may pass through without impact because the NACARHBb airfoil quickly
tapers aft

Figure 5-19 also reveals that ground distance fstagnation point to the fan
face has a noticeable effect on impact velocity graund distance increases so

does impact velocity, in linear fashion - this figuitive as increasing ground
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distance increases particle inlet velocity and ttedcity has a slight increase
in the in-engine trajectory to the rotor bladesie same trend is present for
depth of penetration (depth of penetration is lthke impact velocity by the
statistics presented in Table 4.6 and the proceBgyure 4-45)

Upon impact the smaller particle causes smallerepation depths — this
finding, evident in Figure 5-19, along with the absery that the mode of
impact is different if it occurs on the pressuresoction side (on the pressure
side of the airfoil the impact velocity is more sexbecause the event is similar
to a “paddle” strike with a very fast rotating rosiriking the particle, whereas
on the suction side it is the slower velocity apaut due to the particle striking
the blade that occurs) address and suppetearch Question 3and
Hypothesis 3respectively in this thesis — indeed there artofadhat influence
LCC affordability more significantly vs. other facts that were also varied
during the experiments: the smaller particle imp#uoe rotor blades more often,
but their depths of penetration are smaller, impgrstress intensities (via Beta
geometry factors that are more benign) at the pafininpact that will grow
cracks more slowly, causing less damage that keaf@sver blade replacements

and reduced LCCs (see Section 5.3)
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Figure 5.18: Data Trends, Radial Impact Location vsFactors
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Figure 5.19: Data Trends, Non-Dim Chord, Impact Vebcity & Depth vs. Factors

5.3 RePAIRS, REPLACEMENTS AND LCC sDUE TO IMPACTS

5.3.1 [ESIGN OFEXPERIMENTS
From the experiments for particle impact at tffeHPC rotor blades probabilities
for impact were estimated by the ratio of numbeingpacts to runs (for the condition

considered for this case study for each partide aitotal of 1,081 simulations were ran).
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This probability that the particle would impacthat the Pressure or Suction Side was
estimated from the ratio of the total number eigide was recorded to the total number of
impacts for each particle size. The probabilityt th@article is engulfed by the core radius
of the ground vortex stagnation point if calculatemn Equations 27a or 27b for each
particle size considered for this case study. TheckCGrowth and LCC simulation code
contains these probabilities and their applicatiothe architecture of the software (refer
to Appendix F). Recall from the previous experimémat engine/ground clearance,
stagnation point ground distance to fan face, iMath number and Head Wind varied
according to a DOE that contained 81 Full Factoaatl 1,000 Space Filling Latin
Hypercube experimental settings (Section 5.2.1).thk® experiments that will shed light
into how many repairs or replacements and thewma@ated LCCs occur because of FOD
particle impact a different set of factors will bensidered - the four experimental factors
of the previous experiment will be allowed to vamjiformly in the same ranges (but not
by DOE) as they will be the inputs for the fits adhdtributions that were made for the
outputs of the particle impact experimentation i@htmpact location, non-dimensional
chord location, impact velocity, impact side, deptipenetration, local impact thickness),
their fits with goodness of fit measures and distiions are included in Appendix G for
both sizes. The crack growth and LCC simulatiomsvisual and Automated inspections
of the runway share four experimental factors:ipl@tiiameter, runway sweep (sweeping
by towed sweeper), LSP and DTA engine inspectiomgrial engine inspections). In
addition to these four the crack growth and LCC wdation that considers Visual
Inspections of the runway for debris depends onmooee experimental factor, the number

of visual inspections performed in an operatio@dlhour day. The simulation considers
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two additional experimental factors for Automateshway debris inspections, scan rate
and probability of detection. Sections 4.9 and 4idvide extensive documentation for
how crack growth and LCCs are inter-related fohlde®D particle sizes and both runway
inspection methods. The experimental factor set@amges for both FOD patrticle sizes are
presented in Table 5.4 — for the experiments thasicer Visual runway inspections the
Full Factorial is 24, whereas for the Automatedway inspections it is 72.

Table 5.4: Experimental Factor Settings — Crack Gravth & LCCs
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5.3.2 KPERIMENTATION

The experiments for crack growth and LCC estinmatioe less computationally
costly as those for particle impact simulation #imely are subject to the variability of all
the model fits and distributions that contributeittquniform, random cost models for
acquisition of LSP and Automated runway inspectiqnipment, uniform, random models
for process, clean up and change over times fé& tt&atment, uniform, random models
for probability of aspiration, rotor strike andfaif impact side (Pressure or Suction side),

uniform, random models for variation of input (eéregground clearance, ground distance
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from stagnation point to fan face, inlet Mach numbed Head Wind) for fits and

distributions of outputs from particle impact simtibn (axial stress at impact, chord length
at impact, radial location at impact, local thickaeat impact, non-dim chord location on
airfoil (measured from leading edge) and depthesfgtration). The decision was made to
perform replicates on these experiments to imptbeeprecision of the results, to detect
smaller effects or interactions that with fewet tems would not be captured. Recall that
the simulations for particle impact and subsequestk growth focus on a single engine,
while the LCCs are scaled to fleet level — the iagato fleet level is accomplished by

accounting for the size of the fleet, engines pearat and HPC rotors per engine. A
statistics bootstrap plot of the standard deviatiothe mean LCCs for the fleet vs. number
of replicates of the experiment was employed temeine the appropriate number of
experimental replicates — the number at which taedard deviation of the mean LCCs no
longer varied significantly (<10%). From Figure 6-& can be determined that 100

replicates is the number.

