5154 45 5 fias TRE Vol.15 No.5
2024 4 10 A ADVANCES IN AERONAUTICAL SCIENCE AND ENGINEERING Oct. 2024

XEHS :1674-8190(2024)05-155-07

& T LA 0 IR B 1 B0 B B8 B0 T FEE R i R L

PR - R
(1. R MLER R 5 07 38 B b5 4 4 e A M 4 S0 06 %, 7542 710065)
(2. VP % S0 20 AR 25 3 07 2 b RHEE AT BRZS 71, 3 BH 550009)

O MR IR B B B s R R 2 T IR S BRI P B LA S I . i R R R R R S
SFRA IR /Y S R (SEREP) J5 16 X A5 I 47 3 g 22 S 8 et i RO e b 8 45 0000 2 A el B O A B
BRI Ik 22 T by BEASE Y L A 28 4 5 ik A0 O JRE R I 5 X IR LR SR T SVD 23 ik o 45 4 DK 5 I E
W 3k — A0 B Ak, A5 U A5 S A 20 0% 7 24 i i T R 2 R 2 005 it ol o Bk — S 90 i A Ry Y ) R I
e BRI G R A W S 4 0 0 JOT e R R R T 6 A AR TN T S B T8 A S4B R I SRR T T
AT R SRR SO B U I B0 O — B IR R 22 R TE 1000 LN il R TR I K

KR : SEREP J5 ik 3 48 % s it DA 1 5 S i 5 o i — S g A I

RESES: V228.1 MERARIRES: A

DOI: 10. 16615/j. cnki. 1674-8190. 2024. 05. 16

Dynamic equivalent design and realization of the pipeline of engine
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Abstract: The pipeline space configuration of fuel pump accessory is complex, and it is difficult to simulate directly
in vibration environment test. In this paper, the system equivalent reduction expansion process (SEREP) is used
for the dynamic equivalent design of the pipelines to meet the test requirements. By selecting the specific nodes on
the pipeline as the main DOFs, and reducing the original pipeline model to the main DOFs model, the reduced
mass and stiffness matrix are obtained. The sub-mode matrix is decomposed by SVD to further simplify the re-
duced mass and stiffness matrix, then the new reduced mass and stiffness matrixes of low—order pipeline model are
obtained. The "mass ball-beam spring" structure model is proposed, which maps the reduced mass and stiffness ma-
trices using "mass ball" and "beam spring" respectively, thereby determining equivalent design and processing pa-
rameters. Finally, the implementation of the equivalent design method is verified through examples, and the first
frequency error between the equivalent pipeline and the original pipeline is mostly within 10% , meeting the require-
ments of engineering applications.

Key words: SEREP method; pipeline; reduced model; equivalent design; "mass ball-beam spring" model

WimBEH: 2023-11-11;  fEEBH: 20240520

BWEMEE: XREA81—), T, ML, @ T E-mail: liujijun0514@163. com

SIAM: XAk%E, U, WISCHE . R BRI A B P 0 % 3 ) o Aot o se BRLT). fiss TR kR, 2024, 15(5): 155-161,171.
LIU Jijun, LI Kaixiang, HU Wenjia. Dynamic equivalent design and realization of the pipeline of engine fuel pump accessory[J].

Advances in Aeronautical Science and Engineering, 2024, 15(5): 155-161,171. (in Chinese)



L 515 %

0 51 &

IR 3h P 58 15 A5 1R O R BB AL 4K RV
AR #E (U0 GIB 150. 16A—2009) 7E 4 1 &5 - L
fift 1 4% 30 B 58, #E 17 D) A8 B A V5 R R A
XA LT I LT SR SRS B
e 8 A i S e R DL L S A R S 1Y B ) A R
7 WA T RE 3 BB A I R BRI B R 3 B e
s AV 5 VAL O L G ) A kS LI
WA g AR R o W o DL S AL il 5 B
F ), 22 A F I R R A A AR R B Bl A
ik b RSk A ks Ley EE RS B T IR
B PR A BT A 23 A L 2 AR A A B 2 K B
BLAEF Bl A 3 A [ o 3 S48 6 20 R il R B4V 1)
I 213 0 47 R WA ) R . D DA B8 A% 368 >R 0% R n
I 2y o 37 1) 05 4 B B B XA i 2 B 1) 2 Ry
PRS2 1) 0, S R 23 B o 3R B A I 1Y) R el A
AE 2%

