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1. SCOPE

This ARP provides an insight into how to approach a cost benefit analysis (CBA) to determine the return on investment
(ROI) that would result from implementing a propulsion Prognostics and Health Management (PHM) system on an air
vehicle. It describes the complexity of features that can be considered in the analysis, the different tools and approaches
for conducting a CBA and differentiates between military and commercial applications. This document is intended to help
those who might not necessarily have a deep technical understanding or familiarity with PHM systems but want to either

quantify or understand the economic benefits (i.e., the value proposition) that a PHM system could provide.

1.1 Purpose

This ARP is not intended to be used as a standard or legal document but is compiled to help the increasing number of
people who want to compute a PHM Cost Benefit Analysis prior to implementing such a system on a platform.

1.2 Approach

The approach taken wa
the boundaries of a spsg
conferences on the sub
engine manufacturers a
methods were assessed
legacy or new engines)

various solution paths s¢ that the one most appropriate to the specific situation can be used or ad

2. REFERENCES

2.1 Applicable Docun

The following publications form a part of this document to'the extent specified herein. The latest is

shall apply. The applica
event of conflict betwe
precedence. Nothing in
has been obtained.

2.1.1  SAE Publication
Available from SAE Int
USA and Canada) or 72

ARP1587 Aircraft

5 to identify the parameters that were relevant for consideration‘in a cosf
cific problem could be defined from the outset. Several recent and wor
ect matter were studied and as much information as possible was obtai

by an E-32 team for their application to specific scenarios (e.g., military ¢
bnd the parameters utilized by each scenario. The.end result is a documé

ents

ble issue of other publications(shall be the issue in effect on the date of th
en the text of this document and references cited herein, the text
his document, however,-supersedes applicable laws and regulations unis

[

brnational~400 Commonwealth Drive, Warrendale, PA 15096-0001, Tg
1-776-4970(outside USA), www.sae.org.

(Gas\Turbine Engine Health Management System Guide

benefit analysis so that
thy papers presented at
ned from the aerospace

hd the U.S. Department of Defense (DoD) to identify effective tools and fechniques. The various

r commercial operation,
ent that offers the reader
pted.

sue of SAE publications
e purchase order. In the
pbf this document takes
bss a specific exemption

I: 877-606-7323 (inside

AIR1828

AIR1839

AIR1871

Guide to Engine Lubrication System Monitoring

A Guide to Aircraft Turbine Engine Vibration Monitoring Systems

Propulsion and Drive Train Systems

AIR4061

AIR4175

ARP4761

A Guide to the Development of a Ground Station for Engine Condition Monitoring

Equipment

Lessons Learned from Developing, Implementing, and Operating a Health Management System for

Guidelines for Integrating Typical Engine Health Management Functions Within Aircraft Systems

Guidelines and Methods for Conducting the Safety Assessment Process on Civil Airborne Systems and
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AIR5317 A Guide to APU Health Management

AIR5871 Prognostics for Gas Turbine Engines

2.1.2 Other Documents

Reference 1: AHS2011-000291, Verification and Validation Process for CBM Maintenance Credits dated 24 Feb 2011
Reference 2: “Real Options Analysis as a New Economic Tool Linking CBM Investments to Business Strategy”.
Presented by Fred Discenzo, PhD, Rockwell Automation, at the 56 Meeting of the MFPT Society, April 2002. Available

from Society for Machinery Failure Prevention Technology, 5100 Springfield St., Ste 420, Dayton OH 45431-1264 (937)-
256-2285, www.mfpt.org

Reference 3: “The Busirless of PHM: An Actuarial Engineering Perspective,” Keynote address by, Sameer Vittal at the
PHM Conference, Portlgdnd, OR, (www.phmsociety.org/sites/phmsociety.org/files/PHMconferénceR010 SameerVittal.pdf)
Oct, 2010

Reference 4: “Metrics, Models, and Scenarios for Evaluating PHM Effects on Logistics'Support”. Presented by Joel Luna,
Frontier Technology, Annual Conference of the Prognostics and Health Management Socjety, San Diego, 2009.
Available from the PHM [Society, www.phmsociety.org

Reference 5: “Economi¢ Modeling for Prognostic Health Management”,«Presented by Ron Shfoder and Nick Frankle,
Frontier Technology Inc| at the 2009 conference of the Society for Machinery Failure Prevention Technology, Dayton OH.
Available from Society for MFPT, 5100 Springfield St., Ste 420, Dayton, OH 45431-1264 (937)-256-2285, www.mfpt.org

2.2 Abbreviations

ACARS Aircrew|Communications Addressing and Reporting System
AIR Aerospdce Information Report

ARP Aerospdce Recommended Practice

ATO Aborted| Take Off

CBA Cost Benefit Analysis

CBM Conditign-Based Maintenance

CEDU Central Engine Diagnostics. Unit

DoD Department of Defense

DSC Digital Source Collector

ETOPS Extendgd (Twin Engine) Operations

EFH Engine Flight Hour

EKG Echo Cardiogram

FADEC Full Authority-Digital Engine Control
FMECA Failure Modes, Effects, and Criticality Analysis
HM Health Management

IFSD In-Flight Shutdown

JSF Joint Strike Fighter

LCC Life Cycle Cost

LLP Life-Limited Part

LRU Line-Replaceable Unit

MRO Maintenance, Repair, and Overhaul
MTBR Mean Time Between Removals

NFF No Fault Found

OEM Original Equipment Manufacturer

PHM Prognostics and Health Management
PHMU Prognostics and Health Management Unit

PTCRB PCS (Personal Communication System) Type Certification Review Board
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ROI Return on Investment

SER Scheduled Engine Removal

TAC Total Accumulated Cycles

TOW Time on Wing

UAV Unmanned Air Vehicle

UER Unscheduled Engine Removal

V&V Verification and Validation

WIP Work in Progress

3. INTRODUCTION

3.1 Motivation for Implementing a Prognostics and Health Management System

While engine condition monitoring has been utilized in various forms since the late 1960s and

with steadily increasing

capability since the 1970s, prognostics and health management (PHM) tools and capabilities
infancy in the early 1990s to now being sufficiently mature to implement on airborne systéms.
technology was mainly the result of the pull by the DoD’s Joint Strike Fighter (JSF) Program. “Wit
of the program, the U.§. Navy agreed, for the first time in recent history, to accept a Single-er
based operations if a PHM system was able to provide warning of system failure at/least one
event. This predictive pr “just in time” capability had been identified back in the-late 1960s (R
stated program created jp requirement as opposed to a serious desire. To manyy the ability to pre
an engine just before it|is about to fail in service is sufficient justification to,aecept the implemer
without further economi¢ analysis, but it doesn’t consider the driving intent or original motivation
system. The reason fof considering a PHM system is the place at which.the analysis needs to
force for the JSF program was to maintain a previously experienced and accepted level of safety
reduced redundancy (one engine instead of two) and conservatism{ \In contrast, the commercia

benefits of a PHM syste
the safety requirements
However, where safety
exploited by operators 4
(and redefined by the F
the regulatory imposed
separated by the funda
implementation of a PH
three rows, the “What”
(remove any one of the
represents the locations
the engine and hopeful
“How” row shows the wz
to generate the data, tg
hangar. The first issue

m primarily in terms of economics. Most commercial airline operators 1
put upon them by the regulatory authofities so PHM for increased safety i
can be improved as an associated benefit from some other action,
nd manufacturers. When Extended (Twin Engine) Operations (ETOPS)
AA in 2007), commercial operators recognized Health Monitoring as a 1
requirements could be met.»So, even though the military and commer
mental difference of safety-over economics, there are many common as
M system on a platfarm, and the high level process flow is illustrated in F
fow is self explanatory and represents the infrastructure necessary to €
elements from the chain and the PHM system would be unable to fun
that those essential elements would be conducted. For instance the se
y the maintenance actions will be performed at the flight line or the di
ys and means of performing the essential elements, be it one of the pleth

have come from their
This rapid progress in
h affordability at the core
gine aircraft for carrier-
flight prior to the actual
eference 1) but now, a
dict the need to remove
tation of a PHM system
for implementing a PHM
start. The initial driving
with the added benefit of
aviation world sees the
ypically meet or exceed
5 not a prominent driver.
then clearly this will be
was introduced in 1997
hajor tool to ensure that
cial entities are broadly
pects when considering
Figure 1. Looking at the
stablish a PHM system
ction). The “Where” row
nsors will typically be on
spatch gate. Finally, the
ora of sensors available

maintenance performed by engine overhaul technicians or maintenanc
, irrespéctive of operator or platform is to define what the PHM system i

manage (3.2); thereafte

, the other motivational drivers for PHM system installation include high

teams overnight in the
required to detect and
r affordability, increased

equipment usage, enhanced reliability, reduced spares holdings, efc., which are described later (Section 6) and will have
differing priorities depending on the specific user or implementer of the system.
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SENSE . |ACQUIRE| | DELIVER | ANALYZE| |EXECUTE
DATA | DATA ‘| DATA |+ REPORT| | ACTIONS

