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RESEARCH ON NONLINEAR BEHAVIOR OF FIBER
REINFORCED PIPE VIBRATION

CONVEYING TWO- PHASE FLOW

ABSTRACT

Pipelines are extensively utilized for transporting petroleum and
natural gas resources owing to their operational continuity and high
efficiency. However, the multiphase flow conditions may induce more
complex mechanical behaviors. To mitigate detrimental vibrations during
two-phase fluid transportation, this dissertation investigates the nonlinear
dynamic characteristics of fiber-reinforced pipeline systems under two-
phase flow conditions. The principal research components are as follows:

First, fiber-reinforced composite (FRC) materials were proposed for
constructing pipelines conveying solid-liquid two-phase flows to improve
mechanical performance, with particular focus on nonlinear vibration and
buckling behaviors. The governing nonlinear dynamic equations for the
proposed pipeline model were formulated using Hamilton's principle. The
homotopy analysis method (HAM) was employed to solve the nonlinear
vibration equations. Numerical simulations elucidated the effects of liquid-
phase velocity, slip ratio, and volume fractions of both liquid and solid

phases on buckling behavior. Notably, nonlinear free vibration exhibited
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significant dependence on material parameters, particularly the fiber
orientation angle, demonstrating that FRC materials can effectively
modulate the mechanical environment of fluid-conveying pipelines.

Subsequently, a comprehensive investigation was conducted on three-
dimensional FRC pipelines transporting gas-liquid two-phase flows. Based
on Euler-Bernoulli beam theory, the three-dimensional governing
equations under external excitation were established through Hamiltonian
variational principles. The Galerkin truncation method was applied for
variable discretization, yielding a system of ordinary differential equations
governing the motion. Frequency response characteristics were obtained
using the harmonic balance method (HBM) coupled with pseudo-arc-
length continuation. Parametric studies examined the influence of fiber
orientation angle, damping coefficient, liquid volume fraction, and external
excitation amplitude on the frequency response characteristics. The
analytical results showed excellent agreement with numerical solutions
obtained via the Runge-Kutta method, validating the proposed
methodology. Furthermore, global bifurcation diagrams complemented by
phase portraits and Poincar¢ maps were employed to predict nonlinear
dynamic evolution, including bifurcation and chaotic phenomena,
providing critical insights for two-phase flow pipeline design.

Finally, the nonlinear vortex-induced vibration (VIV) of FRC
pipelines conveying petroleum and natural gas was investigated. The
governing equations for VIV dynamics were derived using Hamilton's
principle and discretized into a system of ordinary differential equations
via the Galerkin method, with numerical solutions obtained through
Runge-Kutta integration. The theoretical model was verified against finite
element analysis results. Numerical simulations revealed the effects of

internal and external flow velocities on post-buckling behavior. The natural
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frequency and maximum displacement response were found to be strongly
correlated with two-phase flow parameters. In the supercritical regime,
axial tension exerted substantial influence on VIV response characteristics,
suggesting that pipeline displacement can be effectively controlled through

tension modulation.

KEY WORDS: Simplified supported fluid-conveying pipe, nonlinear

dynamics, two-phase flow, post-buckling behavior, nonlinear vortex-

induced vibration
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2 * 2 . R _ _ ~ R R dz“ 4 . _
%{(EI) %—m,u, —mU? +Tx}§+(mp+m, +m,) dtf: +:|:4(EA) F=0 (2-41)
M g, ORI
(B1) % 0% MO 7 4T, 7
s _ L L L L
X1 = — ——
(m, +m +m,) (042)
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(3-35)

o f A fRIIE, o FRRBIDIOEE. HAN, &, e, HRREK

AN BT n) BB A ARAR AL R o IXPRAN A TR IR AE AL 22 9 R

AHIT TR A 73 SRARFARAE R T B354 9 o WRAE 225 SR, A8 — vk
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sm sm Ven Vi +17 X Y smn = VoV
A AR RN @ dv_ A WL @
N X zzzl//smnh = WW, +| —— % ZZZl/lsmnthVth
2 m=1 n=1 h=1 d 2 m=1 n=1 h=1
b IS @ o i =S
+ E A4 ZZZV/smnhvmWnWh - zl//sm y
m=1 n=1 h=1 m=1
N d & g d (AN di
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Runge-Kutta method
(Reverse sweep) )

P 3-2 HAE AR A IS - 26 B 1 2 PR 2% e M A0 12 1 EL e

P 3-3 Lo 1 e B YAV T 0 T R i o 1)

Wi o W FTEE SRR, i

i ot 25 VRURH S P58 AU B g i) - DRI O ey A T P e 18 KB T AR e O SR

39



RT3

0.08

V,=0.05

0.07

0.06 -

0.05 |

" 0.04

3-3 VBUAHER XTI P AH LA K] FRC A5 3 I AU L FR) 52

¢=0.005,f, =0.1,6 =60°,Q, =0.9
y

0.12 :
¢=0.003
¢=0.005
01F —*— ¢=0.007
0.08 |
006 i
0.04
0.02 |
o
5 6 7 8 10 11 12 13

Kl 3-4 BHJE R BO fanik UL FRC T8 MR N B4 52
(Vi=0.1f,=01,0=60",Q =0.9)

K 3-4 23 1 FHLJE R Bz B TE AR B R K0T . 24 P JE A%k 0.003 1%
AHIRE 0.007 I, S KRR L T W R B AN, AR i BRI
DURAR AR AR BRI 1, XRG4 ot 1 IR N

Bl 3-5 o 1A RIS RhIR I T i MR I B Sl 1 AR S DL . 45 SRR
Bt PR IR A 0.05 S INE] 0.15, SIBAEIRIFAHSCHUARLL MR N EE, 15K
UEIVETE N ) S N Uk N PP S W I Y Y

40



RT3

0.1
f =0.05
0.09 |- 0.044 fy o1 |1
,=0.
0.08 | 0042 —»—1,=0.15|
0.04
0.07
0.038
0.06 - 76 78 8 82 84
s 0.05
0.076
0.04
0.074
0.03 -
0.072
0.07 .
96 98 10 102

12 14

3-5 e (X A& P AR LA KD FRC /8 T8 W A S R 52

(¢=0.005V, =0.1,6 =60",Q, =0.9)

0.05

7 0.04

0.03 |

0.02 -

0.01

B 3-6 21 4EI A A1 0 AR A K FRC S8 R 4000 L ) 5 i

(¢=0.005V, =0.1,f,=0.1Q =09)

K 3-6 PRI 12T YEH R A1 AR i SRS TP AR R i 2 A . WA,
Wt £ AE A RGN, b B A AORE R R B AT [ A T R T 1 o
Wi 7 8 P58 g5 A Wik o

K 3-7 B 1A R B B TE AR B 52 . AT A e, BEE T
FHRFR A O 0.3 BN 0.9, f A [N fELAN 5 328 B W F I ) R e A R FAR
R A EEE S, PONER BT3B B R BI 2R GeAT IR .

41



RT3

0.08

Q=03

B 3-7 WO AR 2R HOnt ik PO AR A4 1) FRC 8738 M 32 ) 52

(¢=0.005V, =01, =010 =60)

Kl 3-8 S 1 FRC /T8 ik 1 AF AL o ARG T IAR e A4 B2 1) 40 20 19

X EE ISR AN, AR AL T BUR/K T I, 18 AR 48 S 30 H B A 13E 30 1)
Was. SR, BEERAGHEE R ANERTH, RGN shE AR U Bliss). it
5, RGAERIAME S A B AR B R g, I BRI, HET SR
FEIXIA] . FEZE P 188 —/MRTEIX A S, RGEE RS ZIHER, KL 7§
AWiEsh XA, ZFHEa) X, BEEEa)X I, B EEs) X REX (6
PARUESHIZ B X (8] o Ny 1 ik — B RAIE X LB 5y, FRAIZ H T A [RIBOAH A G E
E TR FEEL JRiERE . MHEMEIsRE, i 3-9-K 3-14 s, & 3-8 FH
—NEEWER AR, HAAE AR 0.27 B, RAE Sk ERRE M, BRI
X 1824 0.63<V, <1411 2.3<V, <2.43, HARXA A E) RGERILH A HATEIZ )

B 3-15 o 1R AR S & BB A AR S50 FRC BB 7> & 1. K
A DA HY 2O R AR AR BOHDR BRI, B8 R St o A a2l . HERE AR 801
ARG R, RGUEHFAR A WEEZIRES . WG, RGHE Rz s 5 XU
BENPIMCIRZS Z BEIA AR, 1hJa dE AR X TR, I ELAE O R b B 5 B R I
R.o K 3-16-14 3-18 1l Eor T AEANFIBAR A R EIUE TS DL, R GRS B
IFFER . IRIETE . ATEI LA R IR . A AR R BOA F) 0.25 I, RGUE LR

42



g M N e e 2 VAT

ERENE, SRURMIXIA(067<Q <1), {EHALX AR HHBIEIZS).

0.015

0.01

0.005

-0.005

-0.01

-0.015

-0.02

v

3-8 RAEMHBLRGV, L4 2  (€ = 0,005, f, =010 =60°,Q =09)

-3
0.015 : - : - : - : - 4500
a b
@) ARG
0.01 4
|
0.005 3 3
S 3
s T 25
< E 2
-0.005 150 1
s
-0.01 0
0.5 0 01 02 03 04 05 06
0015 . . . . . . . . . 0 . A . A A
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 1 2 3 4 5 6 7
T w
0.06
0.04 -
0.02
3 0
-0.02
-0.04
-0.06 -
-5 4 3 2 1 0 1 2 3 4 5

Bl 39 V, =01 FRGEMB1EATH: @NFEE, OFREE, MK, d)Em3E

43



g M N e e 2 VAT

Amplitude

Amplitude
o

-0.005

-0.01

-0.015

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

0.1 ——— —
(©)
0.08 ,
0.06 =z _
0.04 X b J
5
002} \w‘\rt;‘}f‘}\]))zu)\’/ M i
5 o Hh 1
‘o\) ' W “ A\ ‘
002 f /«,‘ '\‘/‘(‘Z/}l“\z‘\o/"\," ]
004} _
0.06 ,
-0.08 ,

01 L L L L
-0.01 -0.008 -0.006 -0.004 -0.002 0

Vi

0.002 0.004 0.006 0.008 0.01

dv,

-3
7 x10

Amplitude
PN

104

b

x10%

(@KL, (bIRIERE, (MHEl, (K

dv,

6 x10°%

Amplitude
w N

~

(b)

%10

5

4

* 4

L J

-0.008 -0.006 -0.004 -0.002

0

Vi

0.002 0.004 0.006 0.008 0.01

B 3-11 V, =1 F RGBT (QIRERE, (b)IRIERE, (MK, (d)EmEE

44



g M N e e 2 VAT

-3
0.02 6 £ 10
0015
50 x10*
0.01 6
4 5
0.005
o o
E E 4
2 o EN
£ ) 3
< Z
-0.005 ol )
-0.01 1
o 0
0015 / 0 02 04 06 08
0.02 . . . . . . . . . o . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 1 2 3 4 5 6 7
I
0.04 :
003
0.02
0.01
5 o
Fpdet
oot ¥
-0.02
-0.03
-0.04 : .
6 -1 0 1 3 4 5 6
v %107 v, %107

