o

ZFFZE3|X| M17H H25, pp.71-83, 20134 48 71

o SA.
W3R &m X DO http://dx.doi.org/10.6108/KSPE.2013.17.2.071

Study on Condition Monitoring of 2-Spool Turbofan
Engine Using Non-Linear GPA(Gas Path Analysis) Method
and Genetic Algorithms

Changduk Kong*f - MyoungCheol Kang** - Gwanglim Park***

ABSTRACT

Recently, the advanced condition monitoring methods such as the model-based method and the
artificial intelligent method have been applied to maximize the availability as well as to minimize the
maintenance cost of the aircraft gas turbines. Among them the non-linear GPA(Gas Path Analysis)
method and the GA(Genetic Algorithms) have lots of advantages to diagnose the engines compared to
other advanced condition monitoring methods such as the linear GPA, fuzzy logic and neural
networks. Therefore this work applies both the non-linear GPA and the GA to diagnose AE3007
turbofan engine for an aircraft, and in case of having sensor noise and bias it is confirmed that the
GA is better than the GPA through the comparison of two methods.
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[1]. Zeded
based diagnose)¥ AXE
computing diagnose)o.Z & F dom =
D719 7PHel s #E )% (observers), &
Bl 21 71 (parity equations), TEv|E oS
7] (parameter estimation), 7}=7 2 7]% (Gas
Path Analysis: GPA)S°] Jom, AZE HFH
A 7¥ol= AE7} A2~ (expert system), 3
A 2 A (fuzzy logic), 2177 )& (neural networks),
A} ¢8| F(genetic algorithms)s©] ATH3].
271 7YE T A% GPA 7% 19734
Urban©] *& A|Stslod[2] Zo] AEHI U=
&3 A 7ol A e v 2
Folle L&7F AR o] W AREo] oA
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8 GPA 71'"j°] Esher [3]el 93} 7§ =Hle
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Table 1. HALE's required mission performance ALHer FAHE 449 FAHF HsEcl
Payload 1000 kg AA AR AZsel “:’] e TS 3——21]'?___:3_]'— F A
T o, 48 g2 SHE ®gEolx 29 2
Mission Above 15 km (50000 ft) M S o)
altitude 0o M=
Endurance 24 hr Aoz AsiAe 2ZREH doRe 2
Take-off FE ojHd] A AJA7te wep HZH o] Zet
weight 122085 kg 2t}
Cruise Asaide E & FaFERS AHIT
speed M =065 (condition monitoring)o]th. ©] Af-ele &IH
Propulsion | Rolls Royce/Allison AE3007H 2 Ql Al WES ¢ste] ATl AEdk o]
system shaft turbofan 7t @ =
ozt A VIHELS oln] AR #H o
st=d o] W fFE&3 EFolth AFIE BA e side] HAAT BT GFHFHo|al AlE
sttt A EYAQ @49 34 mds v AE 27 flEiM e A8 BHgEojerd RE
o= Aol o] Ede FV-E9s AgEH Eo] Bol ol Atk Asayy &A% HE&S&
T4EF9 AeX(performance maps)Z TAE walste 89E2 FE O SH9  EBIgn
o AFAJ] AeHFES O 2ol AA 2 (measurement uncertainty) 2t #HH 3 7HA] F
AR Y= F Uk AdEe] Aot
1) &4 Wy 2%, Y, IJHdF, FUIRE,
AeFE 74 T A e WFES 23 AT oV AR A8 e B2 A
etk 54 A _E Ee dYEs = AT i AFE F FFUd HEH
Asted 174 oA =3 Ax7F AHgd Rolls-Royce/ Allison A}2] AE3007H ElR.3 417
g9, % == WFd A& JtEHTFA L o2 AAsEer g dFS nuEgo=
AHEETE o] B Ax BEd ALE-E] AHEE 2 5 olgd a1 mpolsfi <o g A T
< 129 o2 HEHrh 2 74F% 4% dlolH= Fig. 13 Table 29}
2) 45 e AT wg FAFe 58 0 2H12]
Fgr 2 FA O =FY  FEFAF qgdze s Ede Aate o AT
(discharge coefficient)s Z3alil 1 F2 v} )& 2-2F BR715-56 HE#A X} FAFS

AR AesRde JhAEE A 7|E2AA
@7 (preliminary  design phase)ol A= A5S
g Zet7] skl FYASHA AHEEY, o] 27
GAA AsEARE o ZFA] @A <Al
ek M-S wm=a A Hgow FPo] Jhs
ot 54 AF o] Fojxd a4 gte 74
F ATAES o8&ty XY HAH P
st Ads FHsHA 2o

