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 100011The
present invention relates to turbine engines and, nore particularly,
to i nproved nethods and systens for perform ng engine diagnostics in
t ur bi ne engi nes. BACKGROUND COF THE | NVENTI ON [ 0002] Tur bi ne engi nes
routi nely undergo diagnostic testing or nonitoring throughout the
life of the engine, for exanple through the use of a turbine engine
heal th nonitoring systens. Such turbine engine health nonitoring
systens typically nonitor either nmeasured quantities or derivatives
of nmeasured quant METERODS ANTYBWSTERISI RORBEBEFORMING DEASNOSTICS

quantities or derivat.l are i r of
deviation in engﬁﬁm i r'ﬁm&ﬂ@%@é%ﬁiﬁmémﬁs or
derivatives may not indicate the underlying root cause and/or a |evel
of severity thereof. [0003] Accordingly, there is a need for an

i nproved nethod for determ ning underlying root causes in a turbine
engine. There is also a need f Lﬁ%ﬂfﬁﬁ?ﬁ%ﬁé m for determ ning
underlying root causes in a turbrne engrne. Tn-addition, there is a
need for inpri6eEd neThopesaantvenphedsted ar tuthdieengine agd, anwe paticilylgf

t he underlying .root causes in.a turbine epngi ne. Furthernore, other
desirabl e 1 cdBiFBEOVER dethss 486 SYseTs & ogm@gpqng@é heR i GHORE! |
becone appar efbink§ 0m t he subsequent detail ed description of the
invention and The appended clains, taken in conjunction with the
acconpanyi ng drawi ngs and this background of the 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.



2 SUMVARY OF THE | NVENTI ON [ 000411 n accordance with an exenpl ary
enbodi nent of the present invention, a nethod for performng

di agnostics for an engine using operational data for the engine is
provi ded. The net hod conprises the steps of identifying an engine
conponent as potentially being related to the operational data,

cal cul ating a conponent devi ation fron1g t her nodynam ¢ nodel, and
conpari ng the conponent deviation with plurality of root cause
devi ati on neasures. The conponent deviation relates the engine
conponent to an adjustnent 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 HAMMRY ORTEE DIKEENGIYNani ¢ nodel with
respect to the variable of the thernodynam ¢ nodel. [00051In

accordance w not he I i f t resent. . \

i nvention, a [B?%ﬂr amﬂp{cgﬁﬁ%{wi@{%@ %\S/I? %@ﬁe@ébo@@@gﬁ%ﬂﬁgregfrgérhvgg??r&S
for dan engi nes msthod fmnmﬁtrhingaléagdaﬁtias farantdnginecnllgfglg@per_ﬁm:alpﬂgg rfoithe

product conprises .a prqgra n onput er - r eada .signa earing

media. The pr%’r“ﬁrﬁipgo"d%ﬁif |m§ _ &fﬁ{“g _ prigessihe Sips I"?t“éet"gfﬁ%ﬁ?ieﬂﬁmﬁg
an engi ne corpansidntas pRbRRANY Aelng REIQOd %eaBﬁéilIa_ltb(ﬂalt gﬁa,‘)@ﬁ&ﬁ&ﬁ ?'

data, calculating a conponent” deviation from a thernodynam c node
and conpar i ngotpenendngeriation dom aa | bermadyhamic pmedell | and chmpentg cthese

devi ation ne The. ent jatd on, rel ates. the _engi ne
component. 1 o aHeGens HGiaAOTRABER Rt M 3R, bl BTk AEAEE Tt 1o
"~ a vari abl e ofcotdpendnt edeviatiym asiates nthel adnginb ac@sponént| Rasd adfus@dent tonthe he

operational data. ,Each root capse deviation re rel ates .one of a
ol ural i ty of ETORYIREHC madel WihSewett oo huariahler sods daermedyasaue mdeh

respect to thpsddedtileidt B pakt dofie LPQEAMEY dd BadhYE8Y caudd\&viation measure

conput er -readabl e signal bearing nmedia bears the program 3 engine
for use in pétlpiss arnef aplaghtysafipetentia roqt kausentgitheetherminsly pamig mandebwishiuc t

[ ; - I [ | b [ dia. Th
o ogr am i s cORPrg L o ponf SRR ARRRAE R 00T PoT e plurai ity

of root causes of a synptomin the engine, each root cause conprising
a condition dfodshe clonpmoeiabce sithudnathiengxeopldiyt embeiimentt 6 theopesament

for each of the plurality of root cases,. to there enerate .
simul at od_datavenhed arsnemm Prodi i pfs R onrfonhing Aagtioner B ap spgine
cause and a fusinglop¥atibmdietafel B¢ eskihe) BRYProaRPrbictBdfRises!s pRgrdnhe

sinmul ated data and an aer od[\?/}gam c nodel, and relating the mapping to
a second var idB[Reogputer19adablp gighalhcaringmedia. (TheregraBys eenfienradte a

e Th e
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
thermodynaimic 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



[ 0007] I n accordance with a further exenplary enbodi ment of the
present invention, a health maintenance systemfor an engine is
provi ded. The heal th mai nt enance system conprises a sensing device
and a processor. The sensing device is configured to sense
operational data for an engine. The processor is configured to at

| east facilitate determ ning identifying an engi ne conponent as
potentially being related to the operatronal data, calculating a
conponent deviation froma thernodynam ¢ nodel, and conparing the

conponent eac%ﬁgd eOfdr Wisd bh e JPdrHﬁr@ dibdnoSfics' 80 theC | hgfl\ééngltoig%%éproduct

nmeasur es, root cause” devi atdi on” neasure re
plurality of qooipFises aaprogmutandmmuteor&aﬁdalt hgmarrbeamgnm;dlam"ﬂm progiaa

conmponent devi at i I at n. onen ust ment, to
t he ther m)dyn‘gtrr‘ioli'?l Ito %slﬁangchﬂg‘F ’ﬁ%‘ﬁgyngﬁrﬁ Btﬂ"’é %T{’r} rﬂB causes of

t her nodynam Csy@pt&h in ma%ﬁgnateaémat caube Euiprisihg atdibﬁdﬁbﬁ o tHeQ@BAIpokat,a-
4 BRI EF DESCRI.PTI ON OF THE DRAW NGS [ 0008] FI G is a functional

bl ock di agr aniilBlating geaditions of thet compreent dgraglypf the p@erﬂquﬁrw cases, to
of the- prosento ey, SRRAE si g8 MRk BRG oplle 2 nlp B VR A Ve B BORLER"
for deterni ningt cauké kel y firso seriabushtedfto angycrpenﬁcmnadmmlhgd[t s_‘imohted
oD omal el B SRR B R b TS i o
accordance W4 fheafodsi@iiel asdel, &mialabmtenﬁifne tahBotRiaBseeduvidtioN xbhi@® for
[0O010]FIG 3 is a flowchart of a process for a portion of the process
of FIG 2, the component. The computer-readable signal bearing media bears the program.,
[0007)  In accordance with a further exemplary embodiment of the present
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.



nanmely cal cul ating a root cause devi ation neasure, in accordance with
an exenpl ary enbodi nent of the present invention; [0011]FIG 4 is a
representation of an exenplary inplenentation of the processes of
FIG 2 and FIG 3 using the health naintenance systemof FIG 1, in
accordance with 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 synptom i dentified from operational data for
an engine, and that can be inplenented in connection with the health
mai nt enance systemof FIG 1, in accordance with an exenplary

enbodi mrent 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 GRIEFQESSRIPHON/GF AHERBRAWINGSDf adj ust ments
to a thernodynam ¢ nodel resulting fromvalues pertaining to various
engi ne conmponents, in accordance wth an exenplary enbodi nent of the
present invention; and 5 100141FIG 7 is a representation of a root

cause deviation table that can be
[0008] FIG. 1 is a functional block diagram for a health maintenance system

for performing diagnostics on an engine, in accordance with an exemplary

embodiment of the present invention;

[0009] FIG. 2 is a flowchart of a 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;

[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



used in connection with the alternative process of FIG 5, including
measures of adjustnents to a thernodynam c nodel resulting from

val ues pertaining to various root causes related to various engine
conponents, in accordance with an exenpl ary enbodi nent of the resent
i nvention. DETAILED DESCRI PTI ON OF A PREFERRED EMBODI MENT

[ 0015] Bef ore proceeding with the detaheﬁd description, it is to be
appreci ated that the described enbodi is not limted to use in
conjunction with a particul ar type of turbine engine, or to turbine

engines in gg?'@l; pr FIELS: is @ %@gk&ﬁt gﬂ%ggﬂ‘ggtgﬁlfegﬁe@j@g!oﬁqﬁ'ﬁle It chiPbe

conveni ence anation, Icte bel ng
i npl enent ed med:mucqtlon wih the altematbierprocesyofElG. i5 mmiudhngjmeasures of
appr eci at ed t a enent i N nect i on W t.h. v ous
orher devi ceadnsyishiif? kb SPheBCRb rshie 68 BRGOLARR pebiiog B0 vt ,
functional Dblrestk czdlsaég irélated hoWyitgous Erehide ho@@hgnaﬂcaecsw&ﬁ@mﬁﬁo ah Of
determ ning one or nore |ikely root causes froma synptomrelated to
one or nore GB%HHQWOQW%O&QF%@t“I“ﬁ"ﬂf“l’fb depi ct ed enbodi nent, the
heal th mai nt enance system 100 i ncludes a sensing device unit 102 and
a conputer system 104. [0017] The sensing device unit 102 incl udes
various sensors for gatheri ng informati on or data regarding
performance and operation of an _engi ne, for subsequent use b_\ﬁ/ t he
e

conput er syst em 1OETAILERDESGRIPTION QF 4 PRESE engi ne

and one or nore |likely root causes thereof. In the depicted

enbodi nent, the sensing device unit 102 includes a first sensing
devi ce 106, a second sensing device 108, and additional sensing
devices 110. In various enbodinments, the sensing device unit 102 may
i ncl ude any fOHSEr JPeferepreseeding wah '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