3-12 V, =15 FRGMBN 12T 0: @WFERE, (DIRIEE, (CME, d)EmEE

-3
0.02 61
(@) b
51 %10
6
ar 5
% E ‘
H £’ s
=< =
A 2
1
1F 0 A
/ 0 02 04 06 08
o M
0 1 2 3 4 5 6 7
T w
0.04 -
003
0.02
0.01
o0
#&W
-0.01
0.02
-0.03
0.04 A . A . .
6 -1 0 1 2 3 4 5 6
v %1073 v, %107

K 3-13 V, =1.8 FRGMIEN 1547 N (2R, O)FRIER, (K, @k

45



g M N e e 2 VAT

Amplitude

dv,

0018
0016 (b) 10
15
0014
0012
10
£ oot
£
o008 s
0.006 L
0.004 o
-0.03 oooz—/ 01 02 03 04 05 06
-0.04 ' : : : } : oM : : : . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 1 2 3 4 5 6 7
T w
0.08 0.08
C
o} 9 ool (@
0.04 0.04
0.02 0.02 * *
*
or of *
/ - *
0.02 ﬂt‘%’*’“"l’/) 3 002 . L .
N
-0.04 ’A“% “4 004 4
=
-0.06 -0.06
-0.08 R -0.08
0.1 0.1
-0.12 ' ' ' ' 0.12 : : : . : : :
6 14 12 0 8 -6 -4 -2 0 2 4 46 14 12 -0 -8 -6 -4 2 0 2 4
Yy <107 vy %10
~ _ v - = e 5 28 [
Kl 3-14 V, =2.4 FRAMSI /AT R: @QBFERE, (b)IRIEE, ©FME, d)EinERE

-10
0.1

3-15 RGN BE Q, L7 &

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
QI
(€ =0.005V, =0.1,f, =0.16 =60")

46



g M N e e 2 VAT

0.015

0.005

Amplitude

-0.005

-0.01

0.015 L L L n L n
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Amplitude

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
T

v %10

x 107

(®)

Amplitude
~

x107

@

0.02 -

dv,

10

4 5
x10%

o

© IS

Amplitude

~

. el

®)

o

IS

3

2

1

0

/ 0 0.1 02 03 04 05 06
1

0

1 2 3 4 5
w

dv,

@

. ]
6 8
%10

K 3-17 Q =05 F RGN I¥ATH: (R, bHRIERE, (©OME, (dEMEHE

47



g M N e e 2 VAT

Amplitude
Amplitude

20,02 L L L L n
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0

*

01 L L 01 L . L L L L
-0.01 -0.008 -0.006 -0.004 -0.002 0  0.002 0.004 0.006 0.008 0.01 -0.01 -0.008 -0.006 -0.004 -0.002 0  0.002 0.004 0.006 0.008 0.01
v v
1 1

3-18 Q =0.9 FRAMZNIIFATN: (N EE, OHREE, ©ME, @EInkE

K 3-19 R | FRC & TE fi ik P AR RN O¢ T-HURIR IR 1) 70 20 I o Ao B2
BURRS, RGGERBUL R iE 5. B BRI RE I, REEENRMIX A2
AT 52 = Miasl), eI mos LR s s Bk ER I B . 24 P1iRiflis
M Ja, RGXEFEABRFESPRE . K 3-20-K 3-23 7 £ 1A
BOMRERAS, RGN R R IRIEE . AL . tkah, A
3-19 kA MR, HREUIIRELS] 0.22 I, RGEFRIREN, HiR
X )4y (047 < f, <0.76) , 75 HoAth X )90 8 51 Ji S 12 3

3-24 SRt T RIA AV E) FRC BB R &1, 100 40 B /K- AN e EL
JihZ AR ARG ZE B R K. P RLUR I, BEE AL Z RGN, RGBT A iR
B3 AL 5, R GUIR R 2 R WSS, 285 2 = RIS s A I BEER I 2
N TR I, A AR PRME IS AH R NSk E an & 3-25 & 3-27 it
Ro BEAh, B 3-24 FROUPRFEIX AN IIE 0< & <, WA [R] W22 2 & Mz
o

48



g M N e e 2 VAT

-3
5 x10 i
0 ]
-
5t ]
10 . | . . . . . . .
0 0.1 02 03 04 05 06 07 08 09 1

f
y

) 3-19 RGMRIBE T, 2 fLir4r & (¢ =0.005V, =0.1,0 =60",Q, =0.9)

-3 -4
6 K10, T . T . T . T . o 0
(@) (b)
8
4 x10°°
7L
8
6k
H 3s ’
= =
g Eal 4
< <4
3l 2
2k 0
/ 0 02 04 06
1
0 . . .
0 1 2 3 4 5 6 7
T w
0015 0015 @
0.01 0.01
0.005 0.005
3 0 3 0
-0.005 0.005 -
*** % Yk
-0.01 -0.01
-0.015 : 0.015 : ' ' : -
15 1 05 0 05 1 15 -1 - 05 0 05 1 15
v x10° v, %107

Kl 320 f, =01"FRGEHISNIFAATHN: (N EE, OIRIERE, MK, @)EIxKE

49



ZRTRERF

fii = 1R 3

1000 1500 2000 2500 3000 3500 4000 4500 5000
T

% 4 2 0 2 4 6
v x103

Amplitude

01 L L L L n n L n L
-0.01 -0.008 -0.006 -0.004 -0.002 0  0.002 0.004 0.006 0.008 0.01

Vi

-3
4. x10

(®)

35 x10™

05 / 0 02 04 06

@

dv,
S

% 4 2 0 2 4 6
v x10%

3-21 f, =025 FRGEMBNIIFATH: @I FEE, O)FRIEE, MK, (dEIKK

s x10°%

()

4 %10

Amplitude
~
5w

©

N
~

T@

dv,
o

-0.08 -

J

0.002 0.004 0.006 0.008 0.01

01 L n L n L
-0.01 -0.008 -0.006 -0.004 -0.002 0

Vi

Kl 3-22 f, =06 T RGHISNIFATHN: (@R, OIRIER, MK, @)EIKE

50



g M N e e 2 VAT

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
T

04 T T T T

0.2} 1

0.1} 4

dv,

011 1

021 B

0.4 - - -
0.03 -0.02 -0.01 0 0.01 0.02 0.03

003 (b)
0.025 - x10 1
3
0.02 25 4
_ﬂg) 2
Z 0015+ 15 1
g
<
1
001 1
05
0
0.005 / 0 0.2 0.4 0.6 0.8 1
o . . .
0 2 4 5 6 7
04 T T
*
03t 1
02 1
01f )
3 or 1
01t 1
02t 1
03t 1
04 '
0,03 -0.02 -0.01 0.01 0.02 003

0 137 2137

3-24 RGURIBE § 24615 72518 (€ =0.005,, =1.3,0 =60°,Q, =09, f, =0.5)

51

4/31

5/3m



g M N e e 2 VAT

%107

@ ‘ | ‘ °[ (b)

0.03 - q x10”

Amplitude
w

N

Amplitude

@

dv,

N\
N A 'A‘;“
KOO 7
."“’:&&‘:\5 q -0.04 - % *

v x103 v, 107

325 9 =n/3 FREMZNIIFATN: (-, OIRIEHE, (ME, (DEInZEE

x10°%
0.015 T T . T T T - 35 -
(a) (b)
5 %10
0.01 s
25F 3
0.005
25
© o
2 ER I
I £
< Z15[ 5
1
-0.005
1 0.5
0
-0.01
05'/ 0 01 02 03 04 05 06 07
-0.015 0
0 0 1 2 3 4 5 6 7
w
0.05 0.05 (d) T
0.04 0.04
0.03 0.03
0.02 0.02
0.01 0.01
3 0 3 0
-0.01 -0.01
-0.02 -0.02
*
-0.03 -0.03 i
-0.04 -0.04
0.05 . . . . . . . 0.05 . . . . . . . |
-4 3 2 -1 0 1 2 3 4 -4 3 2 -1 0 1 2 3 4
vy %107 v, 107

Kl 3-26 9=7z/6 FREMZNIIFATH: (TR, O)IRIERE, (MK, (DPEMERE

52



RT3

(a)

/ 0 01 02 03 04 05 06 07

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 1 2 3 4 5 6 7
w

-0.015

@

*
#*

Kl 3-27 9 =37/2 FRFKMNIITHETN: @FEER, OFRERE, MK, (EIER

3.5 KB

FEARTT N, & BN AF YRS 08 S5 WPRHE T8 1E 52 2T R AN ) (1) 40 5L
Jilh, H P Sk S P AR B SO, T TR AR A B 1 S IR A 9T« 1 2
PLRKHE - AZFIRERAE RIS SLAY, 18 R BWmAs 77 JR 8, R 515 HiGe
i s 1) A VT A IR A TS B B AR S 1 5 FE o SR RN 4 W 7 V20 A8 AT
BOBOLEE, 2858 — R AT, AR B — AR B Iy T 7E TS B s
P T B SRS, %07 N R S SR T A8 0 B TSRS B I,
S8 P T2, 25 A DR ICK v, oA i 28 1038 Bh BLaE AT R BR B o IR
I BTt — RAVEUEEA], IRANARDS T 88 anyBORE S R IRIE A AR AR J 2
PHJE R E. £F4ERUm M52 N RBREIR 2R, X R GuAR g B FT P2 AR s . Brib 2
Ab, EBVBUERLTFBL, HE— 0% R G i W o 78 AR SR AR 4 3 77 22 AL
SEFRBEAT T VEAIRTTE . @t IR N ARIRT R AHT, f3H T BLF B84

(1) D&UESE, HATHSERA 8t 17 HAEZMEsh 715, a7k 3R15 0
R N 55 B 7 V3R R i . — 2

53



RT3

(2) XFFAIE LF 4RI Ff, {2 ] A5 i o VR o P R B 2 v 40
T FEAR

(3) FEHR IR ot 5 I8 ol AR 08 K T 8 K o AR, Xt AR [ FO 2T 4 B 0 4 2
OB FE ORI AR R S5O BELJE R B 18 I i ek«

(4) BUELREY, HEEHSEOAR, ZRERINEEIRISHHER,
It HLAT LA 85 5 7 R HURRE

(5) ARl AR HHERD S AR AL A TE IS [A] PR L A A 328 A0 I Jin Sie A T 1) 52
W7 3 2

54



RT3

£ 45 WERERTHIERE SEERE S5IFL M iRAR

Nt

FEARTTNAR, L vander Pol Rk T ALE Y B SEEALA, [Ny 358 45 5 WK
PI-ASF AR 18, JEId s H W AR o SR, DA A X I P AR T 4
RS A ETE ARG BIRNTE DL B /1 AR T R . AN, NSRIBGZT R M AUE
i, T VYR JERS - PR B VA ARIT R SRIE AT o M 7 I AS 2 WA R R AR
B i A S SO VBUAE e B I i AT D A S R, AT DO AT I LA
ARL MR IR S o Bt DR 1B AR R ) 7K TR R RS T AR 2t
T IR B N o

1 EEiRE

K 4-1 BoR T & R T8 . 28 T AT 4ER 0 2 SRR B i TE
TEETEPIMBEAT ) B S8 . BEER RN O K . AR fISMEr . B R/R
ARRRE R <y R 2 4RI R TR K L T AN R T o W IX SR A AR A
Ha . vATWRIR. B R & (7,8,%) A RO R 8 ke a T, Horp R
AR 0 A1 S 43 HI R AR EAR AR 5 1] o Abbr n F s 22 (8] 10 FE R AR 4RI £ 6
] LA E B0 A MR MR R o B PSS BRI, YO R U, SRR U,
TEETESNE, EEAZEE U, K EINR . B EIREAERIA KT, . T 3K

AT, RN BEMHPRE LR R, T LK A RR -1 55 )
ZE PTimIA B T B D9 S AN BER S A R 8 S0 AR TR 9 BRI A B iR S
TRFFASE B s BB RZ BN AR /)y, BESGHE Y505 7208 ~F- T %oy AT X0z H?
HIBTTIATE .

