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Sub-idle Modeling of Aeroengine Based on Improved Newton's Method
JIANG Bo, WANG li-giang, HE Xiao-long, HU Zhong-zhi
(Jiangsu Province Key Laboratory of Aerospace Power Systems,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: In order to perform the performance simulation of aeroengine starting process, the component characteristics of low speed
were obtained through the exponential extrapolation on the basis of component level model which was above idle region, and a full state
performance model including ground starting process was finally established with modeling of starting accessories and modification of the
total pressure recovery coefficient of each component. An improved Newton iterative method was adopted when solving the nonlinear
equations of aeroengine different components. The Jacobian matrix was obtained by central difference for only one time, and it was updated
iteratively with a modified term obtained over last iteration. The result shows that the modeling method can effectively establish the starting
process model, and greatly improve the efficiency and speed of model simulation.

Key words: two-spool turbofan engine; sub-idle modeling; exponential extrapolation; improved Newton's method; simulation speed

N AR
0 3% 20114 80 4R, ISP EL AT T RSB

A LSS S AT | DL TRAHO a2 AR M.Yunis 71 RKA-
FERR AR A B B bR UL S4B, | grawal 15 1080 SEAE TR T AT . oty
L AR A R OB ATE K % © AR MRS AT 7 2 T 7 52 3L
P AT SIE WL 2 F TR L. MR iRZEEIY, 7E 90 4E1X NASA [ Chappell & 118 4
HET BN G A A BRI TR LR | LA AR e, A T % R MU
WS A SRS S A0 B T ELRESAER | M2 9 AVEST-V3 U B Bo1E 2001 4
VAR A BLE R BB IT A T O SAL R | 2007 4 SR 48 T A o 24 Ak
IR ERALBEERERRSIE | SUREE LA AL
SISO SO 2 SO BN LT R RERAMTAERSE BT TR [0

I fm B H#A . 2017-07-05 HEEWB 7T HRFE3E 4 (BK20140829 ) | s S A AR L 45 2% & T ¥¢ 4 (NS2016024 ) ¥ Bl
1’E%‘ﬁﬁ:§?&(1993),5§,Eii@ﬁiﬁﬁ?fi,Eﬁ%h‘fﬂﬁﬂﬂnLﬁ’iﬁﬂﬂLﬁ&f’ﬁ?ﬂ E-mail:jiangho_nuaa@163.com,

SIS 20, LARGR, (/DI , 5 A T 2O 28 003 09 25 K S LS ) @ BB R BFTE [J] 025 K 2081, 2018,44(1):32-38. JIANG Bo, WANG
Jiqiang, He Xiaolong, et al. Sub-idle modeling of acroengine based on improved Newton's method [J]. Aeroengine,2018,44(1):32-38.

PDF pdfFactory Pro www.fineprint.cn



mailto:E-mail:jiangbo_nuaa@163.com
http://www.fineprint.cn

PDF pdfFactory Pro

5 13 £ WEF SET SO R R R SR SRR R 33

T ICAF S R T (R s ) 58 e, (B IR T K i IF Y
B, T 3K A S8 (1 R SR
5 1 AT B SIS S S AR RS0 T 2 R Bl A
R S MR 11 D7 3k ST OBURITTR B HEASC R 103 B & S BIL Y
i T % 25 v R Sl AR RS0 R AOHL B R e R AR
T B A R P ST RE S ME B RO B A K S X 4
SRR AR | (HXSERF ST R AR T K A
B HHE I FLE RS Sh ) R A e EEAR R 400 I 1%
A HERR T AR R, TAE R Had B i 4

ASCHF NASA A TF ) PW 23] JTOD K IIA L
XU 1100 B3 2 B ALNS 2 D L3 A R | S e 3
PEAME A SN B AR B 1R B K AT R BRIk
HERE SR S B vE ST T JTOD K S LE 3 % A KB
SREEA I R0 {5 EARARY | 0 3 5 B4 SRR IE T A
AR B S et SR A A A A
1 JT9D & shil &R =By

HENT AR s RRAR AR R L T 95 [ PW /A F] T 20
20 60 AEARAE Tl a9 KA TE HOBURS 0 Bl % 3
BLITOD 184 L TR ER AR, FLAARZE R an 5]
1 R, HARR R fiX R TIGA , 2 IEOCHR[12].