Figure 5.20: “Bootstrap” of Standard Deviation of Mean LCCs vs. Replicates
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The guestions should now be: what is the processribed perhaps by pseudo code
for this large simulation (the simulation code @ack Growth and LCC estimation resides
in Appendix F)?, how are the experiments run?. f@gi121 presents the process by which

the crack growth and LCC simulation is run.

Figure 5.21: Process/Pseudo Code for Crack Growth &CC Simulation
The simulation displays a crack growth curve dghtpere is an impact atHPC

rotor blade. As impact likelihood and impact looatare randomly uniform the simulation
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code was engineered to allow any number of impatcty location on a blade — recall
that the 3 HPC rotor has 38 blades that are spinning at D4pM at the time of takeoff
(when the risk of FOD ingestion is highest) it idikely that an impact will happen on top
of the same blade at the same location, this igoborated by the impact map for LSP
treatment locations presented in Section 4.9.2.4ravlthe frequency for hundreds of
impact locations is typically 1 — in the unlikelyent that a double strike would occur the
code checks that the induced impact depth fomigne FOD particle is larger than the crack
that was growing from the first impact, if so thegth curve is bumped up by the new
flaw size. For visual or automated inspections riiwde of growth is the same — what
changes is the impact to LCCs as visual and autsmnmamnway inspection methods have
differing costs and may reduce the likelihood ofvihng an impact event. Thus
experimentally for crack growth what is of valuehs size of the particle, whether LSP or
interval engine inspection will be implemented.

Eight sample outputs of crack growth for the twatipke sizes where extracted to
provide a visual format to gage the effectivityL®P treatments and the technology of
DTA interval engine inspections. In Figures 5-221 &25 a single impact is presented
along with the natural crack growth curve (crackvgh if no impact had taken place at
the impact site) — the curve below the first twaars overlay of the impact growth and
natural growth — it is intended to visually demoatd the benefit of LSP, DTA interval
engine inspections and the effect of particle dtzgure 5-23 evinces the code’s capability
to capture multiple impacts and multiple benefits1i treatments or interval inspections —
in this case one crack is “caught” at tiikiriterval engine inspection and repaired, while

the second one is “caught” at the second intensgdection and likewise repaired — the net
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effect is that the structural risk of the engineeduced and the blade can last its intended
design life. If DTA engine interval inspectionearot implemented in the experimental
setting (factor setting or run) then repairs woaldy be performed at the depot level
teardown inspection at the end of the engine tifet+ the simulation records zero repairs
and associated costs — this is a critical simutagient because as the paradigm stands the
aircraft are only inspected at the end of the $ijed engine lifetime. Figure 5-24 provides
contrast between a mid-section and an edge flassthesedge flaws are part-through cracks
their growth is more aggressive and this is captimethe model — for this particular case
LSP and DTA engine interval inspections were ngblemented, a small impact depth
ensured that growth would not be appreciably meree than natural growth. It is for
larger particles that the crack growth methodoldgyeloped in detail in Section 4.9 that
pays dividends — Figures 5-26 and 5-27 presentrya agtive capability of the code to
capture complex, multi-impact and repair or rephaest of LRU activity- analysis of the
visual output reveals that for the larger partitiat activity for replacement or repair of
blades occurs more readily and growth is more geWagure 5-27 captures an even more
complex scenario: the aggregate benefit of LSRasarfreatment and DTA engine interval
inspections — after multiple impacts, two interiapections and an LRU replacement
from FOD impacts the mid-section and edges of tladds the second blade is able to be

“lifed” or extended up to its intended design life.
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Figure 5.22: DTA Inspect. On, LSP Off, Single Impat; Repair, 1.33 mm FOD

Figure 5.23: DTA Inspect. On, LSP Off, Multi Impact, Repairs, 1.33 mm FOD
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Figure 5.24: DTA Inspect. Off, LSP Off, Multi Impact, No Repairs, 1.33 mm FOD

Figure 5.25: DTA Inspect. & LSP Off, Single Impact,No Repair/Repl., 3.2 mm FOD
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Figure 5.26: DTA Inspect. & LSP Off, Multi Impact, Replacement, 3.2 mm FOD

Figure 5.27: DTA Inspect. & LSP On, Full Capability of Simulation, 3.2 mm FOD
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LCC simulation does not carry the poignant visuaksage — instead the ensuing
section on dominant experimental factors will sisedhe light into how expensive and

complex keeping engines running safely can be.

5.3.3 DDOMINANT CONTRIBUTORS
This section will begin by gaging the importandesach of the factors for both
particle sizes under both regimes of inspectiothemunway — recall that for visual runway
inspections the factors are particle diameter, aynsweeps, number of runway visual
inspections, LSP implementation and DTA intervaiaa inspections while for automated
inspections they are particle diameter, runway psegcan rate, probability of automated
detection, LSP implementation and DTA interval eeginspections (see Table 5.4 for
factor ranges). From 19,392 runs (2 particle si2zédactor settings for visual inspections
and 72 settings for automated inspections with eacllation run replicated 100 times)
19,392 outputs each for LRU replacements and re@aid LCCs where recorded. This
massive amount of data cannot be reasonably attacheisual format to this thesis,
instead the files will be inserted to this documantl the screening test results will be
presented — the screening tests were performedthgtistatistical software JMPtheir
plots reside in Appendix | (employ Figure 5-16 alsric to discern statistically significant
factors and any higher order terms and interaclidfigures 5-28, 5-29 and 5-30 present
the LCC, LRU replacement and repair trends respalgti The salient findings are:
For the screening test plots in Appendix I
o Figure I.1 reveals that the statistically signifitdactors for LCCs when
visual inspections of the runway are performed paeticle diameter,

