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Flow-induced vibration analysis of combined straight-curved pipe
conveying fluid
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Abstract: Based on the approach that ‘replace curved by straight’ , the steady combined force is introduced directly into the fluid
structure interaction vibration differential equation of straight pipe to describe straight-curved one’s transverse motion. Taking
clamped-elastically supported combined pipe as an example, the new transfer matrix based on Laplace transform is used to derive the
system’s characteristic equation calculating its natural frequency, and then the vibration characteristics such as natural frequency and
critical velocity are studied. During this process, influences of the steady-state combined tension, flow model modification factor, and
system’s components etc. on the vibration characteristics are investigated. According to the above investigation, the ‘fake coupled-
mode divergence’ is firstly put forward, it can be concluded that different steady-state combined combined tension may lead to differ-
ent critical velocity, change of system’s components may lead to distinguishing judgement for stability. The vibration differential
equation is also established based on the approach ‘replacing straight by curved’, results of the above two thoughts are verified to be
the same. The above investigation can provide insights for studying vibration characteristics of other types of pipes and behaviors of

other fluid structure interaction mechanics as well, and be of high guiding meanings for theory and values for practice.

Keywords: fluid structure interaction vibration; combined straight-curved pipe conveying fluid; natural frequency; steady-state

combined tension;critical velocity

B YL B AT R R 3 B R 5 AN T i ) 2
a3, AR B A R B 2 B T i OG . T sk
AR, NATT DA S B 10 FH 0 B8 BT 5 1) £ 38 X 4 8 &

W58 3 T 247 0 A ALRE 48 78 AR B (52 sh LA
SRER 50 20 g 4 ) 2 A 2R AL A R 25
LI, B )™ 92 0 T 3K Ak i U B 4IR30

G TiEZ TAEFIAS T 2 &\ Z MR,
1E 4 PAIDOUSSIS ™ 5 3 1 T FE « 5 17 45 1% 09 it
A IR sh AT A B K A — i S ) B s )

Yr#m B #3: 2023-01-20; 81T H#A: 2023-03-25

J7 ik FE ARG A R B0k (finite element method ,
FEM) | fif 43 3k #13% (differential quadrature method,
DQM) . f#k 43 7% # ¥ (differential transform method,

HEETWB: MAHAAEAM3I3FEZRAA T TR BT H ((2022)3-16-850) 5 1. 95 4 1 25 24 4% FE Rl B2 (H SR BH#) i
FE 3 H (22KID130001) 5 M 7 3L Ak A 28 31 S O F B mf i 58 ) T H (CJ20220017)



40 & F T

7

S

%38 %

DTM) . & & % M ¥ (transfer matrix method,
TMM) AT 4 % (Galerkin method ) DA K #% #k 2 %
% (Green function method, GFM) . & 14| H I
IR D7 BB X B AN [R] SCORE 2 s (B4 R DL K 4 T
TR A 0 i O A B AT T AR EME Ar A SR AT
Ry R AE PR Bl 0 AL e 1 S AT S, o B AR
Fe M Y AR 32 B A4S MISRA 4] F FEM #F 5%
U Y AR A A IR SRR R T A I AL T 46
BEEAIRIE N T X TR LL RGN =
ARERY 435 R A A AR S B TE B9 A AT i 2
TR AT B8 S S R R 22 B0 T i U A A 1Y A
FEUOTH AR T AR AW R A . WANG
L5 AR DQM R ST 56 o ol s 75 57
A A i S B 1 S AT S #EAT T ST . NI
SR A DTM SR i 1 0 28 88 SR P 2 i A
3l 77 2 R, 9 Bl T AR B T 45 28 SORIE A
T LA R AR R ARG FU . KOO %R H
W BN 3 BT v 0% Bl B T A X A B AT — BT ST
By 25 W 2, T S A% 50T R [ ek % 2 R AR
SAG I R AT R BEEANERARG XTI
e gt vy T 5K M i 8 B% BR 3h R R 1 TMML,
ZHAO %" 3 F Laplace 442 i T L-TMM 1% i#
HRE:, 5AEGH TMM AR L, R L-TMM Be % 4
AT B B A AR B R AR 7 R OROR R T R
b E AT 2 T 9T HAA M SR B o A
(A fe e R ), & R AR AL &S T
iy 3¢ 7 X L 0 I U ik 2L LTAER
454 Laplace Z8 e FUAS AR R 20 8 IS T HA A
I7] S A T =X 04 i U A iR ik 3 AR A e I A R Gk
K ZRIRNEA 2 EH R A

g5 b, BOAR BT X U A B A O R S ik B
FEVEROE R OIS TR M EED BX 1 A A
Bl I3 2EAT R IR DG AR B A R Tk 28 A B A
P S TR S B B Ry WL — AP s Al PRt AR
AT U EAI R B REHAGK T AR
B MARTE R IRy Jr R N TR A
GEMMBENMS TR AHL- TMMHfES T A
AV SR S 2 T A R YRR
IR IR T RS H A KT I SRRV I
F G0 20 A5 DR IR Sl R B s