AR -

k13
AFERE |

n
=

BH I %
- i

LA

fEFA

T
48

=

PLRIBEAT ) 175 19— MiiE FE W Hh 11

B 1 JTID W ARHLEH

2 WHiREZHIENTIE

XU F & LT R Bl N A 28 A B B &
S, PR = 0k K o HA 5 kB —E (1)
Fed AR N R A RE SRR E ST R 1 <
Ui 3 R o DRI e Sl ALt i e sl o R b 20 S S
SPLHT R, — RO, XU B A S pLI i 3 7
(4nl&l 2 s ) oy REAE 3 4B

— B R 52— XUR HE 15 23— (R R SOWLE 5 25— R
FEAWLHE A 3— R T s 4— R IREEHE O 48— IR IRGE
HE S T— RO LRI E 1 3 17— MR RO 59—l

Ms;

0 m Mm 72 M n

Mer—i& S HLHLIE s Mr— i S HHAR s Mc— IR SUHLHLIE 5 m— LB

IR s Mol B o R BEL Y sy IR A I 8 TR B
s B LI TIN5 PR T T ng— MR AR S 8 SR
ST

E2 R L SRS R B
1B BeARBE R R S B TR T

§ PSR Mo T 33 BB 16 M Jg, 75 FE 6

TR HHEINE] nyo

5 2 BrEe ke I I b O S0k iR T iR
HE I, i A TR BRI E] nge

55 3 Wy Be R SHUBTT , e AR 8 By AR

R TR TR ST AR

3 EIhERKE B

3.1 {RFEEEBHFHEIREL
KSR P F R e e 2200 K (EAE AR

et PR I 2 AR BRI, TR SR PR
PSRN 7 i | BERSAE S B R A

P A B AR R o SRR RO ME A 3C
LN

o9 v |

’ %Ncor 0,
log| N 100 A))

-1
Y
’L1

(1)

p:

log

1-[ -
" log| NN

ref (2)
@y 100%)

cor, ref

Iog‘i‘
oo wa7ﬂajoow (3)
g, > 100%|

cor, ref

R pLg.r AN cor FRBELRAS s ref FR

www.fineprint.cn



http://www.fineprint.cn

PDF pdfFactory Pro

34 B %

S IRES ;W MBI 5N O 53 ; Pe D938 T HE (i
RAFHNIZIKLE En)sm 0B8R LUKV 91, e gtk
SN 1 RIS I S5 28 I EUA BRI E)E
A AN DB MR K R, A AN ) 5 i 26
I RRCRARAS R U SR L CRCRAAE A
18 Ny < 0.8 I B A ) HE T 7E SR B, AR S
EFERCT WU T i LU BGRB8 e A2 A 3
WK 3 ~5 PR, AFSMEFEECT BFMEST R L an
K6 FrR

10

09

08

H
=

= 07

06

05

. A
0.50 0.75 1.00
No/Nose

B3 ARESMEEHTRERERRERESTH

10
=08
£
<
206
i
=
EI, 04 F

0.2

A A A . )
0.2 0.4 0.6 0.8 1.0
(Neo/Noorr®

B4 AREIMEEBTREEEREEETL

N =08
cor,
103 o
® I/
1oz
E
£
s —w— =01
Lot f
—A— 2007
—e—r =013
100 |
0.90 092 0.94 0.96 0.98 1.00

(No/Nox )
B 5 ARESMEEHTRERERERERETW

TERE T AMEETE U , IS D 0.6 A1
RN 2% SN 130 0.5 IRFPEZIF 5 I
A FERT L, 2R R A AN R e 4L 1

> Al o5 44 %
120 06
115 |
0.5 -
—a—p._
S0
—e—p=19=2r=0.1
105 F —e—p=12¢=22 r=0.13
—w—p=07 9=18 r=007
\l
1.00
600 900 1200

B 6 ARESMESH THIMNEE R
B B ro RCR ASE BAER T (A ek, T e BB A i
B T 14 S AP 2 3 S R M L Sl e i o SIS
B 1.

