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Prognostic Horizon Level Targets
How Far Do You Want to See Into the Future?

Prognostics: What's Your Perspective?

» Detect Bus Just Before it Hits You, or

» Detect Bus Far Enough in Advance to

Needs and Benefits
Capabilities: Available and Desired
Technology “Holes” to be Filled

Philosophy, Strategy, Implementation Predictive

0rizon

Integration and Implementation
Questions:
— Is It Possible?
— How are you going to use It?
— What’s Good Enough?

Choose One

Take The “Right” Evasive Action



Current Logistics Structure
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Autonomic Logistics Structure
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Goals of PHM

 Enhance Mission Reliability and Aircraft Safety
* Reduce Maintenance Manpower, Spares, and Repair Costs
e Eliminate Scheduled | nspections

e Maximize Lead Time For Maintenance and Parts
Pr ocur ement

o Automatically Isolate Faultsto 1 LRC
* Eliminate CNDsand RTOKs

e Provide Real Time Notification of an Upcoming
Maintenance Event at all Levels of the JSF Logistics Chain

« Catch Potentially Catastrophic Failures Before They Occur

e Detect Incipient Faultsand Monitor Until Just Prior to
Failure

e Opportunistic Maintenance Reduces A/C Down Time
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Some Facets of Diagnosticsand PHM

Fault Detection

Fault | solation

Advanced Diagnostics

Predictive Prognostics

Useful Life Remaining Predictions

Component Life Tracking

Performance Degradation Trending

Warranty Guarantee Tracking - Enabling New Business Practices

Selective Fault Reporting
— Only tellspilot what NEEDSto be known immediately
— Informs Maintenance of therest

Aidsin Decison Making & Resource M anagement
Fault Accommodation
| nformation Fusion and Reasoners

| nfor mation M anagement
— Right infotoright peopleat right time
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PHM Architecture and Enabling
Technologies

Air Vehicle On-Board

Health Management, Autonomic Logistics

Reporting & Recording & Off-Board PHM
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Off-Board PHM Overview
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JSF Subsystem PHM Coverage side

 PHM Requirements including Prognostic “Fowed Down”
to All Subsystem Suppliers



Typical Mechanical Failure Progression Questions

UNDERSTANDING THAT FAILURE
IS A PROCESS NOT AN EVENT
EMPOWERS A DETECTION
PHILOSOPHY WHICH CAN BE
EXPLOITED TO MANAGE THE

Operating inside the error bound of remaining life. /’//' SHENT IB';‘I :R’SEiE:YI'E'II:OO:?I'ING NOT!
Failure imminent. S :
Action SHOULD HAVE ALREADY been taken. 240
< 7
Confident in remaining useful life prediction. ,,”/’ /,:, THE HIGER UP IN THE FAILURE
Confident safe operation. Sl PROCESS HIERARCHY THAT A
FAULT IS DETECTED THE LESS

Alert operator and recommend action.
MANAGEABILITY REMAINS AND
THE LESS TIME EXISTS BEFORE
FUNCTIONALITY IS
COMPROMISED BEYOND THE

USABLE STATE.

Know remaining useful life is limited.
Inadequate PRECISION of prediction.
Don't tell operator (unless asked)

Key to Successis Understanding the Fault
Progression Process for Critical Failure Modes.
Understanding is best devel oped by testing.

Material



Failure Progression Timeline

Need: To Manage

Prognostics  Jioaction between Diagnostics

Diagnostics and
Prognostics

Very early incipient System, Component, or Sub-  Secondary Damage,
fault Component Failure Catastrophic Failure

Proper Need: Understanding of fault to
Working failure progrpn rate
Order - New characteristics

| = > >
N N

Predicted useful liferemaining Deter mine effects on
rest of aircraft

Develop: Useful life
remaining prediction

Desire: Advanced Sensors models — physics and Need: Better modelsto
and Detection Techniques statistical based determine failure effects
to“see” incipient fault acr oss subsystems

The Goal is To Detect “ State Changes’ as Far to the Left As Possible



DAMAGE EVOLUTION

Stage 1

Microstructural
Changes

(Diffusion, dislocation
activity, grain
boundary movement)

!

Onset of
Service

- COMPONENT

Stage I

Microcrack
Development

(Nucleation, growth
and coalescence of
microfailures)

Stage 11l

Macrocrack

Growth

(Slow growth
of detectable
cracks)

!

Onset of
Microcracking
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LI FE

|

Detectable Component
Macrocrack Failure
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Seeded Fault Crack Growth Successfully Detected Using Traditional
Vibration Sensor and Advanced Frequency Analysis Techniques

H-60 IGB Pinion Gear Surface Inspection
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Image of heel notch inner end after Image of heel notch outer end after Run 18,
Run 15, showing small chip liberated showing obviously visible crack (arrow).

