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Table 1 Gas path measurement parameter values

Parameter Test point A Test point B Test point C Test point D
N,~Low pressure rotor speed/(r/min) 5191 5148 5010 4909
N,-High pressure rotor speed/(r/min) 14 599 14 565 14 457 14 387
F=Thrust/kN 114.69 113.02 106.31 100.52
W —Fuel flow/(kg/s) 1.29 1.26 1.16 1.09
W,~Fan inlet flow rate/(kg/s) 354.26 352.30 345.40 337.59
p1;,~Total pressure at the outlet of engine bypass/kPa 174.62 173.51 169.27 165.44
p,—Total pressure at fan inlet/kPa 101.35 101.35 101.35 101.36
p,s—Total pressure at HPC inlet/kPa 241.33 240.28 233.30 225.73
ps—Static pressure at HPC outlet/kPa 2732.28 2725.01 2 569.40 2 434.87
ps—Total pressure at LPT outlet/kPa 163.29 161.59 155.81 151.53
T,-Total temperature at fan inlet/K 299.15 298.95 299.15 299.65
T,,~Total temperature at HPC inlet/K 399.35 397.15 392.25 389.65
T’;-Total temperature at HPC outlet/K 840.05 835.15 821.95 812.25
T;-Total temperature at LPT outlet/K 875.15 868.15 848.05 833.05
Ty~ Exhaust gas temperature/K 1117.65 1108.43 1 080.40 1 059.15
/‘ 2 | 13 18
— |
Fan Outer
nozzle Air
Air | Inlet y
Ve Ve
Lpe e ’ - ,{‘ Nozzle Gas
Combustor U1

41 ‘44 ‘ 45

Fig. 3 Simplified model of CFM56-7B engine gas path
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Table 2 Environment parameter and configuration parameter information

Parameter Set value
R-Gas constant/(J/(kg-K)) 287.0
H ~Fuel calorific value/( MJ/kg) 42.77
n,~Combustion efficiency 0.996
T\, —International standard total atmospheric temperature/K 288.15
Prsa—International standard total atmospheric pressure/kPa 101.325
7 yn~Mechanical efficiency of high-pressure turbine shaft 0.99
7y, ~Mechanical efficiency of low—pressure turbine shaft 1.00
o ,—Total pressure recovery coefficient of intake duct 0.99
o ,,~Intermediate casing total pressure recovery coefficient 0.98
Veur—Relative cooling air volume of HPT rotor bearings (extracted from the 9th stage of the HPC) 0.05
Veun—Relative cooling air volume of HPT inlet guide vanes (extracted from the 9th stage of the HPC) 0.06
Ve n—Relative cooling air volume of LPT inlet guide vanes (extracted from the 5th stage of the HPC) 0.02
(13) H KU 66 T FE AL K% 2 T JE A ML B9 B AR 2 L 24 apg < W (9)
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Table 3 Component characteristic parameter values

Target engine test condition points

Universal characteristic map SRP

Parameter

WRSM/( kg/s) n T WI{S"]'SI{,,/( kg/s) Msrp T spp

FAN 354.3 0.897 1.74 0.997 0.890 1.68

Test point A LPC 50.9 0.897 2.05 51.500 0.910 2.20
HPC 29.0 0.864 11.64 33.500 0.860 8.31

FAN 352.3 0.902 1.73 0.992 0.894 1.67

Test point B LPC 50.5 0.896 2.02 50.900 0.910 2.18
HPC 28.3 0.863 11.45 33.400 0.860 8.28

FAN 3454 0.914 1.69 0.974 0911 1.65

Test point C LPC 48.3 0.903 1.95 48.900 0911 2.10
HPC 27.9 0.865 11.30 32.900 0.862 8.24

FAN 337.6 0.920 1.66 0.961 0.920 1.62

Test point D LPC 46.7 0.899 1.89 47.400 0.912 2.04
HPC 27.8 0.866 11.08 32.500 0.863 7.98
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Table 4 Modified coupling coefficient values