®1 EMHEESMERE

EigGs p q r
U 1 2 0.1
IR AL 1 2 0.1
i AL 1 2.1 0.15
[EARIZE -0.1 0.65 0.01
{OERAE -0.1 0.45 0.01

FER RE SRR AN BT , LA RS0 1Y
FACIRES T M AMIES 26 AR IE I
AR - R E R USRI - SORERE
RS HA R - K L S IR R R R ROR
FEPERRE ST BN R 7~10 PR .

AL
e b o S !

0 500 1000 1500
1

B7 REB®RERE - ESE

32 EIHIEE

JTOD & hAILfd FH 35 [ L% IR 1 28 w] £ 1k (1)
PS-700 Z= S imAe AL, FE SR 2,

2R G ShAILAE K Sh ML B ik A 1y i Hh A
5 R T i dUGE AU R O R M i S LR e

www.fineprint.cn



http://www.fineprint.cn

PDF pdfFactory Pro

5 13 £ WEF SET SO R R R SR SRR R 35

10 [IntigadllIE=
-------- Sl
08 L
5 0.6 -:
04 | :
10.2
02
0 500 1000 1500

i

B8 MEHRERE - MR

ISP ZR
-------- Sz
4T 100 ; i §30 10
st -
.
//// L
2 '//,,/" l,,,,
] . . . . .
27.0 28.5 30.0 315 33.0

We

B9 BERRHKRERE - WKL

095 r

00 AL
0.90 S;/\,ﬁ """" A R
\
0.85 \\ ------ .
& “x“. "‘..“ \

0.80 | P ;
075 | : :
30 :
10

2 27 28 29 30 31

1

B 10 SEREHRERE - BEHH

F2 PS-700 ERiRBEINNEESH

BUETHAE /(N-m)  WiFFFEE /(rimin)  TAERSIE] /s Fitt /kg
950 3800 ~ 4050 <30 14.5
WE 11 iR
USSR RINA R R 179 <8 1| B /NS W = LV A ave) L i
T
——-N:T, N<n
p=1 30 2 (4)
0, N>n,

AP RS D13 0, S SIAU T e TR
LR N Oy e B 8 T e sh B

1200

800

T/N.m)

400

1 ,
4] 2000 4000
N/(r/min)

B 11 EEIPAERE

3.3 BuAmE R EMN A

TESK fif JTID & gh ML [m] TAE AR 2 v )y e 28 ik
NASA 2L T 1 A £ 55 1Y Newton-Raphson 12 183K fi#
T7 1 o WL VAR SR A A b 42 D) RS TAESE
LA Ty R L I R A8 7 6 2 O ME 1k AR IR (B
BT R P S AR, (H & SR 3l i A
PR AR B AR PR R B, B 7E 25 A X 1 118 2%
FRATURIEL T 0 T 7 22 2 UK A A B Ik B WSO B
HYZER o I HARE AR AL ) TARAE Ltk oy fR it
THRE NIRRT ZRTRE AL A TR ST, AR5 B X
1777 T 2504 %Y Jacobian ZEFEEAT 0 258, B
KR REFEAR T B A TR0, 5 T ) AR
o R ) SR PRI

ASCRT R ek R ik R 2 T 2 T E AN
PEEMEDF ALY, a3 B2 i KR NASA 1Y NPSS
(Numerical Propulsion Simulation System )t frj % [ 5¢
25 K 525628 (NLR ) 9 GSP(Gas turbine Simulation
Program )9 ZE 75 SR fif JE 2P Jr R 4L 1% Broyden
P9, BIYEFESE Newton-Raphson 75 351 12k 7% Jaco-
bian FEFFATIEACTE R =, SEIME R S i)
THEUREL, P R A FOR A B . T

X RSP R TARIE et R4l

F(x)=¢ (5)