(arrow). No noticeable change until
run 18.



EVOLUTION OF FATIGUE DAMAGE IN NICKEL

After 1200 cycles After 4000 cycles Damage Nucleation Sites

in the Microstructure

= Crack Fropaganon Dinectios

Microstructure damage beneath fracture surface




Bridging the Physical Scales
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Examples of Some Advanced Sensorsand Non-Traditional
Detection Techniques

T

-
I

Acoustic FOD
Detector (AFD)

Blade Vibration
Meter (BVMS8X)

Hood Technology

rostatic Bearing

onitor (EBM)
Smith

Beacon-Based Exception
Analysis for Maintenance
(BEAM)  JPL

Electrostatic Oil

Debris Monitor (EODM)

ExperTech/SHL

Robust LASER

Inferometer (RLI)
Epoch Engineering

Chip ﬂ
Detector ?
E\‘ Advanced

Vibration
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Piezoceramic Patch
Crack Detection (PZT)
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Example Propulsion PHM Elements....Sensors

Sensors are part of the solution
All Sensors are PHM Sensors
...Some also used for control /-

« Many Signals
— Most are for Control
— Some PHM Exclusive,
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Non-Traditional Detection Technologies
* Eddy Current Blade Tip Sensors Used for Disk Crack

e Electo-Static Exhaust Debris Used for Blade Rub and
Turbine“hot end” Degradation

 Electro-Static Wear Site Detector for Bearing
Degradation

* Very High Frequency Vibration Analysis, +1000 KHz

e Apply Laboratory and Test Instrumentation, Bench
Inspection and NDT Techniquesin Innovated Ways

 New and Aggressive Use of MEM S Technologies

« Advanced, Sophisticated, and Innovated Data Analysis
- Applied from Other Disciplines



Non-Traditional Detection Technologies
Disk Integrity — Crack Detection

Lengthened
Blades
Crack in Hub
A Blade Length on cracked hub.
<
g
2 Crack growth
Q ® Blade Length on Healthy Hub
cf_g (includes RPM and Te variations)

>
Engine Operating Time

Measured Unusual Blade Stretch Simulated Anticipated Hub Burst Failure Signature
(no failure indication; healthy hub) (unusual stretch of small neighborhood of blades)

0 0
blade # a hrs blade # 0
Blade clearance compensated for temperature and imbal ance has been measured to within +/- .001".

hirs



Smart Sensing Technologies

e SMmart Sensors
-Very Small, Wireless, Much Processing Power
- MEM S based

« Smart Materials
- Skins, Coatings, Layered, etc
- Part of Design and M anufacturing Process

« Embedded Sensors
- Integral with Material and/or Design

« Embedded Detectable Materials

- Enable Easier and/or Earlier Detection
- Make Traditional Sensors More Capable
- Make Detection Techniques M ore Sensitive



Notional Strategy and Template for Prognostics

| dentify and Target Components and Sub-Elements Suitable for Prognostics
*Those with under standable fault to failure progression characteristics
*Thosethat are Important to do: Safety/Mission Critical, High Value, etc.
*Eliminate those impossible or too hard to consider

- Use and/or Develop Suitable Detection Techniques and Technologies
*Sensor and Parameter Based
*Very Data Analysis Driven
*Used Advanced and Non-Traditional Approaches
*Take Advantage of Information (“Hear and Usage”) at the Material L evel

*Develop and/or Obtain Advanced Integrated Models
*Under stand the Physics of Failure, Component Design, and Materials Properties
*Fault to failure progression characteristics
*Useful liferemaining
*Physics Based, Statistical Based, Detector Driven, Usage Based

*Perform Experimental Seeded Fault Tests

*Asmany as affordable
*Designed for Specifically the Development of Prognostic Capabilities

*Verify and Validate M odels
*Blind Testing
*Modeling and Simulation

*M odify Useful Life Remaining Prediction Model to Account for Real World

Considerations
*Power Driven Parameter Profiles
*Actual Mission Usage Profiles
*CONOPS

I ntegrate Capabilitieswith System Architecturesand L ogistics Concepts



Detection, Isolation & Prognosis

Detection

Through sensors, Models etc

| solation
' jon from sensors,
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Prognostics:. What We AreMissing ?