Parameter Sy S, s,

a 355.371 1.008 1.038

FAN b -9.303 -0.097 -0.113
¢ ~17.054 -0.057 0.036
a 0.989 0.985 0.952

LPC b -0.024 -0.004 0.040
¢ -0.028 0.007 0.006
a 0.867 1.006 1.402

HPC b -1.188 -0.002 -3.000
¢ -9.010 -4.428 -15.316
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PR, anE 4 fioR .
34 HESHEEENITESEIIIE

CFM56-7B %4 J gl ALk FHAIR R % F 3% 3R N, R S
e T oL AR AR L EE RE AL AL E — AN 5 242 8
FEAEAE S 56 R M B2 A ] Dl B0 A 2 (37)
For

M = f(T,N,,Ma,H,B) (37)

baseline
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Fig. 4 Engine component characteristic map

Kp fRR LWL IR A B AR 2R M B4 TR
TN KA E 5 Ny 32 78 KU A & IE 7% 38 s Ma 2R 5
B H B TR B R B A A4 N

B GIR BF KGR R R R R 51
FORHLEE R R A BRI TRLE ,7F LK
MRS T L BRZFE ML, HAT] <5 H Tl 4= A —
BOOMAERATCRE T EHBHINFZRERGI . FiE
1A B AREE 2 AR 4 2 A 20 AR A 4 K e
T NEL . QAT M BE RAT R R AR DL AL
() ELAR T B 4 ARYE PR TR B TR <
0.6 kg/s HEAT 5.

Bl HLFE CFM56-7B 1 & 3l L it 4 SC i ik
BI04, o T,N, , Ma,H VLK EGT & AK Ty, » R
T U A W, e R R R e N, R A 22
B ATy, AW, AN, 1032 S BT, 31 th X (38) ~ 20 (40)
75 3 i OEM $2 fit iy e % & 48 v W 4% 2 H00 i (H
Toorn> Wiy » Noy W 6 T 7 o

Tyen, = Trora = ATy (38)
100N

N,=—-—"2— 39

» AN, + 100 (39)
100W

Wy =——"— 40

AW, + 100 (40)

IR (37) % T, N, , Ma, H VA5 A S0 3 i
AT HE ST ) CEFMS56-7B #4 & s AL GE A AL, 15 51 1%
R BN WG S B0 L FE AR T, Wy, NS, 03 6 BT
INo [RIE FER 6 th o T A% 58 £ ot [l I ) HE A
RT3y B B 45 WS S RO MR T, Wi
N3, FA T 55 7 3C i s A 70 SR A7 0RG B8 %o L o

FKTRNBHAARX T EARNEESHILREMES
X (38)~X 40 I ABEMEE RGP HESH
FEAMEAE A 4 Xt iR 25 SARXHR 20 B4 R . Hop 4 nd
wEIE AKX WM 41) FrR MR 285 A X
K (42) 7R o o] LA H X 10 B0 55 T, B A 352
ZIHE0.812% LA, FXJ 1R 224 0.48% ; W, HH X iR 25
BI7E 0.964% LA V- B3R 22 4 0.60% ; N, AH X i 22 1