P ax=(XuXe, = X)T, A5 R, i S s HLEY
HBH e IVA T RE R R 25 2 F OO A R 1 F
AR, H FOO=(f,(x),f(%,), -+, f,(x,) )T, Jacobian 4
[235)

o0

St 3800 2O OB i S AR
003 RA% . H4E Newton-Raphson >R 1%

www.fineprint.cn



http://www.fineprint.cn

PDF pdfFactory Pro

36 i % k@ B o 44 %
X1=xE-JTH(X) (7) 35 HHEEMERHEE

Aok OB ARUREL, U A 3 AT AR NASA A TFF ) ITID A BlHUR R 45 R4 b K

Ef=F(x¥)-F(x*Y) (8) B RBERICT B AE , XA 4 DL RS AR 238

Zi=xk oy (9) 0o AHAE R SIPLAG RS shad B v i F A A B i i R

HR4E Broyden 3K M JR B B9, Jacobian %E F4 24X
B N R)

_(B-3,2)(2)
(Z)Z

i F§ Sherman-Morrison 2 =X f# AT (1 3K Jacobian

FERERG I, AT AT 75 Jacobian R4 B BT A
3=3" w3 (11)

RO <SP R 25 fei/Fa BT, A IE AL

TP O (8 2 A SR A A g LA ) AR 2
PETFREINTES 1 475 R PO 22431 J5 245 31 Jaco-
bian £EFF, 15 28 YK ARE R R d it s A Jomk
A 58 B IX R Y S A 0 B Rtk O 1 R ot
L0 2243 07 35 T A4 Jacobian 4 B4 T 7 5K 1) FE K
THE, IR & 1 R 2 UK g & sh Lt
[F] TAE 7 R R Sl B A PRA T8
3.4 REIITEER

R EIAILTE BT TARIR S B E S i R 0 28 —
BBV e dl it B X — e BRI AR AR LR 2 111
B, AT

TSR SR RSB, R S R e 5E 1
GBI SRR N R R ST
NAl

a .
30 )

Ve (10)

(12)

N=J;I\gldt

PO BRI, S SRR E REBCE IR T 1,9F

C LR R R TR IR/, A T 7R T AR A

TN, AR Y K A A BT i KRB A /N T
LA R, T R OISR AR A 22 8] i) 2 e it

TR

o N=n,
o= | Fit(N=-n)(0-0) n<N<n, (15)
Ny-n,
o N<n,

LRt a W JOIRAS b MR GRAS sor AT ZAK,
4 (FEZERHSF

A AT Syl shpLHAE 5 TOBHAR 25 5 3 s e 1

SRR N Ry v PRI e st st ]

ZJE W 1A EE A s JCIRAS iR I s )
g, We FTHE L Pr A HHEC(13) L (14) 3555 iz i Z1
TS

(13)

(14)

e AR T i R AR IR S SR = T
e T A TSR A B T A5 21

NASA > FF 19 JTOD & sh AL AL (%) {5 Fu R
70%N s~ 100%N e 1% I8 IR EAR T 1L, R TR A
R R AR A BRI, AR M bR R L T
SRR (R 12 FioR ), 5 EAs R an
13~15 fli7R

100
80

60

W%

40 |

20

0 20 40 60
t/s

12 {Hims

100 [

80

60 I

NI%

20

0 20 40 60

tls
13 FHFETML

www.fineprint.cn



http://www.fineprint.cn

PDF pdfFactory Pro

5 13 £ WEF SET SO R R R SR SRR R 37

100

80

60

F1%

40

20

0 20 40 60
tls

B 14 #EHTHEE

Td%

1
[} 20 40 60
t/s

E 15 #MKE=HOBRETH ML

t i EEE R LA R shid BRI 1 B BokR
FRA U, mEE T R SR B e g LTt
IE SRR G e LT, SRR dRgeg ot 44
BeEs R BEHEARAS o 7656 16 s BRI, 4%+
ARG 2 Y TR B 2O BT E R AS . RS
40 s UGS INBEh , & ShL e 18 4R #ris 1T 3 i
L HMRAS T T e ) KR dpe 28 11 1 B R 3
JNEE 100%., AR BEAR 1) S ke 23k R 1 45
B H 5518 25 DAL ARSI S % 42, iE T
HR T A R

R T A B TR AR VR B R ) 1)
HA L 5UA R ICAO(E Br RATH L) A1
JTID-73 R BHLEHEHATRT L, 45 2R W3R 3.