sensing devices. Also, in certain enbodinents, the sensing device
unit 102, or portions thereof, may be inplenented as part of the
conput er 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
devi ces. 100181The conputer system 104 is coupled to the sensing
device unit 102. The conputer system 104 receives data fromthe
various sensors of the sensing device unit 102. As described in nore
detail below, the computer system 104 uses val ues fromthe sensing
device unit 1QdsidgdddBsesOr Ay, ah icOMfin CAbEMIRhIsOME seRMEI A&V ROR s 160)Gr
deterni nations, such as those described further below in connection
with FI GS. 2-pertigngthessodnpaebs implernented asipag of tke epmpuier systerkd 04, angor
causes of a t o) i sent ed i ratj a
of the ang: ndor s Hop it hBs I EGAAR & bft 6PE B Br S C
104 i ncl udes diffgentepg=s of sysfes aadioedevioes. 118, a bus 120, an interface
122, and a storage device 124. The processor 112 perforns the

conput ati on ontrol functions aof t.he ¢ ter system 104, .a may
conpri se anyw%i ofﬁber %Délgglg%rsy%'fm(r)r]l?ﬁtlf 6?@?%f%c§§§8‘¥s§’,g d§ving Wit [,
integrated ciTheWokrfpufed 8Ystas 104 MdceiveP AAE EwiiDthe VA0 ¥nSots bl flctsensinper
of integrated circuit devices _and/or circuit boards working in

cooper ati on t98Vise BRRE0% ohs deserited s morfigtagkbelovy thecomumicy systame 10405 ng
operation, t S B X €Sn; o] o] oo :
preferably spglru(g%qg\n&?hﬁﬁ ﬁ%n%e%% :ﬁLTgn@rzldfo gg such‘%gl%g{\rﬁzﬁ %cﬁ@mt)rﬁé
gener al oper apinparisofis,t bl dotepuinations,y suabnrs| Olose (GBatHednfusther below in

enbodi nent; t st ar a_prooramor. prograns_128.t hat
execut o5 one B ABNE G2t 1 SaBb R MRSl PR s oo
process of t heuses ebesimptond @0in egineds sepuessmted inopabitiond dhmiok tHiehgine. The
menory 118 c any type of suitaple nory. In addition, in a
preferred enﬁ@q}lgﬁrsnﬂ? 'ﬁ’ﬁe‘?eﬁﬁfﬂ‘;r Wﬁ‘g‘“ﬁtm‘ AR e )El58 4Pt JRHideat a
129 gener at eghrdce) 984, % QEmbRf OBMBHLOMOTRASHESELD2! B 5 SBRI0 Y ey ce
unit 102, a thernodynam c nodel 130, and/or a plurality of root cause

devi ati on neddhr dhesocessonildh padgrms the gemputatipn #nd: ¢patrebBwciéenssd the
q on & o .
eterm natl 9@8@5@%‘5? stdth fole anZ.mzﬁﬁ%rH%sgt J:e]ﬁ gﬁgo&ﬁ@@éﬁﬁ&c Myt

le
t hose describ er beldw, in-vari e nenory 118
may i ncl ude processerspsingier mtegfatadacironits stghpassa aficidproaedser, roandy nuashdes s

menory (DRAM such as SDRAM. t.he various types of, stat.ic. RAM (SRAM,
2nd ¢ he var | BHEVE AT BRI IROE GriieeE AU AGH e Caathanh)
I't should be typcemplisothe tiRtiohs ¢ IREREYng kit "BUriREoFerRioAIhe ptoteRoPf
menory conponent, or it may be conposed of many different types of

nmenory conpondhexccuies ongien mpEprograas fafhpreferablnstensd within e snempspl 18112
may be distri &CE&%%[ S L4t
col l ecti vel yhgaétr?gglll sé the chéég%]?}éi% {5%?’%%@3}8%8@3%?@?%@ a portion
of the nenor 00208 ndy onesmbalimentathe orepwret 18xterhs ap@g@ar ¢nipregrams 128
apparat us or proces and_anot her portion may reside on a renote
conputer. [ O PYoares o8 P Bote saiiients P E eo5F doPamBacoppiaces ot us
and ot her 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



information or signals between the various conponents of the conputer
system 104. The bus 120 can be any suitable physical or |ogical neans
of connecting conputer systens and conponents. This includes, but is
not limted to, direct hard-w red connections, fiber optics, infrared
and wirel ess bus technol ogies. [0022] The interface 122 all ows
communi cation to the conputer system 104, for exanple froma system
driver and/or another conputer system Znd can be i npl emrent ed using
any suitable nmethod and apparatus. It can include one or nore network
interfaces t ' | FSAM

exanpl e the g)g%?%Pédgﬂaggﬂﬁut%ﬁs%ggﬁagﬁﬁd/?a{nﬁcéﬁ\?géeis%@gﬂ g nsor s ﬁﬁ‘[ecp Lo
The i nt er f aceSDRAMythe variges typesl afdtatio R&M (SRbMg, andtthwvddiountypes afem-t 0

o conneet t oottt SERRL AT, BRRONE oi P, TRAGwR! & SlBeakiiadhe®

[0023] The st ahaperydesing§ bb24indetype obim¥melyi doadpogert Ydiat Phy 5 C6@pRed
apparatus, including direct access storage devices such as hard di sk

drives, fl astPienasy siferent bpshof memapry spmparenisy dn additiom thegnesroryrlil§aad | n
one exenpl ar ?p&g t LGE i rogr uct
from whi ch rr)ejhrr?) y 1élsgp (r:lg% Iﬁﬁgg?v@&@gﬁeﬂgg&r‘gﬁn Sle%é%% ﬁg%‘e?eerﬁe%g—@gﬁgﬁggor
nmore enbodi meatiectivtlyscompose theusmpiter system di0d orFopresarepls, apdriton aither

processes of r t 1nyentian, shown in.FLG 1 he st orage
v co. 124 cATlTS S LBHER 5 X0retBe SRS htibTapbirebd or Pty
store data. Aadansthepertivhalay resigd sieRhmtd @mputeRe conput er system 104
8 may al so ut é&aﬁe IBternet website, for exanple for providing or
mai nt ai ni ng d or aﬂ@r Bt r}?“gseﬁ’ﬁ%rtﬁt?@ﬁ@lttﬂég‘@gﬁ’: datg ste st ang pthepe
appr eci at ed tih@tmiiy! & digtaf RAAER! BE YarfIiR inPE Yl 5F ¢ Q%Eﬁlﬂi}@psﬁs&rﬁ he
context of a fully functioning conputer system those skifTledin the
art will recd@fi Zdettivatl2fven e ehnsuitable plfysicaleorplogisalmedns wé woiumsting e
capabl e of bej i | bu o] m dugt. in a.variety.of
forms, and t%ﬁ&g?‘%}s Sgéggge%q%dfoﬁfpgﬁ%ﬁ%n%égp gégeseélﬁtallslny? 9‘8‘3‘%?‘3% dizech ¢
t he parti cul dard-wived afnnesiops) fiber optias) diftaeedsing vételdse buis tB¢hnoRigied, used to

carry out th istrifut.io | es of signal bearing nedia include:
recor dabl e nﬁﬁ(ﬁ% sucﬁ‘eégte%FWpE@r%Pg’%?mH‘& gana; ipdas o grsYismgd4and
optical di skgod &athple Hofmka $38m dANG dnHAPIAGRE f&ﬁ;{ﬁ?@l@m;&ﬁp En@éan be

digital and anal og comunication links. It wll sim I_arva/ e
appreci at ed thalemented sginp anetuitalle method @ad apparagiss dt emntiegludesmedir frfose

fromthe enb g{',;gf]gt iLcted. . : . X j t he
conput er sys;Bl em 104" {riir@gée%e{%c%'gﬁ“@é‘%‘%l%‘r‘ﬁ %@eﬁ:o’%ﬁg#\?\ﬁ élg cé?ﬁ{’?e?g’ ofﬁre or
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2is a flowchar)gf of 3 r oot cause determ nation Process 200 for ,
interface 122 may also include one or more network inferfaces 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



determining a |ikely root cause of a synptomidentified from
operational data for an engine. The root cause determ nation process
200 can be inplenented in connection with the health mai ntenance
system 100 of FIG 1, in accordance with an exenplary enbodi nent of

t he present invention. 100261As depicted in FIG 2, the root cause
determ nation process 200 begins wth t,he step of obtaining
operational data regarding an engine (step 202). In a preferred
enbodi ment, the engine operational data is obtained using infornmation
or data genepql afloRylid\h BRRsk DEbGRVIoF Sxatipid fo%g?ovidﬁags& thiinfinfigtd-ef r ed
enbodi ment, thé engine operational data IS generated at |east 1n part
by the processparfotming apartipes thereered in the menory 118 of FIG 1.

