METHODS AND SYSTEMS FOR PERFORM NG DI AGNOSTI CS REGARDI NG UNDERLYI NG ROOT
CAUSES I N TURBI NE ENG NES FI ELD OF THE | NVENTI ON 100011 The present
invention relates to turbine engines and, nore particularly, to inproved
met hods and systens for perform ng engi ne diagnostics in turbine engines.
BACKGROUND OF THE | NVENTI ON (0002] Turbi ne engi nes routinely undergo

di agnostic testing or nonitoring throughout the Iife of the engine, for
exanpl e through the use of a turbine engine health nonitoring systens. Such
turbine engine health nonitoring systenms typically nonitor either neasured

quantities or denERHOS AND SYBTEMSIFORPERFORMING DEAGNTSSTIENS Or mance.
Such neasured quantities or derivatives are generally fairly accurate

measur es of deWEGABRING ENHERL VING ROGH CAUOVEY BY TURBENE ENEANESed
guantities or derivatives may not indicate the underlying root cause and/or
a level of severity thereof. (0003] Accordingly, there is a need for an

i nproved nethod for determining underlying root causes in a turbine engine.
There is also a need for an inproved systemfor determ ning underlying root
causes in a turbine engine. IrFIEHHh@Fa'HE INVENFION a need for inproved

met hods and ms . for det erm ni ng sev t he under oot
Causesin s MUDB he RGNt TPt 10 Siotust gines dnanoreaatisiebang
characteri stjCgnfith éd‘?n HoAs el sybestfor &G &t inf fPBhE he
subsequent dgt alﬁe\é des?crl pti on§y0¥ the %ﬁ\%llr?%lpg gﬁg (ﬁ p%ended c% ai ns,

taken in coejgmesti on with the acconpanyi ng draw ngs and t hi s background of

the invention. 2 SUVMARY OF THE | NVENTI ON [ 0004) In accordance with an
exenpl ary enbodi nent of the present invention,

BACKGROUND OF THE INVENTION

[0002]  Turbine engines routinely undergo diagnostic testing or monitoring
throughout the life of the engine, for example through the use of a turbine engine
health monitoring systems. Such turbine engine health monitoring systems
typically monitor either measured quantities or derivatives of measured quantities
of engine performance. Such measured quantities or derivatives are generally
fairly accurate measures of deviation in engine operation. However, these
measured quantities or derivatives may not indicate the underlying root cause

and/or a level of severity thereof.

[0003] Accordingly, there is a need for an improved method for determining
underlying root causes in a turbine engine. There is also a need for an improved
system for determining underlying root causes in a turbine engine. In addition,
there is a need for improved methods and systems for determining a severity of
the underlying root causes in a turbine engine. Furthermore, other desirable
features and characteristics of the present invention will become apparent from the
subsequent detailed description of the invention and the appended claims, taken in
conjunction with the accompanying drawings and this background of the

invention.



a nmethod for perform ng diagnostics for an engi ne using operational data for
the engine is provided. The nethod conprises the steps of identifying an
engi ne conponent as potentially being related to the operational data,
calculating a conponent deviation froma thernodynam c nodel, and conpari ng
the conponent deviation with a plurality of root cause devi ati on neasures.
The conponent deviation relates the engine conponent to an adjustnment to
the thernodynam c nodel with respect to a variable of the thernodynam c
nodel, based at least in part on the operational data. Each root cause
deviation neasure relates one of a plurality of potential root causes to
the thernodynam c nodel with respect to the variable of the thernodynam c
nodel . [0005[] In accordance w th another exenplary enbodi nrent of the present
i nvention, a progran1producﬁtﬂéNBﬂ%VKH%Eﬂﬁdbggaﬂ %Nﬂing di agnostics for an

engi ne using operational data for the engine. The program product conprises
a program co I i I ks pgidﬂ'] . gyr.amis
configured f@ﬂg I g@l%%@%@??%t% @ggxﬁfaﬂ g‘?‘ﬁé&gﬁnengl ggre-(ggﬁr}ﬁg%cen nﬁas
potential |y baietipdrfol peforniag tdignostiverfet a erdinélasiag opédationaltdaigfon tkonponent
deviation froma thernodynam c nodel, and conparing the conponent deviation
with a pluradngne b proyisledc aliie methndaeqraprisesndhes sieps of Terntifing Aveengivrevi at i on
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part on the apgiodehOnd@vidfidha frdsdCh [RAhodyiAHEE ARUEIAt iRt doRGSING thd at es one
of a plurality of potential root causes to the thernodynam c nodel with

respect to téBRORENEeWalgn it & vl pbaet ¢aAvsr (deviatipr reesspisser Theadabl e

si gnal beari ' ars th rpgram. n anot her ex ar,
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generating atheasddydatse nddel aithoRspeet tda GnBLIE &ift the fthéhodyn&hii medélor use in

perform ng di agnostics for the engine. The program product,
based at least in part on the operational data. Each root cause deviation measure

relates one of a plurality of potential root causes to the thermodynamic model with

respect to the variable of the thermodynamic model.

[0005] In accordance with another exemplary embodiment of the present
invention, a program product is provided for performing diagnostics for an engine
using operational data for the engine. The program product comprises a program
and a computer-readable signal bearing media. The program is configured to at
least facilitate identifying an engine component as potentially being related to the
operational data, calculating a component deviation from a thermodynamic model,
and comparing the component deviation with a plurality of root cause deviation
measures. The component deviation relates the engine component to an
adjustment to the thermodynamic model with respect to a variable of the
thermodynamic model, based at least in part on the operational data. Each root
cause deviation measure relates one of a plurality of potential root causes to the
thermodynamic model with respect to the variable of the thermodynamic model.

The computer-readable signal bearing media bears the program.

[0006] In another exemplary embodiment of the present invention, a program

product is provided for generating a root cause deviation for a component of an



conprises a program and a conputer-readabl e signal bearing nedia. The
program is configured to at least facilitate identifying a plurality of

root causes of a synptomin the engine, each root cause conprising a
condition of the conponent, simulating conditions of the conponent for each
of the plurality of root cases, to thereby generate simulated data,

devel opi ng a mappi ng bet ween each potengial root cause and a first variable
related to engine performance, using the simulated data and an aerodynanic
nodel, and relating the mapping to a second variable of a thernodynam c
nmodel , to t hergiiey fateiserin peefoamingodiagimnsties farvthetengine reBsa pgtam produet

conponent. The conputer-readabl e signal rin di a bears_the program
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mai nt enance system conprises a sensing a ‘processor. The sensing
devi ce i s cosympomed thoergms eadp@ottciuse abmpasing b @onditior o theeconifforemt; ocessor
is configured to. at least facilitate determni i dentifying an engine
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di agnostics on an engine, in accordance wth an exenplary enbodi nent of the
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invention, a health maintenance system for an engine is provided. The health
maintenance system comprises a sensing device and a processor. The sensing
device is configured to sense operational data for an engine. The processor is
configured to at least facilitate determining identifying an engine component as
potentially being related to the operational data, calculating a component
deviation from a thermodynamic model, and comparing the component deviation
with a plurality of root cause deviation measures, each root cause deviation
measure relating one of a plurality of potential root causes to the thermodynamic
model. The component deviation relates the engine component to an adjustment
to the thermodynamic model with respect to a variable of the thermodynamic

model, based at least in part on the operational data.



a synptomidentified fromoperational data for an engine, and that can be

i npl emented in connection with the health mai ntenance systemof FIG 1, in
accordance with an exenpl ary enbodi nent of the present invention; [0010]
FIG 3 is a flowhart of a process for a portion of the process of FIG 2,
nanely cal culating a root cause deviation neasure, in accordance with an
exenpl ary enbodi nrent of the present invégntion; [0011]] FIG 4 is a
representation of an exenplary inplenmentation of the processes of FIG 2
and FIG 3 using the health maintenance systemof FIG 1, in accordance
wi th an exenpl ary enbodi nent of the present invention; [0012] FIG 5 is a
flowhart of an alternative process for determning a likely root cause of

a synptomidentified fr i I ine, and that can be
i npl emented in connecti Wﬁgshwgﬁhﬁﬁﬁ%ﬁ@g@st emof FIG 1, in
accordance with an exenpl ary enbodi ment of the present invention; [0013]
FIG 6 is a representation of a conponent deviation table, that can be used
in connection with the alternative process of FIG 5, including nmeasures of
adj ustments to a thernodynanic nodel resulting fromvalues pertaining to
various end0f@8lconfdaehtis a funrtippeldyloekdiegrain foranheskthrmainiepancetsysement of
the present oi nve tion; an(I:I1 53 s[001a4] FIiG i7 IS a regre entatié)n of a root
cause devi atq orP & Iﬁléﬁg A b s EWTH Eoﬁ?fgﬁqalnfi W H 8 rﬁ‘?@%’r native
process of RifboddmenttflthélpregentBanti®s of adjustnments to a thernodynam c
nodel resulting fromvalues pertaining to various root causes related to
vari ous engi ne conponents, in accordance with an _exenplary enbodi nent of
the resent 808Nt i oFIGDET floprhrsd pocess faderrmpimErtikelyERscBIsENT [ 0015]
Bef ore procegeq| i t. d i ri.pti it ts to.b ci ated
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implemented in connection with the health maintenance system of FIG. 1, in

accordance with an exemplary embodiment of the present invention;

[0010] FIG. 3 is a flowchart of a process for a portion of the process of FIG. 2,
namely calculating a root cause deviation measure, in accordance with an

exemplary embodiment of the present invention;

[0011] FIG. 4 is a representation of an exemplary implementation of the
processes of FIG. 2 and FIG. 3 using the health maintenance system of FIG. 1, in

accordance with an exemplary embodiment of the present invention;

[0012] FIG. 5 is a flowchart of an altemative process for determining a likely
root cause of a symptom identified from operational data for an engine, and that
can be implemented in connection with the health maintenance system of FIG. 1,

in accordance with an exemplary embodiment of the present invention;

