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Presentation Qutline

Motivation for SHM and Integrated/Embedded Sensing

Air Force Transformation
» Expeditionary Logistics for the 21st Century : eLog21
 Condition Based Maintenance : CBM+
 Focused Long Term Challenge initiatives (FLTCSs)

SHM & Real Time State Awareness of Air Force Systems
» Past, Present, Future...
AFRL research initiatives for embedded sensor systems

* Needs, R&D programs, technical challenges

Summary



The Pentagon is urging the U.S. Congress to modernize the Air
Force's aging fleet as maintenance costs rise and safety concerns
mount with the current aircraft.

Compared to whi

> Average age of
military aircraft in
1973 during the
Vietnam War:
9 years

» Some warplanes

are nearly twice as

old as some of their
pilots

» Average age of :
military aircraft 7
today: 24 years 1

Some Aircraft 50+ yrs old

Average age — 24 yrs

How old are they?

Average ages of some pivotal

U.S. Air Force craft:

Use: Multi-role fighter
Speed: 1,300+ mph (2,090
km/hr}

Range: 2,400 mil. (3,860
km|

)
Weapons: Shx-barrel
20-mm cannon, air-to-air,
air-to-ground missiles and
hambs
Background Considered
the world's most successful
warplane in recent
decades; used by many
15 allies; can be modified
for.almost any combat use

Use: Fighter-bomber Use: Anti-tank,

Speed: 1,600+ mph air-to-ground attacks
(2,575 kmy/hr) Speed: 400+ mph (645
Range: 3,500+ mi. km}

(5,630 km) Range: 600+ mi
‘Weapons: 20-mm (965 km)

cannon, air-to-air and - Weapons: 30-mm
air-to-ground missiles cannon, rockets, missiles
and bombs and bombs
Background Background

Powerful, agile jet has Slow but effective
seen extensive action in aircraft initially built
Irag; climbs like a rocket, 1o attack Soviet-bloc
reaching 59,000 ft. tanks; cannon can fire
(17.980 m) 30-round burst in a

half-second; also known
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in two minutes; can carry
<

aucloy

hauling; refueling

Range: 9,100+ mi.
(14,645 km)

Weapons: Unarmed
Background

Known as a flying gas
station, the KC-135 was
developed in the 19505
and has been used as
a tanker/transport in
support of combat
missions for decades,
from Vietnam to the
Daccian fSulf

Use: Passenger and cargo

JRTRE
Use: Long-range strategic
bomber

Speed: 600+ mph

(965 km/hr)

Range: 8,500+ mi.
(13,680 km)

‘Weapans: 20-mm cannon,
50-caliber machine guns,
bombs and missiles
Background

Can deliver nuclear and
conventional bombs and
missiles; developed in the
19505 and was a key
weapon in the

Cold war

Use: Transport; search and
rescue

Speed: 380+ mph

(610 km/hr)

Range: 2,000+ mi.

(3,220 km)

‘Weapons: Typically unarmed,

but some carry cannons,
machine guns
Background

This four-engine propeller
plane has seen action

in Vietnam, Grenada, Panama
and the Persian Gulf; modified
version was used as a gunship

during the Vietnam War

Use: Stealth fighter
Speed: 600+ mph

(965 km/hr)

Range: 1,100+ mi.

(1,770 km)

Weapons: Laser-guided
bombs, air-to-air missiles
Background

Developed in a secret
program in the 19705

to elude radar-guided
missiles and guns; first saw
action in Panama; used
extensively in conflicts with
Irag; can hit a 1-yard-square
(I-meter-square) target

Time and Money

« Aircraft availability
o Aircraft O&S costs
 New vs Old Aircraft

Aging AF Fleet

* More damage

 Increased inspection
burdens

* More cost/downtime

NDE and SHM

 More NDE demands
 Inspect more often

* More disassembly
 Remote locations




Air Force Transformation:
eL.og21 — Expeditionary Logistics for the 21st Century

e The AF Innovation and Transformation Office (AF/A4l)
established in Feb 2003:

* Role is to develop and implement transformation policy and
planning across all the MAJCOMs, Product Centers and ALCs

* eLog21l is a collection of dozens of AF initiatives

e eLog21 drives change with two goals:
« 20% increase in equipment availability
 Reduce Annual O&S Cost by 10% by fiscal year 2011

* Near-term actions with long-term effects



AL Air Force Transformation:
oé,/ Condition Based Maintenance+ - an eLog21 Initiative

Paradigm shift from reactive/preventive maintenance to
predictive/intelligent logistics and maintenance

« CBM+ enables:
« Anticipatory, reliability-centered maintenance
* Reduced logistics footprint and ownership costs
 Increased operational availability and mission capability

« CBM+ technologies include:
« Enabling systems for comprehensive systems health awareness
« Advanced sensors & diagnostics (NDE and embedded SHM)
e System prognostics & predictive tools



Air Force Transformation:
Focused Long Term Challenges - FLTCs




L) Air Force Transformation:

éﬁ

Focused Long Term Challenges - FLTCs

FLTC #8 Attribute 1 - Provide Real-Time State Awareness

MID-TERM DEMONSTRATIONS

FY

Robust, environmentally relevant, reliable

integrated sensor suite

2013 =

Automated usage monitoring and system

health analysis in relevant environments 2013 =

Actual system usage profile used to
determine individual service intervals

2014 =

Integrated System Health Management Demo

» Reduce O&S costs by 10%

2015

» Increase Mission Capability Rate by 20%

» Reduce class A failures by 75%

<

Embedded
Sensors

™ ¢
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Selfs Aware System

System Reasoner

System

i Models

FAR-TERM VISION

Integrate real-time state awareness and usage history into AF systems to
assess health status for efficient mission and maintenance planning




Alr Force Transformation

AF VISION

Through Technology, Eliminate Sustainment
As We Know It Today

v"Remove designated intervals for inspections & PDM

v"Maintain only when needed & where needed

v Bring sustainment inside the AF Ops decision loop

Move From Reactive to Proactive Mindset




SHM & Real Time State Awareness:

Past, Present, Future...

2000

Modernization $$
Available Decrease

Mission Capable Rates &
Acft Availability Decrease

Repair Density
Increases

Flow Rates

Maintenance $$
Decrease

Requirements Increase

40.0% -

35.0% -

30.0% -

Dollars (% Blue TOA

10.0% -

5.0% -

0.0%

Source:

25.0% -

20.0% -

15.0% -

Investments are
typically reciprocal

Aircraft Procurement
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Fiscal Year

ABIDES database

2010

“JSF Prognostics and
Health Management**”

Requirements for future structural,
engine, and stealth health prognostics:

— Integrated structural sensors for
strain, temperature, and corrosion

— Engine sensors for system
reliability and efficiency
improvements

— Embedded antennas and other
sensors

— Need identified for
demo/implementation by CY 10

**Joint Strike Fighter - SCIENCE &
TECHNOLOGY Priorities Document,
June 2003

2030

futinoSysteniealtustaisintofineKI00 A0S

Sense - Predict - Execute

Maintainer

===

©

Planner

» Provide maintainer total
system health information

» Enable maintenance and
mission planners to
optimize asset allocations

» Enable operators to
assess system capability
during the mission




AFRL R&D Initiatives for SHM:
AFRL R&D Programs

Materials/Manufacturing Directorate (AFRL/ML)
« Sensing materials research
» Advanced fabrication methods
» Nondestructive evaluation
* Material failure mechanisms

Air Vehicles Directorate (AFRL/VA)
e Sensor insertion into aircraft structures

Propulsion Directorate (AFRL/PR)
e Sensor insertion into engines

» Sensor system testing

« Engine system failure modes

e Sensor energy/power research
e Sensors for harsh environments

* Sensor system testing Sensors Directorate (AFRL/SN)
« Aircraft system failure modes « Sensor development
* Wireless sensing « Wireless sensing
Human Effectiveness Directorate (AFRL/HE) * Sensor energy/power research
« Human factors/system interface research Information Directorate (AERL/IF)
Space Vehicles Directorate (AFRL/VS) * Sensor data collection/storage
« Sensors for harsh environments » Data interpretation/decisions