J
Rt

FIGURE 1 - BASIC PHM PROCESS FLOW

3.2 Fundamental Congiderations Preceding the Cost Benefit Analysis

The initial entry point for considering the implementation of a PHM¢system on any piece of equ
define the specific failufes or modes of failure that need to be_detected. The PHM system w
identify system degradations that will lead to a failure that is either unsafe, expensive, leads to
failure, or creates major inconvenience to the operator or its\customers. Examples of such are
dangerous), and unscheduled engine changes in remote operating bases (costly for th

inconvenience incurred|by the customers, usually resulting in increased costs to the operatof

customer dissatisfaction)). There are a great many ethér failures which could be termed innocuo
repairable, don’t pose an unsafe condition or in-flight hazard, or are inexpensive to fix (although it
of these, if left unattended, could lead to larger costlier issues in the future). Many airline pass|
failures with overhead geat lighting, persopalentertainment malfunctions, etc. Other failures a

pment is to identify and
Il thus be configured to
mission compromise or
engine disk bursts (too
e operator and major
and long-remembered
Us in that they are easily
is recognized that some
engers experience such
e typically remedied by

“quick fixes” to the airg¢raft, conducted (by-maintenance personnel while the aircraft is at the¢ gate but which might
nonetheless still delay the plane’s departure. It is proffered that any failure can be detected in its jncipient phase provided
the parameters associafed with the.degradation that precedes the failure are being monitored and analyzed. The reality
is that many failures or modes of(failure are not monitored because the designers, operators, ormaintenance personnel
have determined that tq do sosisnot cost effective or worthwhile (although how this decision i$ reached can involve a
large amount of subjectiyity). towever, during the operating life of a fleet of engines, different faillire modes come to light,
or regulations change tq effect maintenance and inspections or the modus operandi of the platfo m/system changes that,
in turn, change the ways-that—<¢ i i a living thing (see 5.3.1)
and needs to be flexible, adaptable, and easily updated to accommodate these continuous changes. Nonetheless, the
common starting point is to define the failures in the system that need to be mitigated (for whatever reason). This is
typically accomplished with a System Safety Analysis (ARP4761 and/or ARP4751A for commercial applications). Once
identified, how those failures can be anticipated at a sufficiently early stage (from data generated during system
operation), and which sensors and analytical tools (PHM) will reliably provide the necessary information can be
determined. From that point, a cost benefit analysis can be initiated. Note that the ideal situation is for system design
engineers to work hand in hand with PHM and reliability and safety engineers throughout the design process, including
preliminary design. This would allow the designs to be optimized so that failures that can be economically eliminated or
ameliorated by design changes could be handled at the outset, whereas those failures that need monitoring would be
taken care of with monitoring systems integrated into the design at the very beginning. This will lessen the need for add-
on systems whose post-design installation is invariably more difficult to justify.
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4. FACTORS INFLUENCING COST BENEFIT STUDIES AND ANALYSES

4.1 PHM System Complexity

Nowadays, a PHM system can be as complex as a customer requires. Traditionally, monitoring and managing engine
gas path performance (temperatures, pressures, speeds, etc.) constitute the underlying baseline, but modern systems
can determine blade “time of arrival” to detect blade distress, bearing degradation using on-board oil debris detection and
analysis, ingestion of foreign objects, failure of internal components, disk cracks. On-board oil quality monitoring is also
possible, as is extensive vibration analysis, and even health management of external components such as fuel control
units, pumps, shut-off valves, and actuators. The cost benefit analysis is thus highly dependent on the requirements of
the end customer. While a PHM system may be supposedly available “off the shelf,” the reality is that the PHM tools and
capabilities will need to be customized to meet not only the specific application but the customer’s defined needs. This
includes the degree of “on-board” analysis of the data and real-time action compared with downloading data at some later

date and processing it[in a ground software station. Thus, the user needs to determine at
capabilities of a PHM dystem and build a CBA from that baseline. If the specific needs ‘are
defined, then several scenarios could be created and a CBA computed for each whigh ‘wol
between system complexity and return on investment.

4.2 Usage: Military vefsus Commercial

It is well appreciated that military and commercial aircraft operate in starkly~contrasting flight re
large difference when considering the cost benefit approach to take. Firstsand foremost, comme
operations every day, Wwhereas military aircraft are typically conducting)flying training and pre
normal basis until a mgjor exercise or combat/war scenario arises, @t which time the intensity
significantly for an unknpwn period of time (could be several days:ie ‘several years). Generally,
and out of the same bage on a daily basis whereas commercialplanes are typically crossing the
maintenance facilities afe often less than comprehensive. A combat military PHM system is gene
armament systems, sophisticated radar and self-defense measures, etc.) and will in many cases
more failure modes, even though some might have a very-remote probability of occurrence. Th
the other hand, would typically want a less complex system, capable of detecting gradually cha
understood and prediclable set of failure modes ‘but with extremely high reliability so as tq
Additionally, the “detection window” required for commercial aircraft is likely to be much longer th
50 flying hours compardd with 5 to 10 for military) because of the higher usage rate and the long
metric of number flights|is used as a detection window, then parity (i.e., five or less flights to ma
military and commercia| operations is more likely. An aircraft on the ground for a commercia
revenue; a military aircH
For these reasons, and
different between comn
suited to the specific cirg

pthers that €an similarly be identified, the rationale and approach to PHM
ercial and_military operators. As such, many cost benefit models are n
umstanees can be utilized.

the outset the desired
hot able to be precisely
Id reveal the trade-offs

gimes and this makes a
cial operators fly similar
paratory missions on a
of operations increases
military airplanes fly into
country or world where
rally more complex (with
take into account many
b commercial carrier, on
nging trends with a well
b minimize false alerts.
an military (maybe 25 to
er flight durations. If the
intenance) between the
operator is earning no

aft on the greund, while not available for its intended use, has no monetary loss attached to it.

cost benefits are vastly
eeded so that one best
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4.3 Legacy versus New Platforms

There is a big difference in approach between applying a PHM system to a mature or legacy platform compared with one
still in the design stage. While the legacy platform has, depending on age in service, typically demonstrated some failure
modes and certainly generated a wealth of data, there is understandable reluctance (because of the cost and disruption)
to retrofit a PHM system to an operational fleet of engines. While one can sense that the qualitative cost benefits are
reduced by just the thought of fleet modification, the PHM system could be specifically designed to address the failure
modes of the engines that had been demonstrated in operational service, as opposed to those defined at the outset.
Moreover, the available fleet data provides insight into the number of occurrences of the various failure modes and an
experience base of the resulting costs or disruptions. These data enable the cost benefit case to be not only more
carefully computed but also more believable based on the fact that the data are “real” as opposed to conjecture. For a
fleet that is still to be introduced into service, implementation of a PHM system in the design stage is the optimum time,
both from ease of embodiment and ROI. However, there is likely to be no operational data on which to help base the

PHM system design or
predict. This makes a
fidelity. Moreover, it is U
outset. As mentioned in
capability be it on a new
to be included in the CB
4.3.1 Impact on Desid
Consider, for instance,
prognostics and health
maintenance benefits ¢
determined based on th
complexity. If the embe
minutes that the UAV (

improved availability, reduced maintenance, etc. But if theireasoner system is implemented durin

then it might be that the
single flight control actu
PHM system and its as
than a commercial one
time on station). Additig
EHM capability in the fu
typically easier and che
of a PHM system has th

real reliability data to predict the number of failures that the PHM systen
cost benefit analysis not only more difficult to compute but also hafder
nlikely that all the failure modes or problems with a new fleet of equipmer
3.2, and later in 5.2.1, a PHM system needs to be a “living thing”as opp
or a legacy system. The sustainment of the PHM system is therefore a
A for both.

n

hdding an “embedded reasoner” to an unmanned-air vehicle (UAV) whi
management for all the systems on the platform. While improved

hn be computed, the negative effect on the, platform’s duration or “time
e additional weight of the on-board system and the reduced fuel load
dded reasoner is retrofitted to an existing platform, then the downside is
an loiter at the area of interest and*this has to be weighed against th

redundancies and conservatism-inherent in the original design can be re
sociated weight, actually.reduces overall platform weight (albeit more like
and possibly cost of manufacture and increases platform capability an

nally, building in capacity at the outset for introducing smart software upd

bper to retrofit.than hardware. This rationale is equally applicable to relia
b potential to‘reduce conservatism in the design.

is going to “prevent” or
to generate a justifiable
t will be predicted at the
psed to a “fit and forget”
cost element that needs

ch will basically perform
hvailability and reduced
on station” can also be
capacity. Herein is the
the reduced number of
e qualitative benefits of
g the design of the UAV,
moved or reduced (e.g.,

ators instead of dual, vehijele structural weight, etc.). The end result colild be that introducing a

ly for a military platform
d performance (such as
ates that would increase

ture, depending (on how the new platform performs as it ages, would b¢ prudent as software is

bility, where the addition
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4.4 Performance versus Reliability or Sustainment