AR ALGAAME 2 FAF A A
SR g5o] st A webA A e
E2de o) @ARG 1 A Apo]Zdl ZHAA
EARE & A "o o] o, A EANE Fote

MY AsEde nE, oy, EEHIE
= W, 94 S5 99 gow sgon,
A% 29 goxt AFd, TSEC, MFY FN/
mel HeES TAHAL. 9954 JEud
o) Te BA AAF volHE vgow
oJFolAr ol F3 F& FHEEF 454
8 og3te] AA LW HEs] B A4
AY A5RS 298 5 Ak o T A
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Table 2. AE3007 turbofan engine data

Fan

Istage, air flow rate
=118 kg/s, BPR=5

High pressure Compressor

14stage axial, PR=23

High pressure turbine

2stage axial turbine

Low pressure turbine

3stage axial turbine

Air flow 764.8 kg

Thrust (sea-level take-off) 36.9 kN
AR Aedyelre FARG A F2
AEQ A=719F Hule de5A el A8l
Tast Az As54 W 4 A 3
A+ HelHE A F=t AR 7HAH
WA FAAE] ASEAL W2 vsd SAS
Zka Q7] el dubEQl AFelM e A"
A Aed=s i A9 AAF Hel
ol gtA A" st A 5 ok whebA
AR AdAe] Fasta & A5 U A%
o] muEolA FAZS &8ty WZol HA
e I8 TE VTR 3t AAEAS
AR A Fo JAF GAJD olF, &
<, =%, ZolH, st B FHFo| tiste st
At
24 A7 el 2}

F2 Az9e) A% d4e 337 2o 9
wAol tate] saAstdon A48 o5 A
52 ool z+ nPaAE FAHFHL Table 3

PRI N Read MFPS5. PRS, Eff'5
from Fan Tip Map with uess from LPT Map with BETALT
BETALT

Read MFP4, PRA. ENTA
from HPT Map with
BETAHT & TT5

Fig. 2 Flow chart of performance model of AE3007H
turbofan engine

Table 3. Power setting

Max. Continuous | 87.5% of Max. Take-Off

Max. Climb 82.5% of Max. Take-Off

Max. Cruise 75% of Max. Take-Off

241 o|& A& (Take-off performance)
ANEA A H o]FA ol g ALH2
e} 71F HlolHE uvlwd ZIF}= Table 4%
Fig. 37 2t}
o]FAIZto] 30x% wmFte R o} FriW
HAZ AT E(TSFC) WHErt 37
Ae e FAE F Utk wepA v
L ulelg: 0 ~ 015 FIolA A4 E F
1.96 mg/Ns= ;‘4*‘10}915} °] Al vl A8
£

712 % W3HISA+30C)] tha &4
Table 5} 2t}
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Table 4. Take—off performance Table 6. Climb altitude
Mach No. Thrust (kN) | TSFC (mg/Ns) Climb altitude Aircraft weight (kg)
0.00 36.84 10.88 0 ~ 4,000 m (13,125 ft) 12,200
0.10 33.06 12.18 6,000 (19,685) ~ 12100
0.15 31.41 12.83 10,000 m (32,810 ft) '
0.20 29.93 12.67 12,000 (39,370) ~ 12,000
0.25 28.60 14.26 20,000 m (65,615 ft)
30 20,00
” ” :Ig?ét(:S)Ns) 1a.00
37 —&—Ref. Take-0ff 4 18.00
—&— Simulation . 170
35 = ® T { 1600
=33 \‘ “z 15 - 15.00 %
j;’ \ £ 1 am £
EEL 10 = ] 13.00 E
a \A\ & 4 12,00
. T : -4 1100
& DEI‘EIEI 5,00 10,00 15.00 ZD‘DDWD‘DD
25 . . . . . . Altitude (km)
0 0.05 0.1 0.15 0.2 0.25 0.3
Mach Mo,
Fig. 4 Climb performance
Fig. 3 Take—off performance
Table 7. Climb performance
Table 5. Take—off performance (ISA+30C)
. . TSFC
Mach No. | Thrust (kN) | TSFC (mg/Ns) Alt. (km)|Time (min)| Fn(kN) Mn
0.00 24.00 14.39 (mg/Ns)
- - - 0.0000 0 25.52 14.16 0.27
0.10 DI 17.08 2.24 4 202 | 1244 | 030
0.15 17.70 1928 450 8 1771 | 1303 | 035
0.20 1545 2221 6.9 1 1378 | 1364 | 042
9.48 16 10.62 14.14 0.50
242 A& M5 (Climb Performance) 11.67 20 7.97 14.62 0.59
e Hldgle FEo] 3 HT} Fof As H 12.90 2.8 6.58 1517 | 0.65
o] o]FoZT}. FF T o F T FIdET
L mhet 4= 0.657hA] 9} FRkeln] B HEE T Table 8. Cruise performance
23} g2lo] x}(Excess thrust)’} Hul7} Hle 4 -
£ AT Alt. (km)|Time (min)| Fn(kN) N Mn
A9 FEE AV Ak FEA (/)
H3s A% Ae Aty 71450 13.76 8.4 2.93 17.77 0.65
Table 6 I} 2t}
Ix= gl tigh dxe FHY HAELAE 243 &gt ME (Cruise Performance)
&2 Fig. 49 2t} <& v A& & HH 3z o]E wi7lX
19 Z2HE FF7] Ed FHELS A= 9 EH*—*'—% P3tH o™ Table 87 2ok FHAF
Table 7% 23 HZA wlal F7} 0659 o2& stz A=A vgAzte Eol7] 3k
NN FeTre Z5HT 7hs g %:%—8— A=A HIPE Ftojof Frh B
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Table 9. Loiter performance