[0013] FIG. 6 is a representation of a component deviation table, that can be
used in connection with the alternative process of FIG. 5, including measures of
adjustments to a thermodynamic model resulting from values pertaining to various
engine components, in accordance with an exemplary embodiment of the present

invention; and



particul ar type of turbine engine, or to turbine engines in general. Thus,
al though the present enbodinent is, for conveni ence of expl anation,

depi cted and described as being inplenented in connection with a turbine
engine, it will be appreciated that it can be inplenented in connection

wi th various other devices, systens, and/or environnents. [0016] FIG 1
depicts a functional block diagram showng a health maintenance system 100
for determning one or nore likely root causes froma synptomrelated to
one or nore conponents of an engine. In the depicted enbodinent, the health
mai nt enance [8¢btlem FIG. 7 ich uc;ﬁsswtasiensifragro@ewm dewiation t6kle ahat candenput er
system 104. L&O@l? The . sensh g EVI ce unit 1%9‘1 cl.ude Val’l ous sensors for
gathering iBFHIMELTISAIQL WithitHe pRermatNeRFopess néem§ RIS an
engi ne, for em i g one or
nor e symtoﬁ?ﬁgg}%&?ﬁﬂﬁgﬁﬁ%@éﬁd ongeéoq}l.}éuﬁ gsﬁx %?y&?égﬁtﬂggmgggghéﬁ%r eof. In
the depi ct edooterwhasds neia:ted tthevaausi emgink woawpounents, 1) 2adcordancke svith fanr st

sensi ng devi ce 1&%{ c§econ ensi ng devi ce 108, and additional sensing
devi ces 110.€XFHPiagy pyhedime ?ré???%tm‘(‘ﬂ’é‘ogenm ng device unit 102 may

i ncl ude any nunber of dlfferent 6 sensing devices. Also, in certain

enbodi nents, the sensing device unit 102, or portions thereof, nay be

i npl enented as part of the conputer system 104, one or nore other conputer
systens, and/or any one or nore of a nunber of other different types of
systens and/ or deVETAE.ED QESCRIPAEONH & RREEFRRED BMIBORIMEND! ed to t he
sensing device unit 102. The conputer system 104 receives data fromthe
vari ous sensors of the sensing device unit 102. As described in nore detail
bel ow, the computer system 104 uses values fromthe sensing device unit 102
to performvarious cal cul ations, conparisons, and determ nations, such as

those descrijpers)f ur Befre BRIcedding) with the detailed description, it is to be appreciated

that the described embodiment is not limited to use in conjunction with a

particular type of turbine engine, or to turbine engines in general. Thus, although
the present embodiment is, for convenience of explanation, depicted and described
as being implemented in connection with a turbine engine, it will be appreciated
that it can be implemented in connection with various other devices, systems,

and/or environments.

[0016] FIG. 1 depicts a functional block diagram showing a health
maintenance system 100 for determining one or more likely root causes from a
symptom related to one or more components of an engine. In the depicted
embodiment, the health maintenance system 100 includes a sensing device unit

102 and a computer system 104.

[0017]  The sensing device unit 102 includes various sensors for gathering
information or data regarding performance and operation of an engine, for
subsequent use by the computer system 104 in identifying one or more symptoms
of the engine and one or more likely root causes thereof. In the depicted
embodiment, the sensing device unit 102 includes a first sensing device 106, a
second sensing device 108, and additional sensing devices 110. In various

embodiments, the sensing device unit 102 may include any number of different



connection with FIGS. 2-7, for exanple in determning one or nore |likely
root causes of a synptom of an engine as represented in operational data of
the engine. 100191 In the depicted enbodi ment, the conputer system 104
includes a processor 112, a nenory 118, a bus 120, an interface 122, and a
storage device 124. The processor 112 perforns the conputation and control
functions of the conputer system 104, &nd nmay conprise any type of
processor or multiple processors, single integrated circuits such as a

m croprocessor, or any suitable nunber of integrated circuit devices and/or
circuit boarsgesingdryiges. i fleoe dp eain smbodisnentss dhep sensing devigeuwait 18Asorof a

processi ng [ j {1 r...11 X t ne_or nore
pr ogr anms 123% [r)‘rrmenfsel%l;‘léjg{}g n@%ei}&ﬂ%ﬁt%?ﬁé%ﬁ%?yowg rg}:lsg;&xu'nal?a,s?c}-&ehc?r controls
the general A@eraheBoputeh 8yten® Uiorsyst /e bP4norc0R2 8 unibep e @h&odi ment ,
the menory 118 stores a programor prograns 128 that executes one or nore

enbodi ment s differgnt ypes efsysiemyandionilevedson process of the present invention,
di scussed in nore detail below. The nenory 118 can be any type of suitable

menory. In &yl ON eyl ferred odi t ol res
engi ne operjﬁ gic#rlal gg% %"%?8&832%‘?‘3& le@ngrcg’%gttg t&??ffﬂéﬁ@%@%ﬁ%t iég'sur ed by
t he sensi ng TevidagpWer syskd? 104 rédedleseidianiasm chewagbuslsidsors vd/thé sénsingl ural ity
of root cause deviation nmeasures 132, which rmay all be used in the root

cause det er reNieiUdH 1920 dslesgibepiimmope detpilibelpwothesomputss sxsierm, 104 uses as t hose
described fuyryner sG] QKs éeﬁ@ﬁé@é&é&?& SaRogyIERt gerfg-rji’x? VERIORE Vealdiitat i ncl ude

7 one or nore of 'various dynam C rantdom access nenory M such

as SDRAM tdeenpafisorsy sandy gewermihatidaf isaciRAN (hoRAMescribed Hilithey aidl@wsint ypes of
non- vol atile nmenpry ,PRO\/% EPROM and flash). It should be understood that
the menory cpngeqhign wih F1GBnd17e forprample Hbdefesmindgpentent mogy likely ragt be
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di fferent cqopimjer sli hhé depicted embodiment, the computer system 104 includes a
processor 112, a memory 118, a bus 120, an interface 122, and a storage device
124. The processor 112 performs the computation and control functions of the
computer system 104, and may comprise any type of processor or multiple
processors, single integrated circuits such as a microprocessor, or any suitable
number of integrated circuit devices and/or circuit boards working in cooperation
to accomplish the functions of a processing unit. During operation, the processor
112 executes one or more programs 128 preferably stored within the memory 118
and, as such, controls the general operation of the computer system 104.
[0020] In one embodiment, the memory 118 stores a program or programs 128
that executes one or more embodiments of a root cause determination process of
the present invention, discussed in more detail below. The memory 118 can be
any type of suitable memory. In addition, in a preferred embodiment, the memory
118 stores engine operational data 129 generated from data or information
measured by the sensing device unit 102, a thermodynamic model 130, and/or a
plurality of root cause deviation measures 132, which may all be used in the root

cause determination process of FIG. 2, and/or other processes, such as those

described further below, in various embodiments. The memory 118 may include



col l ectively conprise the conputer system 104. For exanple, a portion of the
menory 118 may reside on a conputer within a particul ar apparatus or

process, and another portion may reside on a renote conputer. [00211 The
bus 120 serves to transmt prograns, data, status and other information or
signal s between the various conponents of the conputer system 104. The bus
120 can be any suitabl e physical or |og¥fcal neans of connecting conputer
systens and conponents. This includes, but is not limted to, direct

hard-wi red connections, fiber optics, infrared and w rel ess bus

t echnol ogi esone ot GERe of Tm;)us iy s fof dgnansie raddovwascessmemoryDFoAM) sudthas co nput er
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systenms or conponents,”for exanple the sensing device unit 102 and the
vari ous sensmrsOIUhHrSem&y bT hesinglatype bémnmmzcmporwns@ruhmh)adte composad nor e
net wor k i nt eqjj aces

t ech d/
o orous i nt dtragg B DT RerepeRary fomhoh &5 ol adtiliin, B RoR igAndlt or age
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st orage apparatus, including direct access storage devices such as hard
di sk drives COﬂlleetmljsmepnse tthdommlyercHysﬂerrdNMei?oanmmJ g glortdis kf thei ves. I n

one exenpl ary enbo stora de i.ce 124 is ram product from
ot ch mamor yRIRETCHIE FRLSPUSE an 8 S0 gt AmrolE PRETE @ HPebr o
enbodi nent s zglhaﬁo(h@pf,oﬁghl rggggémf@ﬁdtgeo@?&gpss and/ or ot her processes of
the present invention. P{ in he storage device 124 can

conprise a dﬂﬂ?{lldrl \Tbed@m déOtSmteS uoetranbingk progra@s,t datgs statusdand. other one
cxeTPl ary | SRRk ekl P NS SR e MR s iire o
perf or i ng OfAY athOBs | PELESBe any suitable physical or logical means of connecting
computer systems and components. This includes, but is not limited to, direct
hard-wired connections, fiber optics, infrared and wireless bus technologies.
[0022) The interface 122 allows communication to the computer system 104,
for example from a system driver and/or another computer system, and can be
implemented using any suitable method and apparatus. It can include one or more
network interfaces to communicate with other systems or components, for
example the sensing device unit 102 and the various sensors thereof. The
interface 122 may also include one or more network interfaces to communicate
with technicians, and/or one or more storage interfaces to connect to storage
apparatuses, such as the storage device 124.
[0023] The storage device 124 can be any suitable type of storage apparatus,
including direct access storage devices such as hard disk drives, flash systems,
floppy disk drives and optical disk drives. In one exemplary embodiment, the
storage device 124 is a program product from which memory 118 can receive a
program 128 that executes one or more embodiments of a root cause
determination process and/or other processes of the present invention. As shown
in FIG. 1, the storage device 124 can comprise a disk drive device that uses disks