For commercial platforms, increasing performance and capability is not usually a prominent issue compared with
sustainment of a reliable fleet throughout the life cycle. For military systems however, technology upgrades and
increases in performance usually trump fleet modifications, even if those modifications would have greatly benefited life
cycle costs. Such an example is fleet implementation of a new radar for the F-15E in the 2000 to 2010 timeframe at a
cost of about $800M, a program that for the available funding competitively beats out other sustainment initiatives (such
as replacement of pyrotechnic bomb racks with pneumatic bomb racks despite the highly attractive cost benefit analysis,
or implementation of PHM systems). The point is that the strength of a CBA is not the only thing that determines whether
a PHM system is implemented on a platform or not. An extremely strong CBA case could still be insufficient to win the
necessary funding for implementation. Other considerations can come into play including affordability, public perception
(e.g., of a safety issue), contractual commitments, etc. As discussed in 3.1, civillcommercial operators will be more driven

by economics than in

the military world, where maintenance is measured by labor-hours

er flight-hour, but not

necessarily paid for by

Winning the military fi
contrasting scenarios ¢
applications based on th
of the weapon system

aviation. On the other K
availability, but the sam
anticipated increase ang
to, say, a one percent in
4.5 Cost Savings vers
When calculating all the
savings, where the actu
incurred is “saved” but
recognize maintenance
Thus, what can be clain
agreed upon ahead of
subsequent sections, th
eye of the beholder. It if
by the decision makers

5. COSTS FOR CONS

For a comprehensive ar
the total PHM system ng

he hour (the military personnel are seen as a sunk and set cost, irresp
pht against adversaries is uppermost. Nonetheless, the complex i
an be easily sensed and vigorously debated. A PHM system could b
e system’s contribution to “win the fight” through reduced or zere_ fsurpris
i.e., improving “mission assuredness” and/or “readiness”), a’/ieaninglg
and, intense business competition in the commercial airlingyworld drives
e difficulty exists of how to determine and justify the investment of a PHI
the likelihood of the increased availability being achiéved. Calculating or
crease in platform availability, readiness, or mission Success is far from o

us Cost Avoidance

bl costs of an activity are saved in true €urrency, and cost avoidance, whe
doesn’t actually show in the bottom line of the financial statements.
or labor-hour reductions as monetary savings, but they can be book-
ned as an accountable “benefit’-is not necessarily set in stone and neeg
time by the compiler and‘the reviewers of the business case. As
e CBA can become extremely complex partly because the factors that a
thus imperative that.the compiler of the CBA understands what factors w
vithin the organization*and whether the benefits are regarded as cost sav

IDERATION IN'AN ENGINE PHM COST BENEFIT STUDY

alysis, the_costs of the following elements (not in any suggested order of
ed tosbe.considered:

bctive of hours worked).
teraction of these two
e advocated in military
es” during the operation
ss factor in commercial
the desire for increased
M system to achieve the
assigning a cost benefit
bjective.

total benefits (termed in this paper as cost reduction), it is important to glistinguish between cost

re a cost that was being
The military does not
ept as cost avoidance.
s to be determined and
vill be discussed in the
re “allowable” are in the
ill be favorably regarded
ngs or cost avoidance.

priority or sequence) of

5.1  PHM System Sco

peand Overview

5.1.1

Data Generation and Acquisition

Data invariably comes from sensors so, having determined which failure modes need to be anticipated, it needs to be
determined how the required data will be obtained. Are additional sensors needed in the system? Adding sensors adds
weight, be it from the sensor, its mounting provision, the associated wiring/plumbing, the interface to the recording device,
etc. It can also reduce system reliability and increase maintenance costs since some sensors are less reliable than the
equipment they are mounted on. The best scenario is to mainly rely on the sensors that are necessary to manage and
ensure the process of safely operating the engine and minimize the introduction of additional sensors for purely PHM
purposes. Lastly, retrofitting additional sensors on legacy fielded engines is considerably more expensive and more
logistically challenging than designing them in from the beginning. The anecdotal “rule of ten” applies: If a change in the
initial design phase costs one dollar to implement, then that same change will cost ten dollars if made in ground testing,
one hundred dollars if made in customer flight testing, and one thousand dollars if made after the engine is in service.
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5.1.2 Data Capture

Is it adequate to capture periodic “snapshots” of data or should the entire flight be recorded? Are all available parameters
required or will a smaller subset suffice? To what extent should future unknown requirements be accommodated when
considering capacity? How long will the captured data need to be stored on the air vehicle?

5.1.3  Vehicle/Platform Integration

What is the impact of the PHM system on the equipment to which it will apply? How will it be integrated on the host
system (e.g., the engine) and what are the effects on the higher level system (i.e., the air vehicle)? For example, it is
recognized in the industry that for every kilo of weight added to an engine, the aircraft weight increases by four kilos.

5.1.4 Communications (including Satellite and Other Relay Provisions)

How will the collected delxta be delivered or transmitted? It is inadvisable to assume that existingg

will have available band
allowance for this shoul
time in-flight (very exp¢g
acceptable? All of thesd

5.1.5 Ground Station

What hardware and soft
acquisition, training, ve
included.

5.1.6 Information Deli
How will the processed
maintenance or mission
a push or a pull approac
5.1.7 Data Storage ar
What quantity of data w
reprocessed later due tq

inadvisable to assume
future growth) of PHM

width to cater to the initial (and future growth) of PHM system data com

nsive) to post-flight to daily or weekly. Is automatic downldoad require
factors drive system architecture and cost.

ware will be needed to receive, validate, decompress, decrypt, and analyz
ification/validation and sustainment of the ground based system need

Very

and analyzed data, and actionable alerts, be delivered to end users, i.
decisions? Will delivery be .Web-based or integrated with some other ex
h?

d Archiving

Il need to be stored from the fleet and for how long? Is it likely that arch
, say, life usage algorithm changes? While data storage has become re
hat existing<data processing systems will have available capacity to pr|
system\processing requirements, so suitable allowance for this shg

development time will have afivimpact on these calculations. The cost of electronic hardware is ¢

development time for ag

rospace systems can be quite large; so the CBA can be favorably affec

ommunications systems
munications, so suitable

j be included. How often does the data need to be off-boarded?. This can range from near-real-

i or are manual means

re the data? The cost of
5 to be determined and

e., those who will make
sting system? Will it be

ved data will need to be
atively inexpensive, it is
bvide for the initial (and
uld be included. The
bnstantly falling, and the
ted by these lead times.

These should be taken i

hto-consideration

5.1.8 Software (includ

ing Software Maintenance)

Health management hardware (sensors, recorders, storage, processors, etc.) is readily available off-the-shelf although
their certification or qualification typically makes these components relatively expensive.. The software system(s) to
analyze the data and seamlessly deliver reliable answers is generally not available off the shelf. Robust, enterprise-class,
PHM software is very difficult and expensive to develop yet, without it, the system will be useless. Software for
acquisition, data processing, storage and analysis may be included for on-board and/or ground-based solutions.
Partitioning/protection architectures for integrated systems can reduce the impact of future enhancements and prevent
unsafe conditions in engine control and display systems.
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5.1.9 Technical Support for Users

This is a piece of the sustainment costs of an implemented PHM system and needs to be included in the cost equation.

5.1.10 Data Analysis and System Upgrades to Address Emerging Fault Modes and Evolving Needs

Again, this is a necessary piece of sustaining an implemented system and ensures that the system does not become
outdated as the fleet ages.

5.1.11 Electronic Component Obsolescence

This is an important issue that can negatively impact the life-cycle costs and should therefore be considered.

5.1.12 Discussion

The above elements ca
below) and while thes
unaffected, or insignifi

Also the particular conc
analysis will be different

n also be assigned within the categories of development, production, anad
elements do not constitute an exhaustive list, many may¢het be r
nt) to the specific case being made. It is recommended ¢hat, in the g

erns of the reviewers of the analysis need to be addresséd. In other wor
depending on the system and the personalities/needs of the eventual de

There are likely to be
seldom delivered into s

unknowns” that add uncertainty to the estimates: Aerospace platform
rvice with all, or even most of, the failure mades already identified. Mo

with service experience] usually spanning the full service life of the equipment. PHM systems nj
cater to the emergence [of anticipated and unanticipated failure modes to fully meet users’ needs|
this “immeasurable” negessitates some degree of conservatism in the form of management re

explicit provisions for n

ional change driven by this class of risks, over and above the normal ch

and subsystem obsolesicence. Providing this flexibility may drive and dominate system archite

features.
support, field usage, an
system modification. F
and incident investigati
information source will ir

Assessment of the aboV
PHM systems, while n
experienced users.

It might be that significantly long tail costs-fer ongoing change are needed to provid

maintenance data acquisition and analysis, all potentially leading to eve
bw current PHM systems provide for explicit integration of information fr
pn findings (formally..Qutside the scope of this document) but proacti
evitably drive PHM system change and cost.

bglecting ,these considerations will undermine the credibility of the co

sustainment costs (see
blevant (not applicable,
rocess of selecting and

c
using a cost benefit moEeI(s), judgment and sensitivity analysis is used to select the)main cost diivers for the application.

ds, every individual cost
Cision makers.

