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Abstract  The study of pipes conveying fluid under stochastic excitation is of great importance as they are widely
used in engineering. To predict the stochastic dynamic response of pipe conveying fluid system under Gaussian white
noise excitation, a dynamic model of the nonlinear pipe conveying fluid under Gaussian white noise excitation is
established based on the Hamilton’s principle. The Galerkin truncation method is employed to discretize the governing
equation of pipes conveying fluid. The probability density function of the displacement and the probability density
function of the velocity of the pipe conveying fluid are calculated by the path integral method based on the Gauss-

Legendre formula. The results of the Monte Carlo method are compared with the results obtained by the path integral
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method to verify the accuracy of the path integral method in the calculation of the vibration response of the pipe
conveying fluid. The effects of system parameters such as fluid speed, excitation strength and damping coefficient on
the probability density function of the displacement and the probability density function of the velocity of the pipe
conveying fluid are investigated. The critical fluid speed when the probability density function of displacement for the
pipe conveying fluid has a double peak is determined. The results show that the path integral method is effective in
calculating the response of the pipe conveying fluid system. The maximum possible displacement of the system will
increase and the maximum possible speed will remain unchanged with the increase of fluid speed. The maximum
possible displacement and the maximum possible speed of the system will increase with the increase of excitation
strength. Increasing the damping coefficient results in that the maximum possible displacement and the maximum
possible speed of the system decreases. In addition, it is found that the increase of fluid speed is one of the factors
inducing stochastic bifurcation of the pipe conveying fluid.

Key words pipe conveying fluid, stochastic excitation, forced vibration, probability density function, path integral
method

a| = SNy =TI 193 25 1ot i 0
I G ORI S (RIZ SR B 6 3 s SRS AT
IR 2 AP R BRI g i, 7 G SRR I SR
T TS TR S5 A B T ) [ R A R s R 7. Zhou 203 WFSTHMETG 1 Hh s Bk B A 38 L0 Bl ) Y
FLRCAGEREEH ER TR I, SETINRINTIR gz e s R 1025, 2 985 B7 4
ORI JE . PRV, BN SRIERE T s gt sl A 4 0 6 9 50 W 1 AR B TR,
JHZ PN B, Chent™ B UBFIUM AT TR Sy g e L, M i 0
WBE B 1 230 4R ). Lottati S5V IFFTIMERUEON e oy ) A M R B IRA2. Guo 2604 3L T — ik
AT i TEL TP i 1 SR SRR SR REI. 35 3ty e 4 AR, 437l 5 ok 5 D B
RSO BTUAEIR S APAE RS SN IORIG T g iy s 0 0 R B, L % A 45 A
G, AIARRVIEN MRS AT, R spgszem g0 3r 7 2008 1 IE R TE
BRERBLS. o 2 500 BSOS 1 SRR 11 K R TS T AR S O 5 B
ICHRAT Ny, G RAH, AP AT RK S A N, e P s i, SR 7E — 6 TR BRI o, 3% )
R TE R SERIUONE P TR I B IR I i B BEALYE. &% 2% 50 8, Zhai 25051 R4
2R, Ye 50 B0 IR IR AR EIZ) g vk g v BOHL IR R 0 1 (0 3 ) 2% 0y
JIERSRE, VIS AT I, BRI R BSOSO AN O W SRR AE 2 ) . Gan
A JEE OS2 95 LA T A T B SR Y (O B0, IF 260 3 e S0 o B L0 2 1 S 1)
5 I P 7 A0 3 M T WU SR . gy, e 3 [ 5 2 AR 0 i 3, e
HEA) GFTUIR SRR B PTSRSCEAVLA A g 3 P B HLMURY 5 0 0 9 B PR T D 40
HIARBAE K 1), W R A IE S BON R RGE IR 5. 2 Sh MR IBEBLIE, Lotfan 2507 X 4% % AH
[, S5 SR, ORI BEIR T TR R SRR AT R A S R PR )
SR [ 4530 0 R AR 25 2000, RO BIF GBI b7 AL RS L R . IR 1 8 (LR A M 2
VSR S T B I TR, M SRR G S BT R B AR . Yang A58 AL T
FE EIEKHE . VAT LSRG SHO R RS 7 R B LR B T8, 5 M
BURIB . Wei 501 BESCANRI 0N F BA I fh RAmRIRE . IO B DA R E RN 2 17 0 4 T
LRPE RSB S AW, SR, T AN RN 3, 0 BRI SRR
RGeS HRE B DR . Liang  (OBEHLIRBIHEAT 00T, D90 SORRIAE . 3ok A
S RS AR M LA . B VEE IR % SO T PE 2 BA I R B, Li 500 B