55



RT3

(b) ML
K 4-1 ik AR AT 4E 0 5 B 5 8 TE OB R i 1A

4.2 EEIEHIHIZ
RIS R, S5 EEMN5 TR n] LLEN:

ajf (T, +T, +T, -V, -W, ) =0 (4-1)

FER @D, TRIT, 2351 RS AR S ) B . 1T, F8 S8 A B B RE

s

EIFREHV, For, W, FoRAER S 7 A T
EIE USRS RERIE AT RIR .

7, L(m, +m) ;;[@Z@Z@fﬂdx (4-2)

7=1ml‘[f{_aa+0,£1+aaj} +(W+U,WJ +(8W+U &NJ }dx (4-3)

2 Yoot OX ot OX ot OX

ﬁg_lmg‘[t{_fﬁﬁ+0g[1+fﬁﬁj} +(8\7+098\7j +(@+Ug Mj }dx (4-4)
2 CYo ] ot OX ot OX ot OX

56



RT3

FE(4-2)-3(@-Hh,  m, A m, 73 2 AL RE RO S AU s, 1 m,

R AR EEENRE, nRonRaKERIRIREE. MITrREA N

m =" [} Qardr (4-5)
m, = [ [ Q,p,rar (4-6)
m, = @Sz [ p}'dnds (4-7)
m, =C,zf2p, (4-8)

FE(4-5)-(4-8) s v p, M p, 73 IR TRMARE L« AR FEAN MR A4 1
I PV RK K Z MR B, C AR I B R B, R A 1 B R e SR
BET 1. NV ETRIZXETE, SIANTHEBRS . B R2E8Q MK
MAREQ, FWHSH. AR IH 2 (8] 1) 2k R AT AR AN R

Ljg:,bﬁ)Lj| (4_9)

XoF T AR E FEAR [R AO3 SIRERE, I RS A0 1o SR, H T3 0 RN A PR
7, HRIFABSE . W TAFRE K PRERE, ENRERRE M.

EIERIFARE, AHERh A N AR REA S i RAR RS, RORNN:

v, = EA jotézdx LE jof[(u &)’ &* Jox (4-10)
Forp  FoRs i, ARORBBIImAR, 1 RoR AR IERE, fRonihR, ¢
NNAR . IXEESH] LIRS Y

J@gj@j@g 1 (@-11)
-

W B =I5 BRI AR LT R &R 0-0(8%), v-0(z), w-0(z), A

YECEIP
[WJZ N ;[5‘”} +o(&) (4-13)



RT3

K:[ngj {ZXWJ L0(e*) (4-14)
I K X (4-13) A0 (4-14) RN R (4-10)HdE— BT R /s 5, WL H:

- _ (0% o owo
j dt = Eljj (5v+5w]dxdt HZE (@(‘j axax\;+axawjdxdt

0| .~[0U0%W o%aov 3(ov) oW 1(ow) 0 OV OWOW ||
gl L[ [axax axaﬁz[ax)axz*z(axjaxz*axaxaHMX‘“ (4-13)
2| gpl 00 O'W  O°U oW 3 MW L1(ov) o'W  owov o ||
gl L[ (axax e +2(0xJax+axaxax2H5Wdth
Foof, EAET 4B OB R RO 2 B . AR R T

EA= ZHK(l}fm (4-16)

El = EK(I)me + 7Z'|Z(4)fm (4-17)
Horfr, R, IR, (VRS AL 1, BTk R A
j SW,,dt = L {(6 Q)(%&G+%5\7+?5@J+ F,00 + F,00 + F“Zaw}dt (4-18)
By Rz 7 ESNRIRAREN S B F . F M F, RoR. ¢ ARERLE M E
R e, Fon B IEBTY) D B e R¥L Fos BT,

C, =25 (M, +m, +m,)a, (4-19)

)

— 486,51 (4-20)
gbak, &R, 9 RN T REC,, FMIRIEHIRESE. N

TETIE, RESHRNA 0.8, o ERIRINIEE r FrEAHE, MR,k

T TE IR, KRN

(4-21)

Horpr s AR 2 5 4

B A (4-2)-(4-4)« K@-15)E-18RAX@-DFFH AT R T8 H, 1T
B3k PR R AR AP AR E Y ST AR R M =4k sh s R

58



RT3

2 20 2 2 2
(m, +m,+m +m) 20 2mU, S8 s om U, 28yl w2 LY
ot otox OX X (4_22)
L a0 0% (NN awotw) o
+(C,+¢, )= -EAS -EA = +—— |=F,
ot oX OX OX°  OX OX
26 26 26 4
(m, +m, +m+m,) 2L+ (2mU, +2m 0, )2+ (mUE +m,U2) L+ BT Y
ot otox OX 4 23)
_(ouo% ouov 3(avYoN 1(ow\ 0% ov ow oW - (
—EAl —— *f*** PO I Bl ol Rl ¥
X x> Ox* ox 2\ ox 2\ ox X“  OX OX OX
2\p 2\ 2.~
(mp+ma+m,+mg)a—‘f’ (zmIUI+2mg09)a—w+(m,0,2+mg0g2)a"2"+“”a—‘i"
ot otox OX OX
25 20 2 2 ~\2 A2 ~ A A2G (4'24)
x| oUo'w oUow 3(ow) o'W 1(ow) O°W OWoV oV =
x o2 o2 ox 2\ ax) o 2\ ax) ox ax ox ox

EARER IR, THIABE I =487 18 A A& K 2h /1 B2 50, (H x 4l
T3 IR BN JIFEMEAR /N, T DL BRI, BT TR mTH SRR T Ge
S5 NPOUSEH ) R RAR SN /) 2 A AR Bz AR R, AT Ak SRR Bh 7, ik 0y

fof _fow -
:fD+fDO——at (4-25)

KR, R TIRG SUEML T, f, R P, L RRT . el
A ] LU a0 R

fDO = CA;)Do;;ofouez (4'26)
Hrpc, fic,, & LENZRE. ENMREARWT:

(4-27)
TEX I, S50 RECy, FC, Al E N 2.04 0.1, 0.30B7, iRy 4

AN Z i i R IO AZ B p(x.t) A G (x.t) 5 IS TR) RIS Bl ) _E L Rs A 5% A
VEPEPBOR T RET] DAHE G X S AR 6, WA 38 [ e R sl i R 2o

PP _ (2 0P A

—5 =208, ( p’ —1)— +4@p o — (4-28)
o R oq . A W
2 =% z(q2 —1)—at+a)fq =270752 (4-29)



RT3

EFE R RS, REVERUR RIR T8 2 T AR Ehie S — LR &, (=
LTI (i R B 5 BB B S R AR A o, &0 AL e RTA RS
158, HR@-2600K@-27)RNK(6-25)F, 7T E:

(4-30)

F, =05C, 07407 +0.5C0ppif 0,
BT T IX AN LIS (4-2) IR B s B e s s, 456 4-

22)-(4-24). X (4-28)F13(4-29), T LIS H IR N o Bty D5 2 S A1 2256

Z¥e, A e MABIENS =016 £=008. A=96. £=01. A =12 LAfdifHR
PG AT T A ¥ S 45 2R 27

2 RORE R SURE BRI R N, I T e MRS A N JE RS,
MR A EN G SRS . TR AR, BT S SR & 7 1) AL RS B /N
TU g A2 ) A AS . ST AR T R R I SRS T s SR A R
BB S1%5AT R, R a] ARG X (4-22) IR TR I S T [RIRE, O T TRk,
WIEEIR MUz FImU? BT 5 EA M EL AN 20 . 454 :04-30)/5, K(@4-22)fitk

N
6222_[8?623+MB2§] 4-31)
OX OX OX OX
X @-3D) AT IsE, 1548

aa 1| (avY (ewY |
axz_z[(ax) {5 }”1 (+32)

G:—1 X{(WJZ+(MJZ}(’X+61X+6Z (4-33)
270\ Ox oX

IS Bl Tk T HIREE , Y% J5 R AL AR A TR MR AR . BRIk, TR
ST AT -

al_,=0
. T 01 ou (4-34)
U‘ :E:ﬁ = 1+7 dX

x EA 1+¢ OX

LR T SFAARN(4-33), TSR E R ¥c Mc, -

60



RT3

T 1 aa 1Ll (aw)
=== —|1+— dx+— +| —| [dx
EAL 1+ & oX x OX

¢, =0
K 20(4-33) 0 (4-35) R AN (4-23) F1(4-24), #HESH TEE
BT )i IR BN B B ) S T AR

NN S0 = O 5,00 < 0
(m, +m, + '+mg)¥+2m'u'7ax6t+2mgug6x8t+m'u'2y+ U—
N 0N N = oo 1 avjz (awjz N -
+(C,+C;)—+El —-T,—+(T,-EA)—= — |+ = —-=F
e f)at xt ox? ( )2LI0Kax ox 2o
oW _ - O'W - W, 0MW ., O'W
(mp+ma+m,+mg)¥ Zm'U'axat+2mgU9axat+m'u'27+mgug7
oW “W 2~ ~ N2 N2 2~
+(c. +c)—+EIa— T,oW, (TX—EA)ijL LA T I VA
ox* ox? 2L 70| { ox X X
KH FHEARP LENEZE:
p kg g Vg [E Ty myy
L 0Lt (m, +m, +m +m) El
X m, m, (c.+¢, )
== 6=
M, + M, +m +m, M, + M, +m +m, \/El(mp+ma+ml+mg)
. L7T, P AL P DU 2L ce bR U L2
El Y21 26l 7 2 [Er(m, +m, +m, +m,)
o, = mp+maim'+mge,ﬁ:£
El 2r,

(4-35)

Wy FhAnZ

(4-36)

(4-37)

(4-38)

iix s BN B @-28). (4-29). R@-36)FRE-37)F, L&

I HIHE R TR

2 . 2% o m . 24 ~ 4.5
a—\;+2\/rﬁ_|v| N, , 8v a—+ Agﬂz\/lza\;+6@+57\i
or &t oeor " ag oc? " or of

Lo (5 e al(ae)  (aw -
AN A + & =24C,, +6Cy P —EC
7852 [2 j@f ,[ [3§j oE ¢ =2aCp +aCpip—-¢ L0q6T

62A Aa\f\l o'W

oW , OAW oM M
— +2MmV, —+V SAVA +
or? “/_"agar \/’ Al osor ' og? mlﬁ o2 Cor g

O (7 G\ (a0 (o)

765 (2 Zjagzjol[aé] +(8§) ‘|d§ chuop +aCLOq
o’p
or?