5 and their systems are
5t failure modes emerge
ust therefore be able to
The size and impact of
serves for the future or
bllenges of development
ctures, capabilities, and
e specialist engineering
htual and continual PHM
bm shop floor (or MRO)
ve management of this

e costs versus-those of conventional mitigation of these long tail risks may be crucial to justifying

st benefit analysis with
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5.2 Development Costs

5.2.1 Requirements Definition

Even if the customer is looking to procure a PHM system that is “off the shelf” and already utilized on a similar application,
a requirements definition will be necessary that will include some form of Failure Modes, Effects, and Criticality Analysis
(FMECA), and determination of specifications such as size, weight, power, false positive and false negative rates,
robustness to the expected operating environment, and certification requirements. While much of this work might have
preceded the CBA, the cost of completing a FMECA sufficient to meet the needs of the PHM system being considered
might need to be included and will likely be a significant effort. The key requirement, particularly in commercial
applications, is determination of the end use of the output: will it be used to make solely economic decisions (when should
| do maintenance to minimize my costs) or safety-related decisions (I want to use my PHM system to manage a safety-
related issue on an engine or in the fleet)? If the customer wants to preserve the ability for the PHM system to provide
benefit in a flight safgty scenario, then the regulatory certification requirements and costsl increase substantially.
Historically, most PHM |systems have only been used to influence economic decisions. Howgver, today, there is an
increasing desire to use¢ PHM in safety-related applications, for example to mitigate safety inspections. In this case, a
much higher level of software assurance would be required. Setting aside some critical{Compongnts such as the Engine
Vibration monitoring unjt which are certified to Level C, most typical on-board PHM 'systems|have Level E software
whereas to use the sysfem for maintenance credit or safety mitigation would require higher assfirance levels depending

on use. Clearly this is n certification.

In summary, where PHI
for their use), and not
approved through oper
life extension purposes

5.3 Design and Devel
These costs will be bass
5.3.1 Build and Qualif

While building a well-d

undefined, and realistically extends well past its initial entry into service. In fact, it is understan

that qualification of a PH

T

uch more expensive to accomplish and may also requiré/ground system
1 systems are used for economic decisions, (whiechhas historically beer
safety related decisions, then Level E software.is" sufficient and the grq
ors’ maintenance plans. But, if PHM systems become considered or us
en regulatory approval and certification at:some appropriate level will be|
bpment

d on the above requirements definition.

cation

efined PHM systemeis relatively straightforward, its qualification is m

M system never'ends. This is because the propulsion system being mo

changing, somewhat lik
and thus the PHM syst

b the aging of.a*human being, so the degradation and ailments change
m must always adapt to accommodate the slow but continual changes

the predominant driver
und HM processes are
bd for safety related and
needed.

Lich more complex and
dably believed by many
nitored will be constantly
throughout the life cycle
of the system. The big

mentation. Reference 1
(CBM) system and the

unknown is the degree pf verification and validation required at the outset to satisfy initial imple
provides insight into hgw to<claim maintenance credits from a Condition-Based Maintenance
Verification and Validatipn. (V&V). Clearly, the thorny issues cited above and the questions belpw are plentiful and the
cost to answer them is dignificantly high, yet hard to accurately estimate. For instance, what accuracy is required (i.e., the
number of false positives (“the system cried wolf’) and false negatives (“the system was not sufficiently competent and
missed a fault”) that are tolerable)? How will accuracy be tested and validated? One approach is to capture a number of
data sets containing real world failures of all types the system is expected to detect and run the data through the system
to see how quickly and accurately it triggers. How well does the system learn from its own experience as well as from its
“siblings” on like platforms in the fleet? Does the PHM system degrade with age or does it actually improve (become
older and wiser)? What is the metric of acceptability and to what is it compared (since the accuracy of the human
maintainer is not only not documented but also extremely variable from person to person and therefore very difficult to
define)? Employing probabilistic risk management tools and starting with some initial, provisional PHM system
qualification with an ability to accommodate component life extension is seen as inevitable and will impact PHM system
engineering support and configuration change. The recommendation is to consider these “difficult” aspects cited above
and show in a CBA that they have been considered, even if the costs assigned are estimates as opposed to precise
computations.
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5.4 Production Costs

These costs include those of fabricating hardware, its initial installation on the platform, provision of spares, and the build
of ground software support station/infrastructure. Additionally, the costs associated with initially creating the PHM system
(including integration with other ground systems and processes) and its operation, maintenance, and training

documentation needs to be included.

5.5 Operational Costs

5.5.1 Labor for Data Handling, Analysis, Storage, and Transmission

This is self explanatory and needs no embellishment in terms of how to calculate them; it should be a simple product of

the manhours estimate and labor rates. How these costs are accounted for depends on the s
are likely to be “someong else’s” (e.g., a support function) area or department, but irrespectiveih

company to accept.

5.5.2 Data Transmissfon and Storage Costs

Satellite-based data del|very is very expensive, broadband capability even more s6)" Streaming
leasing of transponder gapacity from a satellite provider. Ground-based methods such as cellulaf
customer will require ah agreement with a global provider and compliance.wwith transmissior]
country of operation. For example, operation on a cellular network in the:United States requires
be certified by the PCS [Type Certification Review Board (PTCRB). If the signal is encrypted for s
come into play, particylarly in countries like China which may reguire the encryption keys

ecific organization; they
ey are still a cost for the

satellite data will require
for a global commercial
requirements in every
the transmission device
ecurity, then other rules
to be provided to the

government. Wi-Fi data delivery is available at some airports when the aircraft is parked at the gate. Arrangements must

be made and fees paid, jand this capability is not (and will not be)wniversally deployed.

5.5.3 Additional Fuel Costs

It is probable the PHM System adds weight to the platform, and therefore, displaces some other
it is merely its own weight in fuel, and will have some" adverse, calculable impact on range, dur

bayload element, even if
ion, etc. More than ten

a
years ago, an interesting metric stated in an article in Aviation Week and Space Technology was £hat one pound of weight

on an airplane creates an increased cost to an'operator of $1 million over the life cycle of the pl
has no doubt changed pver time, the point is well made that every pound of weight on a platfo
needs to be addressed |n a CBA. In theory, the problem is exponential and closes towards zero
only the fuel to carry the|additional PHM system weight but also the “fuel for the (extra) fuel” and g
or strength to carry the @dditional Joad: However, if a system is being introduced at the design st

tform. While this figure
'm comes at a cost and
but the elements are not
otentially extra structure
hge of a platform, then it

might be that the additign of a PHM/system actually reduces overall platform weight because of rédundancy that might be

designed out at the oufset (see 4.3.1). As discussed in 3.1, the U.S. Navy adopted PHM ba
redundancy of two engirles ¢ould be eliminated, yet maintain equivalent safety.

sed on the fact that the
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5.5.4 Unnecessary Maintenance due to PHM System “False Alarms”

As no system is perfect, an element of “false positives” can be expected from a PHM system (5.3.1). But, against what
baseline should this imperfection be compared? There are two choices. First, the system’s performance can be
measured against a perfect record and so any false call will be a strike against it and the costs associated with
unnecessary maintenance counted against it (how to compute those costs, especially in terms of airplane downtime,
delayed passengers, damage to on time departure statistics, is clearly complex, somewhat subjective, and becomes a
separate issue). The second option is to compare the PHM system against the current “human based” maintenance
system where some diagnoses turn out to be “the wrong guess.” Whether records and statistics exist for the occasions
that unnecessary maintenance was carried out is organization-dependent and could be difficult and/or laborious to
determine. The reasonable perception is that a PHM system will improve on the understandable degree of human
“guesswork” and the well-intentioned, experienced-based, maintenance decisions that are subsequently found to be the

“wrong call.” The PHM

system has the advantage over the human of non-emotionally examinin

and fusing all the data

over a period of time apd making “clinical” determinations and prognoses. Hopefully, the syste
fleet implementation hag a history based on some sort of trial, or verification and validation, which

believable baseline fro
some perceived or real
utilized by the decision
permanently disconnect
5.6 PHM System Sus
Some of the elements
unavoidable overlap bet
5.6.1 PHM System Tr
In a well-designed syst

difficult to achieve and
estimated and included.

The impacts of relative g
5.6.2

Inevitably, a flexible sys
years. These must be €

5.6.3 PHM System M

which to try and compare against the status quo. In any case, a PH
hreshold of false detections runs the risk of being ignored or marginalizeq
makers. For instance, on earlier engine models there have/been ocd
ng accelerometers due to repeated false vibration alarms.
ainment Costs

shown below were also included in the operational cost section (5.5)
ween operations and sustainment activities.

Bining
bm, usage should be nearly intuitive, minimizing the need for training.

training will be required. A well:designed training program, probably V|

ost and weight to implement a new PHM system were estimated and are

PHM System Upgrades

tem will undergo reliability, capacity, and performance upgrades no le
Sstimated and included.

hintenance

bm being considered for
provides a starting and
M system that exceeds
such that it is no longer
urrences of maintainers

s there is a degree of

However, this ideal is
Veb-based, needs to be

illustrated in Table 1.

5s often than every two

Cnsideration should be

given to the costs of implementing enhancements or corrections to t

e on-bard systems that

support the PHM system. The costs of server leasing, troubleshooting and “help desk” labor, software licenses and fixes,
etc. also need to be estimated and included.