Damage Tolerance interval engine inspections aed thteraction, the
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interaction of Damage Tolerance interval engingpéesions and LSP
treatment and the interaction of particle diamef@amage Tolerance
interval engine inspections and LSP treatment -, tB&&number of runway
visual inspections and sweep are statisticallygméicant on their own

For LCCs when automated runway inspections areideres Figure 1.4
reveals that the statistically significant factomse particle diameter,
Damage Tolerance interval engine inspections, k&Rrment, scan rate and
interactions of these - runway sweeping and théalritity of detection
from the automated system on their own are largesignificant

Figure 1.2 reveals that the statistically signifitafactors for LRU
replacements when visual and automated inspecbbrike runway are
performed are particle diameter, Damage Toleramdenial engine
inspections, LSP treatment and the interaction astigde diameter and
Damage Tolerance interval engine inspections -rilmaber of runway
visual inspections, runway sweeps and the scanamateprobability of
detection of the automated runway inspection systgm statistically
insignificant

Figure 1.3 reveals that the statistically significdactors for LRU repairs
when visual inspections of the runway are perforiaedparticle diameter,
Damage Tolerance interval engine inspections amdt tihteractions -
number of visual inspections and sweeps of the aynand LSP are

statistically insignificant
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o Figure 1.6 in reveals that the statistically sigraht factors for LRU repairs
when automated inspections of the runway are peddrare particle
diameter, Damage Tolerance interval engine inspestiscan rate of the
automated runway inspection system and their iotemras - number of
runway sweeps, the probability of detection and LGP statistically
insignificant

Figures 5-28, 5-29 and 5-30 reveal that FOD elitmma defined in this thesis
as minimizing the FOD-exacerbated HCF failure mtds leads to Primary
System replacements and/or catastrophic engineedossile reducing or
marginally increasing LCCs, is achieved for thedarparticle - though LCCs
increase 30% vs. the paradigm, LRU replacementeedieced by 92% vs. the
paradigm for the full configuration - LRU repairseeaalso reduced, but at a
slower rate than replacements — these trends addres supporResearch
Questions 1& 2andHypotheses 1 & 2respectively in this thesis: elimination
of the FOD-exacerbated HCF failure mode is achieaféardably in the life
cycle of an engine by deploying/employing automatedway inspections
under a nearly continuous scan rate, Laser ShoskiRgtreatment of the rotor
blade surface and Damage Tolerance interval engspections for the larger
particle considered in this thesis

Visual inspections and sweep of the runway ardea@fe at eliminating the

failure mode

An automated system that is scanning nearly cotigt&tfSP treatments of the

rotor blades in the suitable locations (refer tot®a 4.9.2 for LSP treatment
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mappings developed from impact data) and Damagerdiote interval engine
inspections provide the most effective, affordatdefiguration that achieves

FOD elimination for the larger particle considered

247



Figure 5.28: Mean of Fleet LCCs vs. Factors
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Figure 5.29: Mean of Replacements per Engine vs. E@rs
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Figure 5.30: Mean of Repairs per Engine vs. Factors
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6 CONCLUSIONS & RECOMMENDATIONS

6.1 CONCLUSIONS
Recall that the research objective was to deterniinFOD elimination, the
minimization of the FOD-exacerbated HCF failure mdldat leads to 1st HPC rotor blade
replacements and/or catastrophic engine losse® wdducing or marginally increasing
LCCs, is achievable and if so by what mix of tedbgis, processes and/or design changes
at the primary and support systems. The case sxjplgriments of Section 5 revealed the
following conclusions that align to the researcheotive and address and support the
Research Questions and Hypothesis:
FOD elimination, defined in this thesis as minimgithe FOD-exacerbated
HCF failure mode that leads to Primary System pteents and/or
catastrophic engine losses while reducing or matlyinncreasing LCCs, is
achieved for the larger particle - though LCCs eéase 30% vs. the current
paradigm, LRU replacements are reduced by 92%hesparadigm for the full
configuration - LRU repairs are also reduced, butaaslower rate than
replacements — these trends address and suRpedarch Questions Jand
Hypotheses Irespectively in this thesis: elimination of the <@xacerbated
HCF failure mode is achieved affordably in the Ifgcle of an engine by
deploying/employing automated runway inspectiondeura nearly continuous
scan rate, Laser Shock Peening treatment of tbebtde surface and Damage
Tolerance interval engine inspections for the |lagggticle considered in this

thesis
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Extending radially outward from 60% of the rotomspon the Suction Side of
the airfoil larger particle impacts occur more ofteear the Leading Edge of the
airfoil than impacts of the smaller particle (naménsional chord locations
that range from 0 to 0.95 for the smaller partideO to 0.16 for the larger one)
- with the same radial span on the Pressure Sidkeodirfoil impacts occur
across the chord for both particle sizes - theseds address and support
Research Question 2 and Hypothesis 2 respectivatit: the right mix and
placement of countermeasures (automated runwaysdeéetection system at
near continuous scan rate, implementation of LSReaidentified locations on
the airfoil and interval engine inspections) thetimeology presented in this
thesis estimate LCCs that are marginally highef4Band LRU replacement
rates that are lower (92% lower) vs. LCCs and o&teRU replacement of the
current paradigm for the larger particle