» Spacecraft system failure modes



AFRL R&D Initiatives for SHM:
Technology Needs

___——concept

Embedded sensor development
« Extensions of current technologies/methods

e Revolutionary materials and sensing concepts

Embedded Sensor System Evaluation
« Standardized performance T&E
e |ISHM System Durability and survivability

Physics of failure and sensor/sensing physics

Complex geometry Aerospace sensing problems

Rational strategies for SHM implementation

Data management and infrastructure development



AFRL R&D Initiatives for SHM:
Embedded Sensor Development

Extensions of Current Technologies/Methods

SHM Considerations for Aircraft
* Miniature, lightweight, nonintrusive
» Flexible, conformable

Reliable, robust, durable

Reflectivity, R (%)
oy o

» Easy installed, removed, repaired
' « Autonomous, wireless, self-powered
Temperature, T (°C) ® InexpenSive

Fiber Optics

Reflection Reflection

L 3
Resonator SAW




AFRL R&D Initiatives for SHM:
Embedded Sensor Development

Revolutionary Materials and Sensing Concepts

SHM Considerations for Aerospace
» Extreme environments sensors
» Multi-functional sensing
 Fully-integrated
» Wide-area, global sensing
» Self-sensing, self-aware systems

Heat
Flux

/ Gauge

Strain ——»
Gauge

Thermocouple

Triangular

Plasma Spray Sensors

Multi-Functional Thin Film TaN Sensor




AFRL R&D Initiatives for SHM:
Physics of Failure & Sensor/Sensing Physics

Prognosis - Predict future capabillity (or health) based on knowledge of
current state and the intended future usage

Quantified

Health/Damage State

State Awareness -
Sensors/Diagnhostics

Failure physics,
damage evolution,

predictive models
=P Prognosis

Database:
Mission Histor:

Maintenance, Life
lon andIDESIONY

B AF (ALC, MAJCOM, OEMs)

[ ] AFRL
[ ] DARPA

SHM Opportunities:

Predict future capability
based on damage state +
anticipated usage +
damage evolution models

Capability management
by tail number

Manage assets based
upon actual usage

Optimized maintenance
Maximize availability
Insure safe operation
Adaptive asset allocation



AFRL R&D Initiatives for SHM:

Embedded Sensor System Evaluation

Standardized Testing & Evaluation

e Actual system proven through
successful mission operations

MIL-ETD-E10F

. 1 January 2000
* Actual system completed and qualified ELGERRSTMC
14 JULY 1585

System through test and demonstration
Development & DEPARTMENT OF DEFENSE
TEST METHOD STANDARD
Demonstration e System prototype demonstration in an FOR
operational environment
e System/subsystem model or prototype
demonstration in a relevant
Advanced 7 environment
Technology / ENVIRONMENTAL ENGINEERING CONSIDERATIONS
Demos / « Component and/or breadboard L G S
/ validation in a relevant environment
Technology— / S 810
Development é * Component and/or breadboard MIL-STD-81

validation in a laboratory environment

AMEC NA AREABNWR

CISTRIBUTION STATEMENT A Aoproved fior public nel=ase; dsirioution (s unii=bed.

e Analytical & experimental critical
function and/or characteristic proof-of-
concept

Research to
Prove Feasibility

Basic Tech,

Teshnology concept and/or r
Research - » Accelerated Lab Testing

ppNcation formulated -
* Flying SHM testbed
ic principles observed and ° STlC, F|Ight QuallfIEd

reported




SHM Durability and Survivability

AFRL R&D Initiatives for SHM:
Standardized Test & Evaluation

SHM Durability Issues
e Sensor damage

» Sensor degradation
» Sensor drift

Temperature

.

» Auxiliary systems
x|

SHM Opportunities
» Packaging

» Materials

» Design/models

* |[ntegration




AFRL R&D Initiatives for SHM:
Complex Geometry Aerospace Sensing

Considerable SHM Opportunities for Aircraft Joints

e Jl‘r .