R 3 TR T (529N, B B 45 RIGIT

{3 /(kgls) 1 kN A L
ICAO %tz 0.525 15.568 5.100
BTN 0.525 14.937 5.178
AR 2 4.05% 0.083%

A B BRI A AR K506 T i (A L i SR I 5 i
o) SEIEJG IR TR A O HAG RS LA 16

JI7s  JRIE A K A AR R B g PR e 1 i
RAHXFRZE N 1%,

— LR

O ER

40t

/

30

Nw/%

AHA IR 5%
o

0
10 F 16 20 24 28 32 36 40
s

0 10 20 30 40
t/s

B 16 ZERERBIEEREHEERILL

[FIEE , A ARNTE 1 K R 25 BRI AR M AR A 1 4]
T s B T A, oS, PRI e Ak FH et 2
A T 9 UK e o

BN K Jacobian FEFE AR L 4, F 441
WREEERES h . AMD A6-3400M(CPU), -4 1.4 G
Hz, N1# 4 GB. H 45 1T LU H sCtE A 3k () oK i
JEELRA i 5 FAE 52 Y Newton-Raphson Jr7ik . - H., 3%
TR AR A S, 2 e AL R T AR D AR A Sy
AR i AN B N DA G AR B O 25 L K
RPN 2 B T &

* 4 BANHKA) Jacobian BT E R E

- RS TR E] /ms
1£4: Newton-Raphson J57% 10.873
Pleitt AR ik 1.845
5 g

X ITOD A shAIL AR Gk o i A A ]
CHE AR AR 40 % B2 1Y) Newton—-Raphson J5 i {5 B3R
it AR LR S5E

(1)K FHES AR HE A M (0 A [R]85
FRZE I i R RS S B 2 I (R M R
HMEFEE, AT LAAS ) A B 4530 1R s e 5

(2)E B RR AR K 5 74 S sl R @ RE RS A
RCHB A Bl ST S R A Bl R

(3) &AL B3t B A5 T R R WK 2 3R B IR o
AR AG IE REAE A R 4 R AR (ARG

(4) R FH etk 4 i 12 AR A% G2 19 Newton-Raph-
son J7 75 T LB AR (1 PATRICR , K IR AR s A AR 1Y)
15 R AR

www.fineprint.cn



http://www.fineprint.cn

PDF pdfFactory Pro

38 i %

3

3 #l a4 %

SE

[1] Agrawal R K, Yunis M. A generalized mathematical model to estimate
gas turbine starting characteristics [J]. Physical Review B, 1981 (1):
5668-5687.

[2] Chappell M A, Mclaughlin P W. Approach of modeling continuous tur-
bine engine operation from startup to shut down [J]. Journal of Propul-
sion & Power, 2015, 9(3):466-471.

[3] Sexton W R. A new method to control turbofan engine starting by varying
compressor surge valve bleed[D].Virginia: Virginia Polytechnic Institute
and State University, 2001.

[4] Howard, Jason. Sub-idle modeling of gas turbines: altitude relight and
wind milling. [D]. Cranfield: Cranfield University,2007.

(5] T3k1, SREESE, 425,55, RMER S A e 2l T 00 A i 2 I 255 7
HE[]. HeE AR, 2001, 22(3):183-186.

YU Daren, GUO Yufeng, NIU Jun, et al. Turbojet modeling in wind
milling based on radial basis function networks [J]. Journal of Propul-
sion Technology,2001,22(3): 183-186.(in Chinese)

(6] LK. iz K FHLE e 5 i B2 B 5 (D). 7 &« g A S
KKA,2004.