Upon impact the smaller particle causes smalleepation depths — this along
with the discovery that the mode of impact is d#f& if it occurs on the
Pressure or Suction side of the airfoil (on thesBuee Side of the airfoil the
impact velocity is more severe because the evesngar to a “paddle” strike
with a very fast rotating rotor striking the palgicwhereas on the Suction Side
it is the slower velocity at impact due to the pmdet striking the blade that
occurs) addresses and supports Research Questiand 3Hypothesis 3
respectively in this thesis — indeed there areofacthat influence LCC
affordability more significantly vs. other factotisat were also varied during

the experiments: the smaller particle impacts titerrblades more often, but
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their depths of penetration are smaller, imparshgss intensities (via Beta
geometry factors that are more benign) at the pafinmpact that will grow
cracks more slowly, causing less damage that ked@sver blade replacements
and reduced LCCs

For the two particles sizes considered in the casdy of this thesis the
assertion of dominant leading edge impacts assdarezbupon testing in the
public domain literature is debunked - recall thabst tests that simulate
particle impact on axial compressor blades areopm€d on the leading edges
of specimens - the mappings of impacts developethie research effort paint
a different story, impact is the stuff of distritmrts for rotating blades

The longer the ground distance from the stagngtimint to the fan face the
more time the particle has to convert more of @®weity to an axial component
and because the flow meridional velocity does mainge appreciably across
the engine stations higher particle velocities dasthe engine occur, this
relationship along with a higher rate of impactret Fan station by the larger
particle corroborates that the smaller particlg thaves more quickly inside
the engine will impact the 1st HPC rotor bladeseraften — the smaller, faster
moving particle more often misses the slower rotafan ( of 10,000 rpm at
fan vs 14,000 rpm at HPC rotor) and reaches therfaestating HPC rotor where
it has a greater rate of impact and of passingiiirdhat station with no impact
than the larger particle - this finding hints aGgstem of Systems solution,
perhaps if the aircraft performed a rolling takdodim the tarmac as it reached

the area of greatest risk, the runway, it achieseaugh effective Head Wind

253



to move the stagnation point closer to the fan taceduce the particle velocity
at inlet or to entirely blow away the vortex thatlne first place caused ground
aspiration

Size truly matters - the larger particle strikes tbtor blades less often, but the
ensuing damage and LCC/LRU replacement implicatemesgreater vs. the
smaller particle - it is precisely for the largeariicle that the full configuration
of technology/process/design changes has the gteaipact to affordability
Probability of Detection for the automated runwayedtion system considered
(0.65 to 0.74) was statistically insignificant tawd_CCs, LRU replacements
and repairs - for an automated system it is contislwor near continuous scan
rate that drives their effectivity for dispatchif@D removal from a runway,
i.e. scanning quickly and often

Visual inspections and runway sweeps for the twdigda sizes considered
proved ineffective at eliminating the FOD-exaceeolatl CF failure mode - they
effectively remove very little FOD from a runwayrthg a 24-hour operational
day - automated inspections along with LSP and Dihferval engine
inspections reduce significantly the risk of engiagastrophic damage because
flaws that would have gone critical are detected paired, thus allowing a

full realization of the blade/engine design life

6.2  RECOMMENDATIONS
The following are the salient recommendations tlegulted from this research

effort:
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At a strategic level: infuse knowledge early intaoe tconceptual design of

engines/engines on aircraft — by employing the oalogy and tools developed

in this thesis disciplines such as Fracture Medasaoan be brought forth to shed

light early in the design process by leveraging twisa known/documented

(presence, distribution and nature of FOD on theway along with

ambient/operational conditions and likely enginergetry, as military low bypass

turbofans do not change drastically in design) stneate the LCC and LRU

replacement implications of changes/enhancementseaPrimary and Support

Systems

At a tactical level:

0 Invest in LSP — it's LCC impact is small, but itenefit to reducing
Replacements is large

o Performing DTA interval engine inspections — it imgps LCCs significantly,
but the impact to reducing LRU replacements igdar

o Go for Automation — automated inspections have LC@saparable to Visual
inspections but are more accurate and precisendéwiag a greater impact on
reducing LRU replacements

0 Leverage impact mappings — employing impact magmt determine where
surface treatments such as LSP are needed mokeaurtoil and where no
treatment is necessary

If OEMs and operators decided to not pursue FODiieltion in a systematic,

aggressive manner such as is set forth in thissthése following consequences

will continue to plague the industry:
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Continued design of engines/engines on aircratt ah@ not FOD robust and
that will increasingly operate in FOD prone areasiad the globe — recall that
Russian aircraft in the Syrian theater of operatiad a 40% drop in readiness
due to FOD from desert conditions

Continued operation of aircraft/engines under aggm that is inefficient and
not affordable

The consequences of FOD are not the cost of daisghess as was said by a
top executive at an OEM — 1st level approximatirthe affect/effect of FOD
can be made by implementing the methodology sét farthis thesis that will
lead to more affordable, robust engine/engine wraft designs

Additionally great LLC savings could be missed bgt rpursuing FOD
elimination systematically as it is showcased ia thesis — the cost of not being
able to perform missions, of increased spares anscheduled blade
replacements and of perceived un-robust engineleran aircraft designs are

likely to be large
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APPENDIX A: VORTEX PRESSURE RATIOS & RAW DATA

Raw data is presented in this appendix on engaghhto inlet diameter (hil)
inlet Mach numbers, velocity ratio (U inlet to headwind velocity), ground roll velocity
(Ug), non-dimensional vortex strength’( average vortex strengfhdivided by product
of inlet velocity U and inlet diameter [pand ambient laboratory conditions from Murphy’s
work on the aerodynamics of ground vortices [96je Thagnitude of pressure ratios from
Murphy’s scaled engine inlet are kept for the dale inlet considered in this thesis — the
assumption is supported by dynamic similarity. TAe data enables the calculation of
stagnation point and fan face pressure ratiosh@arethodology presented in Section 4.4.