XU PRTE IR S B B AE LT
F) 8 D &4 B AT 24 3% A RO B HE LU A 5
@4 B =3 A S5 4, RSP ie R THRsh 51, T
P QWA AN B i ks e . BT, IR
ik 56 3 B A B B B 2 M, Bl DA TR
PO 5 255 it 0 ke 1523

S5 PL AL B 0 3l ) 2 AR AR T R By O
2 RO B = 2R OR ], AT 4 S S 80k s
FMEAC BT o R P SE BB AT a5 & S AL B A A
LR B SR R AL BT O ik
P 2l Je H kA7 S8 0 i, 106 A 0 3 — Btk Ay
X P22 5R T CRIE o 755 8 BUR 4 BT A R
PEAE R T RE 5 R R BT T ik R T el
AT T RE AR Y AT U T A R RSOR
B A SR B i s B A EY R
WAMEAC BT 7 ik W5 T S 2 Bl R
bR A IO B0 A B S Y 25 A SR R T 5 #E D
J A s A S K T 0 O Ak T O
TR S N F373 45 A8 TE 7R 52 3l B AT VO T 1Y) Bl 2 e
wAME L BT A, He B AR ML AR R A T
S AR SRR T RS A IR R A A A
fen BT B 5 R AT S B B R, TR SR A HH 9
NES

3 G055 /Y e i 2 (System Equivalent
Reduction Expansion Process, fij #f SEREP) 7 &

T8 iRt . SEREP U5 i 283 Z 4R Y
S &, FUI ] 32 BEAR AP AR S5 K Bl ) 2 SR A TE /D
U A Bl 2 e AR o R 4 A AR
Bl AT W %0 B R AR
e I 25 AR A A DA Y ) BN AR A el
i 45 A R T HEAT ROE i R

X BT E A KRR, ZHORET
A Bt dn A % S 48 R gl 2 O 5 DR I i
TR A O R ORE G Bl 2 e v T Oy
AT, JECA A8 B A O 25 28T X G A i

AR SCAR A5 S ARLIE 1) B 0 SR B, B A K X
T 45, 1 56 % H SEREP J7 i 3045 /0 [ iy Ji 4 Y
it 2 8, SR R BT B in TR AR Bk — SR i
S AR RLAL AR ST P RO R 2 M ] Y A G
A UEAT R B A RO IR AE — AN A S LR 1R
i TR S 7 LSS B

1 SEREPAFEEE KK

1.1 EAKXKFEE

— W n H B EE TG A 3h 12 dr B R -
MX (t)+ KX (t)=F(t) (1)
X MUK 5y B R G0 R R BE A B 5 X (7).
X (t) F(£)eR" ", 53 Wy 3 AL b5 2 T 4544 1 Jin
T A7 7% M 1 FR 7 0N ]
R ERGE W X (2) Al R
X(t)=wdq(t) (2)
K. @eR " B 5E & FEAE ) a8 5 B
q(t)ER" " RIS ZS A F A AL F7
{AAESEBRSR i b AR A AT RS A, B
X(t)=®,q,(t) (3)
K@, cR" Nyt p B R AE 0] & 20 500 B
g (1) E R I RRIMT AR AS 25 (8] 1Y AR A
A N7 )X (2) 4r S FENA B E XL (),
X\(t)%%ﬁ‘,ﬂﬂz

X(t)z{x’”(”}{@""’}qxt) (4)

X(1) ?,
X, (t)=@,,q,t) (5)
X(t)=ad,q,(t) (6)

A H 2 B SR 0 SRS Y AT 446 D DR B B
i 2 723 (5) ~30(6) H LT SCAR R ¢, (2) S ]



% 5

XA ZEAE - S s AU i 2R B0 B9 A5 s 3 g 2 A st M it 157

N A B R LD A R R, AT S ) 2 BR O
AHEMER, XHXN FRESERE,, K, BA
D, AT, UL =T

1) Bm=pht

@, AR w S, Al

q(1)=@,,X,(1) (7)

2) YMom > phyt

SRR, 7 B m K TR i g p, v AE
B/ AR SO ORAS N

q(t)=@,,X,(t)
(8)

o,=[o, 0, o,
Ko@), h @, 7 L

3) Hom < phf

SR, 7 BEECE m /N TR MR R p, W TE
WX EE S B RAS BDES RN E— ) .
q,(t)=@,,X,(1)
o,=o.[0,0,]"

TESE bR AN, THEE AW m b fe
LI O B P 30 B R FR A AS p, SRR AR B PR R X
FAHERANTES =, ZIEW LIEE,
EUm?P:

(9)