126 to store data. As one exemplary implementation, the computer system 104



[0024] It wll be appreciated that while this exenplary enbodi nent is
described in the context of a fully functioning conputer system those
skilled in the art will recognize that the mechani snms of the present
invention are capable of being distributed as a program product in a
variety of forms, and that the present invention applies equally regardless
of the particular type of conputer-readable signal bearing nmedia used to
carry out the distribution. Exanples of signal bearing nedia include:
recordabl e medi a such as floppy disks, hard drives, nmenory cards and
optical di skuy(@sogitilizdiasintemsy webgitg, for gnample fouprowiditigioramaintaining datgi t al and
anal og communication |inks. u% will simlarly be appreciated that the
conput er sygfg?f?ﬁrgﬂnmer%‘% TH&twi se differ fromthe enmbodi ment depi ct ed

in FIG 1, [6024] exaiPWell ite bpplectaRd ERAMMWAIRS RXSERMANY BRibolRnd@UR! ed to or
may otherw se utilize one or nore renote conputer systens and/ or other

control sydessmbed imdrsjontaxtof 2 fully furidtioninigsgompiterssystent, theseskilledtinr ni nat i on

process 200 (f or t er m .ni | i kel y. root..cause of. a mpt om i dent.i fi ed
Prom oper at i Wiy srorhpe M Bue iof hatis R B0 *Serf in B R R FRREPE PP or ocess
200 can be beRERIRAbREd b a prOFARProARt W b Watibg JTeBhhd) afBithitRAPeSerty St em 100
of FIG 1, in accordance with an exenpl ary enbodi nent of the present

i nvention. [@REINn Applirspiqualdy regardiess, ofthe tpagtiquiasttype o€ eompuisr-niadableon
process 200 _begipns .wth.the step of aobtaining.operational, data .regarding an
engi ne. (st et pernd ipdds feed, FRerhy Sk e tERRERE B ABRIS ovERlal aata

i s obt ai ned bygidpd mediPlindide? recstdablat Medi@ NRiIcRt £d floypy NRsk&E Matd driffey,i ce uni t
102. Also in a preferred enbodi nent, the engine operational data is

gener at ed amemaycards apdraptioyl disks (igacdisis b26)1amd trapmnissign stedidesichrast he
e 419, il B BpuE RSO SERGBL ARG s IRY B e TR v o
of the engi @empler system 104 may also otherwise differ from the embodiment depicted in
FIG. 1, for example in that the computer system 104 may be coupled to or may
otherwise utilize one or more remote computer systems and/or other control
systems.
[0025] FIG. 2 is a flowchart of a root cause determination process 200 for
determining a likely root cause of a symptom identified from operational data for
an engine. The root cause determination process 200 can be implemented in
connection with the health maintenance system 100 of FIG. 1, in accordance with
an exemplary embodiment of the present invention.
[0026] As depicted in FIG. 2, the root cause determination process 200 begins
with the step of obtaining operational data regarding an engine (step 202). In a
preferred embodiment, the engine operational data is obtained using information
or data generated by the sensing device unit 102. Also in a preferred embodiment,
the engine operational data is generated at least in part by the processor 112, and
is stored in the memory 118 of FIG. 1. Regardless of how it is generated, the
engine operational data preferably represents a plurality of performance measures

of the engine.



100271 An engine synptomis then obtained fromthe operational data (step
204). In a preferred enbodi nent, the engi ne synptomrepresents a neasure of
engi ne performance that is unexpected and/or undesirable. Also in a
preferred enbodinent, the engine synptomis determ ned by the processor 112
of FIG 1, based on operational data 129 stored in the nenory 118 of FIG

1. 100281 An engine conponent is then selected as potentially being a
top-level source of the identified engine synptom (step 206). For exanple,
in a preferred enbodinent, the engi ne conponent may include a high pressure
turbi ne, a [[@27]pr eAswmngirewsymptem is thingbbtpined frone theooperatimat data (step pressure
conpr essor, fapn, a onmbust or, and/or any one of a nunber of different
types of en&ﬁ?‘ﬂe E‘b?rﬂ’éﬁéﬁgg .em%Pﬁu%Fnﬁr%P SPEEA SYFPYYR FRRTESCOLS 3 Megburpidel | s

al so sel ect ed.:for ta-ng: t i Wi . I synpt om
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conpri ses a etribedmmaly,therieagim® dgmptoam ik détérimibed by diecprbtessor Ef2ofRKRdl,as t he

"t her nodynam ¢ nodel ". However., in certain enbodi nents, other types of
nodel s may Béseeié@oqperqﬁwaalﬁm?ﬁstﬂﬁs t‘liﬁleén%‘é‘iyﬁég Og%ﬁ%ohents and/ or ot her
vari abl es may al so be used, for exanple in different iterations of steps
206. Al'so ifogrgh’ ef Rhlsdin JofEitis tHed&s Q . @k;inE! alodidentifies
t he engi ne onpsgnent an lt@a@ﬁer nﬁ?ﬂyname(%%%ogéﬂlegﬁl%gﬁl é{nﬁaangp l%\ééels a

t her mody naniseunce o€ theldentifiert enginansymipome(step 206)L SFarf exangple, anmaugreferredy st em
104, as shown. in FIG 1. Once the engine.c onent is selected,

det er ni nat i GH‘ngmP'Fé‘&etthenSB‘e\Fé\“m?ﬁ}Ems@%X g@@% ﬁtli'e%'&“t“ée BEf"@Et?ﬁ‘h‘t’ed (step
208) in ordateal @ bl adfigh fredRité BhhpiRsdsR A , 288 Wl
be descri beg *Bel ow. ((’)%)129%l ﬂrleext, g6c rrf)on’en%&”gg%lgs;utr% gﬁnﬁgg‘l&b%n%tﬁa}né?ed (step

210), repr esembistgr, andfoelany ione shamunbenetdiffermt ¢yyes o€ enginp compbnantd t he
t her nrodynam_c nodel

., For .example, in a preferred enbodi nent, the,
t her modynaril® 2§ EFe‘i_‘rﬁ‘?[’%%‘E‘e%é fi5bt midsl i Al BRP RO/ R B bR GBInE ch as
ef ficiency chapefent kit {h@WnERR@RYFiptom via a thermodynamic model. In a preferred

embodiment, the first model comprises a thermodynamic model, and will be

hereafter referenced as the “thermodynamic model”. However, in certain
embodiments, other types of models may be used. In addition, multiple engine
components and/or other variables may also be used, for example in different
iterations of steps 206. Also in a preferred embodiment, the processor 112 of FIG.
1 identifies the engine component and the thermodynamic model variable, and
uses a thermodynamic model 130 stored in the memory 118 of the computer
system 104, as shown in FIG. I. Once the engine component is selected, a
determination is made as to various scalars that need to be estimated (step 208) in
order to calculate a deviation measure for the component, as will be described

below.

[0029]  Next, a component deviation is calculated (step 210), representing a
relationship between the engine component and the thermodynamic model. For
example, in a preferred embodiment, the thermodynamic model may use one or
more thermodynamic variables, such as efficiency change, airflow change,
pressure ratio change, or any one of a number of other different variables that may

be used to ascertain a deviation to a thermodynamic model caused by the engine



pressure ratio change, or any one of a nunber of other different variables
that may be used to ascertain a deviation to a thernodynam ¢ nodel caused
by the engine 10 conponent. Specifically, in a preferred enbodi nent, the
conponent deviation represents an adjustment to a thernmpdynam c nodel that
is believed to be potentially caused by the engine conponent identified in
step 206, as reflected in the operatiomal data obtained in step 202. Also
in a preferred enbodi ment, the conponent deviation conprises one or nore
scalars identified in step 208, each such scalar representing a

nul ti pli cat icoeponemtddBpecificatlgy irah i prefeired tehtbodinfent mbdydcvanponenndeliatioks
nment i oned above, in certain enbodinents a different type of nodel, other
than a ther FEREFFRINS @nnAYUStMERR O (o thermadynamig opodelethatijis hekigned @ hene

t her nodynam I nef . I ¥l a. 0 r dynami c
model var adeuliph ehise v G Sniks BRRpFRRY Elnihid P S0e Wbt BPY EC
the engi ne aheppaatibndlrdast eltaided in slepre02heAloripanprferredesthisddimentehe i ncl ude
a shift or other aqgfségpnt in the val ues o;@?n g#%ghng cgan % va&gable
and/ or one COTRASRENGGYERION [OMPBISES ORGHOF RIOTE Pk did Is¥e| <Vop&ttheved to
be caused by SLahs YepfeQlfligk A AlidpEaBRI dI° HARA"SbiatiBHC R Afnd e LOP
level fault ASSumedin 8 ep 4, in one exenplary enbodinent. I'n a preferred
enbodi ment , thérencdyApaivemnbdel e VA sineationed abale; Uh @kesin @ynbdden@itoacliffaentl 12 of
FIG 1, usit;g tﬂg &g%ge t(!)!per g;ei og@ dat a é219 antcli)§t he(bt her rodynam c nodel
130 stored YWPeohEO ¢ U131Ba GICTNRAYNAgHG MOEe!, B\dXOEMSaB4. [ 0031] The process
then proceeds to step 212, in which a determnation is nade as to whether
there are a diti . engi GRR e i ' J

preferred e:mg%ﬂnenp?lg?mussl e”gcr) m natgﬁlgn i g&%ﬁé&%ﬁkﬁ%@%rbg}g@gg#}té?u of

FIG 1. I|f itiabse detmetdiheanodynamicmoddldatiabies.t Rerr exadiple, aN® high predsare
addi tional engi.ne conponents for consideration, then steps 206-212 repeat

until there MEPiRe WaIdEHIRA P HiF FNEINE CUPRANGHEH: SR 0Qithem ther cammmragenti 2 ¢ hat
there are nojRflgich! 195'}"7‘|include a shift or other adjustment in the values of an airflow

change variable and/or one or more other variables in the thermodynamic model

believed to be caused by a state or condition of the engine component, such as the
top level fault assumed in step 204, in one exemplary embodiment. In a preferred
embodiment, the component deviation is calculated by the processor 112 of FIG.
1, using the engine operational data 129 and the thermodynamic model 130 stored

in the memory 118 of the computer system 104.