1 hWERHFRE

1.1 H=ZEER

N S T [ BRSO3 % i B R — B
I LA TS A B R AT B T s

AT LR AR S ph 4% R R — 2% il 2R 2 4 T, X
JO7 B g 2 BRI 1A 1R i, B R T S Y S
HRIE

w
U 1 L 23 x
T = /‘Z """ >
0, AN
R \

NG - N2

0, N-1

L)H,N

AN

BT i B 25 A A R T AL T 2 R
Fig.1 Simplified mechanical model of straight and curved

composite pipe conveying fluid
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Fig. 2 Approximate mechanical model of straight and curved

composite pipe conveying fluid

1.2 H=ER

HRAE SCHRL 7], i 48 B AT 3K A T 1 40 It 1k

B RSNy 7 R N
¥y, L0 LSS
654—+—u 852—+—2uwﬂé’agar—% o

AP &= /Lo R B AR L T 0 8K =
w/L,w B R s o= o[ EY(M+m)] /L2 0%
AR E MR 10 BT LM RS M A i 53
5 2 7 1 K T A S A AR B T B —
UL[MAED) ] U e 75 Dy 1 19 7 v 5 g =
M/(M +m).

U MISRA % B BF 50261 425 P04 2
550K LW ) R B R E W B AL
W IS bk 3 A 3%, LT = —MU”. L
451 B A 10090 4 0 60,
18 LM SR 1) o B o AT

=0 (D



% 1) XL 4 0 8V 24 50 0 b 41
T B3I BB 45 1E T o™ AR %0 1 T L o) -
3B 5 S AR SCHBE Mk BB B IT=— aMU”, ﬁ(‘_&)
PRI, 4 34 55 181 2 6 7 1) i it L I 0 Bl 19 Bl o0 '
D7 T L 2R W - X3 (8) B 555 Wi v B Laplace 396 48 e, 45 1
4 2 =LY(s)|=¢ . (0)+
a’j+(au2+ﬂo)a—?+2uﬂ =0 (2) v(é) r@l=sle)y© ¢<$>y (0)
X I, = IL/(ET), 7630 B B g 243t i
"H E%ij\ﬂi,ﬁxﬂu—();élfr%%‘ B ER R , [s?+(au2+ﬂo)si+Zuwﬁi}exp(sig)
II,=—au’s ¢1(5>:2 1 ’
2 A B G — S 3 LT A I1 (i)
AL S CSILRE 3R B0 SN KA K R )i o
(2 003015 26 U T B p(6) =L@ I Jexp(s8),
2(0,7)=7(0,2)=0 N | R CR
7(1 )= —ky(1.7) (3) ’( ;> (o)
Los.expls 4 expl s
(1, 7)=Fkyp(1,7) da € :Z n P sl & :Z . P o
s k= KLY ET);k, = K, LA ET). ’llLf&—») 7:lLfs—s)
AR () AT AR y (&) Fly (0) B 5 N
2 L-TMM ST 2 y(£)="Ty(0) (10)
2 (2) [ i T AR N X, T,=0," (0), j=1,2,3,4),H
(& 7)=y(&)explior) (4) y(0)=[(0),5"(0),5*(0),5(0)] 5

Kb iR RO G0 = aL{(M+ m)(ED)] %
IR TC R R AR AR B, o QRN FRE AR
B (DORAK(2), T 7
Y+ (au® + 1) yP + 2uwﬁiy<l>* w'y=0 (5)
XF 20 (5) 1Y %5 5 W o #E 4T Laplace 28 4, £ 48 4k
il ] 45 -
Y (s)= ! .
54+<au2+H0)52+ Zuwﬁis — o’

{[ss—f—(auz-f—ﬂo)s—O— Zuwﬁi}y(O)ﬁ-

[+ (au* + 11,)]57(0) + 9(0) + y(0) | (6)
XFC6) i i o Bk AT A BRAC AL B, v AT
s4+(01u2+[[o)52+ Zuw,\/ﬁis* wZZﬁ(s —5,)

(7)
B (DRAK(6), 115 .

Y(s)— s'+ (au +H())s+2uw\/71 3(0)+
ITG—s)
Mym(o)Jr 4 YI(0) +

H(S*Sf) H(S*&)

i=1

y(&)=[3(e).57(&).y2(£)., ()] -

454 Euler-Bernoulli B2 B¢, e AT B AL & £ 4L,
BN w B0 MR BY 1 Q nT 43 i &
NN

w:I,r;:Ly(5>exp(iwr) (1)
—aiw— (1) :
0= Y ({f)exp(lwr) (12)
8“7% EIy (E)exp(iwr) (13)
dx’ L
Q= Elaaz?—ffy (&)exp(iwr)  (14)