5.6.4 Component Obsolescence

This can have a negative impact on the repair and maintenance of the PHM system itself. Provision must be made to
either buy and maintain long-term spares inventory, or for future investment in component redesign based on new
components.
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TABLE 1 - PHM SYSTEM IMPLEMENTATION RELATIVE COST AND WEIGHT IMPACTS (ESTIMATED)
COST IMPACT
Civilian or Military
WEIGHT Retrofit New Dev.
ELEMENT SUB-ELEMENT IMPACT | Non-Recurring Non-Recurring | Recurring
Sensor Pressure (air, oil, fuel, hydraulic)
Pressure Delta (oil / fuel filter, metering valve)
Temperature (air, oil, fuel, hydraulic)
Vibration
Debris (oil, inlet, exhaust)
Condition (oil, airfoils)
Position (solenoids, actuators, switches)
Sensor Port or Mount Tubing
< Casting
= ’
o Casing
g.’ Bracket / mounting block
wl Wiring
Signal Congditioning / Power Supply
Data Captyre Hardware EEC / FADEC
Other Box (CEDU, PHMU, etc.)
o] Airframe Interface
S Software EEC / FADEC
(3] Other Box A
-8 Testing N \(
c Certification \\\
o Signal Confditioning / Power Supply \
Engine Infdrface @)
Snap Shot|Data Capture Hardware FDAU, DMU, DFDR, etc. %\
Streaming Pata Capture Hardware QAR, DFDR, eFAST, etc, \
Data Storape Hardware . @ -
Software N\
= Data Redugtion / Analysis Hardware O -
© Software %
(8] Data Trangmission In Flight ACARS
= Satellkgdrrow Band
< Safelite'Broad Band
Data Trangmission On Ground Gellular
\WVi-Fi
O Manual - Removable Media
ad, Manual - Download
Testing o \J
Certification KX\
Data Receipt
o] Data Unengryption
S O ¢ [Data Decompression
© c Q Data Storape
_8 3 ""u' Data Analypis Steady State
u: | ] Streaming
o (O] Information Delivery To End user
System Upgrades
System Maintenance
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6. BENEFITS FOR CONSIDERATION IN AN ENGINE PHM COST BENEFIT STUDY

6.1 Fuel Savings

As discussed in 6.5.3, the fuel impact can be positive or negative depending on the stage at which a PHM system is being
considered and how it is being used. However, there are other benefits associated with fuel, and therefore cost, that can
be considered.

6.1.1 Fewer Ground Runs for System Checks or Diagnoses

Connected with the discussion in 6.5.4., one approach is to estimate a percent reduction in the number of diagnostic

ground runs based on historical data and on the PHM system’s ability to correctly predict impending failures. Making a
conservative but theoretical assumption is the easier option; otherwise scrutiny of the number and frequency of engine

ground runs on a fleet g
more quantitative but als
6.1.2 Fewer Mission A
In military operations, a
of a “surprise failure” of
stuck bleed valves are
consumed and/or dumg
(ATO), in-flight shutdow
fuel (and have other largd
6.1.3 Increased Propt
Specific fuel consumpti
significant cost saver lig
performance rankings ¢
Whether it's a compres|
PHM system can help t
monitoring is motivated
either measuring the ad
improvement and, in eith
6.2 Planning and Anti

For commercial avaiatic
determine a schedule

f aircraft and determining which ones could be avoided if a PHM system|were in place, would be
0 more time-consuming and would still require a degree of theoreticdl\asgessment.

borts

significant number of sorties are lost, sometimes at start-up)or during the mission itself, because
a system on the platform. Hot weather engine surges{ engine vibration, low oil pressure, and
some of the typical defects. There is a calculable-fuel cost to the losq of a mission (e.g., fuel

ed to reduce weight for landing). Similarly, commercial operators exp
ns (IFSD), and air turnbacks or diversions for wnanticipated failures wh

Isive Efficiency through More Systematic:Monitoring of Degrading Enging

s within more efficient operation of‘an engine fleet. PHM systems can i

sor wash or something more*significant and costly such as changing o
b lift the overall efficiency of an engine fleet by as much as the person ir
to do or economic viability allows. Determining the extent of cost saving
hievement of a plausible goal compared with the current fleet status or
er case, calculating the cost savings based on the price of fuel, annual m

Cipating Engine Changes.

n, and to a lesser extend military operations, health monitoring is ong
for \engien changes. Natural degradation in engine performance o

parameters such as ex

rience aborted takeoffs
ch consume substantial

e costs associated with them). Some of theserare considered in greater gletail below.

@)

bn is a prominent parameter in both' military and commercial operatiofs and so a hidden but

herently provide engine

f one to N in a fleet and_thus show which engine(s) are “worth” fixing to restore efficiency.

f a rotating module, the
charge of performance
s can be determined by
by assuming a level of
les flown, etc.

of the tools that helps
er time (measured by

aust gas temperature “margin”) helps operators determine when an othel

wise serviceable engine

will need to be removed and replaced and thus ensure that the necessary resources and the aircraft's location (i.e., a
suitable maintenance center) is pre-planned. This clearly minimizes the adverse impact on operations but it can be seen
by a some as a natural efficiency and planing measure as opposed to a real cost saving. In this case, the recommended
approach is to consider how many engine changes are pre-scheduled in a year based on advance warning of a health
management system and compute the costs that would have otherwise been incurred if those egine changes had
happened radndomly with no forewarning. Some assumptions will need to be made such as where the airplane might
have been at the time of the engine change but a reasonabe comparitive calculation could be obtained to measure the
cost benefit.


https://saenorm.com/api/?name=8cd81066bc83db788a7fa36748b9c247

SAE ARP4176 Page 18 of 34

6.3 Identification of Faulty Components Such As Control Valves and Air Bleeds

Better diagnosis of potentially faulty components means fewer removals, some of which are subsequently found to be “re-
test OK” or “no fault found” (NFF). Several savings cascade from this and include reduced aircraft maintenance, reduced
aircraft downtime and greater availability, less work at the “back shop” to test components, and, potentially, a reduced
inventory of rotables or spares because the remove and replace rate has been reduced. Each of these factors should be
considered on its merits and its applicability and a cost estimate applied. As stated earlier, if a PHM system enables dual
redundancy to be removed from a platform, then the savings are significant because it's one component saved per
platform across the entire fleet. But it might also be significant if a pool of expensive rotables (e.g., fuel control unit, fuel
pump, etc.) can be reduced by five to ten percent across the fleet. The challenge for the CBA is to determine how many
components on the engine can be benefically impacted by a PHM system (possibly determined from the FMECA) and
compute the savings based on the purchase price of the components and by how many the pool can be reduced.

6.4 Trending of Perfofmance Degradation and Early Corrective Action

The benefits from monitoring engine performance and plotting the inevitable degradation. are
results of the monitoring can then be associated with avoidance of the depth and cost‘f maint
ilure had been allowed to manifest itself. Early detection incfeases the
engine on wing or in sgrvice for a longer period through timely intervention andaintenance
many other benefits sudh as reducing the amount of secondary damage as wellsas the remedial
after the failure has ofcurred. To put quantitative estimates to these~savings is clearly
assumptions would neefl to be made such as estimating a percentage of:the fleet that is saved
and assigning an estimated cost to the maintenance and parts usage.that has been or would
maintenance history and statistics on reasons for engine rejections would provide data and insigh

6.5 Business Benefit
In this section, the benefits can be in the eye of the beholder: For instance, if the PHM system a
maintained on-wing untjl after the warranty period, and“then fails, who is the beneficiary? W|
towards “power by the Hour” (6.4.2), are the benefits enjoyed by the service provider or does the
related maintenance costs for the operator? A similar situation aplies to 6.4.3, service sales. Th
all these observatons i that considrable benefits can be enjoyed by OEM, operator and mainte
The business skill is in determining where the benefits lie for the individual party and how to optin
a manner that is accepfable to all parties involved. This is nothing new, it is fundamental busin
underscore the basic pfemis of this document that determining the cost benefits is a complex
whatever the compiler of the case wantsit to be.

6.5.1 Warranty/Guarantee Mitigation

In commercial engines pales~and in military sales handled commercially (e.g., F117 engine for

pasily understood. The
enance that would have
ikelihood of keeping the
actions. It also leads to
maintenance necessary
a challenge and some
rom secondary damage
be avoided. Using past
for the calculations.

lows a component to be
th the increasing move
concept reduce engine-
e crucial point unerlying
nance service provider.
ize or maximize them in
ess practice, but it does
issue and ultimately is

the C-17 aircraft), most

deals include extensive feliability, performance, and fuel burn guarantees. A competent PHM sy

stem has been shown to

reduce costs associated with many of the guarantees, allowing lower cash reserves to be carried by the organization.

6.5.2 Power-by-the-hour Cost Reduction

Most new commercial and military engine sales include contracts for the OEM to maintain the engines under some type of
fixed price dollar-per-flight-hour program. This business model shifts failure and maintenance cost risk from the operator
to the OEM. The fairly recent expansion of OEM PHM capability is directly tied to this risk shift; PHM systems have been
shown to directly reduce $/EFH costs under programs that require a PHM system to be used. These savings can be in
the 3 to 8% range; this is significant when associated with aerospace system contracts that can run into billions of dollars.


https://saenorm.com/api/?name=8cd81066bc83db788a7fa36748b9c247

SAE ARP4176 Page 19 of 34

6.5.3 Service Sales

A capable PHM system can directly generate revenue through sale of service to entities not wishing to take on this
burden themselves, both military and commercial. Many legacy commercial operators are reducing powerplant
engineering staff, and many low cost carriers never provision for the labor in the first place, instead choosing to outsource
this monitoring capability. The revenues from this type of service are relatively low and the available market is shrinking
due to retirement of older engines and the prevalence of dollar-per-flight-hour programs which include “free” PHM
services as part of the contract. A new opportunity involves bundling engine PHM with other health-related services such

as aircraft fuel burn reduction, APU health monitoring, etc.