Better Under standing of Physics of Failure
Condition Based Perfor mance Predictions

Better State Awar eness Techniques

— Advanced Sensors

— Non-Traditional Detection

— Smart Materials

— Embedded Sensors and Detectable M aterials

Better Understanding of Incipient Crack Growth
Better Under standing of Fault/Failure Progression Rates

Better Understanding of Material Properties Under Different Loading
Conditions and Mission Usage

More Capable and Integrated Models. Physics, Statistical, Detector, Fleet
Mission and Actual Usage based, etc.

Better Data Fusion M ethods

Better Knowledge of Effects of Failures Acrossthe Air Vehicle
Study to Determine What Componentsto Perform Prognostics On
| mpacts of Changing Mission Mixesin Actual Fleet Usage

A Comprehensive “Way Forward” Strategy, More Detailed Planning, and
“Funded Support” Programs



Activities

Notional
Roadmap to Predictive Prognostics

Real-Time Oper ational

Understanding Fault to “~~\\L\J\pdatesFeedback
CBM Failure Progression ) Autonomic
Technologies L ogistics

Testing/Validation

Anomaly Detection

Seeded Fault Testing ?e'f;]Heialir)g
Incipient Fault Engine & Spin Pit Tests echnologies
Detection Techniques A/C Structural Life Tests Eault
au
State Awar eness M odel/I ntegration - " Accommodation
: Validation 7
Detection
Reasoners Understanding the

Physics of Failures

Physics-Based
Data-Driven  Models Basic Material
Advanced Models Science
Diagnostics .
Data/Info Fusion _ Accurate Remaining Probabilistic

Useful Life Predictions Based Models

Advanced

Sensors Life Usage and Advanced NDE

Damage Algorithms

Capabilities



Predictive Prognostics - I ntegration Tasks

Testing / Validation

=

State Awareness

Signal Incipient Fault
Analysis Detection Technologies

Sensors

Operating Environment
NDE

Advanced

PIEEMEzNE Anomaly Detection

. 2

=)

Models

Physics-Based
M od€ls

Al Models

Data-Driven Models

Probabilistic
Based M odels

Accurate Remaining
Useful Life Predictions

Reasoners
&

» Data/Info

Fusion

x

=)

Material-Level

Manufacturing
Processes

Defects

Crack Growth
Data

S-N Data
Distributions

Capabiltiy Prediction

Specific Subsystem &

Component Design Aspects
and Consider ations







H-60 IGB S-B Gear Fatigue Prog
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changes
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The Question is;\Why Not Prognostics
and Health Management?

People resist change.

otect rice bowls Limited vision.




RESEARTH &

4 Summary i

« TheNeedsAreApparent
 Technology isNow NOT the Limiting Factor
— And It will Only Improve With Time
— Thereare Still a“Holes’ to Fill in the Prognostics Base

 ThereareEnough Success Stories and Documentation that Justify
PrognosticsisWorth Pursuing

e All Elementsare Coming Together To Enable Our Visions of
Prognostics and Real Health M anagement

« WeMust Implement and Apply Smartly and Wisely to Obtain
Maximum Benefit

* Prognostics Not Just a Dream, Can Be Reality with Properly Directed
Efforts

e Fill “holes’ in the Technology Base and Expand “ T ool Kit”

The Aggressive Application of On-Board, Real Time Prognosticsis Within
Reach, We Just Need the Proper Resour ces and Focusto Obtain It




DARPA PROGNOSTICS ROAD MAP

,.
‘ﬁf Aviation
= -
Space T * JSF
« Engine Bearings - Propulsion
- Structures
+ Structures - LO
« Tanking Materials - All Subsystems  gping
* Gimbals \ * UCAVS &UAV_ | anav
- Bearing
Seedling - - Plumps
: easibility Demo
Projects > y —— Ground
* Helo Gear Crack Phase 1 + Bearing L

« Structures

+ State Awareness Technologies

- Non-Traditional Focused Detection
- Advance Sensors

- Embedded Sensors and Detection
SRNERYECEES

- Pattern Recognition



DARPA Seedling and Phase 1 Feasibility Demo
Anticipated Accomplishments

|dentify and Target Components and Sub-elements Suitable for

Prognostics
*Those with understandabl e fault to failure progression characteristics
Eliminate those impossible or too hard to consider

*Prove Feasibility and Tractability

*Flush out and Define Successful and non Successful Technologies,
Techniques, Methodologies, Approaches (areas)

eDocument Lessons Learned

*Perform Experimental Seeded Fault Tests

*As many as affordable
*Designed for Specifically the Development of Prognostic Capabilities

*Define Most Workable Way Forward

*Demo and Refine an Approach Process Template that May be Used for
any or many Types of Subsystem components

|dentify Needs and “Holes’ in the Technology Base