Regardl ess o i t, I.Sygener t engl ng.operational ,data _ .
preferably r 06’? gtventlg “é]npﬁ:%ragﬁllte?@tegf&gter gllf} n@hsch%?a'r grsnb(o)‘ﬁn%eﬂte 18
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and/ or undes p&ak URtribdteds A progRGrSduce LTRRE) tms, (208 (2R HeFesent
synptomis determned by the processor 112 of FIG I, based on
oper ati onal gwestion2appliene@ully megarlesswindhey partignlyr type of compitonzadahie
engi ne conpo .S e t pd tenti.all v bei I
source of thgﬁ:ﬁ%e%ﬁafégg%dzangggeﬁs% tgl?n %gtde'%%@'ég?i ﬁg"r“ﬁ%%%lsgg}l‘gé n
preferred enbeingemntdiatineuden gieomdadermoxdéan suobnys ifloppyidiska, harghdrives,
pressure turbine, a lLow pressur.e turbine, hi gh pressure conpressor,
a | ow pr esspP’@“’B@’nfﬂ“gss@Bf?p“ﬁalféﬁ‘f (&gcgﬁgdggbtaf’ggﬁgﬁ‘@?m%?w@ﬁgﬁﬂ? 25
nunber of di ffoRAIGMd Aok ToRMARNIGLIKRMORANEiRilatl be appretielel @kht the
enbodi nent, a first nodel is also selected for correlating the engine
conponent wi MNP sypeMnNd4 Iyayrlsnetheryisg diffs frase theembedinrab depisted i
preferred e i £1.4 st S R
nodel , and vnv?ﬁj ]gg%eexre tlfélrtﬁaetPéeT?e uetﬁ gs ftnh@a"@?‘?te?%%nam ::Hr%aa'el
However, in cthemwdsen utlidgodierentngare gthete coppetser Glystemsl eingd/oneothdpecontreld.
I n addition, | ti pl e engine conponents and/ or other variabl es may
al so be used™sGF exanple in different iterations of steps 206. Also
in a preferrp@2snbodiGEDts atfhevchir®0eaS06t dalide Qétermbifmtioh proeyas 20D €sr t he
engi ne conmponent .and the thernodynam c node| varjable, and uses a
t her modynani SetergHRIng a3drely rgptoause pliawmpiary idpntified Bpmoperatienah data for
system 104, N 1 fobCeaule dERGRniMA HBELsH 206 UIRYeCipidRented i
selected, a etee _mémna_thlgor? ‘i%aurraQe asnto vlgrrelgégus s?azﬁa_r s{I]I{ll11artﬁmneeeI to
be esti mat edeqracdipn20d) the hedthduaintenance bystdrmi €0 of Flé il aini asnordenes wwyith f or
the conponent. as wil|l . Clel 0w, ..[ 0029] Next, a conponent
devi ation i sar&%ﬁe&#’l a 8139§%"%§%t %?%)%?eslrggdﬁ%gggh ing a

[0026] As depicted in FIG. 2, the root cause determination process 200 begins

a

with the step of obtaining operational data regarding an engine (step 202). Ina
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. Regardiess of how it is generated, the
engine operational data preferably represents a plurality of performance measures

of the engine,



rel ati onshi p between the engi ne conponent and the thernodynam c
nodel . For exanple, in a preferred enbodi nent, the thernodynam c
nodel nmay use one or nore thernodynam c variables, such as efficiency
change, airflow change, pressure ratio change, or any one of a nunber
of other different variables that nay be used to ascertain a
deviation to a thernodynam c nodel caused by the engine 10
conponent. Specifically, in a preferrec? enbodi nent, the conponent
devi ation represents an adjustnent to a thernodynam c nodel that is
believed to tengi : : h ' at i i.fied
in step 206, l@’sﬁ ef I%(’:tg Jé%x? %’?’Fﬁgg‘o‘gﬁ‘%‘t [ﬁ)éﬁgﬁgj %‘g ggggﬁéa}?pﬁgen&l ?%gts(fteepp
202. Al so i n284)pr Bf & prefetredndmisbidiment,, the brgin® syropteimt repreyenss 4 ateasure of
conprises one ar nore scalars.identified.in s%?eﬁgra 08, , each suc

scal ar repr eSBHDT REEMANFS gt iscuRexpestedrandipyiun EvidlEP o at%eggﬁ@
t her nodynani emiBéitent, Aifc el QRHEHARAIRrmined W5 th@bfocBRBOHI 1BINEIS; 3,

di fferent ty%e of nodel, other than a thernodynam c nodel, may be
used. [0030] Pawdaajoneatientl date 12hgored i the shpmen LI&Sd¥G. 1.s preferably
mani fested via one or nore thernodynam ¢ nodel variabl es. For

exanpl e, if i’od?isgh DA ERiECediliohbilds WRT shidaal M%cﬁ&tﬁﬁ%tyglﬁﬁ%pg%g@gl

conponent in step 206, then the conponent deviation
shift or ot heoureelplithe ndantifipdengine syaiptas (ss¢p 206)aiFof Exampdd)angeraferédabl e

and/ or one or .e ot her variables in the er nam ¢ del

bl | eved o FEORdieft U enele Earde dutvciteluf > FREN RV, FRESe, o tow
conponent, spfRsuds nirbige,tOfigh pregdurd eothpresasrs dN®M pradsieé ePmpRor,iafapne
exenpl ary enbodj nent. In a preferred enbodi nent, the conmponent
devi ati on i sceabustraindionanyiong opp gumbagy ditfereniitypes of enging gomppnents.

engi ne oper aji pPakerfidlebbdineand fiianddepi m%aéaszm&%m@%é&%i&d in
the menory 118 of the conputer system 104. [0031] The process tlren

proceeds to semporeabwith theuging sympiemeyiaanbannodyriamiqrmddeladn o prafereadher
there are any additio ' t ideration. .In a
preferred e %c?umeﬁf“,' q%iﬂgﬂg‘g%}% ﬁgﬁ%gnna ?l?%rré%ég%% Fﬁgapﬁg@&lgg?e 112
of FIG 1. | hereaftdrsrefirtieedi asechel fithsinepyRdndict hate!lt.he Howeve, dnecedtaionor e
addi ti onal engjne conmpopents for consideration, then, steps, 206-212
Fepeat _unt i | CERGLEERE, SIheray BeS it FAEJINIP bd 85 eI TR G760
step 212 thagoeh eﬁtsadnﬁ/oﬁcbtl@qlaﬁhlﬂékahﬁg@&b% GRAPRR &REDpleOh different
consideration. Thus, in a preferred enbodi ment, steps 286-212 are

repeated to Beratiens afiigps 20fe Aae inapreleupheniadimentithe progessorild of §iG.each
of the enging ;GHIRRNAN Sndif PnRRBR! A9 therhddynamic model variable, and

uses a thermodynamic model 130 stored in the memory 118 of the computer

-t

system 104, as shown in FIG. 1. 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 thermedynamic model caused by the engine



[ 0032] Next, in step 214, the conponent deviation is conpared with a
plurality of root cause deviations as well as to severity |evels
reflected therein. The root cause devi ation neasures represent

rel ati onshi ps between the potential root causes and the thernodynan c
nmodel . Specifically, in a preferred enbodi nent, each root cause

devi ati on neasure includes one or nore sinulated val ues cal cul ated
usi ng an aerodynam ¢ nodel and simul at é operational data. Each root
cause deviation neasure preferably relates a potential root cause to
t he t her nody d y

model var aberboadiy Spetiikal STt ele BRoGhel LGIRREY A2fRGn
enbodi nent , erapxhsemtsonn cdjisenehe o o4 ltlmnmm!g&mmﬂce nedepthases teliseal & ber
ot her adj ust ment factor represents a | tjplicati dditive
Gevtat font o Tttt Raibe coRe ermPoReSLRRTI el f PR bGP PRSI Nt
the root causge ggathiinaPBatiBBRINEE Sn 3ief 202! %é@kleﬂ pHHRA afbcshaflydgn C
nmodel . [0033]1n a preferred enbodi nent, the root cause deviation
measur es nmy S9BIPpRE) devistian mmpe@@uorb@m@rsealmedm@pd dmgicp 208, each

det er mi nat | onpy OGeRs 200BAMNS FRlFIEM! dollof! B, dhe

various root cause devidtlon asures may a reta y be Poréa A
the nmenory 1iReroiodydamic amdell eds mystioned 2Bavepin deltin e}nboﬁundsnts odiffegentse

devi ati on neasur re usl ul at.ed using simul ated
oper at i onal ?%%ﬁé’ﬂi%ﬁg‘a%ﬁ@? O‘gvﬂ@?’étm%cl‘?glmﬁaﬁeéfsi 9 i s generated,
in certain enbodi nents. conprises a scalar or other adjustnent factor

that represenoe3d nutied fijnstaéit\e e thaddidihandc dRdelok!| eﬁaslytrheufested
t her nodynami ¢ ,nodel . [0034] Also in a preferred enbodi ment

conpari son ofvi&ersPramore therpgdymmicmods) varables, Sopexample iba brgh n:re@surq
For exanpl e, r&:@&e%naédtﬁfaa e Qg:ﬁ%ﬂ#@h&@ Iy& Ollsrg?mh&m%rc%ldg%ﬁ@t
(0] (0]

| east squares approach, any one a nu ( érent type
conpari son aldgmlml@lhmy laddd*t)ra Sdar@' op vthep fadiastmento sy thgfvatha%fairzenalrﬂques

of approache ed e ne. 4,90t . cau
Gevi ot on mesbitisSArplle TBBELR! SR TR e i WBirfoch e PORE
with lrespfact beeleved ltd b@ba&xsédﬂgr m?lwa:amnﬂntvc?ardfalhﬁ @gineabfhpoiientisubh dspect
to multiple onen aor exarrpea steps ,206-212 ar
repeated. U tt%f&rér 9'3@%“ 15 {SPrAY4r DGR EXGTHP %rréal%?i <3 ol pogteptad
rank the pot @Rfbbdinen We &RMRENt deQiafitil ﬁ%lcﬁlaleﬁ'ﬁ?'t}ie ﬁ@&ss&@}'ﬁﬁom@e‘j

on the ranking, and to cal culate a severltﬁ/ ereof as wll
di scussed f urlt heing thelenging nperatimmebdato R29dndH e&mdznmmd@mo stored

[0035] The potefliflnd§9is GPHESSmANG SHER 1panked (step 216) based on

[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.