ZHUO Gang. The research on aeroengine intelligent modeling and fault

i

diagnosis[D]. Nanjing: Nanjing University of Aeronautics and Astronau-
tics. (in Chinese)

(7] X, £S5, N4, 5. JERUR SR SR 1Y SR 1) AL B
PR HI[]. LR, 2004, 25(5):401-404.
LIU Jianxun, WANG Jianying, LI Yinghong, et al. An identification
model of aero engine starting based on support vector machine and
its application [J]. Journal of Propulsion Technology, 2004,25 (5):
401-404. (in Chinese)

[8] ZEJik ik, B, kR F. —Fh s AR ARTMHLE & Sl E &
N AR S R e S T AR (9] HEERE R, 2016, 37(1):
172-180.

LI Yongjin,ZHANG Haibo,ZHANG Tianhong. Establishment and ap-
plication in performance seeking control of an on-board adaptive
aero—engine model considering nonlinear remainders [J].Journal of
Propulsion Technology, 2016,37(1): 172-180. (in Chinese)

(9] JAISCHE, ¥4, ST B RS SRR I). Al
2£41,2006, 21(2):248-253.
ZHOU Wenxiang, HUANG Jinquan,DOU Jianping. Development of
component-level startup model for a turbofan engine [J]. Journal of
Aerospace Power. 2006, 21(2):248-253. (in Chinese)

[10] JAISCHE, B4 IR, 3R A shpLins = SR F R[], i as

2y

EIIES

2007,22(8):1384-1390.

ZHOU Wenxiang, HUANG Jinquan. Research on the startup model of
turbofan engine at high altitude [J]. Journal of Aerospace Power,
2007,22(8):1384-1390. (in Chinese)

(1] JaE, FERKET, L0, A, — RS R SHL A RSP RER R3], i
Z3 8l J1244), 2017, 32(2):373-381.

SHI Yang, TU Qiuye, YAN Hongming, et al. A full states performance
model for aero engine [J]. Journal of Aerospace Power, 2007,22(8):
1384-1390. (in Chinese)

[12] AIAA. A process for the creation of T-MATS propulsion system mod-
els from NPSS data [C]//. AIAA Joint Propulsion Conference. Cleve-
land, OH. 2014.

[13] e S b N A8 2 S AL T M. AL BT s Tl A,
2006:443-445.

HU Xiaoyu. World minitype aeroengine manual [M] Beijing:Aviation
Industry Press, 2006:443-445. ( in Chinese)

[14] IR, BT, 8, S B TAEBUR M K SR il i A A

[ BETRR 24 H AR EAR, 2013(6):1-4.
YANG Fan, FAN Ding, PENG Kai, et al. Modeling of an aero-engine
in starting process based on the test data[J]. Journal of Air Force En-
gineering University:Natural Science Edition,2013(6):1-4. (in Chi-
nese)

[15] Sellers J F, Daniele C J.
steady-state and transient performance of turbojet and turbofan en-
gines[R]. NASA-TN—D-7901, 1975,

[16] Daniele C J, Krosel S M, Szuch J R, et al. Digital computer program

[R]. NASA-TM-

Dyngen: a program for calculating

for generating dynamic turbofan engine models
83446,1983.

[17] Z25%47, BA0h, AR IR, AEZe ey B A B Ak ML T - B2y
ik, 1999:108-113.
LI Qingyang, MO Zizhong, QI Liqun. Numerical solutions of nonlinear
equations [M]. Beijing: Science Press, 1999:108-113. (in Chinese)

[18] Claus R W, Evans A L, Lylte J K, et al. Numerical propulsion system
simulation [J].
357-364.

[19] Visser W P J, Broomhead M J. GSP, a generic object-oriented gas

Computing Systems in Engineering, 1991, 2 (4):

turbine simulation environment [C]// ASME Turbo Expo 2000: Power
for Land, Sea, and Air. 2000:V001T01A002.

[20] Broyden C G. Quasi-Newton methods and their application to func-
tion minimization [J]. Mathematics of Computation, 1967, 21(99):
368-381.

(2l - SR EFE)

www.fineprint.cn



http://www.fineprint.cn