+28,0,(p7 - 1)2'O +402p

61

(4-39)

(4-40)

(4-41)

(4-42)



RT3

4.3 T &%

FERIERA N EE RS T, WRGRE AR IRy € (I 7 BfEL, BB R
PRI AL B RS, XAE IO T AT R A A, AR SR A R X
i FHE, BB FRE, EEM SRR AEE, IRy A i fiRasEIRs,
N ICACRE TR IX P RIRES N (0 [ A7 505 DL KO A i S, I8 IR E B TE R 4t
GPSIINPS: TS

N T AT T, e R MNIL AWk 7 S AR &, R T RE e A o H oy
Jitg, R

W(£.r) = 3 ()7 (7). (4-43)

K, G~ ()~ W)~ Pi(r)F g (o) BBRIRT SLARHR,  n RN BT 2L
B MEAh, 4O FRH TSRS, KRB §(£)=2sin(izg) .

WK 20(4-39)-3(4-42) M R TR LA (&), H530(4-43) NI, FETE 0 3
1 VG A TR, AT DS BT R Y RS E RV R T R P4 e &
MEVETER LA S5 . BIEKE C=50m . 4MEF =01m . HEF=008m. AHF
FOLEFEIEM N E SRR, A SR aR e 2 . 1 SR ANFR A IR 0 32
SR N AR E E =144GPa , E, =9.65GPa FIVARALL U =7, =0.3 K R, FITik
Y21 2 L) £ 2 5 00 P T ) UL SE RS B S IR BE 7, 165 R 6 =30° « IR
2 P 4y ) b AH B BE p, =870kg/me S M B p, =0.7kg/m® I A U A B
P, =1025kg /m® & Lo LAk, TARRV A AR R B BN Q =09 F1Q,=0.1. AT
AT A THI I VR AR BE M, (TS 2 p=1. FIRIX S HOABES AL,

62



RT3

Bl DU R Je A% - P 1 D5 1T 507 RE RO BUELAR - IR AN T 170 (2 A0 R i A2 B (T 46
EfRBa T

Ww(0)=0,Y(0)=0, (4-44)

LFr3(4-22)-(4-26)F FARL LA SR 3T, I8 (6-38) AT L N AL Ht,,
CISCER

0% AAazﬁ M 00 my 2au au o4 )
—2+2ﬁv| pEe \/F. Iﬂﬁw P W. AV PR -27 v =0 (4-45)

2v3 2 m 2
o +2\/7vaaa +2 gV’B'a +V2ﬂ+*|ﬂzi+ @Jrﬂ 0 (4-46)

or’ Jm_l for o om T o eg et
O*W — - W 26W m, ZM @ M _
yﬂﬁwag@ JF. Ul m. il (4-47)

B IR A (4-43) 10N (4-45)- 30 (4-47) I 45 6 X (4-44), 7T LG BIBERARLIE
AR = AT o) B B HT DU A R @, (1=1,2,3,4) , W1 4-2 o, A DURKILRE A

WO BT Y, B TEAE § AT 2 J7 17 _E R i DY B [ A 0 WD BRI, i x g 1]
[P B LR FEAAS . AN, % 7 ) L B A Sz KT 55 AR AN T 1) B [l A
I, IX SR ALE % 7 1) LR AR SR IR R . Be4, T LAER R, £E0<V, <6
IV EEI N, B IEAE % Ry 7 1) F) 1A 4005 B 5 WRORH T R 4 I T AR, =3 — B

[ PR B T, B TE A R AR, BRI ARV LA R i A

A I 4 A7 A4 5 T I A il R 5K AR, RIS Hh Bt Al 1) 722 A R i S
FEhZk. ik 4-3 Fos, KR A AN A m 5K ) 2 1R E B B 2 R &R
BEANIE R HL, TR 17 5K 772 S 0O 1 7738 P B vy

63



g M N e e 2 VAT

Dimensionless natural frequency

12000

10000 -

8000 -

6000 -

4000 -

2000

Stress(Pa)

0

IS

w

&

o

(a) x Hirm

4.5

2
3

=
5

]
S

Dimensionless natural frequency
o » 2
g & 8

IS
5
i
|
|

)
3

]

(b) y A z %7 )
4-2 B A I A A BE VU U AR A 1

425

375

35

Critical flow velocity of liquid phase

325

Bl 4-3 A I Fitd 5 1 5K 70 2 8] [5G &

x10®

i\ ‘
l

|

!

(a) BEKEMN>Z i E

0 0.1 0.4 8 0.9

Tim‘e(s)

‘l il
v v\‘ ‘v | | "/

x10®

e

Tim‘e(s)

(b) HIEM S E
Kl 4-4 FRC B4l 4@ 5 52 21 N 0 37 55 A
FH 4 2k 3 5 2 S AR ERC)Hl R H & 0 s B L5y, ngs w5 B i 42

64



g M N e e 2 VAT

o AT UL, B 4-4 BB T AP 4ERE GRE Al e R E A ETE R 2
— R RIALE N TN S5 R, S YER IR R A B AEAN R AL BN T IR E T
NTAEIRE, KIS T A4 E ek, 18 4-5 LU T AP 4ERg s B A A R
ANAL 2 J 8 AT IO LR W NL R 70 20 B o AN PR mT DU H < e A A i a7 A% 32
i1 FRC &, UEW] 1 7E T RE N o 1 488 5 A8 o 5 7 T A P

37 Y T v !
9 ¢ 4

&

i IIIIIIIIIIIIIIIIIIIIIMIIllIIIIIIIIIIIIIIIIIIIIIIllII“

. IIIIIIIIIIII.IIIII||IIIIIIIIIIIlI.IIIIIlIIIIIIIlIIII-Il

K 4-5 FRC fl4li 4 @& (W5 . FRC &; 2404 4i& @) sm i 72 B te i |

200
Present result
180 O Resultin Ref.[45] | 4
160 -
2 -0 © ©
=
2140
o
2
&
e 120 |
2
g 100 J
13} o-6-4
2 80T B
-2
7}
5 60|
£
[a]
40 oo
20
0 1 L L L
3.1 35 4 4.5 5 55 6

=~

PRl 4-6 24T 0 K 0 25 0 0 M A5 2 e

65



g M N e e 2 VAT

&] 4-7 Hais R AR AT A 1 0 e (A PR e A Y

00
i O
Present solution ° e
18 1 O FEM solution o o
O
o (¢]

16 o
2 O
2 02
S 14 o
g O
=] ®)
= 12F >
[ O
E 0.2
5]

10
z o
] O
E 8 o)
-2 o
g .l
£
[=)

P 4-8 FELEHT 7 R WRTE T R 0 LA b0 B4 0 0 L e (B =1,Q, = 0.9)

FEGI BRI SRS N PRSI N 2 J, A D B IABT R IR T . B 4-6 fi
7 1 e s BT DU B A AR 5 YRR P 2 B (R 2R 5 R WY 4 RS 22 SR
(i 2 AR F W) &, ANIMTIRALE 1 AW SCRIHERR I . v 10t — B IS uEA VA v i,
FATELE 7 A TEAG IRITTI R (FEM)SRAT I B &8 AR AN . 55, G
BT AL A4 SE U T AL RE AR R 1 G 2T AE AT ARRARE, J Rl AT Sons AR
BRI LR E AR R)a, BRI AR IR TR S PRI TR
EENL T A AR AR 01 B S M RVETE A IR TR, WnlEl 4-7 proR .l
BEAT A IRTTIAN, A5 1 B I Ral B A SR A N A2 82 . B 4-8 AA] 4-9 &

66



RT3

M AR T VR AN IR T € RO LT 4E 08 53 52 A RS 1A [ A 00 5 A0S A% Wi [
RIERAE o bR T RS ) o0 R F SR AR IR ABL, AT VA IR TT 5 AR B I 51 DL R
BTN EAAWRERIRN . AN, XA S R — 8k, 2P R
F PR A2 HERA A

g
=3
D

I
o
E

(@) Q@ © © O (@] (@] Q Q Q Q @] (@] @

0
O O O ) ® ® ® O 0} () () )

o o0 P ¢ &

g
o
@

I
o
=3

(O] 0] 0] O O (O] (O] 0] 0] O

Displacement (m)
=3
(=]
s =

o
1=}

-0.02

Q O . (. l. ) ® O ©) ©)
0030 @ ® & @ QP P ® © O O O 7

-0.04 -

-0.05

. \ . \ . \ . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

@49@ﬁﬁﬁ&ﬁﬁ@ﬁﬁ&ﬁ%%ﬁ%ﬁﬂ%%ﬁ@wﬁ@@=wmQ;Q%
— BB I S, s y A 2 DT R AR TR . TR AR Y
WKEh 77, i #% w] 3 o e P4 6 78 AR B AL e P 43 250,
U(57)=0(£)+V,(5.7) (4-48)
W(,7) = (§) + W, (¢.7) (4-49)
PN AL 50, (&£,7) R, (&,7) JBIE R (4-43) 70 B8 ok o 7EKs i il <P 1

AR, (&) AWy, (£) AR 3(4-39) 15 (4-40) FHMHIBR 5 1 TR AR S MU, e st 1 7

PRI 4129,
64\?1 . @"2’“2_;\ Zf\_ R 1_ 82\71 2 azwl 27] 62\71_ )
6§4+{W +ﬁmV.ﬂ 7+[2 ZJL [&?] +[0§2J dé}afz_o (4-50)
aAW g o - i_ . 1_ 62\71 2 azwl 27 aZwl_ i
o7 {v +mV.ﬁ 7+[2 z]jo (agzj +[a§2] dé}aéz—o (4-51)

PRBN T RERIA NG 52

67



RT3

. 0%,
9,(0)= ,a—;(o)=o,
N o'W,
i(0)=0,57(0) =0
I (4-52)
. vy
%(1) =057 (1)=0
i (0)=0.5 (10

B9, = i A = gy 2, W SRR @-50) IR (@-5 1), 235
5 A

o |V HVBm, )

0, = i 4-53

V1 \/;712 +ﬁ22 (2_};/2)”2 b4 ( )
A (V2 +V28° mg/rﬁ,)I 4.54

Wy \/!712 n ﬁzz \/ (;2 _ },}/2)72_2 11 ( )

K X (4-48) F1 K (4-49) RN K (4-39)F1 X (4-40) 1, Hidk S tAT N30 1%
P TR N

62\72 282\72 My 2az20%, | .00, &%,
"ocor fﬂv'aga 'a§2+m|ﬂzv' a§2+aar+a§4
58 (] e (e
3 ¢ s & o¢ ¢ o0& ¢ (4-55)
(AT (B 2 (O (O] 0020 2T
2 0£2 ol | o o o0&\ o¢ o¢ o o\ o¢
= Z&GDO + déoio p- ScéLoq%
or
j oM, A za oW, 9,
APy \/’/N'aga + 08 /3 O o
Ao (R R (]
¢ s I3 & os 5 5 (4-56)

G- MJUU o (3]s
~Coop S +aC 0
R AL 47732 25 2 (4-55) F1 20 (4-56) 1 B &, W LA H B S MR TE
Jee MRS T B — 28 fl o 5 6 7 R o SR IX L5 RE W] DATH ST § A0 2 5 R AL A%
L3 A7 8 T R IR S e B AP o ER T e B R T [ AR, DR B T AR
T FHJE TR, AT T H A 7 R DL gk — A