conpari sons conducted in step 214. Specifically, in a preferred
enbodi nent, the potential root causes are ranked in step 216 with
respect to how closely their respective root cause devi ati on neasures
are to the conponent deviations determned with respect to the engi ne
conponents pertaining thereto. In a preferred enbodi nent, this
ranking i s conducted by the processor 112 of FIG 1. [0036] Next, in
step 218, one or nore |likely root caused are sel ected, and severities
are estimated therefore, based on the ranking fromstep 216. In a

preferred e h4rENT S Tyl Jy 1 i r 0o ar
cal cul at ed gg@g#» on H?;ébgflzsggpgfz lé’hgﬁsg{gﬁé&rﬁgﬁl ﬁ&ﬁ%}e/onr %O%orgﬁﬂj%gsw& @
devi ati on nmegsuratisy dHroot baust ideehtjons aetwabass®sseverity detety retlagel] dierdigast

in part using_an aerodggam’c nodel . Each of the likely root causes

preferably pefiafoRt cfuse dedlplqromsgsuges Tapreseghreationtins Ryt vieencthepateatial

that is |ikelpot QGaieVCarkPUfe dh@mdHPihRE HedLCt aphetificANCT At hOpRkerdat a
for the engine. Also in a preferred enbodi nent, 't hese cal cul ati ons
are made by téebqditaenisensh raot zawse deyigtion mepposincides o prsmgref Jimwletedr t
of a root ca ' 'nﬁ 1N 3

cal cul ating ;&Sa (rﬁlc?gtec \%cg%%ég de g%%%ﬁ&%agg%??d?l o?dﬁgagjgﬁ zer(\it ‘?%"Itfr%é%lt daé%iuse
of an engi ne, Edch ractcanstades@mtion irieasune prefenghilya rejatesndpatentiahtoco tausti € the

present invention., For. exanple,,in a preferred enbodi nent, the roqt
Cause devi at | BOGAETTE Aty MR] BIPtEl Jede Sooqapnediyimye mods
particul ar i npkigpestsath athele sde@in dtbf 200. The Ef@‘afredcmirﬂak,eéaeh A&t on
process 200 of FIG 2. [0038]As depicted in FIG 3, the root cause

devi ati on meduice devplien mepsiie weBpEss B002lpegr mihepi adinsspen Beer that
which a fir .Stregﬂegé?xlts hﬁnﬂg@ﬁ"éaﬂ%j or hldi v@ﬁg\fﬂfcﬁleﬁ @Qﬁﬁ&iﬂi&ﬁ amib Model," St
nodel conprises a thernodynam c nodel, and w | e hereatter

ref erenced asAlstién 4 predermadaynbedingeniyolketodt cadesdariationinmeagred @k malculated

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
operationa] 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 thermedynamic 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



13 enbodi nents, other types of nodels may be used. The thernodynam c
nodel preferably relates one or nore engi ne conponents to various
performance neasures of an engi ne. 100391lIn addition, a second nodel
is also obtained (step 304). In a preferred enbodi nent, the second
nodel conprises an aerodynam c nodel, and will be hereafter
referenced as the "aerodynam c nodel". However, in certain

enbodi nents, other types of nbdels nayi%e used. The aerodynam c nobde
preferably relates various potential root causes to various

per f or mance I DE4 referr.ed odi ment ,. t.he
t her nodynam gg %@%{eﬁgﬁsa%m%ﬂglggg 0 ygatPﬁr}%&rrgﬁéP?egr@ rs??g?%'ﬁesl’ OtSﬂECt a
menory 118 ofikélpeociaapse imsedsytsthe mankitg, edd fol c@lculhte 4 40y NRetkof, A wil ep

306, simulated conditjons are generated to be representative of
vari ous pot eﬁ? id%iFuﬁsfiyE‘mg%Fd?&’é‘f ‘%I—"'BPI‘E'@Q%I"%,S‘CPW]Q@“&%%I ary
enbodi nent, the potential root causes may include tip clearance |oss,

profile | ossog3spi | i THe poiGRtidl @56t canfd &6 GRAdARNed PR thaked B9 the @
turbi ne, although various other different tépes of potential root

causes may aFe@P¥Bonseandugediingtep? lde stpseifically, iras prstrsred embedigent, dheont
. ) _ ; . . L
engl ne co ”poggﬂ%gt?al tbBt LdMES &% SAmAiY s?egﬁ’fsl Id‘?ﬁ] ér?sg?ﬁt St|c> 'HﬁkvPEBqulii t%liuégls e

to sinulate nditions reflecting vari evel s o

cl earance | osspeqtivef fooke dauss devtiatiwnl megsuesigerel s the anohpemmo ndkaiayiohsoss

of the turbi resulting effects. on various neasures of engine
R Berglos % o

e, and
per f or mance r@%‘ﬁ‘&ﬂ“ﬁ% Yat fEPE haAgEe QPPN Effftiyae ¢

rati o change prefétd®mbodiment hiPtnRing N don@hcet by dBaprocesir NaLEdIGN.t hese
conditions, all represented by simulated data obtained fromthe

si mul ated condi.tjon In a preferred enbodinent, this simuation js
perforned at Hftsh Nexpap gy 218, (9B O RSP %kslac'ﬁmagav_@wear_srssk'@@@»o%ndl12
depicted in Karitids arbOQidhiaXherefofe, HabR 3P%he AnRRBPEAE std dfY elipped

between each root cause and a variable related to engi ne perfornmance,
usi ng the si pigferredenbatinenh dhesseverities @f thanikely roeteshuserate calealataddasédn an

exenpl ary enpoG BRI otk BGifs ROMEWdtBause 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



14 root cause of tip clearance loss in a turbine, a mapping is
preferably created that represents a relationship between different

| evel s of tip clearance loss in the turbine and one or nore vari abl es
of a thernodynam ¢ nodel, such as efficiency change, airflow change,
pressure ratio change, and/or various other different perfornmance
nmeasures of the engine. [0042] The mapping for the root cause is then
correlated with [ evels of severity for 1Bhe root cause, as reflected
in the sinulated data, in order to calculate the root cause deviation

e s (e A R O SRR i o

t her nodynani cprefethbly belatesl one mjlrﬁdrwleagﬂbfécem@nenté ageldions Feefoahidcy
for the root cause. ;I'he root cause devi ation neasure is cal cul at ed

based on t he HESHEHG Yt ®E¥n t he root cause and the thernodynamnic
nodel . In a preferred embodi ment, *the root cause deviation neasure is

cal cul ated byjogsybi ninddditamn! Yo AbMISs 5450 QEtEEﬁéd 5%@[4 pUSANER 2 hrafel@l S
of the mapping of the root cause into a table and anot her’ easily

accessi bl e f ciphedimephethe gegondanede] gemprises o apsedypamicomadeyprdewilbhe i y
be used in peffopal ’}Qfe?éﬁglfdmasd't&g”‘ gbitinft tfibacPPC’ AdvEl falfndiz

obt ai ned for the engi ne exa e ’n e roo cause deferm na
process 200 cﬂmﬂéﬂiﬁlenm, mm%ﬂ)dsnofcemﬂeis maynbodsedenThe delvelynapipi modedf
the root causes. t t her.nod nanlﬁ araneters ge en be stored in

romory for T RRPEO GBS (RO g B FAE@ RERLS pegance messures

det er m nat i onfRAOeRSIEe.20R Oprefeh@dl efbodiRRSt, fth@ﬂ{ehﬁodynamfc Riv8éeimdetle
enbodi ment, in step 312, the caflcul ated root cause deviations

measures ar e fodyeamicinqdsbargeinsed,in thgmemory S tpreampuisr sy eipm 1104 o
FIG 1. Thesgq@alues may be subsequently used in connection with the
root cause determ nation process 200 of FIG 2, for exanple in the
conparisons of step 214. [0044]FIG 4 is a representation of an

i npl enent at i dA940 t hlextoon stens 0@ esiemudateht dopditipnpcars s eaBOitesk th) & 2

and the 1 oot GauasdeY o \hA0TRASHEC R LAHLE" FONCRLAfE SR A08eRbid)

3 using the o mal Nt enanc
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



FIG 1, in accordance with an exenplary enbodi nent of the present
invention. As depicted in FIG 4, in an exenplary enbodi nent, these
processes are carried out by one or nore prograns 128 residing in the
menory 118 of the conputer system 104 of FIG 1, using engine
operational data 129 and a thernodynam ¢ nodel 130 also stored in the
menory 118. In the depicted enbodi nent, , the program 128 at | east
facilitates sel ection of various enginé4conponents 402, such as a

hi gh pressure turbine, a |low pressure turbine, a high pressure
conpressor, r u f D, :

combust or " aly RAR AIE B ERIRE T S furbile Plhabie i hrtARLY ond
degr adati on oépreseots = weldtionsigp retveeapdifferant B0} dfhi cleamn@otdntin ahd y
be related t he e %ine operatijpnal ,data 129. Specifically, in a
preferred eng‘HhF‘ﬁé‘ﬂiq, N R MOF sialiss ofi 4 fheppo p@nclm‘e%sug{éﬁ%tiﬂ@@n?yn
FIG 4) al soch&fgestuflow dh&lf%]e[lg)ré‘sbhﬁb 18680 RBArige) Snd/@ Jaridhs PRASrOdifferedt
vari ous other steps, through instructions provided at |east in part
by the progr &&empgnce poasyreaoEiesagiskpi cted in FIG 4, various
conponent devi ations 410 represent relationshi ps between the engi ne
conponent s 4¢g42)d arfehghimAY T fRA%husd 30, thas cbREbRELEh iIfvelagd OUS
t hernrodynam ¢ nodel vari abl es 404, such as efficiency change, airflow
change, and pewsifufos theaopiocavseangyeiledted mdli¢ simplated datd, du srdentot calealatee

devi ati on nmeasures 40 epr.esent relati i ps_between vari.ous
potential root® {:Ogugaé%sng%ﬁg{l LY est(lg%p?fﬁqggr g%%é”?%%%& eBﬂ%SﬁhPﬁ"%" thsss,
trailing edgendpping, rdp;lésbld:enéiﬁfcfeﬁﬁsscal&gdoﬁezit@didagmlsthﬁﬁﬁ f@cf)tlo@elﬂiraitﬁb
engi ne conmponents,402) and the thernpdynam ¢ no ari abl es 404. As
di scussed abg%FEPO‘?W%mﬁS@fbéﬁde‘H wHEBlH ‘ﬁgﬁfﬂ“_ letels phsrvere e the root
devi ati on nmeagiieesTORoficuse Aletidtie] Bfdaddd ﬁgcaiédﬁiéﬁbﬁs@d%eﬂ@%%?dg
data and using an aerodynam c nodel. The root cause devi ation

measur es 408bewigen hibp ot ciskfrarasd thiet thexragdypamicr awdelet | Ire ac prgforrednt
devi ations 4 el t : j iN..