[0031] The process then proceeds to step 212, in which a determination is
made as to whether there are any additional engine components for consideration.
In a preferred embodiment, this determination is made by the processor 112 of
FIG. 1. Ifitis determined in step 212 that there are one or more additional engine
components for consideration, then steps 206-212 repeat until there is a
determination in a subsequent iteration of step 212 that there are no additional
engine components for consideration. Thus, in a preferred embodiment, steps
206-212 are repeated to ensure that the various component deviations are for each

of the engine components being considered.



engi ne conponents for consideration. Thus, in a preferred enbodi nent, steps
206-212 are repeated to ensure that the various conponent deviations are for
each of the engi ne conponents being considered. 11 [00321 Next, in step
214, the conponent deviation is conpared with a plurality of root cause
deviations as well as to severity levels reflected therein. The root cause
devi ati on neasures represent rel ationshjps between the potential root
causes and the thernodynami ¢ nodel. Specifically, in a preferred

enbodi nent, each root cause deviation neasure includes one or nore sinulated
val ues cal cuj0882d uNext, an stepr Qdly,néhe compotednt adedtiasionuisat@dparpédrwith anal dat a.
Each root cause devi ation nﬁa;ure prefen?bly relale;%? potential root cause

to the therPHENRARf coosure APYIAQnssiseuel! bt aevestty Jryels iehlestad djsteii ¢ nodel
variabl es, Spg @% iQSEeafh ﬁansﬁ}e%preQéQem Ir&rat?or&ﬁﬁis%eﬁ@@e&%@ﬁf&éﬁﬂP each
ot her adj ust

root cause deviation nmeasure conprises a scalar o nent factor
t hat represmot scaasenlahd pthiec dhdrmedpmamsiddidodele  dSpedificadly, tim tah@réflreedrodynani c
nodel . Al so Ilg'cﬁ preferred enbogﬁr\rlen,t, t he root gause devi ati.on_neasures
are cal cul at @BPOdiuERYy carh KOt GaysSAAvEatinn dagasunegnaluges epeonmeresipipated

embodi ment . {figed Qé?éul&tggﬁgirr%eé(d %&ﬂoﬁ%dﬁ%@%ﬁé&z (?gaysiaﬁlatéar ﬁ%é'rrﬁ’t'i’oﬂa}’ dg@l cul ated

before the root cause nat on” process begil ns. exanpl e, as
shown i n Fl Each rooticausesleviatdn orasee geeferably aplates aspotarial &idt cayse taltheady be

stored in the nenpry 118 of .the conputer system 104 of FIG 1, Such root
cause devi at MERMOBASHIG 19 YHY 15ePgst 01 B8& IS W%Jﬁmyawg mqdel at ed

oper ati onal B35 WhCas! HGseSRRH sfcégefl@? ilﬂrkgt)ﬁ%eﬂ &%dirﬁeﬂ??fcrh%gg’ in

certain enbodinents. conprises a scalar or er adjustnent’ factor that
represents acauselldevytion atnieasaire rcoagpdisés aescdbavi at iother tadljushmerth éactardshaarm c

nodel. [00341 Also in a preferred odi pent,, the copparison of step 214 is
conduct ed byrepfféerﬁwcggté%#wﬂ% & save f{y‘a’lﬂBPnéQéHﬁlt ,WWD%Wp%‘PiE%Ion may be
Also in a preferred embodiment, the root cause deviation measures are calculated

using an aerodynamic model.

[0033] In a preferred embodiment, the root cause deviation measures may be
previously calculated before the root cause determination process 200 begins. For
example, as shown in FIG. 1, various root cause deviation measures 132 may
already be stored in the memory 118 of the computer system 104 of FIG. 1. Such
root cause deviation measures 132 may be previously calculated using simulated
operational data before the engine operational data 129 is generated, in certain
embodiments. comprises a scalar or other adjustment factor that represents a

multiplicative or additive deviation to the thermodynamic model.

[0034]  Also in a preferred embodiment, the comparison of step 214 is
conducted by the processor 112 of FIG. 1. For example, the comparison may be
conducted using an generalized least squares approach, any one of a number of
different types of comparison algorithms, and/or any one of a number of different
types of approaches. Also in a preferred embodiment, multiple root cause
deviation measures are compared with multiple component deviations with
respect to multiple thermodynamic variables, and/or with respect to multiple

engine components, for example as steps 206-212 are repeated. Ultimately, the



conducted using an generalized | east squares approach, any one of a nunber
of different types of conparison algorithnms, and/or any one of a nunber of
different types of approaches. Also in a preferred enbodi nent, multiple
root cause deviation neasures are conpared with nultiple conponent
deviations wwth respect to nmultiple thernodynam c variables, and/or with
respect to nmultiple engine conponents,2for exanple as steps 206-212 are
repeated. U timtely, the 12 conparisons in step 214 are used to rank the
potential root causes, to select a |ikely root cause based on the ranking,
and to cal cebmbperisonsanesteépt §14 arer esetl, toaankithd potestialirootisanes, fturseleer abel ow i n
connection with steps 211)6 3nd ﬁ18. [0035%) The potential root causes are then
ranked (st epkolapoheause basedigndhe sankong, jand toscalgHatg & ssyenity therspl, a3 avill

Speci ficall k ] : I root causes are
ranked in s?sggﬁ%&%egm?ﬁ&?g%g@mtggﬁ ogvﬁal%lsgﬁp;sle?ﬁgﬁéh?ér'especti ve root cause
devi ati on neasures are to the conponent deviations determ ned wth respect
to the engi j@035)nporituet potereial aooti camséshareethen rhnked (spel H)rieded whotie nent ,
this ranking is conducted by. the processg 12 of FLG 1.  [.0036] Next, in
step 218, oNEMPATISAS LOpgyLts mrs&ﬂE’é‘au@?@éﬁéy’sléladgﬁééﬂedéﬁﬂ”dg@%f‘thi es are
estimated t Je rs 1 I erred
enbodi nment , tE,t%F?g{ilgle\;&’eort ???%g agf r%‘ﬂgdlI?k%é%d;g}%g@mcg%ggst%g?]eo“%:g}ogavg{hg% based
on the sizerefpetthe soatl ansei devtidtion medasures)saee dov tleet icomporas udedations t he

likely root A causes, as determ ned at least in part uysing an aerodynam c
nodel . Each d@ﬁenpmga WitEe‘leﬁ’etch? a@@@epf&@mngs{)sypmmag neretp. o 1ot Bt e or

condi ti on 0l EN kB AAN Filkink12bor dictel 65 e bAclRYEN BAYSAE, § SYPLom

detected in-operation he engi ne. In a preterred
enbodi ment, these calculations are made by the processor 112 of FIG 1.
[0037] FIG [603¢§ a Nextwmatep 2I8, onecmt moreublelyleuotatduses araslecteds andul at i on
Process 300 {ofitfes are' eatimatld thérdfore “Bated oatthe Yanlig Tom-siep 296, AuPgr ent! 2
preferred embodiment, the severities of the likely root causes are calculated based
on the size of the scalars in the root cause deviation measures for the likely root
causes, as determined at least in part using an aerodynamic model. Each of the
likely root causes preferably pertains to a state or condition of an engine
component that is likely to have caused a symptom detected in operational data
for the engine. Also in a preferred embodiment, these calculations are made by

the processor 112 of FIG. 1.

[0037] FIG. 3 is a flowchart of a root cause deviation measure calculation
process 300 for calculating a root cause deviation measure for a potential root
cause of an engine, in accordance with an exemplary embodiment of the present
invention. For example, in a preferred embodiment, the root cause deviation
measure calculation process 300 represents a particular implementation of step

214 of the root cause determination process 200 of FIG. 2.

[0038] As depicted in FIG. 3, the root cause deviation measure calculation
process 300 begins with step 302, in which a first model is obtained. In a
preferred embodiment, the first model comprises a thermodynamic model, and

will be hereafter referenced as the “thermodynamic model”. However, in certain



cause of an engine, in accordance with an exenplary enbodi nrent of the
present invention. For exanple, in a preferred enbodi nent, the root cause
deviation measure cal cul ation process 300 represents a particul ar

i npl enentation of step 214 of the root cause determi nation process 200 of
FIG 2. [0038] As depicted in FIG 3, the root cause deviation neasure

cal culation process 300 begins with stgp 302, in which a first nodel is
obtained. In a preferred enbodinent, the first nodel conprises a

t hermodynam ¢ nodel, and wll be hereafter referenced as the "thernodynam c

nodel .  Howeansiodiments,esthed typdS of emddeldi mey be, used.helhet thpatodynatiyd dlodelmay be
used. The therm)d){nam c nodel preferably relates one or nore_engi ne

conmponent s tR3eiFEAblY, Uslates, pBe rain&ore ARG eQMPPNeRHs d¢gYasious [ pryfromange
addition, a @ﬁa%ﬁﬂaq 0‘1’9@%}@%1? al so obtained (step 304). In a preferred

enbodi nent , e secon conprises an aer odynam c nodel, and wll be
hereafter referenced as the "aerodynam c nodel". However, in certain

enbodi nent s, [0039jer tly péditiod, armdeﬁdsmﬂgd 1balsu%cb.meﬂt(etep30d¢ytrambmfmabl
preferably reI ates varlous pot e <§ﬂl root causes to varlg s perf.ormance
measur es ~ of SRPRAIBAR; e sgoqng mpp épt@asen%apwémamvheo KiHRE ¢ nodel

and the aer é/ﬁgg Fe{é;gﬁ&l&f%]@ tocraglg y&nt]@e ut er

system 104 o Xt, In step SI mu ate cond& I ons are
generated t oerﬂmdnmems eothot aypeseofofnodelmmags bpmhsedt i The raecddyaamsoe modelor
exanple, in an nplary enbodi rreai t he potential roqgt causes may include
tip clear andyefe y r‘ii?‘@? VREOYSRAfentl F%ﬂthaﬁifs éadérlp%geﬁwn%a@aww | oS
bertal ning Lgr fhe! diebleCrn & HBRNON HAUddBHE: ARl nEhRN IndadP R Bl
potential root cau es may SO0 be use and vvlt respec 0 various other

di fferent engrodynamipoodel e sfoned ini the eneenpy 41§ of tieocbmpnér, syatens 1 0dudfat or i s
used to si nu}'?[%‘;[ei conditions reflecting various different levels of tip

[0040] Next, in step 306, simulated conditions are generated to be
representative of various potential root causes. For example, in an exemplary
embodiment, the potential root causes may include tip clearance loss, profile loss,
trailing edge loss, and secondary loss pertaining to a turbine, although various
other different types of potential root causes may also be used, and with respect to
various other different engine components. In this exemplary embodiment, a
simulator is used to simulate conditions reflecting various different levels of tip
clearance loss, profile loss, trailing edge loss, and secondary loss of the turbine,
and resulting effects on various measures of engine performance (such as
efficiency change, airflow change, pressure ratio change, and/or various other
different measures) based on these conditions, all represented by simulated data
obtained from the simulated conditions. In a preferred embodiment, this
simulation is performed at least in part by a processor, such as the processor 112
depicted in FIG. 1.

