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Dynamic Modeling and Nonlinear Analysis of Pipeline

Conveying Fluid with Jointed Structures

ABSTRACT

The Jointed structure is ubiquitous in diverse engineering pipeline
systems. Factors such as coordination and damping at the connection
points can lead to intricate nonlinear phenomena, which have the potential
to influence the stability and safety of the system. Hence, it is crucial to
investigate the impact of the Jointed structure on the dynamic
characteristics of fluid-conveying pipelines. This study centers on fluid-
conveying pipelines with Jointed structures, employing a combined
methodology of theoretical analysis and finite element numerical
simulation. The research encompasses a wide spectrum of Jointed
structures, spanning from linear to nonlinear and from geometrically
simple to complex. The study also explores scenarios that consider the
coupling effects of internal and external flow fields. The study aims to
develop a model for the dynamics of fluid-conveying pipeline systems,
analyze their dynamic and acoustic radiation characteristics, and
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specifically investigate:

1. A method is presented for examining the vibration characteristics
of fluid-conveying pipelines with linear connection structures based on the
transfer matrix method. The vibration characteristics of pipeline systems
with linear jointed structures are investigated by employing the global
modal method for integration. The research examines alterations in the
natural frequencies and modal functions of fluid-conveying pipelines
resulting from changes in the stiffness and locations of the jointed
structures. The research findings indicate that the torsional stiffness and
shear stiffness in the jointed structure significantly influence both the high
and low-order natural frequencies, thereby exerting a noticeable impact on
the low-order modal functions.

2. A methodology was introduced for conducting nonlinear dynamic
analysis of fluid-conveying pipelines that incorporate a nonlinear jointed
structure. This method considers the impact of nonlinear elastic
foundations and boundary jointed structures. The nonlinear control
equations governing the pipeline system were derived through the
application of the Hamilton variational principle. The nonlinear dynamic
response of the pipeline system was subsequently resolved by employing
the harmonic balance method in conjunction with the Runge-Kutta
numerical technique. The study examined the impact of linear and
nonlinear elastic foundations, proportional damping, nonlinear boundaries,
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and external excitation amplitude on the nonlinear dynamic behavior of the
system. The research findings indicate that augmenting the nonlinear
stiftness of both the elastic foundation and boundary results in a stiffening
effect on the nonlinear characteristics of the system's amplitude-frequency
curve.

3. The research investigated the dynamic behavior of bolted joints in
fluid-conveying pipeline systems under actual operating conditions. By
employing the finite element method, the research analyzed the effect of
gravity on the symmetry of bolt joint interface stiffness. Moreover, the
implications of bolted joints on the vibration characteristics and dynamic
responses of the system. The study aimed to elucidate the correlation
between bolted jointed structures and fluid-structure coupling on the power
flow within the system. The research findings indicate that the gravitational
force plays a significant role in influencing the segregation of modal
functions and amplitude-frequency curves along the X and Y axes of the
pipeline system.

4. A simulation model of the fluid-conveying pipeline system was
formulated by accounting for the coupling effect between the external flow
field and internal flow, utilizing finite element software. The vibration
response of the pipeline system was calculated to assess the impact of
parameters, including the Poisson's ratio and the thickness-to-diameter
ratio of the pipe wall, on the fluid-structure coupling strength. The study

v



RT3

also examined the impact of immersion depth and the characteristics of the

immersing fluid on the distribution of sound pressure within the fluid

domain, along with the patterns observed in the sound pressure level curve

in the external fluid domain. The research findings indicate that the sound

pressure level curve pattern remains consistent across different reference
points for the same immersion depth.

Hujie Zhang (Mechanical Engineering)

Supervised by Prof.Ye Tang

KEY WORDS: Pipelines conveying fluid, Jointed structures, Transfer

matrix method, Finite element analysis, Dynamic characteristics analysis
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:J: 1;/] E TI%IJE%EE ZﬁﬁDT

—u¥(x, 1)+ ENV" (x,1) =0 (2-1)

Hrb, EIFoRPUSHIN A8, p Lo EBNLREE, RRHE, VERRX R

5, VRN x KT
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% J

e 2-1 /873 1) B HO A BRI 25 2k i 7 S A
F B EA FE L,
V(X,t) — Aei((qux) (2_2)
Hor o FORERF, k FoRBEL A TR0 NEECT RIE. #20(2-2)A00R 20 2-
IDCIECSEEN:/ Gy