e o e oL BRRBERR il Bob 18 BATPnERgIS AOTRAREp Lo s
det er mi ni ng ecaaropr ptheead)edhaaiti fadtons @b thecaayséneg dDhe redtataest i D ableor

nore synptonms of the engi.ne operational .data 129, for. exanpl e using
(e’ pr ocosscendn b PHrly pieBsiote KA 5108 roriEnks HBUe o MaES fon

above. 16 [ Qiit6duehfly b8 uséd M pérfMEiN@ldngRt dpnBARIRKEY Yperativast dgnts of
an alternative process 500 for determning a |likely root cause

rel ated to oAbtaged fyrthe gygips. Jorsexp@pleds dhn 04t Fayso pterminaion Prergssa2ior
an engine. Fgfpgxanple, the alternative process 500 can be used in
connection mntﬁ a genetic algorithm and/or any one of a nunber of
other different types of estimation algorithns that can estimate
conmponent de{l048] ondni ¢ertains pmbbdimentsp theTmeppihg erfntiei vaot pragssste 860

can al so be | nted | t Lth,the health i.nt enance
ayot om 200" of CRpEaVRa T picladis S chXbelidedy bBeES o0 Al SRR o1
the present ¥duget the.rodiscadspdetdraghation plocess 200 o FI@) 2.eSpaificaty,fhacess
Copmncit s ST bR oL he S et Bef otEbGains e
top level copRapReld & (ROMheRbS 118 e bBPuRSsRRINIRAIRO! | athete VALAL €d
to a synptom evi denced in the engine operational data 129 represented

in FIG 1. Fowyégamseeuentlyussdan ponnedtionarithvtbe tobersiseraeterminalion prasgss
| evel Co”pongb'é&ﬁg‘.‘%,infgﬁexlaﬁgle“ﬂ‘?heacom so%ES?ﬁéigflﬁt.“rb' ne, a |ow

pressure turbing, préssure conpressor, Ow pressure
conpressor, a fan tip, a fan hub, a conbustor, and/or any one or nore
of a nunber {044} heFl@i #f isrendprdsymatsonodf emgnplemestaponefitthe tdatcansey

represent a high .|evel cause, for tgm,of an engine. In a
br of orr 6 enfEmHROn PRESS o0y B HHCLE LR ©ob 5 GVl BFIEE by
the processog, digidf prlobdas 380 okFIABINGNE thd ReatthCRainlBanc sy&Bm! RI0ede



preferably that relates the top | evel conponents 504 to an engi ne
synptom from the engi ne operational data 129 through adjustnents to a
t hernrodynam ¢ nodel with respect to certain variables of the

t her nodynami ¢ nodel, based at |east in part on the engi ne operational
data 129. For exanple, FIG 6 depicts an exenplary top |evel
deviation table 508 in accordance with gne enbodi ment of the present

i nvention. In the depicted enbodiment,1 he top | evel deviation table
508 includes a plurality of scalars (fourteen are depicted in FIG

6). In a prefgpred; ' . i.onship
of a part| a2l ol Fradpe i, 38 Sy o boRhaR 80 e btk BeRRGc |
Wi th respect Aodepiqual ini KIG. &f invar éxehiplnb ORbafimbidte theke prooekyatadie carfiodiel .
[ 00491Specifically, in the depict en‘gpdi.mant, t he i 1:3 vel

ovi at -t atfib DK e IR G B i 14 adRedt ety LEbphecmeai o
top level ai gy maadrar1GOQ6udifg eRpsd opthatiodf & 1929'Snd @RhérdN8Ynamic
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| evel *compondt PESSEGROBREFRE AP FPobI DL CORIF NS HEIof { of
exanpl e, a shifch #ronetdrahordGhéaSire® bf dégladdBib'ef efth QRAIABIngIcofpBiYént N

t he t her nodynani c. nodel believed to be caused by the particular top

| evel conpondfe) sbrt) mayt pefeqtially ebea ppipted i tat &8 engine \aperagignal odaiar 12%p

| evel compon i g .

vari abl es ma??’ gﬁgggﬁé&%@%ﬁg\ﬁl&%ﬁ&ﬁﬁﬁtgﬁé BISOEF{S&?n var ilgbgﬂgﬂi ?pé(ftg%t
types of scalimF¥G.i4) aldomssigtp il melcdhg sevhiselectoms,t aidlie psG&ming vaiqus efter r ed

enbodi ment, the t l.evel deviati.gn table 508, i ener at by the
rocessor 115481 e ibSnc g Tt & epsCo B by BretRERRIEE, oY el
deviation table 508 is conpared with a root cause deviation table
512. The rootj0@slise ARyiat depictedbiheFE 24 pvaficisabbripsnehatdesiatodst er@nt
potential root causef«_of otenti al, synptons thro%h agj ust magts to a
t her modynani EERTEERY Telitiphshins Sgiveen thy qugloe spRponenis AR aad grthqrpedynamic

t her modynam GndHef €0, aBasRetedlin VARSI théhmBdaydanRd nddBILA6s QDL wkh gpal
data. Preferably each root cause includes a neasure reflecting a
condi ti on or c&icansy ghange irflopcehange, anshpressyreiratimehoae nin Biditions varigus
engi ne. For : I L Synan | ah .y ?Hﬁﬁ devi at i on
table 512 i n%;(@ggéru %ndéggtv{nmz hrq%%{él%gex?%rrpreg?eé%n%é%ﬁohgﬁés (cfi) e %aﬁggéent

i nvention. | mpotehealdepi ciuest 46badehmentip clelanceolbs, qgaolle 1dsy trailingredpabl e

512 i ncl ud | | | f | twenty, ei ght depi d |
2re Iy Y e ikt ke o RE@nGHT bk, bF rnen ik camBanenP R Eind e
cause 702 on ygrimbB@yrAREY Rdel vimabids #04 h AseaRaREed! AbdveP R tdné Wrdferred

vari abl e 602 of the thernodynam c nodel. 18 o
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 diagoostics 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.



100511Specifically, in the depicted enbodi nent, the root cause
deviation table 512 includes a root cause efficiency scalar 704 and a
root cause airflow scalar 706 for each root cause 702 of each top

| evel component 504. Each root cause efficiency scalar 704 represents
an effect of a particular root cause 702 on engine efficiency in the
t her nodynam ¢ nodel (for exanple, a shift or other adjustnent in

val ues of engine efficiency in the therl dynam ¢ nodel believed to be
caused by the particular root cause 702). Likew se, each root cause
airflow scal 6 r ent f t e r 0.

702 on engi n?%@f I ol\?v@ir' er?sltg %eﬁ? era rmJynaer)r% cp %gﬁ%ﬁ%&%ﬁe&f;%p%hg@g%
shift or ot herocass 10t foedeteimining ladikslyoboteragsewelagidrtb lomw o mordhgymptoms

t her rodynam c_nodel .bel i eved .t caused t he particul ar root
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conponent 50400 reh bdased WD connktiGnuwiBsa g&RAE ialdotitnh,Yand/dreanki @l of a
pressure turbig&}% t he hi ghiggressure conpressor, the | ow pressure
turbine, the BPHRELPE LA cdiflshept dssrof esvimatign alggsithms, dhatheans ¥inale
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whet her and/Qr_to what.extent .there i.s a c ed nozzl apd.a.second
oot cause. 1 areatirah & 3 sk Bhoited hotiady 588 Pitel Wenfion, A picies
mal f uncti on. id FIGMS, thebstemativeeprioadse 400 BédinsVia kiep 592 aithethe {deafificdois 65
702, top |evel ,corr&ﬁ{]eats 504, d/ gr. t her nodynam ¢ nodel vari abl es
may al so be YEYS Whiekst copaereaisedfiof thegngigs ous different types of
scalars in the root cause deviation table 512. In a preferred

enbodi nent, {d¢wa7] OOtInﬁ?%aﬁéﬂﬂﬁhhﬂéht,ttﬁé)tbﬁ 1vbPednpol@te 564 &€ ikvtifide
processor 112 of FIG 1. 100531In a preferred enbodi ment, the

conpari son 53ub¢ingpefertinlly selpted ta heympipm ewidenced irf the ieaging opwrationnl daouy
and the top | j I 808 : ' v
conponent SOA?ygéﬁaaérg%gﬁl?\%qt ?{ége S g’gf g&\?i\nﬁp u%(k:llc’)?%rggcgdgﬁ |h§J°]r]ct%)t
cause effi ci evelycompmhents 5FOranimdlude o highgusssurakurbineya lowgiressere t¥6inkor

t hat parti cul ebré.g}tbolp | evel component 504, based on thte r oot cagstgs 702
for that top®BRLPEYRHENERES B0 (RPN TATPIeSSer: i3t A7 {Pg L BRR:
that a high pémBBsstdreaddiring @néBymbe of atrRimbkeyfedther Hdferbit UHRs Of edrine
particular synptom then, In a preferred enbodi ment, the root, cause
ef fici ency aRopenepts gt seay represepbyhigh deyelgausefsr a symptregan cagingoln
cause 702 of .t ' [ I 0 0

taken from FF Cé} 9%1%(2% g?@g%gﬁé@ 1év‘\fe% tﬁ&{aﬂ%&%‘%psqqg\%l ﬂgﬁf}% gyng%/eeand
ai rfl ow scal prose8ow) 1268FIGf 1.t he hi gh pressure turbine top |evel
conponent 504 fromFIG 6, for exanple with respect to the signs
and/ or magni of; e.r egld ve, sc [ St addi ti-Qf, ;.| j
exanpl e, theidr{]gg‘S calt\tljeé(g & g‘?@i@tr?tf g%d?eg?lr ??Vo“\!'/\t/{bsnc%%gar ssagdi,él?gééegf
the profil e pr$sablpdiatcclatsethéGdp tdvell doenpohgits Pl Sl éngirel dyipeori GOm

| evel component 504 are al so, t nfromFElIG 7, and are conpared with
he top | BvelmecmBne By dets 19| biaug Ao S 2quEmry RS FagH
pressure turRifgedet: focdtRhinCRARBIBE B the Qflertio@ali&Smddel, Bhs@ dt Wast in
exanmple with respect to the signs and/or magnitudes of the respective
scal ars. [00BarL|as thei engisen wperationahidatac bifharlios osxapplyyikdEs Gadepicts an

I ndi cation a§xe§1ﬂ)lquyp?€vel 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



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

| i kely root causes of an engine synptomidentified in the engine
operational data 129. In addition, simlar conparisons are preferably
conducted for the root causes 702 of the various other top |evel
conponents 504. Based on these conparisons, one or nore |ikely root
causes 518 of one or nore synptons represented in engi ne operational
data are determined in step 516, based ldn a proxinmty between the
scal ars of the root causes 702 to the scalars of the top |evel

conponent 504 rel ated..thereto. Then,. in ep, 520, a sever.i 522 is
estimated f or°°é‘%?€ﬁe°6%0f" e aoﬁ’@”%‘?‘gm rF?‘fFL P‘E‘hrrﬁwmct&d’s%“@i%, vagigkleq
on the magni t4pdeT defthédRdsedtianmdafl the likely root causes 518.