6.5.4

Life-limited parts (LLPs)

Life Extension of Life-limited Parts (LLP)

are those (generally rotating) parts in gas turbine engines with explicit life limits usually based on

cycles. These parts c§
condition” since they ar
Military cycle counting i
no two flights are identig
are building more robu
capabilities of the past.

system but will look at th
peaks and valleys of te
considerable configurati
geometry and propertie
every engine must be in
and assume that many

operation using an LLH
counting methodologies

LLPs typically constitutg
ever more reliable, repls
who captures this valug
operators, extended TO
on a case-by-case basi
dependent on the degre

A slightly different scen
model. An LLP life exte
availability impact both {
cost of bringing every er

nnot be flown to failure due to the catastrophic consequences, norccz
b typically inaccessible and the flaws or material degradation that could

5 rudimentary but commercial counting is even more so: one flight,equal
al but each is currently treated in the same way for LLP cycle counting. H
5t “damage accumulation” algorithms into on-board or off:b6ard syster
An LLP life extension system will use the same basic control*process se
em or record them continuously throughout the flight. Life usage algorith
mperatures and rotor speeds to calculate an effective’life consumed i
pn management challenge in that each part number will have a differen
5, and each serial number will consume life ata different rate. So each
dividually tracked and managed. Since most ©EMs’ certified lifing systen
pbr most flights occur at elevated outside airitemperatures and with minin
life tracking system may result in more, flights between LLP changes

the most expensive part of a fulkengine overhaul when they are replacs
cing LLPs will become an increased cause of shop visits. Depending on
, it can result in lower OEM-costs in $/EFH maintenance agreements
W, or at least flexibility for bringing in an engine for LLP replacement. Cz
5 and depends on the'business model employed. The calculations will
b of fidelity sought, @nd thus the number of associated parameters used ir

ario is one incwhich an OEM finds itself with a life shortfall on one or 1
nsion system may allow the OEM to manage the shortfall while reducing
o them and'the operators. In this case, the benefit is huge and directly
gine ifn early with the much lower cost of the PHM/LLP system.

n they be replaced “on
cause failure are buried.
s one cycle. Of course,
Recent military programs
ns to replace the basic
hsors as the larger PHM
ms will be applied to the

that flight. There is a
t algorithm based on its
of the 30 to 50 LLPs in
s are very conservative
nal thrust de-rate, actual
than with current cycle

bd. As engines become

the business model and
reduced LLP costs for
Iculating benefits will be
clearly be complex and
the calculations.

nore LLPs in an engine
the adverse financial or
calculable, replacing the

Finally, some commerc

alcarriers, especially outside the USA, tend to have either full fleet m

bnitoring of critical parts

using either on-board cycle counters or data collection for off-board analysis. The algorithms are typically very complex
and use many performance parameters in their calculations as opposed to, for instance the square of speed or counting
TAC'’s. There has thus been a move away from the “one cycle per hour” relationship, and an effort to employ more
advanced cycle counting methodologies, which is a step towards more comprehensive engine health management.

6.5.5 Increased Residual Value

Commercial aircraft with PHM data collection and transmission capability, combined with PHM-driven maintenance plans
and/or health monitoring can be shown to retain greater value relative to one not so equiped and maintained. All aircraft

in the hands of mainline operators are eventually sold, and residual value is a major consideration. Aircraft financing and
leasing organizations have tables of residual value data.
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6.6 Reduced Weight of Propulsion System through Reduced Redundancy and Conservatism

This was addressed in 5.5.3, and, if a thorough CBA is being performed, the weight savings might beneficially impact
other related, non-propulsion, systems on the platform.

6.7 Maintenance Savings

These include line (O-level) and shop (I-level and depot) labor and material, including rework. Note that more effective

PHM will detect emerging problems earlier which opens up a plethora of benefits (reduced disassembly leading to less
sunshine parts, etc., see 6.3) whose associated cost savings are, for the most part, hard to quantify, yet are real savings.

6.7.1

Reduced Line Maintenance Labor-hours/Staffing

The PHM system should determine the root cause of problems more precisely and accurately tha
so there should be a regduction in maintenance activities at the flight line. Typically, there ‘Will

routine inspections and|removals, and fewer unscheduled removals.

analysis, then there is

how much the PHM sy{
operating locations. Th
to determine the saving
components for function

6.7.2 Reduced Shop

As noted in 7.6.1, the

If the direct labor\saving

simple and accurate calculation based on labor-hours saved.and hour
tem will exceed the human decision making efficiency is hard)to quanti
Is, a conservative, reasonable estimate should be made and used as an
s. As discussed earlier, the benefits trickle down to-“kack shop” main
al testing, and the size of spares pools as covered helow.

Maintenance Labor-hours/Staffing

savings at the component test and repair organizations will be g

maintenance labor houts based on reduced throughput of line-replaceable units (LRUs), and r

removals and subsequs
simple and accurate cal
6.7.3 Reduced Numb
This in turn means a s
blades, disks, actuators
PHM system would cre
degradation in the insta

is to estimate the impro
for a new system), and

Culation based on labor-hours saved and hourly rate.
br of LRUs Returned For Bench'Check/Overhaul and Reduced “Back Shg

Mmaller pool of spares (from the number of spare engines to the numb
etc.). This factor can.become significant, especially in the case of high
hte the potential folposition these items at the location of anticipated ne
led component become evident. Computing a true monetary figure will bg
ement over the\current baseline (if there is one for a legacy system, or if
Lise the cost©f the LRU multiplied by the percentage savings envisioned

completeness and greafer accuraey, apply the same approach to the components that experien

system.

n the human in the loop,
be fewer scheduled and
s are admissible in the
ly rate. Determining by
y and will vary between
assumption in the CBA
fenance, transporting of

enerated from reduced
bduced number of false

nt NFF. Once again, if the direct labot savings are admissible in the analysis, then there is a

p” Labor-Hours/Staffing

er of spare fuel pumps,
alue spares, because a
ed as the indications of
p difficult. One approach
pne has been computed
as the cost benefit. For
ce the benefit of a PHM

6.7.4 Reduced Seco

dary Damage from Early Detection of Incipient Failures

While this is related to 7.3, it also encompasses the savings in materiel and parts usage. Again, make a conservative but
sensible estimate of the damage that could be saved if one engine per unit per year did not suffer secondary damage
because an incipient failure was caught early and rectified. The “damage” has both quantitative and qualitative elements.
Assuming the organization isn’t a start-up, it should have maintenance histories that can be mined to estimate and
validate savings from the reduction of secondary damage. Consider also the associated beneficial effects of increased
readiness, availability, and safety. Secondary damage could invoke a serious in-flight incident; consider the likelihood,
albeit remote, and the cost that could typically be assigned to such an unwanted incident. If more complexity is sought,
consider the damage to the airline operator's name in terms of perceived customer satisfaction? These questions are
posed for completeness, especially if the complier of the CBA has ascertained that the decision-making management will
be receptive to factors such as customer satisfaction or wish to avoid being at the bottom end of market surveys for
reliability, safety, on-time performance etc.
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6.7.5 Improved Parts Life from Early Detection and Correction of Component Performance Degradation

By more active monitoring and management of performance, engines can be kept operating at or near their optimum
operating condition, thus avoiding premature hot section burn out and increasing time-on-wing (TOW) or mean time
between removals (MTBR). Again, there are at least two approaches when trying to measure this benefit. A “clinical”
linear value can be calculated from TOW, e.g., removal and maintenance/overhaul cost divided by number of hours
installed, or the benefit can be seen from a reducing “residual” value as TOW for an engine increases. For instance, a
brand new engine just fitted on wing represents a much greater “value” to the operator than say the other engine on the
same platform that might be just a few hours from scheduled removal or is close to not meeting its performance margin
and in need of overhaul. If the latter engine suffers a blade failure or overtemp, then the “cost” of that event could be
regarded as much less compared with the former engine whose “investment” is only just beginning to be amortized. The
ultimate value, however, is that increasing time on wing is a measure of goodness; how the operator wishes to account
for that benefit is up to the individual.

6.8 Operational Savin

0S

The following factors requce direct and indirect operating costs.