68



g M N e e 2 VAT

FE MT IR BN RF I AT, B BT AR S (N R 2 AR B L B . DRIk, A
TR S BOR E Jyn=6 . BLA, VUM R TE SIS B8 AV, =6, 14T
BOENU, =2nys o K 4-10 /Nl ac 0 T~ 268 MimsdRsh o 2 K, %8
LT y AN 2 7 1 RS B e FODR S IR o B R s AN [ 1 Bl 17 77 K

N, TN S N e KB A B /IMEL . 1 4-11 JEOR 1 S8 8 L A% 1 L it 78
WA SR AL AL . FTCLWER B, 2475 & /N H i s, SR IHERTEA
RREWR AL BRI, ASHT TN L AR ORI TR SR 3 115

———

LT e

(a) y 517 (b) z b5 17
Bl 4-10 BN A T REIG FORS BB 053 25 B (V, = 2.0, = 6mys)

[

]

Pl 4-11 52450 AT S B A AR S B AR AL I (V, = 2,0, = 6m/s,7=8)

69



RT3

4.4 et mBiREN T HT

TR AR [ R 2 AR R o AR AT, R T e
ARG BT T RRAE y A0 2 77 0] BRI AL, BRI R 2B 18 11X A T [ o
I —> s I SRS N i iR 7 ) 2 BEAL, o A, 22 [A) 58 R AT MR 28 5
MK (@4-53) A X 4-54)FHEF HK, B 2+ 22 =(\7|2+\7,2/§2 fh, /i, )/[(;2-7/2);:2]:;15 o
DRI BN F8 1 © KBRS BT T A o 2 A e R, i 4-12 Bk
P 20 I, 3 g A2 77 16 B9 06 S0 FE 0T L2y 5 42 A = Bosin(©x/180) i

@:%mqéwmwo

SN 1]

P 4-12 i f 1 i A AT 1 2 [8] ) 2 8] 5 2 14
MRAE T (4-53) A3 (4-54) , LT 72 R AT AR SR A E i 8] ZHORIE N
MR A SR8, WA 4-13 Pos, EARKERA e T, BmiiggRe
SRy Mz 7 ERORHJE AR . A, B 4-14 PHEHE R RS, EOREF
HAWSEAAZRINE IR, i - PE7 0082 B AR AR AR A i 3 4 . X =k
&, ARSI NARAR EE RGP, BT R BER S A F KRR
&, ARG IT A2 KA

70



RT3

2 2
= =
B B
g g
2 2
S S
E E
: :
E E
Ed Ed
R =
: :
Z Z
m 05 m
0 0
o o el o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
g i
X X
@)y A (b) z J7 1]

B 4-13 2658 Ja P 07 BE T 7 R K AR AL 1A

0.06
=0
- = T e=30
0.05 H_._._ 9=45°
; ©0=60"
g —S—0-9%0° -
o 0.04 e
= _ -
& -
S - o
g - —_
Eo03f _ - I
z _ -
i g
=z _ _
E T
$0.02F P —
& g
g e
:J ///’
s g
Z 001/
2
0 0
e P S
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
9, 9,
R R
(a)y J7H (b) z J7 1]

K 4-14 255 o 11 07 B RO (4R R ) A2 AL

K 4-15 A& 4-16 7953 I 7 AE BT RS R AR R B 52 26 0F T, —Bir
[ A7 B 5 i ] A R o RORH A 0 A s O o e, B A SRR AT ST
HERIERRHEA R . MEIFFRENSE B BT A2 5 2 (815 5 P B ] 47 43
FAET AR BN BUBTE o T SHFBAHLE S REJT AP AE B 2 57, KRR
A ARG RE— 25 R 1T AT DRI FT R B 5 3o AE TR AR AR 28 AN W 184
HdREdr, EER B EE RS BT, T HAR A S U R EE
HZ Mk, ZHrEASRNEIE S P E AR ERA R AR E S

71



RT3

First order dimensionless natural frequency
s
Second order dimensionless natural frequency

c w B o

o
w
IS
Y
EN
o
w
IS
Y
EN

(@ —Fr (b) =K
K 4-15 ARIEH R p T ESE A MR

First order dimensionless natural frequency
s

Second order dimensionless natural frequency

© v B o =

(a) —Bir (b) =M
K 4-16 AFBAAIR R Q, TEEE A WAL
&1 4-17 ZEUH — P55 B A SR A R A A T (0=0°-00%) , AR
AL RHL B . R 2 R IR ZR R, A B SR Rl S A T R AR
SO OIS . SRR, BT R (4-46)LL A i0(4-47) 0, FFARE 54 5 g
ERYT. BEAh, ASEA RS BT R L JEiE X . FeR iR W, AL P X
PRI b, B B R B VAT T3 A N T — B i
Pl 4-18 % 1 AN R A VBURF AL A4 T P2 T 1R BT P I A 38 . /08 3l i
JEZAT, — B A B i A A S 7 p A RS R, RIAE
FETUE HORAS o SR, Jd B I I B 2 )5, 5 v Al ) ) 2 S SO B A
AT TR

72



RT3

6=0°

— = —4=30°

First order dimensionless natural frequency
Second order dimensionless natural frequency

(a) —Br (b) =B
K 4-17 ANFEMEE 6 T2 &8 RIA RN

First order dimensionless natural frequency
Second order dimensionless natural frequency

(@) —Fr (b) =i
4-18 A[FHIE 7 7 T REETEIIE AT AR A

U({ m/s) U(J(lms)

(a)y 7l (b) z F7 11
4-19 B TEAN R B 1R 5 AP IS WAL AH XS T A/ At A A2 1 1
Kl 4-19 8o T AREER B (W2 — )\ Z ZHETE S S AL) B
M 87 1 s 4750 A0 PR AR AR D o 75 B 4-19 (a)H, 35 % 7 ) 1) e K ) S 41 e o o

73



RT3

SRR G NI . BART S, 7EU, =0.3mys I WA B R ME, SRIGIEIA
PIEAG Ja 2Kk BTt o AR I 2 07 [ B BN [A] T30 § 05 B R, . 24U, =0.3m/s
I, PR SR A B B, IR MEAE IS B 4 8 2 BT BE A SMAUE B B Do/ o e
Ak, PRIEEAMNAIEIEZSR]O, =0.6m/s Z BT FFEEHEK, SRIGIEAMNRIEIE R0, =1.4m/s Z
AR IR/, B2 )3 28 s A7 AE 58 0 R i Al . MAMRE U, =1.7mys B, 9
FJE A\ 2 =R T v s AL L e L SR T B, AT e AR e e A RS
Fo MM GIE B I 2 07 A SR IRBh o B AR, Wy O AL
MR EHRIRS D EZ AN . R SMRRE RGN, IR, 1T
B R g o

—o— =05

5 . . . . . . . . . 5 . . . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
U(‘(m/s) U(‘(m/s)

(a)y J7 1Al (b) z J7 I
B 4-20 ANEVEFE RN F R MR AE A XS T s 1 A2 1L

o 0703
28| —%—006

0.9
—8— 0709

0.8 [

30.7*

0.6 [

0.5

. . . . . . . . . 04 . . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Uu(m/s) Uu(m/s)

(a)y J7 ) (b) z J5 1A
P 4-21 ASERBFARAR 50T B R o7 M (A o oS it o AR A 1

74



RT3

K 4-20 Son 7 ANRIGEAARTE R 5T d R0 R (LRl A R it 132 4h . E ] 4-
20 (@), HAMERE LT 0.35mys I, R DU SIBOR 11 12 4 2 3 SRR i
PIMRAE . SRTT, AR B BE AN L 0.35mys I, B DLIESFAH . & 4-20
(b)F, AAMEE /N T 1ys I, ORI RS A S 2 2 U7 1) _E A S (R R . Bl
AN L BN BT 1nys I, IR BE A R AR IR AR A LA 2 1] 4-
21 SR T ASFERBARAR R 2 B0 S K S {EL B A1 B E AL AL B R . AN 4-21
FRTULEH, 20, <o8nys I, ARBIRBHEK, 7 AR SIEAEEOR, 2 D5 1A

Wi SRR/ o SRT 40, > 0.8mys B, 25 IEGFAH & o
1 ] ‘
| 09 F *\\\\ -
0.8 0‘87 \ \\<\\ \\< »
0.7 : \\\\ \:
0.6 U‘b \\‘\
w05+ ] \}
0.4+ 047 // /
0.3 | | // /’
0 . ///,i.’///./
| ) /,é«/ /,ﬁ,ﬁ,ﬁ -
('o 0.‘5 1 1.‘5 2 25 "0 = 01 0.‘2 0.‘3 0.‘4 Ofs |
v/D |
= (b)z J5 A
42 AFEBET, EHEEE— SR TT B 2%
1 ‘ | | | | ‘ ‘ ‘ ‘ ] ‘
: o Y
0‘8 08 F N B \V —E ang
0.7 0.7 \‘ \\\‘\\‘\\‘\‘
0.6 U‘(‘i \\\\ \‘\
w05+ w05+ \\}»\
0.4+ 0.4+ ///’
03 03} ////{//{// |
| | —.= == -z -
| 0.1 fwgﬁj:j?/
0 =

! L L L L
0.2 0.4 0.6 0.8 1

. . . .
12 14 16 18 2
v/D

@)y J7m

L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
w/D

(b) z 71

B 4-23 ANFEVBAARIEL S, B TEAE R — REPIN 7 1 BRI Az 2 E 24 ]
W OREFHABSHOAA, R BCEMARR R R, FTRS R 4-22 K4

75



RT3

RV ZRE AT BALAE HIMT . tn] LSRR, BRI KT8y
T3 TR ARG N, A5 2 5 1A AL A s o

AN, AEPIAN TR B

BEAh, EIERINIRE IWETEIL 2 2 [8]31%
B R MHE R R E . FIRE, B 4-23 SRR

FERI 3T = S8y T A B N B, B 2T AR = B I N
P 4-24 o 1 25 REAN Rk 1) 73 A0 S M S A P B B T S A T s R B A SR

Ry 77 1A RIAL A A A M AN iy G0, e A SN — B e A = . Ui
y 7 T IR BN A2 A HH DA B TE I P ik e X 2 D7 R AZAS 0 T Y
B0 Bom BRI AL S S KA I8 FP R 2B KL R Y 7y 22— A
W7y =4t ZHhFI5K I 7 =085 p=10 I, MIRAEM 2] 2 7 o) Iz AE 3R

.