Alt. Time Fn(kN) TSFC M

nl n
(km) | (min) (mg/Ns)
Start| 15.24 0 2.51 16.21 0.55

End | 1524 24 1.79 15.67 | 0.46

AAME HA vietert M= 0652 AsiA
A7) WEel ool hE HH &= Al =
13.76 km o149 35S AT

244 20|e| M= (Loiter Performance)

2olE HYPL dH 1=} Ha 3
dA wlstg A o] R 8 F
2 A85AREE PasHA doh A
3l7] 93t wiakd mE A8
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245 st & =& M5 (Descent & Landing
Performance)

s 2 ZE A9 FMEe Z 7 Hu o]

F 389 10%9 5% = 2 &34t

Ao =
A e dBEEY Ae, FdE SE7IE,
FolEE ot ToZ 8 B TG
BAEE HF Ao FaAe] Hs AAL
A

mebr ZEAEN AR £F7] HES £l
WA 8-S HUEsr] A= Tled Bl

Bt 2A A e FuHE AL
g F de A7 A5G A=E
diagnostics system)®] #-&o] Az &2t A
2L BFol A aFE I 3ok
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31 HXE GPA 7
KR

Zh2ERL e oW ALY & HHY
Az FAHEES FHA(Erosion), H2A
(Corrosion), 2 % (Fouling), ¢|F-EZ] o3 &

3 (Foreign Object Damage; FOD) ol <3 A
5o Astrt 2ATY. wekd e Adte 7

JF SYUFE] WA AW Az A
2& 4BPAN £4HT ot A A F
PAFEESAF d8 gA8 & Aok 3
dHoz 240 Ht FEAFED A7 74
FEe HPNsEe M Awge v,
JE A PAE gt ASAE
B BY4 E4ES FEY S vk

AP GPA ¥ A% SYAFES Wst 4
HHoz A o 452 Hde Az A
of ot MY AA F AT WY FHow
B8 4 Yok o WIS JPAF I3