6.8.1 Fewer In-flight §hut Downs (IFSD) and Unplanned Engine Removals (UER)

Fewer IFSDs leads to fewer diversions and less remote maintenance effaortyand costs. For commercial operators, the

cost of a diversion is immense because of passenger re-routing and accommodation. The div
generating revenue, and the dispatch of a maintenance crew and associated replacement parts
recover the aircraft is very expensive and time-consuming. A modernchigh-bypass high thrust en
an Antonov 124 or 22§ to deliver a replacement engine. Oncexagain, the adverse effects or

brted plane is no longer
(probably an engine) to
jine may require leasing

the operator’s on-time
rs to which a cost could

statistics, passenger inconvenience and discontent, and unwanted publicity are some of the factq
be assigned. In the milftary, the cost of a lost sortie can inclu@e incalculable elements such as
critical target, loss of trdining value to other members of the formation, or diverted or canceled
(e.g., if the affected pla
the very least, these fad
them. The organizatio
reductions in IFSDs arlg
causes. Note that ther
such as high cycle fatigy

should have IFSD dataand maintenance history that can be mined

e, embedded cracks) mechanical failures of engine external elements, ar

6.8.2 Greater Platfornp Availability

This is sometimes tranglated as a-*force multiplier” in that “y” PHM equipped airplanes with 109
example) are equivalenf to “y+10%” non-PHM equipped planes. The cost benefit can be comp
“airplane costs.” The WY.S.\Army, with its CBM+ initiative for its rotorcraft fleet, have calculat

ilure to engage a time-
issions of other aircraft

orm was a refueling tanker). Puiting specific cost numbers on these el¢gments is difficult but, at
tors should be listed and presented so that the decision-makers can put their own weighting on

estimate and validate

UERs, and the associated costs emanating from a PHM system’s ability to detect specific
are a number of failure categories which current practical PHM systems cannot directly detect

d others.

b greater availability (for
uted directly in terms of
bd availability increases

associated with its CBM-équipped platforms which can be translated into a cost benefit by 4

pplying the percentage

increase to the cost of the platform. In the commercial world, increasing platform availability across the fleet might enable
the fleet to fly some percentage more revenue generating flights per day. These costs are directly visible and calculable
to the operator. This is one of the few parameters where the cost calculation can be clearly defined for commercial and
military operations.

6.9 Capital Investment

This cost needs to be segregated from the above cost elements as it is treated differently in financial analysis. It affects
the calculations of return on investment, while the above costs affect the returns to the investment. It is, however, still a
cost element applied to the CBA/business case.

6.9.1  Fewer Mission Aborts Prior to Takeoff and After Dispatch

These costs were mentioned in 6.1.2 and they apply to both the operational and maintenance aspects of aircraft
operations.
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6.9.2 Reduced Spare Equipment, Parts and Material Stocks

The purchase price of the spares pool compared with that of a reduced pool because of more accurate forecasting and
reduced usage/turnover can be calculated using the price of each component. The harder parameter in the equation is to
determine by what factor the spares pool and usage will be reduced. Once again, a conservative figure can be assumed
or estimated, or a model developed to “fly the fleet forward” and determine what savings are conceivable. Typically, this is
a cost benefit that needs to be remembered but not necessarily included at the outset. The most accurate answer will
come from monitoring the change in this element after a PHM system is introduced and will be something to add to the
refined cost benefit analysis some 12 or 24 months after fleet embodiment. It is presumed that the operator appropriately
provisions spare capacity and stocks to maintain an optimal or given level of mission performance or customer service. In
reality, the additional capacity and spares levels are more likely set at levels that minimize the costs to compensate fare-
paying passengers for delays and cancellations, or, in the military, to ensure adequate war-fighting capability. This may

be usefully addressed qualitatively, but is not required to be a viable element of a cost benefit analysis.

6.9.3 Reduced Maintg
Consider the impact on

for the operator. As dis
after one to two years o

Being able to eliminate a test cell at a maintenance facility or reduce the workfaree to one shift ing

improvements that migh
to list these potential sa
to achieve these “step c
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facilities.

6.10 Incidental Costs

6.10.1 Marginally RedJ
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dependency on these 1
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nance Facilities and Equipment at All Levels

maintenance facilities and the associated equipment, especially.at non-ht
Cussed in 6.6, it might be that the best insight into this factor and a true ¢
f operation with the PHM system installed and reduced maintenance is a

t subsequently be accomplished from implementation‘of a PHM system.
vings at the outset in the CBA and possibly compute what it would take,
nange” savings, and then decide if it's feasible a.year or two after PHM sy

hen introducing a new engine into sgrvice and being able to reduce thg
rovided without a PHM system. It is similar to the savings cited in 6.6.3
ilt or purchased from the outset, as’opposed to savings generated by clo

ced Dependence on Strategic Materials and Obsolete Components

pas turbine engines utilize rare earth elements and other exotic mater
ngs. To whatever extent the PHM system can extend the useful lives
naterials\is‘reduced. Similarly, the PHM system may allow extended

sts aSsociated with these benefits are probably small and difficult to

e CBA’but not necessarily included in the calculations.

b or non MRO locations
ost benefit is unearthed
reality and measurable.
tead of two are all “step”
The recommendation is
n terms of PHM impact,
stem implementation.

ment in Equipment and Facilities Due To Lewer Demand for Vehicles, Spares, and Material
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of engine components,
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Figure 2 summarizes the flow of value creation for the customer and provider.
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FIGURE 2 - A GENERALIZED PHM VALUE MODEL
7. CHALLENGES ASSOCIATED WITH COMPLETING A COST BENEFIT STUDY
7.1 Qualitative Valueg

Even with the above elements identified-and some assumptions or estimates made to generatg a “bottom line” figure,
there are elements that jare ultimately-unquantifiable or sufficiently intangible that their estimation|of worth is either based
on emotion or “priority” fo the specific operator or customer. For example, it is difficult to put a vdlue on asset availability.
But availability is critical [for comitmercial operators, especially low cost carriers whose business m@del requires maximizing
flights per day with turn fimes.of 20 to 30 min. Maintenance required during the day has a huge negative impact. A PHM
system which flags preyéntative maintenance that can be accommodated overnight with no immpact on the daily flight
schedule is of substantial™value. And if the plane in question IS a military combat asset, then availability is even more
important and valuable, especially if the only mandatory or unavoidable down time is to refuel and rearm.

7.2 Desired Fidelity

The outcome of the cost benefit study has an indeterminate “error” based on the degree of fidelity sought, which is
dependent on the complexity of the analysis conducted, which is further dependent on the quality or accuracy of the data
used. In the end, how believable is the bottom line figure? A sensitivity analysis by conducting a few “what if’ exercises
could quickly identify the parameters that have most influence on the outcome but, in practice, each organization will have
their own value or priority on the multitude of elements. Ultimately, a qualitative assessment could dominate the analysis.
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7.3 PHM System Confidence

Basic health management capability has been available for 30-plus years in the form of free trending software provided by
OEMs to operators of commercial engines. Military health management trending was generally limited to periodic oil
analysis and inspections such as engine oil filters and chip collectors. Neither of these approaches resulted in
quantifiable data being aggregated to determine effectiveness. The last decade brought the rise of power-by-the-hour
maintenance agreements in both commercial and military applications, which prompted the introduction of much more
comprehensive OEM PHM systems. While specifics are treated as proprietary by the OEMSs, there is a general belief that
a comprehensive gas path monitoring system can reduce maintenance costs by 3 to 8%. The other benefits are much
harder to achieve consensus on, and estimates of cost and time to implement new capabilities or improvements have
been highly unreliable. A data-based cost/benefit analysis will greatly enhance credibility when trying to convince others.

7.4

Is a Cost Benefit Study Really Necessary?

There are some (usual
(ROI) that would be wo
ROI analysis; the benef
unjustified insistence th
understood and the proj
recent adoption of Cond
of Digital Source Collect]
7.5 PHMis Too Good
The adage that “if some
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expend a copious porti
sounds too good to be t
this document, the bes
associated with intrody
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ts can be “felt” (qualitatively), especially if the driving force is safety. §
bt a cost benefit or ROI analysis is required for every decision} even wh
osed way forward is clearly “the right thing to do.” One prominent examy

prs (DSC) to all its legacy platforms, as is discussed.inmSection 8.
to Be True
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bkers are understandably circumspect when asked to significantly disrup
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ue and attracts comments such as_‘why is everyone else not doing it"? A
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ultant might provide credenceé and impartiality to ameliorate the skeptics.
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le of this scenario is the

tion Based Maintenance (CBM) by the U.S. Army for alkits helicopters which necessitated fitment

a PHM system. Budget
t a working system and
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\s stated at the outset of
he biggest impediments
of a truly independent,
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8. EXAMPLES OF PHM IMPLEMENTATION AND ASSOCIATED COST ANALYSIS MODELS