[ 0055] The processes, progranms, and systens depicted in the Figures

and described above are _exenplary in nature, and may vary. These
processes, pri@8#Hns, Seasiicalstin the depistpd smbodimenp roiserevs! geviptians ablgay
vary, and/or i i i .
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processes, artPolPESAL AR FERES of e B deappsnt 304q0m, epging
and systens dgftieicydn ARAthe@sodyhdifid MRIE(Br SAMpRE aQhirbbidsthér ARtment
potential benefit, for exanple in increasing effici ency and reduci ng
time and costi8 vakisoed engig officiency iy thedhermagymaamie model beliveedsp be gpysed
such engi nes =¥ te) 1 uf e, i

over haul . [00H G%Maﬁleéut etbl?gevv{éeﬁ% +@#nﬁgts§%2'enﬂg%@%§i%é§9€e {kﬁerragl eéue’nce
to a pref err edalenffidcicpresdnts dant effact of Hpartindertsp koel dompohas S04 kinlehgide i n

the art that various, changes may be e and,equival ents be .
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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 canse 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.



CLAIM5S VE CLAIM 1. A nethod for perform ng diagnostics for an

engi ne using operational data for the engine, the operational data
pertaining to a plurality of performance neasures of the engine, the
nmet hod conprising the steps of: determ ning a synptom of the
engi ne fromthe operational data, the synptompertaining to a neasure
of health of the engine that is unexpected, undesirable, or both;

i dentifying an engi ne conponent as potdBtially being related to the
synpt om usi ng t he operational data; cal cul ating a conponent

deviation fr first del ,. whergin the c onent deviation rel ates

t he engine cg%%lnent%%@ﬁﬁ%df‘n@? r@ﬂ'?tefioe‘?tf?gﬂg‘l”ql’sihen’ﬁ?aélca%et Vidi8Bect

to a variabl aaldé 5théndlidesta ropeleduse tehfvichdy Woilaenis bed ba¥sdcduse Beflow

potentially cayse 6b%rth engi ne conmponent, based at least in part on
a1

t he oper ati orf53d each rootieaugs AYnpingech t9n leivell dompopent S8t Feelseot
devi ati on MeaseQshAQtddy soRav 6 RpREf £bf yﬁmaulﬁﬂb{ag{ 8hsd702 on

operational data re reSenting various di erent " possi condi ti ons
for the engi reagine efliciensynmpathe rthertmiodyramip anaal (fieexahplenawshifh ot locher

plurality of noot cause,deviation asures, each.root. ca evi.ation
measur e T el att RS gmo‘{‘alugs BJF EieLe ﬁfgg‘éﬂ“y&ﬁ’gﬁ%"ﬁ’l‘)d}flmc E’QHég?HTVGFi R he
synptom to t e chigedtbynihe @lrtisilah rdoesRRE 7000 Lhewwke! el Bot0dausd girfidw St

nodel , thereby ge_{b%r ating a pluraljty of conparisons; and )

sel ecting onéSHFT RdeHIFIFnts aneftog) of dotagiculas roqt sause JRE vasnaige girflow dn y

root cause Ofthd hg SR RGP FoP Bxadlife, R iR} bihePLhdiGARBA 2.
The nmethod of C a?ﬁn?ﬂf? wher ei n:gIfo Hiﬁe’ i e s h 3RS of
engine airflow in the thermodynamic model believed to be caused by the

particular root cause 702).

[0052] In the depicted embodiment, each top level component 504 includes
two root causes. Specifically, the high pressure turbine, the high pressure
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 leve! airflow scalar 606 of a particular top
leve!l 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



the first nodel conprises a thernodynam c nodel; and the second node
conprises an aerodynam c nodel. 22 3. The nmethod of Caim 2,
wherei n the conponent deviation and the plurality of root cause

devi ati on neasures conprise scalars, each scalar conprising a
multiplicative or additive deviation to the thernodynam c nodel. 4.
The method of Claim2, further conprisijgg the steps of:

cal cul ating a second conponent deV|at|on fromthe thei modynam c
nodel , wherein the second conponent deviation relates the engine

corrponent t 0 c;ausesfon gartichlbStyiBbm] teh,Ng o feforfod LRMBOHitmeaDdRd rodt thuse
bl é of the thernpd /nam ¢ nodel , based at

t t d
|r 235 te Ci n ga?te%fgﬁgf?%é\f/ﬁﬁgﬁa‘fﬁ soplars 794« 706 ofiihe tip clearapesivat savge ¥0%ofstbe ond
conponent  devjigf hRBsutd hlitbide %we%u Eoffherdt 30 £8438n SRInD BIG I8 VAAl 4roN

neasur es, each root cause second deviation neasure relati ng ‘one o
t he pl ural i t yompajsd tveitit theltop dryel efficisncy and aitlowt mm&gm@ﬁﬁ @fltimdlagh

W th respect bl e namn,c

The met hoa oGt e Rl telcbBRiutal iy e FIF o B FERE wiioemestss
root causes ahngigissmd/ok hrgsitelps of the alsprtiveiganne Iﬁfaddhhen b tHiPdxiatnyleQf
potential rogf causes %? the likely rogt cause of the synptom ased

at |east in pPXFOLTAUSE ﬁ’ieP%Yr‘}W“ngécql%}'égo‘ngé@fﬂ@\ﬂ%ﬁlf’ H15s rRshease
and a root cagser ﬁﬁ%‘i’élﬁbr@s‘%ﬁﬂe%ﬂb% PRV cBn ngsnew?od Arksisy @R trofbHES 1

the conponent deviation and the second onent devi a
respectivel y.7, agl armemn@rteﬁddthdhe @ipdevel ﬁfﬁome}’ eitchaitfioev vcaiaream‘le 666 of he

second vari a?# h F@ hléegﬂfrg Iturﬁ:e Hi!)elewj %5 eﬂfigﬂ %rgggq“ib & Oarﬂ%r fLO{S gxa?m)ée

measure of e ow, ‘or sure rati o relating
engi ne conpomethtrespedt. to Thessigmtahd/dr mﬁgrﬂudesmfﬂ)e espettherscaglagpri sing the
steps of:

[0054]  In this example, this comparison provides an indication 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,



identifying an additional engine conponent as potentially being
related to the operational data; cal cul ating an additi onal
conponent deviation fromthe thernodynam c nodel, wherein the

addi ti onal conponent deviation relates the additional engine
conponent to an additional adjustnent to the thernodynam c nodel with
respect to the variable or the 23 secqnd variable, or both, of the
t hernrodynam ¢ nodel, based at | east in(igart on the operational data;
and conparing the additional conponent deviation vvi th a
plurality of 0 dew r

addi ti onal 0‘5il gglg%sg@%esggﬁl? ?%Hénggsﬁbrdea&b%drﬁgé%ng&o Flﬁmfcamy
of additi onalpopame}rhqnaﬁt fcwwampiusremctegsmgﬁﬁmhmymdyc@mxg mmdmd austs h

respect to th | e second va

ther modynam CoiSH W Rint MaeRGIC 5 SaRERAT R P st Wsting
devi ati on f orfoHowingpeunefictued, r@aum@dﬂevd‘rhﬁuluse in performng

di agnostics for the engine, the nethod conprising the steps of:

i dentifying ral root . causes of a, tom of the en
the synptom 388 i ni W‘Féhea ’ﬁ‘f@‘gg’ﬂa‘@ gfe%@eéFrt‘tf?dn‘?‘ﬁi FrECTERfSSi et Prgél“efis
unexpect ed, umdRIikaaR!iEwilPbe ﬁkﬂiefbtooﬁ%?hhds@@kxll@&ﬂﬁﬁe QR TRAtIvalinG c%anges
condi tion of t he corrponent sinmul ating conditions of the

conponent f ormaabh made g eanivplgnts mayobe pubstituted for slemeatst thereedyithout
generate si MyealGlo 4hfthe scope of the invention. In addition, many modifications may

be made to adapt to a particular situation or material to the teachings of the
invention without departing from the essential scope thereof, Therefore, it is
intended that the invention not be limited to the particular embodiment disclosed
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.



devel opi ng a mappi ng between each potential root cause and a first
vari able related to engi ne performance, using the sinulated data and

a first nodel; determ ni ng val ues of a second variable via a
second nodel wusing sinulated operational ,data representing vari ous
di fferent possible conditions for the englne; and relating the

mappi ng to the second variable, to thereby determ ne a root cause
devi ati on neasure for the conponent. 9. The nethod of C aim8,
wherein: the first nodel conprises an aerodynam c¢ nodel; and the
second nodel conprises a thernodynam cCoidd$ . 10. The met hod of
Claim9, further conprising the steps of: selecting an additional
conponent of the engine; identifying a plurality of additional
root causesypf cihgnsynptom each additional root cause conprising a
condition of the additional conponent;

1. A method for performing diagnostics for an engine using operational data for the

engine, the operational data pertaining to a plurality of performance measures of the

engine, the method comprising the steps of:

determining a symptom of the engine from the operational data, the symptom

pertaining to a measure of health of the engine that is unexpected, undesirable, or both;

identifying an engine component as potentially being related to the symptom using

the operational data;

calculating a component deviation from a first model, wherein the component

deviation relates the engine component to an adjustment to the first model with respect to

a variable of the first model, the adjustment believed to be potentially caused by the

engine component, based at least in part on the operational data;

determining a plurality of root cause deviation measures offline via a second

model using simulated operational data representing various different possible conditions

for the engine;

comparing the component deviation with the plurality of root cause deviation

measures, each root cause deviation measure relating one of a plurality of potential root

causes for the symptom to the first model with respect to the variable of the first model,

thereby generating a plurality of comparisons; and

selecting one of the plurality of potential root causes as a likely root cause of the

symptom based on the plurality of comparisons.