Two-layered lap-splice Two-layered lap-splice with
reinforcing stringer

S —— T — e

Two-layered lap-splice with
reinforcing stringer and tear straps

I I I I Aircraft Joint Complexities:
I  Variable joint structures
I I » Variable thicknesses

e Variable fasteners

: T -[ 1- » Multi-layer systems
* Multi-material systems

Three-layered butt-splice




7 AFRL R&D Initiatives for SHM:
<¢* Rational Strategies for SHM Implementation

S SN A Serialized Diagnostics -
SHM Implementation: AT Management IETMs i éq.enspr‘is-':l'
* INn new Systems during S T rvaed = r ¥ = ~
.. ; i Data Integrated Info TR
_ach|S|t|on/deS|gn ., wPrognostics = . apaivsis ~ Systems HUMS
° in |egacy systems where . e R i i i e T
Asset Interactive

applicable and cost effective RCM

Visibility ' - Training

=== Traditional

4 field eddy
current
Probes

NDE + SHM

Product 8.1.1.1

Advanced on-board / | Structural Inteqgrity Demonstration - 2015

depot / ield sensing




AFRL R&D Initiatives for SHM:
Rational Strategies for SHM Implementation

Classes of SHM Window Problems

1. Surface-breaking flaws:
a. Deterministic damage
b. Localized damage
c. Accessible structures

2. Sub-surface flaws at fastener sites in
horizontal (single, multi-layered) structures:

a. Deterministic/localized damage
b. Access from an outer layer

3. Sub-surface flaws in vertical risers with
limited access

4. Sub-surface flaws with uncertain
location in complex structural joints

a. Flaws under bushings
b. Complex joints w/ uncertain flaw growth

Examples:

C-130 Rainbow Fitting
F-15 Pylon

C-130 Hat Section
A-10 WS 23

B-1B Lower Wing Skin
B-52 Span-wise Splice

C-130 Beam Cap
A-10 Fuel Vent

A-10 WS 23 Bushed
B-1B WCT
C-130 Center Wing Box




AFRL R&D Initiatives for SHM:
Complex Geometry Aerospace Sensing

Class 1: C-130 Rainbow Fitting Cracking

Deterministic, localized thru-
crack in lug-bolt nodes




AFRL R&D Initiatives for SHM:
Complex Geometry Aerospace Sensing

Class 4: C-130 Center Wing Box

Non-deterministic,
widespread cracks in multi-
layer, complex joints




SHM Sensing &
Diagnostics

e

Enterprise Service Bus

Discover

AFRL R&D Initiatives for SHM:
Data Management and SHM Infrastructure

SHM Infrastructure

» Technical interfacing

» Physical interfacing

» Operational interfacing

No Transition
Peace to War

Ops
Taskings

V)

Tailored Agile
Execution

AF SUPPLY CHAIN

Near Real Time Status and Locafion of:
Equipment, Paris, People and $§



AFRL R&D Initiatives for SHM:
SHM Technical Challenges

Robust and capable embedded sensor network development,
optimization, calibration, and validation

Extreme long-life requirements for SHM sensors
Physics-based system diagnostic model development

Understanding sensing system dynamics in varied operational
environments and configurations

Assimilation of embedded sensing systems with host system,
and data from on-board, off-board, and system models

Data acquisition architecture to collect, process and manage
health data for system diagnoses and prognoses



Summary

 U.S. Air Force need for Integrated/Embedded Sensing
 Time/money, aging fleet, growing problem

 Recent Air Force Transformation Activities:
o Expeditionary Logistics for the 21st Century : eLog21
 Condition Based Maintenance : CBM+
 Focused Long Term Challenges (FLTCs)
 ldentified needs, requirements, and opportunities... 5-10 years

« SHM & Real Time State Awareness
* Real aircraft systems — complex geometries, damage, environments
e Classes of problems
 Durable, validated, qualified SHM systems
 Meaningful systems with proven benefit and payoff