Elk* — uw® =0 (2-3)

fEE N, RQ-3)E 4 M. 2 HRIE KK K K,
MARIEERR-E SR R H e, HPE, , # M0, BHEMMBI QA T AL &:
EIV"(x,t) = E10"(x,t) = M'(x,t) = Q(x,1) (2-4)
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4 . .
V(X,t) = Z Ajel(wt+ij) ; M (X t) = —FEl Z AJkZ |(wt+ij)
i1

j=1
4 _ .
O(x,t)=i> Ak,e 0
i

(2-5)
Q(X t) — _EI Z Ajk3 |(rut+ij)

i AR R T S I B A B, E R E R L, ke 2-1 B
o FHE BRI - R R AT A (2-4) :(Q2-5)H

B
R, AR SR A Tt
IOET s b, XTSRRI A NIA TG, RIEAREIESE R R A
{v; (x,,t) =V, (x,,1)

2-6
0y (x,,t) =0, (x,,t) (2-6)
LR

\

F5 AR EE R ITIR S, fF5n R RRS . BN R R I ER,
T RMILEER TR TR RIERR:
M) (x,,t) + KgO(X, 1) +i0Co0(x,,t) = M " (x, 1) .
QU (X, 1) + K O(X, 1) +iaCyr O(x, 1) = QU (X, 1) @7
HEER(2-5), (2-6), (2-7)AI15 SJ-Rifsttidoe & .

nan _ (n+1) A (n+1)
HY A" = K™ A

(2-8)
He, A"=[AALALAT, FRRe-5) M ERIER S, H, K
e, HRIAHY:
i %) QL gk,
i ke k" ke
H, = " " (2-9)
—EI(KD%"Y 4 (K2 +iaCh)ikie ™ 5 oy,
| ELGKDR  (KE +ieCh)e Y T, LT,
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=1, N ikfX,z =1,n ik;Xq 1,Nn ikEX”
K; _ ik'e ikje ik,e (2-10)
—ElL (kM2 —El (kD)%™ - —EI (kD)%™
EL (k') —El (kD)%™ —EL (k)%e™
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SUELE
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Q, (0,t) = K v(X,,t) +ioCrv(X, 1)
M (L,t) = —Kg0(x, 1) +iaCr0(X,,t) o14)
Q (L, t) ==K v(x,,t) +iC v(X, 1)
Heb L VB EAD AR, B (2-5). 2-13)F1(2-14), A5
KIA'=0
0 (2-15)
HYAY =0
Hor K5 5 HY B0 24 fsERE, LRIk X000
Ké=|:gl G "t g5:| (2—16)
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—El (K%Mt 4+ (KN +ioCh)ikle 't ¢, =—El (k")%M"Y + (KN +ioCh)ikMe™t

B (2-11). (2-15)7] 15

KiA =0 218)
HIT,A'=0
B (2-15)UE N iEE R
[ o ]Al =0 (2-19)
HUT,
FER R R A ST, BORAQ2-18)BAE 0, HAZRMN:
de{ “ ]— 0 (2-20)
HLT,

AT /1 F, =[0,0,M,,Q, ] fEFILEE p MY A L, HMEIBR RN

{Mr(xn,twe—w(xwt)

Q1 (1)@, = 5,1 -
455 3:0(2-5), (2-8)M1(2-21) 1 KL K F AT S AR R TR 2
H"A™ —F =H A" (2-22)
M5 R Q2-21)M:
A" =(HI) THIAT + (HI) T F, (2-23)

WAAEH RN FANF I8 OL T 2 Rtk o R a] Q-1 85 Jy:

A" 2{ ﬁ (K:+1)1H2}A1+{ f[ (KEH)lHE}(Hzﬂ)l F, (2-24)
n=N

-1 n=N-1-y

4>

1 —
[ T (<) H }(HZ”) l (225)
n=N-1-7
RQ2-24)7T 5 N

A" =TA'+D,F, (2-26)

B s(2-15), (2-26)7] 15
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a1
L Kt 0,4
A = \ (2-27)
HETV -Hy Dran