Table A.1: Murphy's Wind Tunnel Conditions

Murphy's Wind Tunnel Conditions [96]
T P D re (vortex Murphy's
2™ 1290 | T (K) |271.65) 2™ | 96952| @™ 11.165 ' | 0.1 |core radius| 0.0025| Model [ 30
(°K) (Pa) (kg/m3) (m) m) Scale

Table A.2: Quiescent Pressure Ratios and Raw Data

Quiescent Conditions
U P/P P/P
h/Dy Mi Ui (m/s) u* M Uus (M/s)| Muc * 5 (rads/s) | (Stag. (Fan

(m/s) (m7s) Point) Face
0.2§ 0.5 192.10 0 0 g g 0.07 1.3447 34243 0.934 0.985
0.3 0.5 192.10 0 0 0 g 0.0% 0.9605 244%9 0.966
0.4 0.58 192.1D 0 0 g g 0.039 0.795 192P5 0.979 0.985
0.25 0.4 142.06 0 0 0 J 0.068 0.9626 24503 0.966 0.p95
0.3§ 0.4% 142.06 0 0 g g 0.044 0.6251 15917 0.986
0.4 0.43 142.06 0 0 0 d 0.041 0.5825 14882 0.988 0.p92
0.29 0.14 46.26 0 0 g g 0.062 0.2857 7274 0.997 0.997
0.9 0.14 46.2b 0 0 [0 q 0.991%
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Table A.3: Headwind Pressure Ratios & Raw Data

Headwind Conditions
*ID)
(Non- PP | PP
h/Dy Dim Mi Ui (m/s)| U* v M Uus Muc * (rads/s) (Stag. (Fan
Bndry. (m's) (mis) Point) Face)
Layer
Thick.)
0.25 0.1 0.58 189.76 19.81 9/58 d.03 0 0 0j066 1.25 31893 3]0.940.96(
0.25 0.1 058 191.34 13.p9 14.434 (.04 0 0 0.077 1.48 7616 9200.
0.2§ 0.1 0.58 191.19 10.02 19.085 (.06 0 0 (111 2.12 54043 8390. 0.96
0.25 0.0] 0.58 192.22 19.p5 9.633 q.03 0 0 p.o6 1.15 29369  1J0.95
0.2§ 0.0] 0.58 191.%3 1348 14.213 (.04 0 0 (.083 1.59 40482 9040.
0.2§ 0.0] 0.58 191.718 10.01 19.168 (.06 0 0 Q144 2.76 70323 72110.
0.25 0.0: 0.58 193.29 20.p6  9.357 q.03 0 0 0{033 0.64 16243 850.9
0.2§ 0.0 0.58 193.29 1379 14.015 0.04 0 0 Q.067 1.30 2979 9390.
0.2§ 0.0 0.58 191.18 10.16 18.822 (.06 0 0 (.097 1.85 47222 8740.
0.32 0.1 058 192.22 19.p5 9.633 q.03 0 0 0{059 1.13 28879 530.9
0.32 0.1 0.5B 191.718 10.01 19.168 (.06 0 0 (.136 2.61 6416 7570.
0.4 0.1] 0.58 192.24 19.12 10.957 Q.03 0 0 0062 1.19 30351 480.9
0.4 0.11 058 191.84 13.p9 14.434 q.04 0 0 0{113 2.17 55203 280.8
0.4 0.1] 0.58 192.06 9.89 19.414 d.06 0 0 0}j167 3.21 81677  4]0.62
0.4 0.07 0.58 192.22 19.p5 9.433 d.03 0 0 0j069 1.33 33774  6]0.93
0.4 0.07 058 191.33 13.48 14.213 q.04 0 0 o0f117 2.24 %7065 170.8
0.4 0.07 058 191.78 10.p1 19.168 g.06 0 0 0{157 3.01 16671 690.6
0.4 0.03 0.58 19240 20.49 9.392 d.03 0 0 0j063 1.21 30867 6]|0.94
0.4 0.03 058 190.00 13.p6 14.015 q.04 0 0 0{156 2.96 15478 790.6
0.25 0.1 0.4 135.00 11.p8 11.655 (.03 0 0 0101 1.36 4721 9320.
0.2§ 0.1 048 13500 8B6 16.145 Q.05 0 0 Q172 2.32 59131 030.8 0.980
0.4 0.11 0.4 135.00 11.p6 11.681 q.03 0 0 0f172 2.32 $9128 030.8
0.4 0.11 0.4 134.99 8.80 16.256 d.05 0 0 0)172 2.32 59125  3]0.80
2.63 N/A 0.483115 164.91 26.B5 6.25845 .02 0 0 0.p392 1.90 468 0.86¢ N/A

Note: Cell highlighted in yellow contains data frodCA TN 3330 - it presents a model

verification point for stagnation pressure rationfra source other than Murphy [96] — the

pressure ratio is comparable to those calculatéu tivis thesis’ methodology.