Zia (1) ~(14)  FEAE B AL & &b f R A& |
A AR RN -
q=Hy(¢&)exp(ior) (15)
A g =(w,0,M, Q)" , LH P AEF TN :
H.,=L,H,=1,H,=El/L,H,=EI/L*,
AR (15),y(&) T L& R R .
y(f)ZH”qexp( — iwt) (16)
X5 T 5 A BTT Ay HE T S TR Y A R 43
&, ME, R, AR 4 =X (10), (16) #1(15) AT %1 43 5]
AL RSB

y(€m+l>:Tmy<Em) (17)



42 & oz T B % CHERE
y<5m>:[—];1qmexp( *ia)‘[) (18) A33+K:Az3 A34+KTA24 :O (28)
ql’_l:Hmy<fm+l)exp<iw‘[) (19) A43_KA13 A44_KA14

A7) ~19) H EFl g (19 FARR R A1 95 5
THVH B R AR 7848 B R I0 R 95 o

B A FCAK LT R B 45 RAUA K (19),
EZSORiATICIEG

qln+l: qu:n (20)
XH,S,=H,T,H,", LA 173 5] %75 76 (left)
A (right) B~ 5 1] .

5755 m AT A R SO H O R0
K2R 58 ) F K CHL A% 33058 ) | D AR A1 ) %) ~F- 5 2% 18
T RALA

Q.,=Q, — Kw,, M;,,=M,,+ Ko, (21)
K, FAsm BRI HS o B TAE RSB0
B w VL ) O B2 1 L0, i DU 55 SR T J7 1]
R (21) , AT 56 i A1 8 22 A0 PR I 9K 2
i) 52
¢, =F.,q., (22)
KT, FITHERTANES, HF,=10G=1,
2,3,4),Fy=K, Fy=—K, HR{ILELET N0,
¥ (22) A (20), 715 -
g1 =S,F.q, (23)

TR A NA T S ERSR U, A LT &

k=R
qf\":F‘\"q}\":F:\‘(SN" Fx 1)(1& 1—

N — 1ME5
Fy(Sy 1 Fx 1) (S F))qh (24)
S A=F(Sy \Fy 1) (S, F.), % T 5& 2%
o7 1) [ - P S = I LA, P o T A R
A i 530
¢=[0 0 M, QT (25)
gv=[wy 0y —Kf0Oy Kuwy]" (26)
W (25) F1(26)IRAK(24) , &1t B FE W] 45
[A¢3+KLA% A34+Kp4MJ(A4H>__(o)(27)
Ay— KA, A,—KA,]\Q 0
T2 C27) R M QAR R 0, fir LK T 15
ARV LA, R BOEFE 91751 b 2508 0, B

o T A NS CE NI R Z 8 A KRR A
PSR R, R 3K (28) S SR A AT 5P SR il
TH B A E R R R T . AR L
b AR A 3 A R X (28) 15 B 1 R AR (E 269k &
$0, PAIDOUSSIS™ # 2241 K, il o 3R i ¢ fiF 77 245
FAYRFAE(E, I CF SCLL Re(w) 3R ) & 22 4 14 [
AR TR CT SCU Im(w) 278 S EJEAC , HARE
P HE 0T LUHE AR R - Y Re(w)=0, Im(w) 1 755 IF

o oA S s T N P 9L 3 S A TR Al S O R SR
U R ) 3 4 Re(w) 70, Im (w) (9 F5 5 T fi 5048 B X6F
O F) 3L T Ay IR 2K Rl R0 5k (T SO e R ) o

3 IEFMEELIE

3.1 FHEMEMMERIE

45 A B KA K O R (B A7 % 1 SOR P
AR A, Y K E K O BR R 25 75 31 1L 7Y )
SORE A R MNFR R .

F1 BERHEZAEINNEX R
Tab.1 Correspondence between elastic coefficient and

support form

kR FK K, RIE
K=K=0 L
K=0,K=co fif] 5 - ) 32 =0
K=K=co fei] [ 5 =X

B 43 78 e 1 (DTM) 16 3158 304 5 72 07 1 1Y
e gagd 2 HBiE""" . YR REAE
ik 1, B I, = 0, 2K (2) AT A ok A i A A
VAR & PR B ) . BRI, R TR AT 4R T (R
FIH L-TMM #l DTM it 5 > it 8h 8 AL & 1E N 5
a= 1,5 & g = 0.5 [ 2 -[E =6 28
HPY B 6 A A5 R (353 RL10°3E Bheo ), 45 SR
T2

H&E2EM, L-TMM ITRELZ R S5 DTM 4
AT UE BT 7 3 0 IE 1

®2 BEE-BEXHREEHNIEMNEFRE

Tab. 2 The first four natural frequencies of fixed-fixed straight pipe conveying fluid

L u w, w, w, w,
2 21.09/21.08 60.24/60.22 119.38/119.33 198.29/198.14
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6 6.11/6.11 47.85/47.84 106.67/106.63 185.40/185.27
8 0/0 34.25/34.25 94.53/94.49 173.57/173.45
10 16.97/16.97 76.20/76.18 157.29/157.19
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Fig.3 The first four natural frequencies of composite pipe

under different steady combined tension
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