T T T T
S U,=0.5m/s
0.9 o o — — —Us=lms ] 09
SIS - U =LSmis
08 < T ¢ f 08+ T
SO T U =2ms I
~ - <
0.7 ~ 07+ <
=
N S
06 \ 0.6 N
| ! \
w05 - | w05t
/I / ’
04 04+ -
/ -
s ~
03 0.3 - 7
- - - —
// R =
02k P 02 =
o1k ~ =T o1t L eTe=F
=TT 0 ‘ ‘ ‘
0 05 1 15 ) 3 0 0 02 03 04 05 06 07 08 09 1
v/D w/D
(a) 7=0 (b) 7=0
[~ T T T 1
N U,=0.5mls 5
09+ ST —— 1 0.9 S=_ .
~ TN U =15mis =< 15
0.8 F S TN ¢ 0.8 V=
S~ - U, =2mis = 2m/s
0.7 07 NN
Y . \‘\ ~
\ :
0.6 \\ | 0.6 N
I i )
w05 | i w05 -
| !
04 / ! 041 L
/ i
e -
03 P 03 T
e - - =
~ . i
02r -7 - 0.2 =
01t oo 0.1
0 =TT \ , 0 1 I L L L I I I I
0 05 1 15 5 5 0 01 02 03 04 05 06 07 08 09 1
v/D w/D
(¢) 7=10 (d) 7=10

B 4-24 £E AR A T 5K AN N, B AR R R AR AE AT 1B A A% 2% ]

76



RT3

TESLIERD b, WiE T =037s M EEIE M, UMtE—Bie. & 4-25 &
AN T AEAN [F AR ANl 1) 7 T 5 fe R S AL ] il VA B AR A . ] 4-
18 fr7s, Hhlalsk I Bk, BRI SO R e AN, TR ISR B L S5 e B
AF R 5K AR . B 7-25 ()T 7-25 ()R AT LR -,y 77 A R R
W 2 s 1 58 5 YA R PR 0 Ty 80, 1t 2 7 1) b Ry 2 e R o S B AR E T B

(¢) U,=15m/s (d) U, =15m/s
Kl 4-25 ANIRISl ] ) A0SR IE T PN T 1) b i AP 7 s £ P A2 44 P2
R X (4-53)M3(4-54), O BEE WO 3 N g m, 53y J7m b

(I REAE RS e 7E =0 OTEUL, R AR H DLAEVRAH TR AV, =5 11 £ ik

A 5 N e R UG AL ) YR A S 5 I = it e 5 0 RO B8 B 18 m - 5 B 4-25 (a) 2840,
K 4-25 (o) 27 7RSS, RECNIRINSmEANR . ik 4-25 (d)fix, X4
VRO AT A BT, e R SR BV /N o T IR B TE AE 2 5[] L AR AL g I A A W

7



RT3

MCHIEFIV, =3.2 Z ATIE BN . IBFZIEMES, BEAH BURE RGN, 55K
MRS TFAE R I . 18] 4-26 () FIE] 4-26 ()1t AT, FEEARIISMATALIE T (U, =05m)s) ,
BIEM y M 207 1 R E s VI B a3 . ghsh, B 4-26 (o)1 4-26 (d)iit

W, FERC I KIAMIBRE T (U, =15m)s) , B IELEPIAN T A LA 22 P A I IR 3 o

(a) U,=0.5m/s (b) U,=05m/s

(¢) U, =15m/s (d) U, =15m/s
Kl 4-26 ANFISMAGE N Ilm FORE T EEALE & = 0.375 A KW N AL 7 7 ]

N T R R AN A BN B AR B) BI S, 5IN T — AN MAUE )
KRENBHU, , &N, =70,)(0,F), K, o, REELEy 71 LH— K E AR
o N 4-27 Fos, AERIEFURE TS,y 75 1) b e R AR Bl 25 Al 1) 5K 7 6
BTN o 24 P8BS EV, =50, 2 7 1 e K A s B o il 0 7k g F 28 o

M/, BRARSMBHEEEAE 2<U, <6 F1U, >15 JE [ Py o (R, 29 Py 3R 2V, =6 B,

78



RT3

BT 1<U, <4 F111<U, <16 (5 BLAL, 2 J5 ) b 1o 5 oK I % i 2 el i ok F F)
N . B 4-26(a)F1E] 4-26 (b) s, 24U, <610, >15 15, Hli[ ok 8k e
E (1 ) 2 R P R e 1] 5K 08N T R I o AR W TR e, I 5
PRASTS, T oyl i 7k g 98K [ A0 B S B8y A0 2 07 1 AR B A B 380
WEE e 5Kk TN, BASALRE NI, A0y 7 1) USRS T B R,
Kl 4-27 (c)F1E 4-27 (YUt BHTERC NS TR SR, — M EAA A% o, s T

PR KT vk (AR, KRN 6. =U,56, -

L L L L L L n n L L L L L L L
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
U 7

-

(@) V,=5 (b) V, =5

v /D
max

(c) V=6 (d) V,=6
4-27 7R [V 17 Sy AR B TR R B AE & = 0.375 (. B AR AN 7 1] b i K i S AL Fr A8 Ak P
2] 7K T BRI (RS ALIS , B TE A 22 D I AR S AN SRS B A Ul

%ﬁﬁﬁng@m$h%iﬂ%%%ﬁé;ﬁ@+@+mnmﬂﬁﬁﬁ,ﬁ¢@%§

79



RT3

ANFIRE, g Rk, 2, ANRIKRIRME . Dy T RETTAE 2 77 1) B AEBIUE BV
i, 2%&&%%(0,:9,\2:5) Kl 4-28 BoR T AETK IIRAEFNEE N, £=0.37517
BB AL ) A P 7 M i 7 T 4R W 5 — B [ A R T BB AR RIS . AN 4-28
()P AT DABTR A H, BOR B ) 5K JI MR 2 S B0 § 77 MRS (B0 . 2R,
MR SR 2 B8R 3 B, TE12<@ /@, <1.4 0 BRI, 5 K 7 M (S B 20k
Mo [FRE, BRT#EL13<a, /6, <1.5 KNG, 2 751 b 1 BLEAE BE 2 5K 71 R A8 1 1
JUITIOR: ) (VSR o I o 6= N IVA /K= N P C M o 0 L D IA L =R & E I A
A, I AR I AR 5K ) B AT A R R S .

(a) (b)
K 4-28 453H £ = 0.375 {37 B AL (A B R S A5 5K 77l B 2 TR PR 5 & 1B

(U, =9V, =57 =50, =05ms)

4.5 KENGE

TEARTT N, & BhEBUERL v, e thar S5 e s raEZtEsh
JIZAT IR FFIRNIR I o A I 5 0I5 0 R 2 KB 85 R FTAG W2 1%
RGN =Ly H 7R, B R VOB oA - R 8 7 VAT SR Al o SEXTIE R 22 L AH
PRAR R EVL S A B X JUAN R 2R, VEA S H 1 B A AR WM e i s 0 T
AT UL S ST B s RS2 o a0 X 8 R R AT A BR R S e ], R S
XTAEEAE IR BRSO A R il o 2 — R ABEFT 1 Rl R 5K i dl T, EiE
T J5 RS T AR SR S b S L o L IURT B R, % T S 2T 44000

80



RT3

BB DA S SRR R i fE b, BA WOV E BB . Bk S, FEE
wun

1

<

(1) Jest TR &M T 2 T PR S A AR 3 P ) SRR R B/ - B 1% A
FEAWIR,  FKPJ7 [ L fR AT R 2 T A1

(2) HWIARTER LLIZHE RIS, i il AT AR 2 3K, TR A [ A
R AR DRI o I L, i P67 7 2 Bt 2 RO AR AR 28 20 488 K i S I K 1Y
o[RS, [T 2 MR VBT AR 28 ) A8 A e AR N 1 202

(3) Rl b Tk AT AT, WBOAR I S B 2 T R AR IK B SR
AT, Bk, BAASCR B E, — BE I AR, X R OC A AR
B

(4RO I I P, BEA GBI SRS I R R 2 . AERXRIRZ T, il ]
5K 77 B 3G 0 2 S S50 A AR R PR AN B LT 1] _E A A RO IN, X8 DI 7 B

BATHHTE L, LB IR IR A R I IR S

(SR K AIMBEIRE R, B AR I 5 00N (14 fe K o e L B Rl 2 6K
PRI, T DAE Sk IR i 17 K g (R0 AR A B T i iR Bl o I, 3K TR AEL A
BE R AT LAy R B 5 (R 3IRsh A i R

@%%%£ BAREL, ESIE TP AR 8 o Sl NS YRG5 2 S kAT
PASR R B S5 BE,  F IR AL I 5 00 R0 S

81



RT3

FToE DEMEE
51 Mgk

N T s TR i e T ) AR, A3 R i AR o AR R IR sl AT
P ARSCHRE R 2T 4EE s S ARG BT S5 . Fe T IRBL- A 55 R 8,
R FH S B AR 4 J SR S ST T s T AR AT A 1Y i 5 (0 B0 ) AR R T R o X
TANE TAEARSE N = A AR BN 73 AT 1 e o @ 0 A R GE IR B A 2 1
EIERRSIRAE, FH 7R 1 2 4EG sm RO AL T A% el 5 8 I i - it 4h,
X i R AR S BNV TE W N AT SO A, I T Bk 1) AR A
EIEMIRB 2 EAN AT BAL IR o

(1) AL — Pl B (X 21 2 18 o 52 A e 3ok [ Y0 AR L 3 1 AR 2 1k 3
JIEERAL, WEC T EE R ARG NE S AT Oy, X NIEA R TR, AT e
B AR R E M R GNFEVE . ST ISR R, T 7RI EE AR R
TR . A TR 2 7 45H K5 i A2 .

(2) KM AR 2] T 25 R AR B haRsh N PR @i %
ESLBIVER] 1 LR AERUA f AT LU S S 800 B A AP RVEF1 5 T il RO I A
FNAEZR AT AR S AR Z AT A RN oy A% rh Azt [ S AR RS 1) B2 5 AL I
R Em Rt ¥ 2%

(3) WHIT 1 T 4ENG 55 B A PORME B AL WY T E [7] A S0 BT 3l T i i
MR AR ES) J15 . TR 55 FIREEAE, ARG 3 A oy JR R 3 1 4%
HETERT R IS SR AR 2R T B o I AT SR R R, /53] —
HHE BT TTRE . B SRARIE T P BB AR 2

(4) FIFEBCT AL & Dy I A R ER B 2 iz sh ks @ BE
SR 7O . BB IRIE . WOARRR R BHJE R SR YRR A AR R R
X M N (R 5 o G BB AR A BE — DR T B AR AR AR L B s A
i ¥ SR AR H s SROA A A A B A R E T R A

(5) st FIBUERRAIIT 7T 1 /8 T A2 Jot vl e ARzl Fa 2. ) e s i
HANRKPL-AI SR E S, BIL T RGN =GEEHITTRE, JFRH IR ek -FE 25 77

82



RT3

R

(6) i TR WBAR AR ZRHORD &1 5 IA0 A4 5 6 VAR e i i J5 AT AN
i ST P A FEM, Al DO HE AT I 48/ ] A i HE RIS AT N et PR
BB TE A [ 5K AP B RS R B AR IR S . IX TR A1
25 RO S B £ 2 I 9 T ) BT AR A R A ORI S P S AR 1 i S
IR S RVE TE AL IR FHIRES T ISR sh i 178, I+ HOMIREERG L e
ARG AR N PP RE R SR M E B iR P R S

52 REE

o T R R R AT 4 0RO >, BN B A ARSI
B, R AR SCAT A7 72 B8 23 A 50 7 S VR N IR B 4R

(1) 2 RE B AL AR TR, SR B ROk R WA 2 1A f) 39 i
Z, 3% B VA A R O, A P G 0 4 308 3o T B LR T
DL, o 8T 7 A — S T R 45

(2) ATt JE PR 2220, SEBR A P A 28 T A L fth 37
P B TE TR AR TR LA % 2 b i T A7 P 0L

(3) AW gt AL 3 T BRRLAA 55 R R BRS Seon 45 AT A0, 4B I K A%
H AN A 25 P IR ) A& P, B ASHIE 92 A58 F T Timoshenko B4 I -

=
e

’

83



RT3

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

S22 3Rk

Butt M F J, Nahon M, Paidoussis M P. Dynamics of a confined pipe aspirating
fluid concurrently subjected to external axial flow: Experiments on confinement
length effects[J]. Journal of Sound and Vibration, 2024, 571:118001.