L EEA(Q2-11). (2-22). (2-23). (2-24)5Q-27) 155 m T 51T X 1-A1
FRIAA:

n K?{ [1 (K:“)*H:}Aﬂmw
Qm B n=N-1
Mm - : 1\t 1 ! 1\ 1)1
K! {H(KQ*) H:}AJr IT (Ki) Hy |[(H) R, fm=>7
Qm n=N-1 n=N-1-n

2.2 EfRESRIBRES

EIEEAK L, RAES AL E R TE S0 n B SO r DMETEER
KN Lro MRIGRBLAZI BRI, TS r DNEEBNEHIRE, Wk

"

— ¥ (%, 1)+ EIV." (x.,1) =0 (2-29)

Wb =1,23,..n, EI 3RS0 RE, p 3oREEMEHRE, V(X 1) 3R
BT EEA R R B

se A T 5 ) v S A T A T B T RS AR B 3 A 14 2% A DA S B
RIS

v, (L,,t)=v,,(0,1) (2-30)

Vi (L, t) =V, (01) (2-31)

ENV' (L,,t)=EIV'(0,t) (2-32)

EIV" (L,,t) = EIV",(0,t) + K v, ,(0,t) + K,V! , (O, ) (2-33)
v,(0,t)=0; v/(0,t)=0 (2-34)

v'(L,,t)=0; v" (L,,t)=0 (2-35)

b, Ky A K 53 il 3o P 3t IR 2 1 8 S I AT s S I . i B H
MR 3N T R B B «
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Vr (Xr’t) = Sr (Xr)ejwt (2'36)
Hr, S (X)) 25 MEEBRIARES. BRA-)RANFRA-1), B3

—o’ s, (x.)+Els,""(x)=0 (2-37)
ﬁ ﬁﬂ#ﬁ/ﬁﬁ[ﬂ:

Sr (Xr) = Br COS(ﬂLXr) + Cr Sin(IBLXr) + Dr COSh(ﬁLXr) +Gr Sinh(ﬂLXr) (2_38)

HH1, B, Cp Dy GREEHRBMGEERY, B =o' ulEl . ¥X2-38)N
#I50(2-30)-(2-35), M HET H LR 5

P(o)[¥, ¥, - ¥,] =0 (2-39)

¥, =[B, C, D, G,]F/x &1t BUBA b B 1017 58 R E T B Ml 640
RHEZ TR |P(w) =0, K IERTIFHSEH 0, 0, o, o, WRHEHHME
i I ) R A ) (A AR o Sl B AT A 3 R G A AR oo KB ARFAE

EYY, Hik=1,23,4. Gl RQ-38)FF RN k IS L.

mEERRENT

7S

N T SRR PR H R 5 98 Y T R AT 2V BY D) 50 SR AN TH L R S R A i
PRENFFPERIR AR, EIEMESHANER 2-1 fox, BADREEIE 2-2 fos,
R 2-1 BALRNE BT 50 SN 5 5 T R A M S5 A S 3

ZH R (D fH
HEBK L (m) 0.45
TEERK L1=L2=L3 (m) 0.15
Wy A E (GPa) 8.5x108
EIENEAR D (m) 0.20
EiENEAR d (m) 0.16
T TH R M (kgm™) 0.1040

A T R R I (m?%) 4.637x10°
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£ 38 RGN ERSanNMREEN NFITASH
3.1 BRI G M E RGN BB SR AR R R

B BAT R IR A M I i I, Herh B B R A AR AR R I Hh 5t
AARLEIE A S, Wil 3-1 P . ARZRIE SR EIIE th 2 PE AR 2Rk P B 7> 4Lk, b
SEEGPENIEEAE SR 2 B ) N BB s AR A T AR 2 PR NI EE R BUS 52 77 1) 7 3
I RNZ SR o BEAL A ARG R SRR AL R B T A, rTH AR
LelERE R, ML AR PR SR

d2 /
F(t) L2 vi(xi, t)l Ln-1 @

E: « o e

P 3-1 B A AR i bk by A F A A T 5 4 s =

3.1.1  =HIARE

BT BRA-H S AR 1S, 152 N AR Bk RN T RIE
£=—1"— (3-1)

o,=E¢ (3-2)

b, e, NBMFINAR, 2 FRos R BIROBIAE AL B AR AR, VERORETE
@ﬁmmz ) FH P S e B ) A T O R

j (8T +6W —6U )}t =0 (3-3)