Table A.4: Headwind/Ground Roll (Us) Pressure Ratios & Raw Data

Headwind and Ground Speed
P/P P/P
h/Di Mi Ui u* ] M Uue Muc * (rads/s) | (Stag. (Fan
Point Face
0.25 0.58 193.3937 19.p2 9Jo1 003 10.00 p.03 |0.06 [1.14 P9056.957 0.96p
0.25 0.5$ 192.7842 12.b8 15|21 0.04 15.00 p.04 |0.08 |1.47 0B7310.927 0.97p
0.25 0.5 192.7842 9.50 20§30 0L.06 20.00 p.06 |0.08 ]1.58 10258.909 0.98p
0.25 0.5¢ 189.7606 19.81  9l58 003 Q.00 9.00 |0.07 [1.27 2376.9410  0.950
0.25 0.5 192h 0.04 0.0 0.0p 0.0 0.06 A3 28862 0.953 01960
0.25 0.5$ 103.2387 12.h0 15|58 0.05 %00 p.01 |0.08 |1.55 B9366.913
0.25 0.5 192.9736 9.p7 20§82 0L.06 10.00 p.03 ]0.09 [1.64 11769.902
0.25 0.5$ 192.835  10.p2 19|25 0.06 .00 p.00 [0.11 |2.18 b5489.827
0.4 0.58 187.1804 19.03 983 0j03 10.00 .03 [0.07 |1.31 3366.9370
0.4 0.58 191.5538 12.68 15|10 004 1%5.00 p.04 [0.12 [2.38 50486.794
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APPENDIX B: VORTEX AT INLET LOCATIONS

Data is presented in Appendix A for the pressat®s of the ingested vortices

modeled by Murphy, the associated vertical location the inlet are presented in this

appendix [96]. The vertical location of the vorscat the inlet are scaled/corrected per

Equation 23 presented in Section 4.4. Equationi8the fit of the corrected, full scale

height of the vortex at the inlet and Figure Bsl@oodness of Fit measures.

Table B.1: Quiescent Full Scale, Corrected Locationf Vortex at Inlet

Quiescent Conditions

/Dy (Non-Dim Non-Dim Height o] Full Scale Height
WD | Boundary Layet M; Ui u* | U Uuc | * |Vortex at Fan Fageof Vortex at Fan
Thickness) (Corrected Z/D) Face (m)
0.25 g 0.58 192.10 0.00 0.00 0.0} 0.31 0.27
0.4 d 0.58 192.10 0.00 0.00 0.0# 0.46 0.41
0.25 g 0.48 142.06 0.00 0.00 0.0 0.40 0.36
0.4 g 0.43 142.06 0.00 0.00 0.0# 0.58 0.51

Table B.2: Headwind Full Scale, Corrected Locatiorof Vortex at Inlet

HeadWind Conditions
/Dy (Non-Dim Non-Dim Height o] Full Scale Heigh{
WD | Boundary Layet M; Ui ur | U Uuc | * |Vortex at Fan Fageof Vortex at Fan
Thickness) (Corrected Z/DI) Face (m)
0.25 1.03 0.5B 191.19 10.p2 19|09 (.00 ¢.11 D.27 0.24
0.25 1.03 0.4B 135.00 8.86 16|15 (.00 ¢.17 D.39 0.35
0.25 1.03 0.5B 189.76 19.81 9|58 (.00 (.07 D.27 0.24
0.25 1.03 0.5B 191.25 23.p1 8J00 (.00 ¢.19 D.28 0.24

Table B.3: Headwind/Rolling Ground Full Scale, Corected Vortex at Inlet Location

Headwind/Rolling Ground Conditions
/D, (Non-Dim Non-Dim Height o] Full Scale Height
hD, Boundary Layef M; U u* (U Uuc | * |Vortex at Fan Fageof Vortex at Fan

Thickness) (Corrected Z/DI) Face (m)
0.25 g 0.58 192.10 0.00 0.00 0.0p 0.30 0.26
0.25 ( 0.5$ 193.39 19.52 9.91 10j00 Q.06 D.27 .24
0.25 ( 0.5$ 192.78 12.68 1501 1500 (.08 D.27 0.24
0.25 d 0.5$ 192.78 9.%0 20.B0 20j00 Q.08 D.27 .24
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Figure B.1: Goodness of Fit Measures for Correctedortex Location at Inlet
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APPENDIX C: ASPIRATION SIMULATION CODE

The code presented in this appendix was develop@tblfram Mathematica 10.
The code applies to the case of a steel, sphefo®) particle 1.33 mm in diameter
aspirated from the ground to fan face under comstiof Headwind (U) velocity (with
range of 9.357 m/s to 12 m/s) equaling Rolling GibUG) for takeoff velocity — this
combination of equal Headwind and Rolling Grountkhie possibility of a boundary layer.
The code can run other particle diameters by simplyating the @y variable for other
particle diameters. The code relies on the inlatistemperature distribution that was
developed with the Meanline Analysis tool of Sect®h6. The code by means of input
parameter settings (engine ground clearance, hdkdistance to fan face, inlet Mach
number and Headwind) arranged/set from a full faatand Latin Hypercube space filling
Design of Experiments (DOE) extracts inlet vel@st{leveraged as Response Surface fits)
that are the inlet initial conditions for velocity the In-Engine Particle kinetics model of
Section 4.7. The vortex ingestion/particle aspmratvertical location at inlet/fan face
developed from scaled/corrected data from Murphysk [96] along with setting the
displacement at start to zero and the horizontthdce from stagnation point to fan face

set via DOE setting provide the initial conditions.
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Aspiration Simulation Code — 1.33 mm Steel Debris
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Aspiration Simulation Code — 1.33 mm Steel Debriscontinued)
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Aspiration Simulation Code — 1.33 mm Steel Debriscontinued)
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Aspiration Simulation Code — 1.33 mm Steel Debriscontinued)
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Aspiration Simulation Code — 1.33 mm Steel Debriscontinued)
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Aspiration Simulation Code — 1.33 mm Steel Debriscontinued)
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Aspiration Simulation Code — 1.33 mm Steel Debrisefd)
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APPENDIX D: MEANLINE ANALYSIS SIMULATION &