[0041]  Next, in step 308, a mapping is developed between each root cause and
a variable related to engine performance, using the simulated data and an

aerodynamic model. For example, in an exemplary embodiment using a potential



cl earance loss, profile loss, trailing edge |oss, and secondary | oss of the
turbine, and resulting effects on various neasures of engi ne perfornance
(such as efficiency change, airflow change, pressure ratio change, and/or
various other different nmeasures) based on these conditions, all
represented by sinulated data obtained fromthe sinulated conditions. In a
preferred enbodinent, this simulationigs perfornmed at least in part by a
processor, such as the processor 112 depicted in FIG 1. [0041] Next, in
step 308, a nmapping is devel oped between each root cause and a variable
related to eogicaesgef ﬁpclmmnee logs iimg tirbimesa mdpptrgdnsqﬂéfaraat}dcxeaedalﬁtodynam c
nodel . For exanpl e, |n an | ary rgodl ment using a potential 14 root
cause of ti fCRIESERISaAJElatiS eﬁ"qeﬂr‘gf gent develsopl 4§ Flsarapes dgsanyther eat ed
that T epr eqgRik dhd ey xﬁ&%maﬁaf?@g B S IAbhARAL MAlee ol biftiglegar ance
loss in the turbine and one or nore vari es o errm nam c el,
such as eff |chamcya1rfkolwangmgeaiprdsbmw mhar@angqoramlmxr mrrcm’sl mhahdrf@:eentand/ or
vari ous other different é&r mance neasures of the engine. [0042] The
mappi ng f or PEHETRYSE MEIHYES PSERB#INGorrel ated with | evel s of severity for
the root cause, as reflected in the sinulated data, in order to cal cul ate
the root ca evi ﬂgﬁ?gs ( r ment, the
mappi ng rep;lg?e ts g%fer nt géﬁlﬁgrgéog%agﬁ}s t jﬁ%l?ﬂgt%te ‘?ggtlgfgsw%r t he

t her nodynamiseverityl éor theseut canseyrad teifletted i ﬂieesrmmhatekl&laed $n ofdes evediculaytef or t he

root cause., The root cauyse devi ation me reis based on the
mappi ng betthi &9pt:qause éﬁ)\fla%%{h%a%ﬁ?f FSFF(P ?ﬁﬁ ?rPé%JF %H@P dimeqt,athg ef er r ed
enbodi ment, é{lXB?H{gO%%&ﬁé}ﬁ@er @ﬁ‘éfeﬂ{'éwla %?Ub&eksadtjﬁétﬁiéh@tﬁ&o@’ 6P Rk NI NG

vari ous s or adj ust nent tactors of e mappi ng of the root
cause int o dh¢ratodgnamicdhadel bassdhar maitiplé differers devebd of f;eyremyc forthersawot cause
devi ati on neasure subse ently be used i [1 P rdf 8r m.n ehngl ne di agnosti cs
after oper attPi¥sa) T gatrgotl gause v1at10 measure 1S calculated based o € mapping

between the root cause and the thermodynamic model. In a preferred

embodiment, the root cause deviation measure is calculated by combining various
scalars or other adjustment factors of the mapping of the root cause into a table
and/or another easily accessible format. The root cause deviation measure can
subsequently be used in performing engine diagnostics after operational data is
obtained for the engine, for example in the root cause determination process 200
of FIG. 2.

[0043] In certain embodiments, the mapping of the root causes to the
thermodynamic parameters may then be stored in memory for future use, such as
for use in the root cause determination process 200 of FIG. 2. Specifically, in a
preferred embodiment, in step 312, the calculated root cause deviations measures
are stored in the memory 118 of the computer system 104 of FIG. 1. These values
may be subsequently used in connection with the root cause determination process

200 of FIG. 2, for example in the comparisons of step 214.

[0044]  FIG. 4 is a representation of an implementation of the root cause
determination process 200 of FIG. 2 and the root cause deviation measure

calculation process 300 of FIG. 3 using the health maintenance system 100 of



obtained for the engine, for exanple in the root cause determ nati on process
200 of FIG 2. [0043] In certain enbodinents, the mappi ng of the root
causes to the thernodynanm c paraneters may then be stored in nmenory for
future use, such as for use in the root cause determ nation process 200 of
FIG 2. Specifically, in a preferred enbodinent, in step 312, the

cal cul ated root cause devi ations neasurigs are stored in the nenory 118 of
the conputer system 104 of FIG 1. These values may be subsequently used in
connection with the root cause determ nation process 200 of FIG 2, for

exanpl e in tHG. doipacissdanse ofitls bue pxéiiplary] &i¥ddimehCof thei present epveptemt at i on of
an i nplenentation of the root cause  determ nhation process 200 of FIG 2 and
the root cadsedepictedin b8 anexepplasy erbpdiment.Jhesespraerssesr argicarried ysi ng

the health L Rt enan e : i C | an
exenpl ary e@%%’ néé%t&g?ﬁ%/eﬁ%r%g}ra}e@eln rle%l@énr%: #’?&?%e&g%gfsgégg&i Lﬁo%ug’} 4, in an
exenpl ary erdgsemnedd of Fi@sk, ysimy esgins operetiad datad] 2%aid bytherwdgnartier e

prograns 128 residing in the nenory 118 of the conputer system 104 of FIG
D O8ei g endMHEl ol dee Giess i ie memomnd 18. « MoMeodAieind criguerntits ai so

stored in t g%%\gpf% A 4Bast faﬂ:il;tgt@s dapiioh et vﬁHB@éjéﬂI%lg@ cox{x@ﬁ\XBgr@Lc 128 at

| east facili't sel ection of various engine co nen as a

hi gh pressuras a highipressure thrbine) adewpressuter tarbise, ashigh Pressuescduipeessonar essor, a
| ow pressure conpressor, a fan tip, a _fan hub, a conbustor, and neasures
thereof (sUEW RISSSHIfeCOIRPIRSPE afan difr & Sandhuby @ gombastoprandrmeasures dhesepfengi ne

conponent L t I tional
darn 125,  Soeh 78l FPOLElid o aBaIRloR ek HOF e nBRSER) 500
FIG 1 (not 4{2pithaednay rpokdnGally}) bealrslateds 0 she éngimmlopeatiotalh dawal ¢29.i ons, and

in perform vasi Qus ot he teps,, through instruction rovi ded at | east
in part by tIR C&_rca@y,aﬂqapz@%r@%mqulmeg'@ thepraesgpart et 96T 16) B(not depigtecous
conponent  deyiFE! 5158 4ists in making such selections, and in performing various other

steps, through instructions provided at least in part by the program 128.

[0045] Also as depicted in FIG. 4, various component deviations 410
represent relationships between the engine components 402 and a thermodynamic
model 130, as reflected in various thermodynamic model variables 404, such as
efficiency change, airflow change, and pressure ratio change. In addition, various
root cause deviation measures 408 represent relationships between various
potential root causes 406 (such as tip clearance loss, profile loss, trailing edge
loss, incidence loss, and secondary loss of certain engine components 402) and the
thermodynamic model variables 404. As discussed above, in one preferred
embodiment, the root cause deviation measures 408 are calculated using simulated
operational data and using an aerodynamic model. The root cause deviation
measures 408 can then be compared with various respective component deviations
410 pertaining to the same engine components 402 in performing diagnostics on
the engine, and in particular in determining one or more potential root causes 406
related to one or more symptoms of the engine operational data 129, for example

using the processes set forth in FIGS. 2 and 3 and described in detail above.