P, BRYD, BWRRESE. I I SR [ A R (D). 1R,
2022, 54(05): 1341-1352.

Guo X, Xiao C, Ge H, et al. Dynamic modeling and experimental study of a
complex fluid-conveying pipeline system with series and parallel structures[J].
Applied Mathematical Modelling, 2022, 109: 186-208.

MeERE. S E TE R A A S IR S AT ELND]. i BN R K
%, 2023.

ok, B, mofsE. 5 RE WA I & 5% i B B RS R L AT (3], iR
5 R, 2021, 40(15): 182-188.

Tang Y, Zhang H J, Chen L Q, et al. Recent progress on dynamics and control of
pipes conveying fluid[J]. Nonlinear Dynamics, 2024, DOI:10.1007/s11071-024-
10486-1

Noah S T, Hopkins G R. Dynamic stability of elastically supported pipes conveying
pulsating fluid[J]. Journal of Sound and Vibration, 1980, 71: 103-116.

Rong B, Lu K, Rui X T, et al. Nonlinear dynamics analysis of pipe conveying
fluid by Riccati absolute nodal coordinate transfer matrix method[J]. Nonlinear
Dynamics, 2018, 92: 699-708.

Chang X P, Hong X X, Qu C J, et al. Stability and nonlinear vibration of carbon
nanotubes-reinforced composite pipes conveying fluid[J]. Ocean Engineering,

2023, 281:114960.

[10] Bahaadini R, Dashtbayazi M R, Hosseini M, et al. Stability analysis of composite

thin-walled pipes conveying fluid[J]. Ocean Engineering, 2018, 160:311-323.

[11] Arabjamaloei Z, Mofidi M, Hosseini M, et al. Vibration analysis of rotating

84



RT3

composite blades with piezoelectric layers in hygrothermal environment[J].
European Physical Journal Plus, 2019, 134:556.

[12] Khodabakhsh R, Saidi A R, Bahaadini R. Homotopy solution for nonlinear
vibration analysis of multilayer graphene platelets-reinforced thin-walled pipes
conveying fluid with rectangular cross-section[J]. Acta Mechanica, 2023, 234:577-
598.

[13] Bahaadini R, Saidi A R, Arabjamaloei Z, et al. Vibration analysis of functionally
graded graphene reinforced porous nanocomposite shells[J]. International Journal
of Applied Mechanics, 2019, 11:1950068.

[14] Khodabakhsh R, Saidi AR, Bahaadini R. Exact closed form solution for nonlinear
stability analysis of porous functionally graded pipes conveying fluid under
various boundary conditions[J]. Journal of Vibration Engineering & Technologies,
2022, 10:2877-2891.

[15] Sabahi M A, Saidi A R, Khodabakhsh R. An analytical solution for nonlinear
vibration of functionally graded porous micropipes conveying fluid in damping
medium[J]. Ocean Engineering. 2022, 245:110482.

[16] Yan H, Dai H, Ni Q, et al. Nonlinear dynamics of a sliding pipe conveying fluid[J].
Journal of Fluids and Structures, 2018, 81:36-57.

[17]Nguyen LY, Rusak Z, Wang S X. Swirling flow states of compressible single-
phase supercritical fluids in a rotating finite-length straight circular pipe[J]. Journal
of Fluid Mechanics. 2018, 849:576-614.

[18] Tang Y, Yang T Z. Post-buckling behavior and nonlinear vibration analysis of a
fluid-conveying pipe composed of functionally graded material[J]. Composite
Structures, 2018, 185 393-400.

[19] Wei S, Yan X, Fan X, et al. Vibration of fluid-conveying pipe with nonlinear
supports at both ends[J]. Applied Mathematics and Mechanics English Edition,
2022, 43:845-862.

[20] A o, (ihde, AQWASE, 5. FPESR IR B 8 AR YE S 1 SRR PRI L], IR

85



RT3

s 5 b, 2020, 39(10) :75-80

[21] HBE, WK, XIS, 5. ZET ANSYS (SR P ARG e L i R A
R M) I3 i, 2021, 40(07):260-267.

[22] Zanganeh H, Srinil N. Three-dimensional VIV prediction model for a long flexible
cylinder with axial dynamics and mean drag magnifications[J]. Journal of Fluids
and Structures, 2016, 66:127-46.

[23]Ji W H, Ma H W, Sun W, et al. Nonlinear dynamic modeling and analysis of the
fluid transporting cracked pipe using the hybrid semi-analytical and finite element
method[J]. Mechanical Systems and Signal Processing, 2024, 216:111505.

[24] Nayfeh A H, Emam S A. Exact solution and stability of postbuckling
configurations of beams[J]. Nonlinear Dynamics, 2008, 54:395-408.

[25]Jiang T L, Liu Z Y, Dai H L, et al. Nonplanar multi-modal vibrations of fluid
conveying risers under shear cross flows[J]. Applied Ocean Research,
2019,88:187-209.

[26] Facchinetti M L, Langre E D, Biolley F. Coupling of structure and wake oscillators
in vortex-induced vibrations[J]. Journal of Fluids and Structures, 2004, 19:123-40.

[27] Wang L, Jiang T L, Dai H L, et al. Three-dimensional vortex-induced vibrations of
supported pipes conveying fluid based on wake oscillator models[J]. Journal of
Sound and Vibration, 2018, 422:590-612.

[28] Dai H L, Wang L, Qian Q, et al. Vortex-induced vibrations of pipes conveying fluid
in the subcritical and supercritical regimes[J]. Journal of Fluids and Structures,
2013, 39:322-34.

[29] Ge F, Long X, Wang L, et al. Flow-induced vibrations of long circular cylinders
modeled by coupled nonlinear oscillators[J]. Science China-physics Mechanics &
Astronomy, 2009, 52:1086-93.

[30] Xu A D, Chai Y'Y, Li F M, et al. Nonlinear vortex-induced vibrations of slightly
curved pipes conveying fluid in steady and oscillatory flows[J]. Ocean Engineering,

2023, 270:113623.

86



RT3

[31]Chai Y Y, Li F M, Song Z G, et al. Analysis and active control of nonlinear
vibration of composite lattice sandwich plates[J]. Nonlinear Dynamics, 2020,
102(4): 2179-203.

[32] Monette C, Pettigrew M J. Fluidelastic instability of flexible tubes subjected to two
phase internal flow[J]. Journal of Fluids and Structures, 2004, 19:943-56.

[33] Khodabakhsh R, Saidi A R, Bahaadini R. An analytical solution for nonlinear
vibration and post-buckling of functionally graded pipes conveying fluid
considering the rotary inertia and shear deformation effects[J]. Applied Ocean
Research, 2020, 101:102277.

[34] Liao S. Beyond perturbation: Introduction to the Homotopy Analysis Method[M].
CRC Press. 2003.

[35] Zha S X, Lan H Q. Fracture behavior of pre-cracked polyethylene gas pipe under
foundation settlement by extended finite element method[J]. International Journal
of Pressure Vessels and Piping, 2021, 189:104270.

[36] Chen Y F, Dong S H, Zang Z P, et al. Buckling analysis of subsea pipeline with
idealized corrosion defects using homotopy analysis method[J]. Ocean
Engineering, 2021, 234:108865.

[37]Zhao L Y, Yang X W, Wang J X, et al. Improved frequency-domain spectral
element method for vibration analysis of nonuniform pipe conveying fluid[J].
Thin-Walled Structures, 2023, 182:110254.

[38] Ebrahimi R, Ziaei-Rad S. Nonplanar vibration and flutter analysis of vertically
spinning cantilevered piezoelectric pipes conveying fluid[J]. Ocean Engineering,
2022,261:112180.

[39] Li W, Zhao D, Zhang Q, et al. Post-buckling loads of a horizontal pipe string with
variable length[J]. International Journal of Mechanical Sciences, 2023,
241:107997.

[40] Holmes C, Godfrey M, Mennea P L, et al. Flexible photonics in low stiffness doped

silica for use in fibre reinforced polymer composite materials[J]. Optical Materials,

87



RT3

2022, 134:113133.

[41] Liang N H, Mao J W, Yan R, et al. Corrosion resistance of multiscale polypropylene
fiber-reinforced concrete under sulfate attack[J]. Case Studies in Construction
Materials, 2022, 16:¢01065.

[42]Li M, Zhu H Y, Lai C, et al. Recent progresses in lightweight carbon fibre
reinforced lattice cylindrical shells[J]. Progress in Aerospace Sciences, 2022,
135:100860.

[43]HuaFF, FuWB, YouQ Q, et al. Wave dispersion characteristics of laminated
carbon fiber reinforced polymer composite shells resting on viscoelastic
foundations under thermal field[J]. Composite Structures, 2022, 301:116225.

[44]Liu, J D R, Huang L' Y, Wu Z H, et al. Development of enhanced fiber beam
element with multi- axial material constitutive models for reinforced/prestressed
concrete beams[J]. Engineering Structures, 2021, 248:113289.

[45] Ferrier E, Michel L, Ngo M D. Experimental study on the shear behavior of RC
beams reinforced by natural composite materials (flax fibers) [J]. Structures, 2021,
33:637-654.

[46] Zeng J J, Zeng W B, Ye Y'Y, et al. Flexural behavior of FRP grid reinforced ultra-
high-performance concrete composite plates with different types of fibers[J].
Engineering Structures, 2022, 272:115020.

[47] Wang K H, Chen Y T, Hwang S J, et al. Influence of back pressure and geometry
on microstructure of injection-molded long-glass-fiber-reinforced polypropylene
ribbed plates[J]. Polymer Testing, 2022, 116:107797.

[48] Guo Y, Zhu B, Li Y H. Nonlinear dynamics of fluid-conveying composite pipes
subjected to time-varying axial tension in sub- and super-critical regimes[J].
Applied Mathematical Modelling, 2021, 101:632-653.

[49] Li X H, Zhu Z W. Nonlinear dynamic characteristics of a cracked steel pipe wound
by carbon fiber reinforced composite[J]. Material Letters, 2021, 306:130889.

[50] Shen H S, Chen X H, Huang X L. Nonlinear bending and thermal postbuckling of

88


https://www.letpub.com.cn/index.php?page=journalapp&view=detail&journalid=2523
https://www.letpub.com.cn/index.php?page=journalapp&view=detail&journalid=2523

RT3

functionally graded fiber reinforced composite laminated beams with piezoelectric
fiber reinforced composite actuators[J]. Composite Part B-Engineering, 2016,
90:326-335.