X(t)=@,®,,X,(t) (10)
x<t>={X’“(” —Tx.() (D
X(t)
{‘p"w%}cpp% (12)
qj.«/ﬁ‘pmp
A T R 48 AR 4
R T = (1) 4 0k oy
M X,(t)+ KeX,(t)= Fu(t) (13)
He,
My=T"MT
Ki=T"KT (14)

Fp(t)=T"F(t)

1.2 RESHEERE AL

3tk 447 R B M, — AN I A A S 2
gy J7 5 S R T rp oA BR— % 5 AR R Y o
REBONREEHLTE . @ TIRMER @,
AT SVD G it 2k 2 b 45 i S5 e e D 1 2 R
AR A, A0 PRI 4 U R AR AR I RS A2 Y AR R, B
206 CREL I S BN R AL

L@, JiT s 0 — Ak IF A2 PR B A )
M=T"MT=[@,] & MO, &, =

B
|:¢u‘zp:| @/1‘1‘0 . (15)
Ki=T'KT=|@,,] @Ko, @, =
T
[(D:p} APPQIP
A A, AL T p BB A R AE A AR B LA, =

O K®,.
Em=pai e T, THRBEE o, SVD
93 it -
®,=UxV" (16)
K. UeR" " VER "B,
W Ek Ry p &5 AEFE M S e R AT RN R

o
E[ﬂ (17)
FIRAFEEN @, L@, I RKRN
o, =VYU" (18)
Hr,
> =0, 0] (19)

(17~ A (15)
M= U[(Z’ )Tz']UTz UMU" .
Ki—= U[(y)'rv"‘A,,pvyJU“ — UKJU"
W= (13) B R AR 7 B AT 5
U(KY— MU ¢, =0 (21)

RN I S B 4 P MO = 2] 3 Xt A
Wi A5 R T 3 ) 2 S 5 800 R

2 EFZTIEBNEMAE
2.1 FEHEMERERE

SEREP J5 ¥ B 45 WA 80 (%) 0 AN A 3 1A Hh
JEE AL R R (BB R AR SCAS I Y T S AR Rk T
WZB0%F 3 F  BE PR R AT BR A

vt O 8 L 4 B 9 A Euler-Bernoulli
T 2 A B — A 5 T R T iR B

H BX B AL SEREP 4 i) #4018 1 TR L 40K
0 B R A R T e, SRR AR s R B T 1) K
22 AR M iCAE SEREP 4 pdi o #2 v 35 B el B R
TEPETE A I A DS ) 5 D A IR A R A DX, D
207 ol BT R A4 R M R A S U E A A Y
RIL . BERIAE DS, LA B R R N ) 46 D T



158 fiias TR

L 515 %

R T RO R O SR i 1) A S S A R TR g R 2SR
XNy, {H X A S R S 5 SEREP 4 i ad B2 A9 AR
L B SECE A KT 9 AR,

Ji A AR R
o O ® ¢ 06 06 o o o
2]
¥ E SEREP
[ ) o

S H

ASSSNY

ZI; 2 B A
4i AR Y
i ; =) PR
ES e T
aiE s
m,, ~ .
JER— LB SRS

Bl A B SEREP 4 i 72
Fig.1 SEREP reduction process of pipeline model
SEREP J7 ¥ 75 45 D80 B R b n] A 5 0 BORE
H T RESEBR R, T2 5 45 0 R 2 i A
BIR , 7 3 5 46 080 I B2 7 1) X LY 2 5 1 A
AR L DA G A B G b A B0 4 D 25 0 i A5
TR B 715 2550

2.2 “BREHK—REE"RI

A BRI B Al S 2 ) T A5 SR (R
JE PR R KR I ) S HAL Ry B A R B
BESE B o A SCAE R T 52 I 2 AR AT B T B 1
b B 3k R R E R BT A A R A R 4
F SRR A S A R B U B A R
AR HE AL Ty, T HE 0 o R S B AN AE
IR A1) 2 0 A AR ) B N A B 1) A 5 R
WA MET I . S TR B ) AE SO LAk,
XFR T S P A TR A R RN 20 R, AR A
A5 I T 35 PRI S S80S W A R N T 2 A B A B
SR, BE B BR— R S S LAY
ALK 5T 2t [ R0 ) 32 56 B 43 o) ik S B, D B
BRI BT A R kS R R BT A R I AR A
TU) i % 0 R 1 W ST B e O B R R R 2
59 U1 AR L S A8 & 0 52 e, B Euler-Bernoulli
b 1 4% R I Bl FUTT R R 0 R ) 6 RS R
R, HR 28 R B ) iR B0 5 ) A