represent rel ationships between the engi ne conponents 402 and a

t hermodynam ¢ nodel 130, as reflected in various thernodynam ¢ node

vari abl es 404, such as efficiency change, airflow change, and pressure
rati o change. In addition, various root cause deviation neasures 408
represent relationships between various potential root causes 406 (such as
tip clearance |loss, profile loss, traillbng edge |oss, incidence |oss, and
secondary | oss of certain engi ne conponents 402) and the thernodynam c
nodel vari ables 404. As di scussed above, in one preferred enbodinent, the
root cause J08A6t i oRIGressurdlowihart auf eancademplla'y ehhodiment sifran altezuhative

operational data usj n n aer nami | . . The root cause devi ation
D eear o ao@retsns SO ot uRfnd BUACN RN SR fatea L0 Gnt BF Inose rapiR
devi ati ons réﬂr@seﬂ&rdtlﬁ'oﬂbﬁﬂoﬁeﬁ dhﬁefonsﬁpﬁlg%@lﬂﬁ eﬁ%ﬂgﬁnﬁl@taﬁeﬂﬁavé oR&ysf or m ng

di agnostics on the engine, and in particular ef erm ni ng ohe or nore
potential rd00 aauseysetiot congleatia With ®igenasic algorthgy ramdanrsanyf onehef angi ne

oper at i onal a 129, t he pr es set forth in FIGS. 2
oG’ 3 and-aaSEERdl phenaifRRbsGrs oh shineub i erRS B gt (CSUERE 1 of an
exenpl ary e%ﬂgbﬁ&ﬁtde‘?fan@ﬂs il 5% Sté T@lEQa‘h%ﬁ]%tﬁQgré&E 860 ea bR g @ likely
root cause rel to one or synptoms  repres nted in oper ati onal data
for an engi nmpleﬁmnte:eboarqohnectmhevnﬁi tl‘erhealﬂi mairpcmessystéiﬂﬂOﬁ@ﬂ Fb@. Lisied in

connection with . a ti rith and/ or, any one.of nynber. of, ot her
i Tforent "t ERECGICLTER Fi XSSP ORISR O 4 BIRTPIL EveRon AC GRPIHTdnt

devi ations ijf FgGS5NEé Sltéth&ive @Eﬁ?ﬁl'sbﬁ%@%é lhestﬁé 962 %3th 0 1déﬁﬂﬁ@z{tﬁ:ﬁ dre

i npl enented in connection wt heal mal nt enance system 100 of FIG 1,
in accor darvedgows top lewel esrepgrieatsy50drof dlaki enggirte. of t he present invention. As
depicted in FIG 5, the alternative process 500 begins in step 502 with the

identificat | ts 504 of 0047
2 oref er o [00ai nlie PretSiEed Brpodisbent BB TblErhconponcas S0F a@ifertied a5
being Pot entgs Bbing JoRlmBhAY rdifed S¥ SRARCHENIARBELH 4B chific SpEASHPRERAL onal

dat a

129 represented in FIG. 1. For example, in one illustrative embodiment, such top
level components 504 may include a high pressure turbine, a low pressure turbine,
a high pressure compressor, a low pressure compressor, a fan tip, a fan hub, a
combustor, and/or any one or more of a number of other different types of engine
components that may represent a high level cause for a symptom of an engine. In
a preferred embodiment, the top level components 504 are identified by the
processor 112 of FIG. 1.

[0048]  Next, in step 506, a top level deviation table 508 is generated,
preferably that relates the top level components 504 to an engine symptom from
the engine operational data 129 through adjustments to a thermodynamic model
with respect to certain variables of the thermodynamic model, based at least in
part on the engine operational data 129. For example, FIG. 6 depicts an
exemplary top level deviation table 508 in accordance with one embodiment of
the present invention. In the depicted embodiment, the top level deviation table
508 includes a plurality of scalars (fourteen are depicted in FIG. 6). In a preferred

embodiment, each scalar represents a relationship of a particular top level



129 represented in FIG 1. For exanple, in one illustrative enbodi nent, such
top |evel conmponents 504 nmay include a high pressure turbine, a | ow
pressure turbine, a high pressure conpressor, a |ow pressure conpressor, a
fan tip, a fan hub, a conbustor, and/or any one or nore of a nunber of
other different types of engine conponents that may represent a high |evel
cause for a synptomof an engine. In &g-preferred enbodi ment, the top |evel
conponents 504 are identified by the processor 112 of FIG 1. [0048] Next,
in step 506, a top level deviation table 508 is generated, preferably that

relates the doapdneiesoL emaaRemiciyRatfict Boddl vARD kedBect YO PiRidIRA VarlabR engl ne
operational data 129 through adjustnents to a thernodynam c nodel wt

respect to clZiefithe thermedynemiomodele t her nodynani ¢ nodel , based at Ieast in
part on the engi ne operati onal data 129. For exanpl e, Fi G 6 depicts an

exenplary t vel ab ccor ane e d| ment of
t he present O@Rh nt i gg’gc*%h yhén g]§p4e§fcgc98 ﬁ’étn e%ﬂée\{eﬁ)gewgg%q e\/l ation
table 508 i34 iHeRdesta PPpUEH efficicdty S6a04rH08 ahll QUsH ROBI AffPovishidiced fhn Fl G
6). In a preferred enbodiment, each scalar represents a relationship of a

particul ar tesghlof\the varxousdomjgwémpn@oueWS% t E@ehmlﬁlni efficieniey soalaih r espect

to a particular varia t he. .t erm)d c_nhode 004

Specifically ﬁﬂfﬁgﬂfgeﬂ} 5’?’0?21‘ 8%08‘?%‘“? t‘fpn OP’Q\(?%?md%({/ A QP %Prg fabl e 508
i ncludes a t&ncieﬁwein gkfthéhRa ?Marﬁﬁ%@del@%eﬁﬂﬂpl@ agﬁlfi @w&be@adjﬁét&\ehtscal ar
606 for each of the various | evel onents 504. Each top |evel

ef ficiency sioaiadres @@ngmepfféswwahﬁ &e n@rfmcampé‘:ltbebav@wthmcaluecdel

corponem 564 S AL 4], EDele SH, IFAREN AR oA TR, i ! ©

t her nodynami s‘camp@@b r&iﬁédeﬁtﬁ% éfﬂ:cb@f & phigietlar Ry lehd daﬁrﬁohe:wsm drPéhgiy el
conponent 504). Likew se, each top |level airflow scalar 606 represents an

effect of a petaw dutherthemmwdyssmic modedfesrexample, arshifhgt other adjustment in
values of engine airflow in the thermodynamic model believed to be caused by the
particular top level component 504). It will be appreciated that various other top
level components 504 and/or various other thermodynamic model variables may
also be used, which would result in various different types of scalars in the top
level deviation table 508. In a preferred embodiment, the top level deviation table

508 is generated by the processor 112 of FIG. 1.

[0050])  Next, in step 510, the top level deviation table 508 is compared with a
root cause deviation table 512. The root cause deviation table 512 preferably
relates different potential root causes of potential symptoms through adjustments
to a thermodynamic model with respect to certain variables of the thermodynamic
model, based at least in part on simulated operational data. Preferably each root
cause includes a measure reflecting a condition or state of a particular top level
component 504 of the engine. For example, FIG. 7 depicts an exemplary root
cause deviation table 512 in accordance with one exemplary embodiment of the
present invention. In the depicted embodiment, the root cause deviation table 512
includes a plurality of scalars (twenty eight are depicted in FIG. 7). Each scalar
represents a relationship of a particular root cause 702 on a thermodynamic model

with respect to a particular variable 602 of the thermodynamic model.



airflowin the thernodynam c nodel (for exanple, a shift or other adjustnent
in values of engine airflow in the thernodynam c nodel believed to be
caused by the particular top | evel conponent 504). It will be appreciated
that various other top |evel conponents 504 and/or various other

t her nodynam ¢ nodel variables nmay also be used, which would result in
various different types of scalars in tjge top |evel deviation table 508. In
a preferred enbodinment, the top | evel deviation table 508 is generated by
the processor 112 of FIG 1. [0050] Next, in step 510, the top |evel

devi ati on t 46051]508Sperificatipariedhevidepiced érabédimens ahelersbtcawse devdtpnS12. The
root cause deviation table 512 preferably relates different potential root
causes of pdatialdlmelides 8ok suse GHIGNCYsCAlBRt794 and & regtcsawsegiflA¥C nodel
with respec [ ' t.hen ] el d at

| east in paﬁsfélgrnﬂglr ??u?léaaf Pégé%gcgpgef?%%f gh%gttgﬁ l%ﬁ%@?@%ﬁef t ggg'h Eragg? 8&cause

i ncl udes a rmasusficiendy sldrMy4aecpresaits ameffet of taggaetiaflararopacduse J0Aront op | evel
conponent 504 of the engine, For exanple, FIG 7 depicts an_ exenplary root

cause devi atcpgietdbrieneiin ithe rermodunamic pedel dber examipar phifiosdithent of the
Panre 51 ok Qi il SRREHESImGED I TR bonh bR poBHIRUERA B 1

FIG 7). Eadk casddby thepartiswat food cagseal02)ndlik¢wiet, cuchabdl cauk@nirflowt cause
702 on a thernmodynam c nodel with respect to a particular variable 602 of
t he ther modyRaias @m@ss"—ntian effospfn pyscular rogt eapse 7A2 ppengiagiailow in

enbodi nent , . Fal Lon 5 i 0, e
ef ficiency st%é; aemg%yéf& grrtéj%é&fraeggt%} %’g %E,?F@poﬁotggﬁgﬁ%@ {no‘?athée;égﬁsr oot
cause 702 ofengimehaitfigwr | @y elie clrmodpiimidOtoddiabilievedtto bausaseaf biycitency
scalar 704 represents an effect of a particular root cause 702 on engine
ef fici ency iPArOHEAr rORICAMy I} ¢ nodel (for exanple, a shift or other

adj ustment in values of engine efficiency in the thernodynam c nodel

bel i eved to o) causethddeidifa Btbblifithe"cab p FRHF EorkPaent S0 Gt13es each
root cause I r ow

two root causes. Specifically, the high pressure turbine, the high pressure

U

compressor, the low pressure turbine, the low pressure compressor, the fan tip,
and the fan hub top level components 504 each have a first root cause 702 for tip
clearance, and a second root cause 702 for profile loss. The combustor top level
component 504 has a first root cause 702 for whether and/or to what extent there
is a clogged nozzle, and a second root cause for whether and/or to what extent
there is a swirler malfunction. It will be appreciated that various other root causes
702, top level components 504, and/or thermodynamic model variables may also
be used, which would result in various different types of scalars in the root cause
deviation table 512. In a preferred embodiment, the root cause deviation table 512

is generated by the processor 112 of FIG. 1.