8.1 U.S. Army Helicopters

8.1.1 Implementation of CBM

Around 2004, the U.S. Army decided to implement Condition Based Maintenance (CBM), a maintenance philosophy that
attempts to optimize maintenance by undertaking maintenance activities on a system only when there is “evidence of
necessity”. This is in contrast to the traditional approach of performing scheduled inspections of the entire fleet which,
more often than not, find nothing untoward on the vast majority of the fleet yet consumed many maintenance man-hours
and risked incurring secondary damage to the platform especially where panels needed to be removed for access.
Implementation of CBM requires data, from each operating platform in the fleet, to be collected and analyzed to tell the
picture of system or component “health” and, moreover, provide an indication of “remaining useful life” before

maintenance is necessary. The Army pursued CBM because, in order of priority, they wanted to:
the field, improve asset availability, increase safety, and reduce opera
The enablers were on-board Digital Source Collectors (DSC), flight-line diagnostics, and, data
could be argued that the Army’s number one desire to reduce the maintenance burden)was a
safety in that overtaxed |helicopter technicians in the field and in a combat zone was a’safety iss
beneficial factors listed above is isolated from the others. CBM is regarded by the”Army as “the
health” and allows the maintainers to see, first-hand, early anomalies based‘en greater visibi
providing. This, in the words of the Army senior management, means simple\fixes triggered by
enables the maintenanfe to occur in a timely manner before an otherwise more expensive
necessary. All 3369 Army helicopters will be fitted with DSCs by 2015; as of March 2011,
equipped and already there are stark comparisons between the maintenance carried out wit
equipped” versus “non DSC equipped” units. Cost savings of $112'million over a 26 month perio
between the two categofies of units and this does not include maintenance man-hours which, in th
and are not admissible for credit in a cost benefit analysis. As(more helicopters become DSC eq
are expected to rise exgonentially. When asked by one of the SAE E-32 committee members ho
the initial investment, the answer from a General Officerwas that it was all about “Having a vis
The Army pulled working capital funds forward from future year budgets to pay for an investment
“‘just knew” would make [sense and provide a very high'ROI, so the future year operating budgets
be needed at their prior|levels because of the reduced operating and maintenance costs in the
was thus embarked upon in the absence of a_strong, prior CBA, and was justified by a group of g

t'educe the maintenance
ions and support costs.
fusion and analysis. It
SO inextricably linked to
ue. Indeed, none of the
EKG of Army helicopter
ity of data that CBM is
condition indicators, and
maintenance action is
4% of the fleet was so
hin units that are “DSC
d have been determined
e DoD, are “sunk costs”
uipped, the cost savings
w the Army had justified
ion and staying with it.”
that the General Officer
are depleted but will not
but-years. The initiative
eople who believed that

it was the right thing to o and that the benefits would subsequently be seen, measured and quantified, thus providing a

template for others, both military and commercial to adopt.

FIGURE 3 - U.S. ARMY HELICOPTER FLEETS ARE LEADING THE WAY FOR ON-BOARD PHM APPLICATIONS
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In March 2010, the following benefits were being briefed to the aerospace and military community, backed up by raw data

directly from operating p

$49 million.

e 57 engine removals

latforms.

avoided on UH60/AH64 fleets, a savings of $27 million.

Nine percent greater availability on helicopters fitted with DSCs compared with those not fitted with DSCs.

Three “Class A” (i.e., loss of aircraft, damage greater than $2 million, or loss of life) incidents avoided, a savings of

This is an enlightening example where no clinical or detailed CBA/ROI was performed prior to embarkation but was
backed by a strong belief of Army senior leadership, and one individual in particular that adopting a CBM strategy for the

U.S. Army’s entire helicgpterfleetwasthe-waytogotoaddressthemajorchattengesfacingthe 4

sustainment activities.
8.2 Financial Tools
8.2.1 Real Options Ar

A model derived from d
capture the unique and

alysis (Reference 2)

ptions in financial markets (“puts” and “calls” on shares or currencies)
mportant benefits of PHM systems. A PHM system<and the CBM activit

Army’s maintenance and

has been used to help
es that emanate from i,

inherently provide futur¢ decision and investment options enabling maintenance personnel to avoid a future failure by

making these near term
economic benefits that g
are designed to capture
Augmenting existing ec
unique and important bu

Similar to financial inve
instead it affords an op
future investment decis
applying a real options
enabled by PHM investn

8.2.2 Actuarial Scieng
One way to view PHM s

insurance contracts bas
Actuarial science provid

investments (exercising the option). Future options enabled by an initial
re difficult to capture with traditional capital.asset pricing models. Real of

PHM investment provide
tions valuation methods

the benefits of future investment and strategic options such as those enabled by a PHM system.

bnomic analysis methods with an optiofivalue pricing model can captur
siness benefits provided by PHM investments.

stment models, a PHM investment does not prevent a failure or auton
ion to take action in the future’to realize a financial or operational bene
ons may be captured in 'an economic model called real options valua
valuation model provides-a more accurate picture of the financial and
nents.

e (Reference 3):
ystems,_is 10 consider them as insurance against future failures. A rich

bed onthistorical failure statistics; primarily in the area of life, medical
bs thenecessary tools to assess the risks associated with each field so th

set in an objective manr

ef~As described by a leading researcher in this area (Reference 3), thes

2)
o

in financial terms, the

natically generate profit;
fit. The option to make
on. Some believe that

sﬂrategic benefits that are

radition exists of pricing
and liability insurance.
at the premiums can be
e analysis tools are now

being used to model th

> fimanciat risksassocated-withrmamaging targe fleets of industriatasse

and lead to a more effective means of pricing long term service agreements.

8.3

Integration of a PHM model (Reference 4)

s such as gas turbines,

The integration of a PHM model, within a larger logistics analysis model, is still uncommon and not well documented.
Overall categories for identifying and understanding the different types of impacts and benefits that a HM system can
have from a logistics support perspective are: Reduced Lead Time, Avoided Consequences of Failure, Extended
Life/Reduced Maintenance Frequency, and Optimized Resource Use. A method to assess prognostics by a modeling
capability that is implemented in discrete-event simulation models has been developed.
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In the Avoid Consequences of Failure scenario, increasing the lead time tends to increase the number of fixes (assuming
maintenance is performed at the first opportunity). Increases in lack of precision for the prediction also result in increased
number of fixes, both in terms of the number of fixes for the same lead time and the longer lead time required to meet the
performance goal. For the Extend Life/Reduce Maintenance Frequency scenario, when the predicted standard deviations
and the failure standard deviations are the same, the availability will be the same; similarly, when the predicted standard
deviation is less, the availability will be greater, and conversely, when it is greater, the availability will be less. As the
failure standard deviation increases, availability will go down but the relationship between prediction and failure standard
deviations will remain the same. Care needs to be taken in evaluating the benefits of extending life when PHM coverage
is not 100 percent or involves multiple items.

In both scenarios, better precision is good if the failure variation is not well understood.

8.4 System Dynamics Approach/Perspective

This is a method for un
into its individual comp
another.

jerstanding the dynamic behavior of complex systems and, rather than't
bnents, it looks at the whole and reveals how all the objects inthe s

breaking up the problem
ystem interact with one

To calculate the total sa sociated with unplanned
berviceable at a remote

actual cost of restoring

vings that could be generated from a PHM system, the cost)elements as
availability need to be pnderstood. For instance, an airplane whose engine‘has become un
location generates immediate direct (or primary) costs of obtaining the spares\to repair it and the
the engine to a servicepble condition. Additional direct costs might arise through the need td provide a replacement
aircraft to complete the mission, and transporting a maintenance crew ¢e the site. Secondary cgsts are not always easy
to identify and can also|be carried for as far as the operator wishes(to include in his calculations and involve elements

such as lodging expenses for passengers, offerings of goodwill to passengers (clothing allowan
coupons for use on a fyture flight), the perceived damage of theairline’s reputation in the minds
The point is that, statistically, the engine unserviceable eventlis just a data point but, behind
variables that greatly influence the cost and impact arising from each specific event.

Net savings also need [to be calculated which considers any investment involved to introduce
savings is typically the difference between the LifeCycle Costs (LCC) of the current baseline

PHM technology) and projected LCC based on theuse of the PHM technology (which includes th
and use of the technology as covered earlier). While Net Savings is a good indicator of f
alternative, it does not gddress the time valug' of money, in its comparison of competing alterna
money can be evaluatdd by calculating'the Net Present Value (NPV) of the Net Savings at 4
known as the Discount Rate. Considering the time value of money enables decision makers to ¢
have savings at completely differentpoints in time in the system’s life cycle.

ce for extended delays,
of the customers, etc.).
the event, is a mass of

the PHM system. Net
system (i.e., without the
b cost of the introduction
he overall value of the
ives. The time value of
specific cost of money
pmpare alternatives that

Return on Investment (ROI) inits simplest form is the ratio of Net Savings to Investment Costs. Where both elements are
well known, then this is p clear’indicator of the financial soundness of proceeding but as discussed earlier, both elements
are challenging to deterpnine with accuracy. Moreover, the ROI does not include an evaluation of risks, particularly those
that are unique to the specific equipment or systems under evaluation. These risks would need to be identified and

addressed through some risk assessment process in cooperation with the ROl analysis.

8.4.1 Business Case Scenarios using System Dynamics Modeling (Reference 5)

This section provides a method for computing ROI of a PHM system for 4 different scenarios that would typically be found
in aircraft operations and maintenance. It can be used for any military or commercial application but the numbers used
for the categories in Table 2 assumed a single engine fighter fleet. Moreover, the numbers used are purely hypothetical
and meant to help illustrate the methods of calculation. The figures in Table 3 reflect the investment costs for 10 years
including acquisition, maintenance, installation, integration, and training. When considering what kind of improvement the
PHM system must deliver to justify the investment, the entire engine/PHM/maintenance system should be modeled so
that the impact of introducing the PHM system can be determined.
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