DISTRIBUTIONS

The code for the Meanline Analysis simulation imetied as a file. The simulation
is in the form of a large, multi-sheet Excel spsdaabt, it is contained in the link below.
The Beta distributions that were generated fron®9a®,runs each for flow density and
velocity (axial and tangential) across the engtaé@ns and for inlet static temperature are
valid in the bound of inlet Mach numbers that rahgaiformly from 0.45 to 0.5. The
distributions are presented in table format in #ppendix along with quantiles, summary

statistics and parameter estimates of the fitted Bistributions.

3

% &'
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Table D.1: Fan Inlet & Fan Outlet/Stator Inlet Flow Density (kg/m3)
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Table D.2: Stator Outlet/IGV Inlet & IGV Outlet/Rot or Inlet Flow Density (kg/m3)

174 176

172 : 174 ———T1

171 173 ————— 1

17 172

1.69 171

168 L L7 %1

167 i O —

Les 1| [ 168 ————4 |[|=

164 1.66

163 : o

162 ] A e =

Lo . 1o ]

16 ' —!

1.59 161
100.0% maximum 1.73751 100.0% maximum 1.75506
99.5% 1.73675 99.5% 1.75429
97.5% 17334 97.5% 1.75091
90.0% 1.72183 90.0% 1.73923
75.0% 1.69877 75.0% 1.71593
50.0% median 1.66195 50.0% median 1.67874
25.0% 1.62542 25.0% 1.64184
10.0% 1.60509 10.0% 1.6213
2.5% 1.59486 2.5% 1.61097
0.5% 1.59206 0.5% 1.60814
0.0%  minimum 1.59146 0.0%  minimum 1.60754
Mean Mean
Std Dev Std Dev 0.042575

Mea Mea

N 10000 N 10000

Type Estimate Type Estimate

Shape o 0.977708 1.002893 Shape a

Shape B Shape B

<] (¢]
Scale o] Scale [¢]
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Table D.3: Rotor Outlet Flow Density (kg/m3) & Inlet Meridional Velocity (m/s)

177 169 ———t——
176 68—
175 1 167 ——————
174 ! 166 ———————10
173 | 165 ————— 1]
1.72 II 164 ——————— 1
17 U (1l 62— [
1.69 E 161 :[:|
1.68 160 ——————1
1.67 ] 15— 11
- ' I —
1.65 157 |
ig‘; ' 156 —

: —

162 — 155
100.0% maximum 1.77278 100.0% maximum 169.292
99.5% 177201 99.5% 169.229
97.5% 1.7686 97.5% 168.931
90.0% 1.75679 90.0% 167.855
75.0% 1.73326 75.0% 165.755
50.0% median 1.69569 50.0% median  162.112
25.0% 1.65843 25.0% 158.598
10.0% 1.63768 10.0% 156.474
2.5% 1.62724 2.5% 155.43
0.5% 1.62438 0.5% 155.13
0.0%  minimum 1.62378 0.0%  minimum 155.063
Mean Mean 162.1647
Std Dev 0.043005 Std Dev

Mea Mea

N 10000 N 10000

Type Estimate Type Estimate

Shape o 0.977708 1.002893 Shape o

Shape ) Shape B 0.978534

<] (¢]
Scale o] Scale [¢]

Table D.4: Fan Outlet/Stator Inlet Tangential Velodaties (m/s)
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2.5% 228122
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Mea
Mean
suelbes N 10000
Mea
234.4302
N 10000 Type Estimate
Shape a
Shape B
(5]
Type Estimate Sl @
Shape o
Shape B 0.985818
(<]
Scale o]

Table D.5: Stator Outlet/IGV Inlet Tangential Velocities (m/s)
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APPENDIX E: IN-ENGINE PARTICLE KINETICS

SIMULATION

In-Engine Particle Kinetics Code — 3.2 mm Steel Deis
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In-Engine Particle Kinetics Code — 3.2 mm Steel Dels (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)

290



In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)
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In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (continued)

311



In-Engine Particle Kinetics Code — 3.2 mm Steel Deis (complete)
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APPENDIX F: CRACK GROWTH AND LCC ESTIMATION

Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD

Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)

320



Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)

326



Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Automated Inspections1.33mm Steel FOD (comp.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)

358



Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)

362



Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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Crack Growth and LCC Code — Visual Inspections, 1.3 mm Steel FOD (cont.)
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APPENDIX G: PARTICLE IMPACT FITS & DISTRIBUTIONS