[0053] In a preferred embodiment, the comparison 514 includes taking the top
level efficiency scalar 604 and the top level airflow scalar 606 of a particular top
level component 504, and comparing these scalars with corresponding root cause
efficiency scalars 704 and root cause airflow scalars 706 for that particular top
level component 504, based on the root causes 702 for that top level component

504. For example, if it is suspected that a high pressure turbine may be a top level



scal ar 706 represents an effect of a particular root cause 702 on engi ne
airflowin the thernodynam c nodel (for exanple, a shift or other
adjustnment in values of engine airflowin the thernodynam c nodel believed
to be caused by the particular root cause 702). [00521 In the depicted
enbodi nent, each top | evel conponent 504 includes two root causes.
Specifically, the high pressure turbind? the high pressure conpressor, the
| ow pressure turbine, the | ow pressure conpressor, the fan tip, and the fan

hub top | evel conponents, 504 each have a first root gcause 702 for ti
p gg 1 ﬁ p

c
cl earance, &R %@Gﬁl‘f“%éb'fn&ﬁi%et o 2insPrefaresd; grabediment, the.rq0b £BYSt or t op
| evel Corrp%maencg dAsRv Eéarla?rF 768.0106CHURE t% adrlce WOSH Bfake 808 6Pel O What
extent there 1S cl ogged nozzl e, and a second root cause for et her
and/ or to whagh presgne tutbirer wpi lsvel comaponent 504 fnentakérm from FIG 7) adkeare

appreci ated that vari t her rogt. causes , 702, to ev C opents 504,
and/ or ther %Wﬁ%‘ﬁ‘tﬁgﬁ%%ﬂlgyﬂaﬁgﬁﬁn%ﬁmgf’ owggalalge@,& &h?@%%gi resul t
in various éswe%tbiﬂeytagﬁem c&ﬁ?&ﬁ%ﬁ%ﬁﬁr&ﬁ?l(}?@,tfo? iple Wath réldeRtot 2Dl e
512. In a preferred enmbodi ment, the root cause deviation table 512 is
gener at ed bythe $ignpamserssagnitudes of théteSpective sC048.1 In additiqn, éd dris exhngpiodi nent
t he conparispn 514 includes taking the top;l l?@fl tgffictj egch scal ar 604 and
the top | evd® Hof Faus cliicieney agg@irfipw scplars; 108G ok Bp Prafile Loss soptsawient 504,

and conpar i %Ztcﬁ'?ﬁeehiﬁg g}églﬁ‘e%fheQQﬁ [&%P&%ﬁo‘ﬂgntrﬂﬂtarﬁgltgé akeft fonfFRICY

scal ars 704 and root use airflow scalars 706 for t particular top
| evel conporknand Btdconyzaredi with théoprlowt! efbciemy and2ifflow sdaddrs 604, 406ve]

conmponent 4 . For exanple, if it is sus | th a_high,.pressure turbine
may b a t oplf bighiPreguRCTte 9P I5Ve) £OmBRRILL SORHAER BIG: P T eXaTBEt or r od
embodi ment , Wiﬂ?re’é?&ft tFRE s%%?inﬁ@nﬁﬁ;d@&‘gf t%"résb@é’ﬁv%%@élﬁfs.s 704, 706 of the
tip clearance root cause 702 of the  high pressure turbine top |evel

conponent 504 are taken fromFIG 7, and are conpared with the top |evel
ef ficiency d0@54i rf othis exdmaple, BB4cong@6isaf providehiagindication as to whether

tip clearance and/or profile loss in the high pressure turbine are likely root causes

of an engine symptom identified in the engine operational data 129. In addition,
similar comparisons are preferably conducted for the root causes 702 of the
various other top level components 504. Based on these comparisons, one or
more likely root causes 518 of one or more symptoms represented in engine
operational data are determined in step 516, based on a proximity between the
scalars of the root causes 702 to the scalars of the top level component 504 related
thereto. Then, in step 520, a severity 522 is estimated for each of the one or more
likely root causes 518, based on the magnitudes of the scalars of the likely root

causes 518.

[0055]  The processes, programs, and systems depicted in the Figures and
described above are exemplary in nature, and may vary. These processes,
programs, and systems, and/or the components thereof, may vary, and/or may be
used together in connection with one another. Moreover, these processes,
programs, and systems may be implemented or used in connection with any one or
more of a number of different types of engines, vehicles, and/or various other

devices, systems, processes, and/or environments. The depicted processes,



pressure turbine top | evel conponent 504 fromFIG 6, for exanple with
respect to the signs and/or magnitudes of the respective scalars. In
addition, in this exanple, the root cause efficiency and airflow scal ars
704, 706 of the profile | oss root cause 702 of the high pressure turbine
top | evel conponent 504 are also taken fromFIG 7, and are conpared with
the top level efficiency and airflow s ars 604, 606 of the high pressure
turbine top | evel conponent 504 fromFIG 6, also for exanple wth respect
to the signs and/or magnitudes of the respective scalars. [0054] In this
exanpl e, t hiprogramsarand osysteneyv depisted nanidndessaibed rheagin t anwbet dfesignificanc| ear ance

and/or profile lo in the hi ressure tuyrbine are Jikely root causes of
o engi he. syRERISHT PeRstLiPr exprile B BoHt g Sstrapy and et ima 568 ogef
addition, sisgddised Qﬂfmafgiwﬂfagﬁ’és%, beb Rl YREOARM CnBthel QEquiRetes@Y Ccauses
702 of the wvarious other top level conponents 504. Based on these

conpar i sons, folawing mamdacuilej iephily, andr overhgds 518 of one or nore synptons
represented in engine operational data are determned in step 516, based on

a proximty enhe .scalars qf the root., causes 702 to the scal ars of

the top | eye@ﬁ%ﬁpor}’gﬂfe %4’“?’%'*“5?3@8 b[eﬁ%[dgstcg_be(iwé ,m}ﬁegcteet;? %fo?erée everity
522 is estinghshiment, RaFiN vf uddeRtdddyothodikelled inkké )(rtrtﬂéitvaﬁah'sséifan?é& based
on the magni tudes of the scalars of the likely root causes 518. [0055] The

processes, pnaymbanpadene squivaasts dagy be eubstituted dorFelgments thergof svthoni bed
above are ex lLary.in pature, d. may.vary. [These processes,. pPrograns, and
Syotomm.  andiEPr iRl 56 ReRE o G iNVBH ol QAR ol GPORRC iosS LS

toget her in goORRAEttbOMapi td) aOptRtiANA fifiatioMVr aAMEFial toh@izCteREKIRES O£ She
prograns, and systens nay be i nplenmented or used in connection with any one

or nore of iaventisbewitboutddeprgingnfromyhesesedntiehgeapssthereohi cThesefornd! é vari ous
ot her device Syst .. pracess and/.or environnents. ..The depi ¢t ed
processes, 2‘3%1]8?%8}82?% mg 'OMQ?i’ﬁémﬂg i Q¢ %P%'a&a’es%‘ﬁ’f’%‘ nﬁgfsgoﬁe an be of

significant as the best mode contemplated for carrying out this invention, but that the

invention will include all embodiments falling within the scope of the appended

claims.



potential benefit, for exanple in increasing efficiency and reducing tine
and costs associated with engine diagnosis, for exanple after such engines
require testing follow ng manufacture, repair, and/or overhaul. [0056]
VWil e the invention has been described with reference to a preferred

enbodi ment, it will be understood by ;g se skilled in the art that various
changes may be nade and equival ents 6 be substituted for elenents thereof
wi t hout departing fromthe scope of the invention. In addition, many

nodi fications may be nade to adapt to a particular situation or material to
the teachings of the invention wthout departing fromthe essential scope
thereof. Therefore, it is intended ChaIM$he invention not be limted to the
particul ar enbodi nent di sclosed as the best nobde contenplated for carrying
out this invention, but that the invention will include all enbodi nents
falling mﬁtﬁhg %?gypcope of the appended clains. 21 CLAIMS WE CLAIM I|I. A
nmet hod (200, 8 or performng diagnostics for an engi ne using

operational data (129) for the engine, the nethod (200, 500) conprising the
steps of identifyin n _engi ne conmponent, (402, 504) as potentially being
related to lthe OpBkE q%O(%QO, FA0) for poytormaing dipgnasties £orc amRREEISt Ui at i on

210, 602 i ) i e i.at.ion (210,
602) 1 ol af 2P @fichal i (1003461 ul ey BRI A0°S TR by PO £210,
nodel (302)ofpMi th respect to a variable (404) of the first nodel (302),
based at least in part on the operatio d conparing the

conponent devi at [d§Rti{yIagn eERye WWW“&“Q&ngﬁ“S )?g ég?e%gé‘?;b%i&&§@aﬁéw ation
nmeasur es (4&@)01)61%%&1%3%(199}5% devi ati on neasure (408) relating
calculating a component deviation (210, 602) from a first model (302),
wherein the component deviation (210, 602) relates the engine component (402,
504) to an adjustment to the first model (302) with respect to a variable (404) of
the first model (302), based at least in part on the operational data (129); and
comparing the component deviation (210, 602) with a plurality of root
cause deviation measures (408), each root cause deviation measure (408) relating

one of a plurality of potential root causes (406) to the first model (302) with
respect to the variable (404) of the first model (302).

2. The method (200, 500) of Claim 1, further comprising the step of:
determining the plurality of root cause deviation measures (408) using

simulated operational data (129) for the engine and a second model (304).