2. The method of Claim 1, wherein:
the first model comprises a thermodynamic model; and

the second model comprises an aerodynamic model.



24 simul ati ng conditions of the additional component for each
of the plurality of additional root causes, to thereby generate
addi tional simulated data; devel opi ng an addi ti onal mappi ng
bet ween each potential additional root cguse and a first additional
vari able related to engi ne perfornmance, i ng the additional

simul ated data and the aerodynam c nodel; and relating the

addi ti onal ppi if I I .0f t T
thernodynan?? noggF%%F%d%%g%g jfg@?%?ﬁﬂ%go%ﬁ5gﬁg#$$§wgFﬁggg?ﬂ%gwggfnmt
devi ati on neagdrdzviadon nivaswaedidmmie| scalanp emdnicalar tdmpiiting Aehbbigliaftive or
Claim 10, wherein_the root cause deviatiqgn neasure and the additional
root cause @8¥f4s doyiptivde thedhampdmantc gedelars, each scal ar conpri si ng
a multiplicative or additive deviation to the thernodynam ¢ nodel .

12. A program product for perform ng diagnostics for an engi ne using
oper at i onal 4dat aThemethod o€ Gtrime, fitrther apegraiigahakteghatfa pertaining to a

plurality of perfqrmance neasures of the. engi ne, the progra r oduct
Compri sing: (8) SABIEEEafh SEAM FAFBANGT dRvienefomathel [Hepesynbmic. model,

det er m ni ng v RO RcBhd tBRIpSAG: RVl ERRs ARE eALhORBMpHALR to t d8econd
synptom pertaining to a neasure of health of the engine Fhat S

unexpect ed, adingtesht &blthe thgrmipdyrlamic model with respedetot af secomyl anrighlgiofethe
conponent as_potenti al | ing, rel ated to the synpt sing the
oper at i onal ﬁ]&ﬁ{l%(?ynamlc deetf,ebas at Teast 11l part on the opeya%nﬁ r;ri]a%, LS
comparing the second component deviation with a plurality of root cause second
deviation measures, each root cause second deviation measure relating one of the

plurality of potential root causes to the thermodynamic model with respect to the second

variable of the thermodynamic model.

5. The method of Claim 4, selecting one of the plurality of potential root causes
comprises the step of selecting one of the plurality of potential root causes as the likely
root cause of the symptom, based at least in part on a similarity of a root cause deviation
measure and a root cause second deviation measure of the likely root cause to the

component deviation and the second component deviation, respectively.

6. The method of Claim 4, wherein the variable or the second variable, or both, of
the thermodynamic model comprise a measure of efficiency, airflow, or pressure ratio

relating to the engine component.

7. The method of Claim 4, further comprising the steps of:

identifying an additional engine component as potentially being related to the
operational data;

calculating an additional component deviation from the thermodynamic model,
wherein the additional component deviation relates the additional engine component to an

additional adjustment to the thermodynamic model with respect to the variable or the



cal cul ating a conponent deviation froma thernodynam ¢ nodel, wherein
t he conponent deviation relates the engi ne conponent to an adj ust nent
to the thernodynam c nodel with respect to a variable of the

t her nodynam ¢ nodel, the adjustnment belifﬁed to be potentially caused
by the engine conponent, based at | east part on the operational

dat a; determining a plurality of root cause deviation
measur es of fsédoﬂ& x)éh@bl@,”oxaﬁé(ﬁ}ﬂd}{f'ﬁ{@ e cqgrh miR' Adds! p%le ta??eagto ﬁ]ggllt %ﬂ%e
data representing various different pos i'Bl'e condi tions for

engi ne;  25operational data; andconpari ng the conponent deviation with the

plurality of root cause deviation neasures, each root cause deyiation
measur e rel ati ng“ORRAIEE the _6?"8?‘%{}"4 F?/‘“B‘?neﬁba?éfﬂﬁtioélWlFlb@)PlUé%lﬁg g addfionap goot
synptom to the.BELARAMEANTES, (RHSHdinbid! rsASRGE! e@i‘&ti%ﬂ‘ﬁ:eé(s%g-é ABlifgQhe of a
t he thernodynam ¢ nodel, thereby generating a plurality o

conpar i sons pluaaldy of additional potentiz lreqtdangs onéhechertriodypimic alddelywoh respect to
potential rqot causes.as a l.ikely ropt. c e of the synptom based on
the plurali ﬁvvﬁg@S%ﬁ“reisg‘iﬁ’ﬁg variglyle, or both, %E;e QGW@P%’?‘{IQ"WR conput er
readabl e storage nedi um bearing the program and cont ai ni ng conput er

i nstructions for causin? a conputer processor to performthe program
13. The proram privefhed lafge@rating a oot ehvee deviatidnelop p ggmaendns of air ¢rrgde for

configured E&ﬁ%tehgast

facilj.tate: . alcul ating.a second .
conponent devi‘at onm?lfl%fiﬁa%(’es{l?sr? r %ﬁﬁ%lgﬁ'itﬁe %@‘8??0'\5}&%?%% ﬁ‘ets{%gs hcond
conponent devi at deftifiyigad BRrdliRe of At REuseO BPARGAbtohD oftheemONE, the symptom
adjustnent to the thernodynan c nodel wth respect to a second

vari abl e of PHHENING & AreRpFRHAiOE healdenf thy gagive et jsaustpaciedpundesionble, igs both,
oper at i onal e:ﬂ:ﬁtr@ét c@ﬁk@ comprising a condition of the component;

simulating conditions of the component for each of the plurality of root causes, to
thereby generate simulated data;

developing a mapping between cach potential root cause and a first variable
related to engine performance, using the simulated data and a first model;

determining values of a second variable via a second model using simulated
operational data representing various different possible conditions for the engine; and

relating the mapping to the second variable, to thereby determine a root cause

deviation measure for the component.

9. The method of Claim 8, wherein:
the first model comprises an aerodynamic model; and

the second model comprises a thermodynamic model.

10.  The method of Claim 9, further comprising the steps of:
selecting an additional component of the engine;
identifying a plurality of additional root causes of the symptom, each additional

root cause comprising a condition of the additional component;



conparing the second conponent deviation with a plurality of root
cause second devi ati on neasures, each root cause second devi ation
nmeasure relating one of the plurality of potential root causes to the
t her nodynami ¢ nodel with respect to the second variable of the

t hernodynam ¢ nodel. 14. The progran1pr%ﬁuct of Caim13, wherein
the programis further configured to at |least facilitate selecting

one of the pluralj 0 tial root.causes as a. likely root cause,
based at |east i rsiin?)"gar't goﬁongﬁ{s&fl?ﬁo éféei ¢ éfdl{é naz cP%‘B?Heéléﬁ‘%reea&ﬁ\ﬂfatg? é’ﬁ“réﬁlty of

measur e and additiond] redaEses &6 thactbd @¥reaite dUIRAS Likfledd ddie | i kel y root
cause to the conponent deviation and the second conponent deviation,
respectively. 19¢velomngppgadiomy seapeingdretesen each Potepfialr addifionpleroot cause
programis it «f COE : t il oo 200 .

i denti fyi ngtag(?l i %ﬁ%ﬂ?‘%ﬁ’gﬁ‘%@e ?%lﬁ%gﬁg’nf‘ggg‘gé 88@&?%“8?4 V15 additional
rel ated to shalagpedas bbb acdatpiamic modelcaldcul ati ng an additi ona

conponent deviation.fromthe, thernodypam c nodel, mhe[ein.the
addi ti onal conpoFFg‘H’cngdég% a?gﬁﬁwn?lell%acpéglgt He adercpndnagdditiongl ariable of the

conponent t g3 1. 804 Lk : NaRa.C
Fespect o {alodenll AR BAHSETRbmR. bR G S AR RAEh nflak
t her nody nanifer theallitionpbhempoatnt] east in part on the operational data;
conparing the additional conponent deviation with a plurality of

addi tional root cause deviation neasures, each additional root cause

devi ati on measur gh¢ Yhelddef @ME8mOT 0, awhdrbinalhk (b0 OEnRd Hel 8RR mAQ:E [)&}hh &he

root causes to the thernodynanm c nodel with respect to the variable
or the secofdflitienal apotecauge dswiahon mieasire comprivodyalarsi cadhpshalar comprising a

multiplicative or additive deviation to the thermodynamic model.