Table 5 ACARS data and monitoring parameter values of 10 working conditions

Case TI°C Ma Him N, /% Tyord C© W/ (kels) N, /% AT, /C  AWJ/% AN,/%
1 -53.3 0.782 11309 93.8 611 0314 90.7 053  288x10™*  -127
2 -53.0 0.767 11 006 91.9 596 0.298 90.0 5.86 1.57x107*  -1.12
3 -54.2 0.779 9782 91.2 582 0351 89.8 8.48 1.57x10*  -0.84
4 -50.0 0.759 9783 90.6 590 0.337 90.2 9.17  240x10°  -0.92
5 -52.2 0.763 10 089 89.5 575 0311 89.4 1053 1.17x10*  -0.86
6 -34.8 0.753 9175 87.7 613 0.342 91.9 1232 8.60x10°  -1.06
7 -26.5 0.76 8 415 86.4 629 0.375 93.2 1511 1.59x10™*  -0.97
8 -46.3 0.731 8 413 85.8 554 0.341 88.8 784 7.20x10°  -0.95
9 -19.0 0.707 7494 84.5 628 0.383 93.4 2164 125%107°  -0.87
10 -20.5 0.686 7498 83.8 612 0.365 92.6 2098 171107 -1.06
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Table 6 Comparison of parameter benchmark values monitored
OEM’s monitoring system Model-basedmethod Regressionmethod
G T Woltkes) Ny Toon/C  Wil(kgls)  Nol%e  Thn/C  Wil(kgls)  Nif%
1 610.5 0.314 91.864 611.1 0.311 91.702 613.9 0.294 91.697
2 590.1 0.298 91.017 590.6 0.300 90.820 595.5 0.286 90.809
3 573.5 0.351 90.554 569.6 0.351 90.360 582.2 0.337 90.286
4 580.8 0.337 91.039 577.6 0.340 90.843 589.9 0.330 90.701
5 564.5 0.311 90.177 563.6 0.314 90.239 573.2 0.302 89.896
6 600.7 0.342 92.883 603.3 0.345 93.079 610.5 0.336 92.570
7 613.9 0.375 94.114 617.8 0.377 94.444 621.3 0.364 93.690
8 546.2 0.341 89.648 542.3 0.338 90.056 552.6 0.333 89.148
9 606.4 0.383 94.221 610.2 0.382 94.728 619.5 0.377 93.603
10 591.0 0.365 93.589 595.9 0.363 94.055 607.6 0.361 92.800
Table 7 Benchmark performance model validation results
Absolute error Relative error
Case
3T/ C dW/(kgls) 3N,/ % ropcr! % Ey /% Ey v 1%

1 0.6 0.003 0.162 0.098 0.955 0.177

2 0.5 0.002 0.197 0.084 0.671 0.217

3 3.9 0.000 0.194 0.680 0.000 0.215

4 3.2 0.003 0.196 0.551 0.890 0.216

5 0.9 0.003 0.062 0.159 0.964 0.069

6 2.6 0.002 0.196 0.432 0.585 0.212

7 3.9 0.002 0.330 0.635 0.533 0.352

8 3.9 0.002 0.408 0.714 0.587 0.458

9 3.8 0.001 0.493 0.627 0.261 0.527

10 4.8 0.002 0.466 0.812 0.548 0.502

TE0.534% LI, P35 220 0.31%.

El{,l’ =

8P =P, - P,
;-

P,

b

x 100%

2t P T FRIR WA B Tyons Wy Vs
2 T 55 10 3 T 26 7 I 9 19 36 26 K00 -5 07 ok
5 SR FH AR S IR M Ry R A 0 W S
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W 57, .-Model
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5 6
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7 8

Gl
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{8 45 W 2R 06 P W 5 O M (2 T £ 46 % 4 22
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Fig. 5 Absolute error comparison chart
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Establishment and verification of a civil aircraft engine air
path benchmark model for health management

GUO Qing', SUN Zhengri', FAN Junfeng’, FU Yu', ZUO Hongfu®

(1. College of Aeronautical Engineering, Civil Aviation University of China, Tianjin 300300, China;
2. Power Plant Department, Southern Airlines Engineering Technology Branch, Guangzhou 510890, China;
3. College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Aiming at the requirement of diagnosis and prediction of air path performance in the field of civil
aircraft engine health management, a benchmark performance modeling method based on general model and test
data modification was proposed. The steady-state performance model was constructed using the test data after
overhaul, and the Newton—Raphson algorithm was used to solve the nonlinear equations of the engine to accurate-
ly calculate the characteristic parameters under different working conditions. In order to improve the accuracy of
the model, a quadratic correction factor function based on reduced speed is introduced , which improves the tradi-
tional linear correction to the nonlinear correction at multiple operating conditions, and ensures the accuracy of
the target engine characteristic diagram. The accuracy of the model is verified by using the Airplane Communica-
tion Addressing and Reporting System (ACARS) system message data of CFM56-7B engine. The results show
that the proposed method is superior to the traditional multivariate linear regression engine baseline model in ac-
curacy.

Key words: Civil aircraft engine; Health management; Gas path analysis; Benchmark modeling; Com-

ponent characteristic correction
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