2.3 ZEZS kgt

20 K A8 I B R R AR A S, B0 AT 5 s
(15) 75 21 4 il J5 H55 R P M e 40 R O 88 R B K e —

NG DL T M o KBNS XT 1 [ AN 8 BLIEAE ik
T2 B0 Ho w28 o Bk — R SR 7 4 R B R
TR A DA S, 3 2 2 (20) X M Rl K ABORT
Ak A B A5 ST 04 46 D80T R R M RN 8 R
BB K, b Mg Ry % £ B 5 K g ol 6 BRI {0 — i
AN XS AR

SR BE VT S B T, MG X AR G 3R R R
AT BR— G g 4k R AR (Y B O e K O A
ZHm,, M= (22) s .

M(/‘Fl)(/‘#l) 0 (22)

m,= M,
P AR A T Bk — G g 3R 4 AL A T i B
B, JBT et 35K o, R i 2 658 W B2 2 R0 (e, + keyy )AL
BNl ST B BT R — A R G, AN T R K
ExF e R LY E T i K ot %
2H A Xk A B K T AE R R W R A,
(23) i~ o

0 0 0
(i+1)i+1)
2
0 o 0 (23)
kz'_'_kh#l:Kiz'
kz’+l+ki+2:KU+l)(i+l)

CRE L BR  RR IR 2 LU B R R A KR 2 1, )
30 B R 2 BOBCRE L K 6 M T R 1, st
(23) TC V5 e — W & 2 80 &, 38 B /D — A BRI 25 A

— A~ S 1T B UL ) B A R
b <<min (K Koo, (24)
e 7 B 1) BB RO AR
K
}(‘14»1:7
K (25)
s, _ (i+1)Gi+1)
j ki{ 17 2

AR TSRk R FAE 2 T &
SR RS G I SN S B kSR,
0 IO A 45 A il A 9 K

B2 T R 2 8m, MM EE S 80k, Jn T i
T B R — R R A ML A TS 8 RUE
ot Bk DL 58 A BRI B G 9 AR T 38 O IR B
i S JRE (o bR 2 ) S ) 473 A 4 RS TR 3 [



o505 3

XA ZEAE - S s AU i 2R B0 B9 A5 s 3 g 2 A st M it 159

JEZI8) A RS A B R R AT B, T A A
AKX WNT

4 )
minV=p(3an) (26)
48FET
=
' (27)
o
=,

T o A B L L 5 O S A b R A
LRGP 5 R, o BRF A2 5,y L 5 R
LIRS S

2.4 ERFITLMRE

M A 2. 35 K A U5 B R R R A e £
o S BR AT 25 R B it 280, S BB ) A R AL
Bt SAE LB WA 2 R

| masmamemn |
|

!

pespiEe |

!

BT H 1 EEm
S5,

!

L e, |
i SVD

LI AR 56 M K‘ |

SR BRI
B, K, | mrew, v, wstess |

R — IR P LA M,
Ze R S R K,

| |
it Bt

B2 8y it 9B R K

Fig.2 Flow chart of dynamic equivalent design
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Table 2 Comparison of original and equivalent
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#F MBS L/mm L,/mm R,/mm R,/mm r/mm r,/mm

Pl % 100.0 162.8 10.2 4.43 8.30
P2 44 85.0 945 14.2 2.20 3.30
P3 44 76,7 92,5 110 5.80 5.60
P4 44 819 97.9  12.0 3.50 5.20
P5 82.2 105.8  15.0 6.50 6.30
P6 W 59.4  88.6 19.0 5.90 7.00
P7 A4 162.0 0 1004 12.0 5.80 3.85
P8 #i44 153.8  96.2 6.8 4.60 2.40
P9 &4 525 2532 16.0 3.80 4.60
P10 ##4  53.7 119.4  17.6 4.70  6.90
P11 #4444 148.2 123.3 150 244 12.70 7.90
P12 #4&4 787 98.0  10.8 4.60 5.40

AR AR/ Hz BREHOR/He R/
P1 271.2 285.8 5.4
P2 396. 5 420.9 6.2
P3 789.7 835.1 5.7
P4 1358.2 1470.0 8.2
P5 750.1 807.6 7.7
P6 587.7 613.8 4.4
P7 320.6 342.2 6.7
P8 281.4 307.7 9.3
P9 991.5 1093.7 10.3
P10 483.3 503.9 4.3
P11 1351.9 1476.6 9.2
P12 1512.5 1657.8 9.6
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Fig. 6 Equivalent structure of pipeline in vibration test
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