[51] FanY, Xiang Y, Shen H S. Nonlinear forced vibration of FG-GRC laminated plates
resting on visco-Pasternak foundations[J]. Composite Structures, 2019, 209:443-
452.

[52] Shen H S, Xiang Y. Postbuckling of functionally graded graphene-reinforced
composite laminated cylindrical shells subjected to external pressure in thermal
environments[J]. Thin-Walled Structures, 2018, 124:151-160.

[53] Zhou J, Chang X P, Xiong Z J, et al. Stability and nonlinear vibration analysis of
fluid-conveying composite pipes with elastic boundary conditions[J]. Thin-Walled
Structures, 2022, 197:109597.

[54] Shen H S, Yang D Q. Nonlinear vibration of functionally graded fiber reinforced
composite laminated beams with piezoelectric fiber reinforced composite
actuatorsin thermal environments[J]. Engineering Structures, 2015, 90:183-192.

[55] Li Z M, Shen H S. Postbuckling analysis of three-dimensional textile composite
cylindrical shells under axial compression in thermal environments[J]. Composite
Science and Technology, 2008, 68:872-879.

[56] Monette C, Pettigrew M J. Fluidelastic instability of flexible tubes subjected to
two-phase internal flow[J]. Journal of Fluids and Structures, 2004, 19:943-956.

[57] Montoya-Hernandez D J, Vazquez-Hernandez A O, Cuamatzi R, et al. Natural
frequency analysis of a marine riser considering multiphase internalflow
behavior[J]. Ocean Engineering, 2015, 92:103-113.

[58] An C, Su J. Dynamic behavior of pipes conveying gas-liquid two-phase flow[J].
Nuclear Engineering and Design, 2015, 292:204-212.

[59]Li F Q, An C, Duan M L., et al. Combined damping model for dynamics and
stability of a pipe conveying two-phase flow[J]. Ocean Engineering, 2020,

195:106683.

89


https://www.letpub.com.cn/index.php?page=journalapp&view=detail&journalid=2523

RT3

[60] Jiang P Z, Li P Z, Ma J Z, et al. Nonlinear dynamics of a cantilevered tube with
clearance constraint subject to two-phase cross-flow[J]. Journal of Sound and
Vibration, 2019, 459:114857.

[61] Guo Y, Zhu B, Zhao X, et al. Dynamic characteristics and stability of pipe-in-pipe
system conveying two-phase flow in thermal environment[J]. Applied Ocean
Research, 2020, 103:102333.

[62] Liu G, Wang Y S, Hao Z R, et al. Prediction of the instability for simply supported
pipes conveying gas-liquid two-phase slug flow[J]. Ocean Engineering, 2022,
244:110388.

[63] Ebrahimi-Mamaghani A, Sotudeh-Gharebagh R, Zarghami R, et al. Dynamics of
two-phase flow in vertical pipes[J]. Journal of Fluids and Structures, 2019, 87:150-
173.

[64] Ebrahimi-Mamaghani A, Mostoufi N,  Sotudeh-Gharebagh R, et al. Vibrational
analysis of pipes based on the drift-flux two-phase flow model[J]. Ocean
Engineering, 2022, 249:110917.

[65] Azevedo G R, Balino J L, Andreolli L. Nonlinear stability analysis for severe
slugging in an air-water two-phase flow[J]. International Journal of Multiphase
Flow, 2022, 159:104334.

[66] Adegoke A S, Fashanu A, Adewumi O, et al. Modelling and nonlinear analysis of
the wave-induced vibrations of a single hybrid riser conveying two-phaseflow[J].
Ocean Engineering, 2023, 278:114305.

[67] Yang W W, Chang X P, Gou R Y. Nonlinear vortex-induced vibration dynamics of
a flexible pipe conveying two-phase flow[J]. Advances in Mechanical Engineering,
2019, 11:1687814019881924.

[68] Oyelade A O, Oyediran A A. Nonlinear dynamics of horizontal pipes conveying
two phase flow[J]. European Journal of Mechanics-A/Solids, 2021, 90:104367.

[69] Oyelade A O, Ponte P J V, Oyediran A A. Dynamic stability of slightly curved

tensioned pipe conveying pressurized hot two phase fluid resting on non uniform

90



RT3

foundation[J]. Engineering Structures, 2023, 286:116138.

[70] Ma B W, Srinil N. Planar dynamics of inclined curved flexible riser carrying slug
liquid-gas flows[J]. Journal of Fluids and Structures, 2020, 94:102911.

[71] Miwa S, Mori M, Hibiki T. Two-phase flow induced vibration in piping systems[J].
Progress in Nuclear Energy, 2015, 78:270-284.

[72] Tang Y, Wang G, Yang T Z, et al. Nonlinear dynamics of three-directional
functional graded pipes conveying fluid with the integration of piezoelectric
attachment and nonlinear energy sink[J]. Nonlinear Dynamics, 2022, 111(3): 2415-
2442.

[73] Zhou K, Xiong F R, Jiang N B, et al. Nonlinear vibration control of a cantilevered
fluid-conveying pipe using the idea of nonlinear energy sink[J]. Nonlinear
Dynamics, 2019, 95(2):1435-1456.

[74] Mamaghani A E, Khadem S E, Bab S. Vibration control of a pipe conveying fluid
under external periodic excitation using a nonlinear energy sink[J]. Nonlinear
Dynamics, 2016, 86(3):1761-1795.

[75] Duan N, Wu'Y H, Sun X M, et al. Vibration Control of Conveying Fluid Pipe Based
on Inerter Enhanced Nonlinear Energy Sink[J]. IEEE Transactions on Circuits and
Systems I: Regular Papers, 2021, 68(4): 1610-1623.

[76] Philip R, Santhosh B, Balaram B, et al. Vibration control in fluid conveying pipes
using NES with nonlinear damping[J]. Mechanical Systems and Signal Processing,
2023, 194: 110250.

[77] Yang T Z, Liu T, Tang Y, et al. Enhanced targeted energy transfer for adaptive
vibration suppression of pipes conveying fluid[J]. Nonlinear Dynamics, 2019,
97(3):1937-1944.

[78] Chang X P, Hong X X. Stability and nonlinear vibration characteristics of
cantilevered fluid-conveying pipe with nonlinear energy sink[J]. Thin-Walled
Structures, 2024, 205: 111987.

[79] Yang T Z, Dang W H, Chen L Q: Two-dimensional inerter-enhanced nonlinear

91


https://www.letpub.com.cn/index.php?page=journalapp&view=detail&journalid=2523

RT3

energy sink[J]. Nonlinear Dynamics, 2024, 112(1): 379-401.

[80] Chen W, Wang L, Peng Z. A magnetic control method for large-deformation
vibration of cantilevered pipe conveying fluid[J]. Nonlinear Dynamics, 2021,
105(2): 1459-1481.

[B1]BR%E], fAIALZR, FRHE. AN Z2defr BN 33l FH e & B E B4R 3h 4% i UR
WEFE[I]. AR TR 24 CHARBIEERED |, 2020, 47(03): 93-99.

[82]Li J, Deng H, Jiang W. Dynamic response and vibration suppression of a
cantilevered pipe conveying fluid under periodic excitation[J]. Journal of Vibration
and Control, 2019, 25(11): 1695-1705.

[83] Tang Y, Gao C K, Li M M, et al. Novel active-passive hybrid piezoelectric network
for vibration suppression in fluid-conveying pipes[J]. Applied Mathematical
Modelling, 2023, 117: 378-398.

[84] Tan X, Ding H, Chen L Q. Nonlinear frequencies and forced responses of pipes
conveying fluid via a coupled Timoshenko model[J]. Journal of Sound and
Vibration, 2019, 455: 241-255.

[85] Khazaee M, Khadem S E, Moslemi A, et al. A comparative study on optimization
of multiple essentially nonlinear isolators attached to a pipe conveying fluid[J].

Mechanical Systems and Signal Processing, 2020, 141: 106442.

92



RT3

iR 1

BH R, BB, ForH

Ne e A
[4,8,0,]=3. " A Lo

W

BB AW

A

, = P, cos* 6+2(Plz+2P66)sm 0 cos’ 0 + P,,sin* @

iy v PR
Il

, (Pll+l5 4P66)sm 0 cos? 9+Plz(sm 0 + cos* 0)

Jb

, =P, sin 9+2(I312+2P66)sm 0 cos® @ + P, cos* 6

11
6 =(Pu+ Py — 2P, = 2P, )sin® 6 cos’ @ + Py (sin* 0 +cos' )

o0

5 _ E1 D _ Bu Ez S _ Ez N _C
=1 55.E/E 1 05,E/E ? 105,68
HAE A E, A4e3lmEA5EMMMMER7IRER, 6, AKREDIERE, 5

oo, ARIARLL.

93



RT3

BUEFAHAE A RIFEARIR LB R

[1] Wang Y X, Tang Y, Yang T Z. Nonlinear mechanic analysis of a composite pipe
conveying solid-liquid two-phase flow [J]. Applied Ocean Research, 2024, 144:
103905.

[2] Wang Y X, Tang Y, Yang T Z. Nonlinear vortex-induced vibration analysis of a
fiber-reinforced composite pipes transporting liquid-gas two-phase flow [J].
Communications in Nonlinear Science and Numerical Simulation, 2025, 142:
108516.

[3] VEMFH, RV, favik AR i Dl BE A L TE (0 5 T h AT O A AR R IR Bl 0 A
[J]. ZR5EH T 2EFE )k, 2025, 32(3): 101-109.

94



RT3

B

I EY, BEHRE. TEHSHKE, —WBRRERFE. HTek, &7
B . ZFREHI AN A I B, AR . £E AR R R BUiRig T 4 A
B EEAS )5, AR RIE I B U

REAT, THBER. EERNETZIMEG . M Sk R R 2 1 RO
SR RSB B 7 TR » SR AN FRABTEE AR 452 o ME TS IR SO L FIHLTE , B N B .
SR ARG E . —#ORFEZ B, ZIM—2L AR RIS ER

IR 73, AWEZmAL. RERMANR, MEGImRIET .

SRR, SWZE. RN EN, THZARCE, —IRIT#ESIANA
KetRE R, AR S AL B BRSO T — AR . k2T K2
BUETRECR K, IR R T SRR RN R E, R JE g, k3K
REMS BTG S B SR PR AR . 2 an i, SRISAFan L.

) B A, RO . RO R 12 B A A, , 2 ARAT]— EAE LA
PR 53— RS v e, JRHRATIRS fE A S i T R AR A, 1R
R BEAN R SRR SR TLAS . e B 5KOCHT, BOBHRATFE 7 > L
XFRR I S AAE TR T ST . R VRO . TR, R TE SR
RERIRHES TS, SEibRERME L, WM. BHRR AL T

s U] — B DR IRGE A, ARG T B i A 1 5 8 5 k. Jdi19)
FEWNKKNTER, MES0, KEREHE BRAGEKA, EARKNH 7 R4
BAFEIAT . PR RZEADE, WAL

SHINRARATAT, WHRIEFERO ] KT C— BRI IS, ARIfEgs A
Wesm AR B QAR . AN, RIS E IR RURT I AR RELE, B
KILH O E TRK A . IRBCE 2 PO I, 7R [l Sk i1
A IR AR 5 T o

HNEAIRL, W2 5E R, MRIFAE. K, LT, U273

95