Recall that for the fits derived from data genedatvith the In-Engine Particle
Kinetics model four input factors control the expentation (Section 4.6): engine/ground
clearance, stagnation point ground distance tdafes, inlet Mach number and Head Wind
— the external geometry of the engine and the xogeund conditions under the
experimental conditions for the case study leastrtong vortices that will aspirate debris
if it is located inside the ground vortex stagnatipoint (Sections 4.5 and 4.6). The
experiment is run for each condition (DOE settinghe In-Engine Particle Kinetics model
simulation (Appendix E) — this simulation code @ns the inlet velocity and location of
the ingested vortex at fan face fits from the Asfan Model simulation run for the same
experimental factors and levels as those of the sasdy, Beta distributions for flow
aero/thermos dynamics parameters from 10,000 rahsl@000 random inlet Mach
numbers) of the Meanline Analysis model. The expentation input factors are varied at
three levels for a Full Factorial of 81 settingsgdable 5.1). To expand the coverage of
the experiments and to consider internal experiedgmbints 1,000 (points are evenly
spaced) additional settings were concatenatedad-thl Factorial 81 settings — these
additional settings are called Space Filling Latigpercube designs, where levels are
spaced evenly from lower bound to upper bound ol éactor. The experiments generate
data that is used to develop fits for axial stresmrd length, radial location and local
thickness at impact site and Beta distributionsNon-dim chord location and depth of
penetration at impact site (recall that impact e#joand depth of penetration are indexed
statistically) - the bounds of the inputs over whtbe fits and distributions have been

validated are presented again in Table G.1. Reball because rotor blades are not
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stationary their random location at the momenigdact relative to a FOD particle presents
Beta distributions rather than fits for Non-dim othdocation and depth of penetration at
impact. The Beta distributions are seeded witmdoen number (from uniform distribution
with range of 0 to 1) indexed to the inlet Mach ti@mpresented Table G.1. This appendix
presents the fits and Beta distributions along a#bkociated statistical measures.

Table G.1: Particle Impact Input Bounds

Ground Clearance, h (m)
0.24 | 0.285 | 0.33
Ground Distance Clearance to Fan Face (m)
05 | 0.75 | 1
Inlet Mach Number (Mi)
0.45 | 0.475 | 0.5
Wind Velocity (Head Wind, U ) (m/s)
9.357 | 10.6785 | 12

Axial stress at impact fit and goodness of fitlboth particle sizes:
GeHoP oHF jee72 N & 8X&8¥ 0 {§'E&E < n&o nf¥X {&E¥X § | <
'X8§ iijiCES¥&XXE £ N VIEWAYEAASAAE < 'i&IXEE ¥&¥(&iton T
NA USPAE wIx (i <'o¥EXC £¥Co8¥8i T Noufy y AAy< |
ji¥oo&X8C¥ &CELio T | ' ji¥oo&X8C¥ &CEio T '&&LE&CEXEjiC8nnn <
| ' |i¥on&X8C¥ &CEin VIEWAYEAASARAED " i ¥¥¢ §¥¥on
'X¥8 IXE(E EIEXE™ < VIEWAYEAABSAAED " 'i" ¥¥¢ §¥¥on'j §
VIEWAYEAASAAED " |i" Y¥C §¥¥on'i T § &u£§j&ini™ mii < |

ii¥on&X8CY¥ &CLin ¥ A USPABWIX (i' j¢ i ¢¥&XE88888 ¢
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Figure G.1: Axial Stress Goodness of Fit, 1.33 mmdD
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Figure G.2: Axial Stress Goodness of Fit, 3.2 mm HD

Chord length at impact fit for both sizes:
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Figure G.3: Chord Length Goodness of Fit, 1.33 mm®D
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Figure G.4: Chord Length Goodness of Fit, 3.2 mm FO
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Particle radial location at impact fit and goodnefst for two FOD sizes:
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Figure G.5: Radial Impact Location Goodness of Fit1.33 mm FOD
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Figure G.6: Radial Impact Location Goodness of Fit3.2 mm FOD
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Local airfoil thickness at impact fit and goodnessit for two FOD sizes:
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Figure G.7: Local Airfoil Thickness at Impact Goodress of Fit, 1.33 mm FOD
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Beta distributions for non-dimensional chord andttef penetration at impact for

both FOD sizes:
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Figure G.9: Non-dim Chord and Depth of PenetrationBeta Dist., 1.33 mm FOD
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APPENDIX H: PARTICLE IMPACT OUTPUT DATA

This appendix presents the screening test plotsaébal location, non-dimensional
chord-wise location on the airfoil, impact side piat velocity and depth of penetration of
particles that impacted thé& HPC rotor blades - refer to Figure 5-16 as a nutaridiscern

statistically significant factors from the figurpsesented in this appendix.

Figure H.1: Factors vs. Radial Impact Location
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Figure H.2: Factors vs. Non-dim Chord Impact Locaton
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Figure H.3: Factors vs. Impact Velocity
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Figure H.4: Factors vs. Impact Side
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Figure H.5: Factors vs. Impact Depth of Penetration
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APPENDIX I: LCC, LRU REPLACEMENT/REPAIR OUTPUT

DATA

This appendix presents the screening test plote@@s, LRU replacements and
repairs vs. factors for - refer to Figure 5-16 asilaric to discern statistically significant

factors from the figures presented in this appendix
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Figure 1.1: Factors vs. LCCs, Runway Visual Inspedbns
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Figure 1.2: Factors vs. LRU Replacements, Runway $ual Inspections
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Figure 1.3: Factors vs. LRU Repairs, Runway Visualnspections
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Figure 1.4: Factors vs. LCCs, Runway Automated Inspctions
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Figure 1.5: Factors vs. LRU Replacements, Runway Ao. Inspections
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Figure 1.6: Factors vs. LRU Repairs, Runway Auto. hspections
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