h(Influence Coefficient Matrix; ICM)g} 2t}
w2l A¥ GPAE 7F2EHl SFu ]
st wWE Z3 FAEF WS wsE 9
(X) Atole] AdAAZ RAT 5 e, 47
A FAF AesHFEEAE 88, 7Y §)2
ST ICMe] dPBE Fallso=zm 7T
F Q3 o] dPHFL AL PP h'(Fault
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= 32 A darElE
olfg M¥ GPAY W2 AL s4dstn QA5 7IH FY stddl F32 dugE
AUEE FAA7]7] Y3te] H|AE GPA 7]H (Genetic Algorithm; GA)2 FH A3} A< &4
Sol AEAUT. FEUFS SYAFE Aole] A Hgo] Hu glov], T8 FPAN /Y
NARA WAL T A% e wEdAe  wo A4 Adrges ol A8d1n ok
(Newton-Rhapson) ¥HE-7]® o2 & 4 QItH1, 3] A 71 ZFAEHE <zl g 7o) ¢
Hge 53 A4 AW Azge] 24 wolxy)
X, =X, - f.();”) dholof2s Aol A Hw Ak T Fel
S XD @ aad ggggon 1 ARe we 479 3
. i YEE HelFAh AW oAAAE ol
A FPAF (FEAF) WHL B 8 0T G e pe) cwe =
LR 2= ¥ o o
pa
et Guse) ol dAN T ARE HAET
B e AT g A ME Assed sl AR $ag
- A b 2
el WE, AFE2 AIEE e T3] 4
se] o]@ o] HsA o A (objective function)e] &<
h o .« fARH ED Foot H g
= = = o A AArA} (genetic operators)e] &<}
new = Xald +AX (4) 24_9_)\11]— (g p ) °
1o T
o] A% Ao AW WHF AY Fhol Aol -
O]:t's]—q__‘—:_ U;(‘]]Z-LQ_ ‘H?ﬂfﬂ— 2= 01]:1[._‘—_—_ A o]]:]_ 321 Zslxﬁ-lEI- =A
il — T= 22 T M N . OX%Z]. oL~ =mig) o]—]’]ﬂ- o= Z,]Z:]ﬂ- o
7]_7]_9/] 2 GPA 74]}\]_2_ ‘ﬂﬁﬁ}“l": Z:}th'ﬂ— = ar Al =1 =L T o
b B | 1 O = A =2 ¥ 2= -
s _ - . Aol ARkl A=, A8 7FHA BFAHA
Zgtel Bage, Ag WE A 24 Z74
d ol LG = WA Ade He Ane  TAN AWHL AATE KA 51
al < Ot A Ol - Al
e dae . %A HAF AW/ e Aok 0T AR
A ol 1 ES ALt 4o ke AR
st} o] & =d WAooz Ago] =k =] 71%e Zedda®th Singh (2000)l ofsf =
T ola Aue] wame] ma meques w  ETE AARAE Age e A7 Ay
o] 2] gt Ako| HhE-F SRWHge W
Sge A%AN JolAn +uAEE aEsE L _
wmEgo] 28 Hr} o]z npoloj2e] ko] glv FEHHEFY
o T =duse] #AE Hdse F5E GPA J1H
- M olA B AP i xol2E IHET A¢
AZSllm :;‘Azmeasj _Aanlj <5 (5) E}-%.ﬂ}\ 7ELO] 26]-04%;]'
71N, M: &85 5, Zuw: AA 248 Z=h(X)+V ©)
AT FHwE N, Za: AEWE WY
AR QeAs ZHES W, A7A, V: 24 wol= W,
VE dudon =3d RS 2E hex
2 As¥T SAA FEU= 4 (Gaussian  probability  density
3 AFe ey function; Pdf)= 74 =t}

AX 23FH

o: 4 71ZEFelth
3lA g o] g GPA 719
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— gil'l-:_(uncertamty)«] TS

| 213 A8 deE xdE
H71zdH GAE ] G AT £z}
ZHrolz FEEY —’F(probablhty distribution
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Minimization of Objective
Function

A

Fig. 5 Non-linear model based diagnostic approach

[ —h, (3, )|
T Zg(Wo; (10)

322 #EX LnE|E2 MBS MM DEEIC
(Sensor Fault Diagnosis)

7tEE 5 SA%e AMES A
S 4= gk olefg AAMEY 1%
7] $18k] 37kA] AlA] X (sensor redundancy)
7 e, ol AR EE 3= oAfE
(Direct or hardware redundancy), 8142 o
% (Analytical redundancy), YAIH AfFE
(Temporal redundancy) Solth. o714 23 =

ol
=z

e

=

ﬂJ[o [‘lﬂ

R

€ st=do] dfEe o8 /9 AR shte]
U A AT E SAHSe AEAM F
A His=gk AlA el YdElUe S8 B
AZFH 1FE AEsH Eok §e 149 W
AL tES WA oAfFEet Hluste] 7o,
F7bolm A =7t @EE @go] Ak dAH o
Fre SAUFE 4337 QA8 AR E
R M2 e AAEZFH oAfF HHRE
Zag b ZF2EHY A 2T JHE
e v, 7A 2 AHEE J8 4F dix
£ o83t YAFH AfEe 1S 2AAG
kel 54 AAeA EEHE AEHHA HE
FoAlA oAf FEE o] &gt o] WYL e}
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80 S¥H - ZEE - %" g2 FEZEE(R]
o] WA= A F ANY FAAFl FA Table 10. Implanted faults for compressor fouling and
of mAo] WA B pLAHEZ mAo] Ao turbine erosion
wetel sis Fdstpen, & 7 45 54 Compressor fouling Turbine Erosion
ojz=g} mpojojx e aE ALY AHfo 1% Fan 1 15 HPT 1 3
A e Aol distel A9 ¢ vAdd GPA ¢
FAA LnAFE olgddl AN FAsn fn® | 20 (AP o
Ad = wws g HPC n, -1.5 LPT n -3
FAZ Wl o]AEE E=yuie L= HPC I' -2.0 LPT I +4
=4S SR Zojop spl, 7} THFY 1
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