3. The method (200, 500) of Claim 2, wherein:
the first model (302) comprises a thermodynamic model (130, 302); and

the second model (304) comprises an aerodynamic model (304).



one of a plurality of potential root causes (406) to the first nodel (302)
wth respect to the variable (404) of the first nodel (302). 2. The nethod
(200, 500) of daim1l, further conprising the step of determ ning the
plurality of root cause deviation neasures (408) using simlated
operational data (129) for the engine and a second nodel (304). 3. The

met hod (200, 500) of Caim?2, wherein: Xhe first nodel (302) conprises a

t her nodynam ¢ nodel (130, 302); and the second nodel (304) conprises an
aerodynam ¢ nodel (304). 22 4. The nethod (200, 500) of Claim3, wherein

t he conponert. devIhse method $209, 50‘6)025)Claml3,t \Mberpmuhatwmpomt d@oatm)a(aé@,

devi ati on 40 rise scalars, eac | sin

mul ol | cat 140 63 4 PREDET R 0B PRE dEviafien SRRSTS BRL PO Rsusr a0, 302).
5. The net hagch 2QQal::u5OQ9mlSﬁsn§§l ah Mpdultiplidativer oﬁoﬁﬂdhh% ”@ewaﬁo&t @S tHRf -

cal culating a second conponent deviation (210, 602) fromthe thernodynamn c
model (130, tBemodynkmicanedd K30s882nd conponent deviation (210, 602) relates

t he engi ne conponent (402, 504) to a second adjustnent to the thernodynam c
nodel (130, 302) with respect to a second variable (404) of the

t her modynanmis nodphe 64804 (F02500)RFXQ4NES, iR cohipribipithOQepd16r: Oper at i onal
data (129); conparing the second conmponent devi ation (210, 602) with a

plurality of rootaladatsg %cmdnd:levmrapmmnt ndexiations (Q408)602éacﬁvm otlte cause
oot causes PargRPERrBoal{ Lok HieEeTn dctecneh P mbRns ittt "t ot he
SypLom 1 o NG oot i a%?ﬂ@%%%%ﬂﬂ%zéﬁg %‘ﬁ%@%‘?‘“’t e el ity
of potenti althcmmdyoammemoqadayo a302 witlkesispect do@ second variable (404) of the
thermodynamic model (130, 302), based at least in part on the operational data
(129);
comparing the second component deviation (210, 602) with a plurality of
root cause second deviation measures (408), each root cause second deviation
measure (408) relating one of the plurality of potential root causes (406) to the
thermodynamic model (130, 302) with respect to the second variable (404) of the
thermodynamic model (130, 302);
identifying a symptom from the operational data (129); and
selecting one of the plurality of potential root causes (406) as a likely root
cause (518) of the symptom, based at least in part on a similarity of a root cause
deviation measure (408) and a root cause second deviation measure (408) of the

likely root cause (518) to the component deviation (210, 602) and the second

component deviation (210, 602), respectively.

6. A method (200, 500) for generating a root cause deviation (408) for a
component (402, 504) of an engine for use in performing diagnostics for the
engine, the method (200, 500) comprising the steps of:

identifying a plurality of potential root causes (406) of a symptom in the
engine, each potential root cause (406) comprising a condition of the component
(402, 504);



cause (518) of the synptom based at least in part on a simlarity of a root
cause deviation neasure (408) and a root cause second devi ati on neasure
(408) of the Ilikely root cause (518) to the conponent deviation (210, 602)
and the second conponent deviation (210, 602), respectively. 6. A nethod
(200, 500) for generating a root cause deviation (408) for a conponent
(402, 504) of an engine for use in perf28rm ng diagnostics for the engine,
the method (200, 500) conprising the steps of: identifying a plurality of
potential root causes (406) of a synmptomin the engine, each potential root
cause (406) co rrp rsighlating conshidonsiof theodonpremento#Hdri4) for(ewl? of 8eplyraliy

simul ati ng c?

of potenti al® gephgargg éa“%%géﬁﬁnf" tﬂ? hyggé)ﬁ%§8504"gf’t§8?f“ﬁ3ﬁg?)eéo 21? apl(liggl)I Y

(306); devel Opl rt&valomm REppiRk BERIbef 36éh p&hﬁmwa& daass (@%?‘%ﬁd @4f¥e) and a
first wvariable i) rel ate t 0 engi ne performance, usin he simul at ed

data (129) a/mualale (40 gelatedde lengise pyri¢omye, using the sianilatgd date(h%&)pandg to a
second vari second nodel (304), to thereby determ ne a root
cause devi a?}BW%%Z%QQ(%%B dJ[f)or t he conponent (402, 504) (310). 7. The
met hgd (200, 580|)remtm 1 gpin%@@a%bébngt\}aﬁgsler(a()@nad@ke&ﬁ@%)odép(131)"49ses an
aer odynam ¢ node second nodel onprises a

t her nodynanite thcrdby d(emm;nese)zyot &uscixdpw@gmamqaswd L(éOS)( fayathe 1coppongut, 126,
128) for perf@ rgloag( 'p gnostics for an engi ne using operational data (129)
for the engl(ﬁi gram product (104, 118, 124, 126, 128) conpri sing:
(a) a program (128) configured to at least facilitate: identifying an engi ne

conmponent (402 504) as potentially being
7. The method (200, 500) of Claim 6, wherein:

the first model (302) comprises an aerodynamic model (304); and

the second model (304) comprises a thermodynamic model (130, 302).

8. A program product (104, 118, 124, 126, 128) for performing diagnostics
for an engine using operational data (129) for the engine, the program product
(104, 118, 124, 126, 128) comprising:
(a) a program (128) configured to at least facilitate:

identifying an engine component (402, 504) as potentially being
related to the operational data (129),

calculating a component deviation (210, 602) from a
thermodynamic model (130, 302), wherein the component deviation (210, 602)
relates the engine component (402, 504) to an adjustment to the thermodynamic
model (130, 302) with respect to a variable (404) of the thermodynamic model
(130, 302), based at least in part on the operational data (129); and

comparing the component deviation (210, 602) with a plurality of
root cause deviation measures (408), each root cause deviation measure (408)
relating one of a plurality of potential root causes (406) to the thermodynamic
model (130, 302) with respect to the variable (404) of the thermodynamic model
(130, 302); and



related to the operational data (129); calculating a conponent deviation
(210, 602) froma thernmodynam c nodel (130, 302), wherein the conponent
deviation (210, 602) relates the engine conponent (402, 504) to an
adjustnment to the thernodynam ¢ nodel (130, 302) with respect to a variable
(404) of the thernodynam c nodel (130, 302), based at least in part on the
operational data (129); and conparing t2de conponent devi ation (210, 602)
with a plurality of root cause deviation neasures (408), each root cause
devi ation neasure (408) relating one of a plurality of potential root
causes (406) to t(bgatcomputegyreadable signadi bearing30edisd @) 8, vi2éh 12@sheadng the t he

vari abl e (404§ of @? t hernrodynam ¢ nodel (130, 302); and 24 (b) a

conput er - r ed e 'ghal bearing nmedia (118, 124, 126) bearing the program
(128). 9. The program product (104, 118, 124, 126, 128) of Claim 8, wherein
the program (128) is further configured to at |least facilitate: determ ning

the pluralit% of prograns praiuet 6li0don 1 freldul 26, (280 f Clsim@, wdierain dieed

ti | dat ,f th i d d i del (304);
By cul ati ng HoBEUaELs s n et fa SicastBeTES) " om the t ner motlynani ¢
model (130, 302) ,deeé}ﬁﬁﬁhg thégg)h%ﬁﬁ@ngf FRARARG He HRYI A aSurks 14b8) Bl rel ates

t he engi ne conmponent (40 4) to0 a second adjustnent to the 'thernmodynam c
nodel (130, sk®Rlatedi aperationplatata (139 hfos deoamgineamid ablaerodydapicafioddh €304);

e Oy ¢ el AR o oS S D, SRR ST
DL L, e AAPmEsassa i s B eRaA oasnfe), cie
root causes 02)a¥lates thimeengine component (402, 504) to a second adjustment to the
thermodynamic model (130, 302) with respect to a second variable (404) of the
thermodynamic model (130, 302), based at least in part on the operational data
(129); and
comparing the second component deviation (210, 602) with a plurality of
root cause second deviation measures (408), each root cause second deviation
measure (408) relating one of the plurality of potential root causes (406) to the
thermodynamic model (130, 302) with respect to the second variable (404) of the
thermodynamic model (130, 302); and
selecting one of the plurality of potential root causes (406) as a likely root
cause (518), based at least in part on a similarity of a root cause deviation measure
(408) and a root cause second deviation measure (408) of the likely root cause
(518) to the component deviation (210, 602) and the second component deviation
(210, 602), respectively.



t her nodynam ¢ nodel (130, 302) with respect to the second variable (404) of
the thernobdynam c nodel (130, 302); and selecting one of the plurality of
potential root causes (406) as a likely root cause (518), based at least in
part on a simlarity of a root cause deviation neasure (408) and a root
cause second devi ation neasure (408) of the likely root cause (518) to the
conponent deviation (210, 602) and the Xecond conponent deviation (210,
602), respectively. 25 10. A program product (104, 118, 124, 126, 128) for
generating a root cause deviation neasure (408) for a conponent (402, 504)
of an engi nelf.or Agrogmm pedaar(ddfgl 18] d2hak26] ¢28)f for geheratimgya meot dalnee pr ogr am

product (104, 118, 124, 1 28) conpri sing: rogr.am.128) .
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conponent (4128) codplisihgr each of the plurality of potential root causes

(406), to thereby, generate si ted.data (129),;. devel oping a mapping

bet ween each pot e(r‘?gi al @ Progtang gc? e‘ﬁﬁ‘?d‘tﬁe"%ﬁff‘?gtat?iari abl e (404) rel ated

to engi ne perfor i 1454 i 2 ; nam c
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nodel (304); and re pping to a second vdriable (404) “of a
t her nody nani eachwol#|cagst38(6)30R)prising a doadidion of thecsomponent(@02,084);cause

doviation meacur < B02) LStk e, GomBneL {802 sEOR cald BBty L oo
(128). of potential root causes (406), to thereby generate simulated data (129);
developing a mapping between each potential root cause (406) and a first
variable (404) related to engine performance, using the simulated data (129) and
an aerodynamic model (304); and
relating the mapping to a second variable (404) of a
thermodynamic model (130, 302), to thereby determine the root cause deviation
measure (408) for the component (402, 504); and
(b) a computer-readable signal bearing media (118, 124, 126) bearing the
program (128).