A, TRIW 205 RoR TR RE BRI B)EE, U R BB RN AR .
T=T,+T, (3-4)

T-1m j{(v L va”j (85 vaSJ }dx (3-5)
2 o ox) \at - ox

23

\
/|
+



RT3

T, :%me L{(%) [‘;Sj }dx (3-6)

u :% LLIAE o &, dAdx (3-7)

oU = IOL J.AE E,&,0e,dAdX

_ILE{I 0% 9°5s | Qudsu  dudsass 1 (asT@ 1 (‘%T@}dx

e__+|x__+ X___ n X . +_ X ~
x> Ox? oX OX oxox ox 2 “\ox) ox 2 *\ox) ox
(3-8)
[Z5Ud _jj { af (6“62 63@] 3, [asj 65}5v+|{—ig—§6_2§}5u}dxdt
OX OX OX®  OX OX 2 OoX ) O OX°  OX OX
(3-9)
/\I:':l7
7( D D.
I - =2 4 1\4
e 4@2)(2))
D2 2 Dl 2)
3-10
n((z) - (3-10)
B Ey_Euj
Aw{(z) S
ST=m | KV+8—”+va—UJ(@ v@j (@ vasj(@ v@j dx (3-11)
0 ot OX ot OX ot ox J\ ot OX
5T, = mejL(a—u@+§@]dx (3-12)
olat ot ot ot
oW = I:Nré‘(xr - XNr) - F(t)5(xr - XFr) (3_13)

2 3(3-3) AT A5 B A R T AR AR

0°s, 0°s, , 0°s, o's
m, +m +2mV ~+mV +E.I, T+ F,.o(X — X, )—F1)o(x —x_..)=0
( )at 66’[ 8X ax4 Nr (r Nr) () (r Fr)
(3-14)

PR RGUE RN ERLE, MR R Tin, = (20, /@)Y, 63, FHrc %

AHEREL, o FoR—BriEA R, K.

0°s o's
2r +E.l, 4’
OX

Y, =mV? (3-15)
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RIA5 4 & e B 4 ) 5 A2
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2
(m +m,)—r+2mV —- +m,V26 s;+Eele
ot oxot OX

4
aaxsélr + ne %_i_ I:Nré‘(xr - XNr) - F(t)é‘(xr - XFr) = 0

(3-16)
o, r=1,2, 0 REHAVEIEL m ARG TR, m (T,
N RFSLAMEHEILE R, BRI ICHUR, L ARRITREMITT MM I8, P

BN FAEAZE BB ERIARENE ST, xn REARLNE TTHIAL B, xm RSN ALE.
0 ()RIKBLTC R EL. BLARIARZETE F1oKk B T AR L ME sV I K AR VR 57

3.1.2 1EZESIEAZMIERR

BRI O AE 2.1, 2.2 TTbs o I MRS R T RIEE . i
HEAT IEAC R .
ZEW N AR E o, « o, & 8BS RIR BRED A2 sk (x)~ SE(x,)
@’m,Sk(x,)=EI.SK"(x,) (3-17)
P [FEIR s (x,) , IS ETEBAKRERATIRGY, AR TR, 15

wjrznll jOL* m,S¥(x.)S"(x )dx = Zl: jOL' E1.SK" (x.)S"(x )dx, (3-18)
GG 8 TE BUA B B A A% W R RN 7 V-1 2% At S 321 S B B 1t 30 S A A

Z} [E1SE ()3 (x )dx, = Zl [E1SE (%8 (%, )X, +2Kssf(L,)S,L(Lr)
(3-19)

Horpr, KG-19) i E i A v E AR LR 5, B 2N SR RN, R
O B S E M e 28 1 2

. L n L, 1" ' n-1
wlejo mS; (xS %)k, =3 [ ELS (xSt (), + 2K, (L)S; (L)

(3-20)
e bR BAR kA1 L, 153
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B, 95
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R(3-22) M1 MBI S T R B E A, HIERE RN
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r=1

Hrb, MyARGHE L SR E. FRG-23)0AKE-21), AIEREIRA R
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r=1 r=1 (3-26)
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