12. A program product for performing diagnostics for an engine using operational
data for the engine, the operational data pertaining to a plurality of performance measures
of the engine, the program product comprising:
(a) a program configured to at least facilitate:

determining a symptom of the engine from the operational data, the
symptom pertaining to a measure of health of the engine that is unexpected, undesirable,
or both;

identifying an engine component as potentially being related to the
symptom using the operational data;

calculating a component deviation from a thermodynamic model, wherein
the component deviation relates the engine component to an adjustment to the
thermodynamic model with respect to a variable of the thermodynamic model, the
adjustment believed to be potentially caused by the engine component, based at least in
part on the operational data;

determining a plurality of root cause deviation measures offline via an
aerodynamic model using simulated operational data representing various different

possible conditions for the engine;



16. A program product for generating a root cause deviation for a
conponent of an engine for use in perform ng diagnostics for the

engi ne, the program product conpri sing: (a) a program
configured to at least facilitate: .%dentifying a plurality of
root causes of a synptom of the engine, the synptom pertaining to a

measure of health of the engine that is unexpected, undesirable, or

bot h, each root cause I sing.a condi t,1.0n. of the.commonent .
si mul ati ng conditionscdﬁﬁﬁﬁ %%n%%néﬁ?ﬂTg%”egghwgg ?ﬁeﬁgwﬁrapffgo%mee
root cases, dedatidienehsirgeredhatat Shigsl ddvetiod ah&isure relatingemel ofpd plirdlity of
mappi ng between each potential root cause and a first variable

rel ated to @pEntia rpelayssralE die yaIpiIn o dhesthapmodyaamig apedel pathgigspect to the

aer odynam c : i D 1 al o nek ;
vari bl o of A e e e AR RIS AR EL BB O B pERARE and
representing various stléctieg en ofpths plundley odpeteitiad nsot tarsed fivea By roet vauge

an aerodynanj.¢ nodel; and relating the mappjng to second

vari abl e, tg¥§ﬁéﬂ8ﬂ9”ﬁﬁ§@1ﬂ%ﬁ@pgwgﬁﬁP%%Eﬂ?€“H§V? i on neasure for the
conponent; and (b) a non-transitory conputer readabl e storage
medi um bearing the program and contai ning conputer instructions for
causi ng a conput &) agraeilsasisorytcompatef oadatild etopaige gnalimm bearing the program and

containing computer instructions for causing a computer processor to perform the

program.

13.  The program product of Claim 12, wherein the program is further configured to at
least facilitate:

calculating a second component deviation from the thermodynamic model,
wherein the second component deviation relates the engine component to a second
adjustment to the thermodynamic model with respect to a second variable of the
thermodynamic model, based at least in part on the operational data; and

comparing the second component deviation with a plurality of root cause second
deviation measures, each root cause second deviation measure relating one of the
plurality of potential root causes to the thermodynamic model with respect to the second

variable of the thermodynamic model.

14.  The program product of Claim 13, wherein the program is further configured to at
least facilitate selecting one of the plurality of potential root causes as a likely root cause,
based at least in part on a similarity of a root cause deviation measure and a root cause
second deviation measure of the likely root cause to the component deviation and the

second component deviation, respectively.

15.  The program product of Claim 13, wherein the program is further configured to at

least facilitate:



27 17. The program product of Claim 16, wherein the programis
further configured to at least facilitate: selecting an additional
conponent of the engine; identifying a plurality of additional
root causes of the synptom each additional root cause conprising a
condition of the additional conponent; 26 simul ati ng conditions of
the additional conponent for each of the pl urality of additional root
causes, to thereb nerat e onal si rru al

devel opi ng an ad(lf%Yé t g nal anad%ﬁ%atl BetWe el eac &%tpé)ﬁ%%gllly galﬁgtrflgf?glto the
root cause apelafodal dgth; addi tional variable reI ated to engine
performance, usi ngi t he additional sinulated data and the aerodynam c
nodel ; and Henlahinenen additionsdicompenent deyipiangiren e dearmadynamic model,

addi tional \aelabine a8dinbhf SRESIRIMAANGS RISk A BibELERY. dRHRHEN1E an

an additi onal root cause dev I on measure for t
conponent ;  additionahhwdjusintent hte the ehermad@anievidlel eathnRgsddt €o alnd vhtidle, the
sure conprise _scal ars, each scal ar

addi tional root caus devj
conpri si ng &8¢ t‘”r"ﬁi‘ti Bathi b@ﬁ pﬁﬁd&?’i‘wyﬂﬁlicdf‘?% baseq 196 least in part on the
t her rmdynamong eriiBl data; 18- A heal th mai ntenance systemfor an engine,

the heal th | Nt enance system conpri si ng:
comparing the additional component deviation with a plurality of additional root

cause deviation measures, each additional root cause deviation measure relating one of a
plurality of additional potential root causes to the thermodynamic model with respect to

the variable or the second variable, or both, of the thermodynamic model.

16. A program product for generating a root cause deviation for a component of an
engine for use in performing diagnostics for the engine, the program product comprising:

(a) a program configured to at least facilitate:

identifying a plurality of root causes of a symptom of the engine, the symptom
pertaining to a measure of health of the engine that is unexpected, undesirable, or both,
each root cause comprising a condition of the component;

simulating conditions of the component for each of the plurality of root cases, to
thereby generate simulated data;

developing a mapping between each potential root cause and a first variable
related to engine performance, using the simulated data and an aerodynamic model,;

determining values pertaining to a second variable of a thermodynamic model
using simulated operational data representing various different possible conditions for the
engine via an aerodynamic model; and

relating the mapping to second variable, to thereby determine a root cause
deviation measure for the component; and

(b) a non-transitory computer readable storage medium bearing the program and
containing computer instructions for causing a computer processor to perform the

prograri.



a sensing device configured to sense operational data for the engine,
the operational data pertaining to a plurality of performance
nmeasures of the engine; and a processor configured to at | east
facilitate: determning a syq?tom(ﬁ the engine fromthe
operational data, the synptompertaining2 0 a neasure of health of
the engine that is unexpected, undesirable, or both;

identifying an engi ne conponent as potentially being related to the
synpt om usi ng t he operational data; calculating a

conponent devj at iThe pfdgedih prddaeroTeyifar, wheReelhe pyieagidfulthe ©anpaset at
deviation rel ates_the engi ne conponent to an adjustnent to the 28
t her mody nanile@st¥8eililateyi t h respect to a variable of the thernmodynan c

nodel , the adjusE&Eﬂ#ﬁQﬁ%h&ﬁSﬂﬂE@n ﬁ“@ﬁ%ﬁﬂé&%%%y caused by the engine

conponent, based at ast 1 n par ope ronal dat a; _ _
determ ning a pl ideatifying oblutainy of addigonhe vodatchnsds B dseldyapterh f dach@dditianal
an aerodynam ¢ nodel wusing sinulated operational data representing

various di f fEMSe SOBBIENS2 EHE Yrike sdditionperosmmgnems;
comparing the coumneft @iishi OF M bRkl Bbibldnt Yorolach Winé a8ty of

devi ati on neasures, each root cause devi ation asure rel ating one
t he pl ural i egditénapotoe pdtised, ta theteby gersese iduitidnabsismypddatmd; o t he

t hernbdynam ¢ nodel ,with respect .to the vari able of the thernodynanic
el 1 hor eby  oOREIRaTY SOBRGHAL Py e bt BAh Al AdToRa P01 Chuse

and a first additional variable related to engine performance, using the additional
simulated data and the aerodynamic model; and

relating the additional mapping to a second additional variable of the
thermodynamic model, to thereby determine an additional root cause deviation measure
for the additional component;

wherein the root cause deviation measure and the additional root cause deviation
measure comprise scalars, each scalar comprising a multiplicative or additive deviation to

the thermodynamic model.

18. A health maintenance system for an engine, the health maintenance system
comprising:
a sepsing device configured to sense operational data for the engine, the
operational data pertaining to a plurality of performance measures of the engine; and
a processor configured to at least facilitate:
determining a symptom of the engine from the operational data, the
symptom pertaining to a measure of health of the engine that is unexpected, undesirable,
or both;
identifying an engine component as potentially being related to the
symptom using the operational data;
calculating a component deviation from a thermodynamic model, wherein

the component deviation relates the engine component to an adjustment to the



selecting one of die plurality of potential root causes as a likely
root cause of the synptom based on the plurality of conparisons. 19.
The heal th nmai ntenance systemof Caim 18, further conprising: a
menory configured to store the plurality ff root cause deviation
measures. 20. The heal th mai nt enance sy% emof C aim 18, wherein the
processor is further configured to at least facilitate:

cal cul ating t&;ﬁ%ﬁ%}ﬂ%& Pedtn g&ﬁ%&é}%% TSI toq'eth% & g\y/xgh%q: ﬁne)odel, the

nodel , wherein t second conpone eviation relates

conponent t adamstsenbheicad] usbarpattnitablytcheset hhgrtho dydimatanpomded, bavet hat least in
respect to a second vaniagle of the thernodynam ¢ nodel, based at

| east in paPP'tRhaRPertieradidnal data; and conparing the second

conponent devi ati on WygBmaniab W fludidy OF _1-5&%@&&%&)%'%9&%@(%%%]gna an

measures, each root cause second deviation neasure relating one o
t he pl ural i egrodfnaput eneded| usingosinpdaied Dpemtivied date repoesentmg oarioke different
W th respect tﬁ#the second vari able of the thernodynam c nodel. 21

The heal th RRIFHERENEENS (LRSS ai m 20, wherein the processor is

further configured toc@hpdidasthe! @mpdnb@t BeviRloACHiAIeNSuRlit) BE root cause
plurality of potential root causes as a |likely root cause, ‘based at
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the processor is further . , _ )

selecting one of the plurality of potential root causes as a likely root cause

of the symptom based on the plurality of comparisons.

19.  The health maintenance system of Claim 18, further comprising:

a memory configured to store the plurality of root cause deviation measures.

20.  The health maintenance system of Claim 18, wherein the processor is further
configured to at least facilitate:

calculating a second component deviation from the thermodynamic model,
wherein the second component deviation relates the engine component to a second
adjustment to the thermodynamic model with respect to a second variable of the
thermodynamic model, based at least in part on the operational data; and

comparing the second component deviation with a plurality of root cause second
deviation measures, each root cause second deviation measure relating one of the
plurality of potential root causes to the thermodynamic model with respect to the second

variable of the thermodynamic model.

21.  The health maintenance system of Claim 20, wherein the processor is further
configured to at least facilitate selecting one of the plurality of potential root causes as a

likely root cause, based at least in part on a similarity of a root cause deviation measure



configured to at least facilitate quantifying an estinmated severity
of the likely root cause, based at least in part on a magnitude of
the root cause deviation neasure or the root cause second devi ation

measure, or both, of the likely root cauge.

and a root cause second deviation measure of the likely root cause to the component

deviation and the second component deviation, respectively.

22.  The health maintenance system of Claim 21, wherein the processor is further
configured to at least facilitate quantifying an estimated severity of the likely root cause,
based at least in part on a magnitude of the root cause deviation measure or the root cause

second deviation measure, or both, of the likely root cause.