O

PN A e B AR B ik 10 v T AL 3 2 i 2 70 B 1373

FDNER=R R IV O (S N NI R VA S R 9 S )
HO AT T VA5 B R G 3 J7 N 7, B9 A I A T 1)
73 N3 R e R AR H AR A 8 SCHE AL Qu S0 B
FEES v A AR BE N LIRS KB ) 2E R, SR
AR ITESs & Bt TR 38 T RGBT
¥, IEHR BRI JT 25 . TR K s 35 7 A % 1) 5%
Wi, Sazesh 55121V BIF 5 A8 BE AR e A0 A 11 R P U
(1) Z G0 Wi [ 135 5 155 i [ MR 4 5 5 oy 5O e [ 77 22
BEE A LB L R AR AL

YR T AR N RS ST A
FEERATAA LB A7 BROTEERY, S AL,
Monte Carlo B0 /7740 A7 fRZE 40 1ERT, BEALF
VR8T DL K ) SO SRy 290, 52 v 1T 1 g 7S U )
RGN JE T Markov I 2. fEIX AR, RGN
[ %% Fokker—Planck—Kolmogorov (FPK) J5 F£ 44 .
T W 0 I SR AR FPK U7 75 AT 15 21 28 48 1) 4 75 it 26 %55
B pR B o, B AR AR AN LK A FPK 5 7%, il
Tk 3 T ) MR T o KA B A A I R PR N R o
PRIEL. 24 FPK J7 FEAfE LSRR I, A6 H R AR AR A B
TN A 2. B AR AR 4 7 ik B -t Wehner 85001 £
HH . A 1 JELARL S W M 26 2 T o B R T T2 BRI
RT3, 78 I 1) ROBE A3 i) ]OBE B g b A o
P, B AR o0 I R 4 0y SRATIE R, DA A SR AIAR S %
PR Gy, BT AT 24T 5 I 20 1R R % 5% R ek 5. 2R
Wehner 550300 FH 1) 43 B i (B 7 V2 25 (T 55
JE A WA B S PR B ASAIR, e 0 DX I P A vy A A e
%I, Yu SR 3 T X T Gauss-Legendre A 3{
(IR ARRR S, ST T Duffing 4% 578 (71 VURh AN
P R L [E R F R IR ARt 2 25 R i 122 %07
1L L Gauss-Legendre Fi i1 2 2 25 MU AL 2 % 1 R
B AR 2, B R I A N 8 i A v T
A, JETTAS 20 5 2 5% B2 R 2. AR 385 T 7] LAA
ARG R R T 1) 8 350 i 7% M 2% 2 i ok 8. B
T JL4E, 55T Gauss-Legendre 24 242 8170 12:45
B 7SN H]L L 2D 2 B )5S m, 30d 2%
ARG At vl v o s A R R I R Ze v e I 3
G5 R 1 45 e 1R 17 F% MR 20 A5 S R 3 R M R
Xue 5502 R HHE T Gauss-Legendre 23 2 [ #4284 7
EAEGT T A R N A R e I Sk R
GEpgR ., L AR AR R R T T 32
s A R A ORI Y YR S AR B VR R RS R
St 1) W 2 R RS 25 Wi 1V (%) MR 236 % 52 pR 4. Zhu 25834

K H ARG T 50 T AR P BEN LA AR RE 12 5)
RN 56 8 i R 380 E 9 R I F T A 2 1 P J8 T AR
VR IZ I FE T () A7 A, BT A R0 A7 5 TR A 85
JE bR E R I 1 BE IR AR S AT R R TR R BN,
Zan 25BN 58 T S Em TR Lévy e R DL K =
0T I R A P VRS RN R B R R AT A
PR OB IR B T), 150 BH B AR R iR T T ey
UCEE R . AT B A AR 2 2 SR A DY 4 % DY 4
URIARL I R G e ) iz W . 8 Galerkin
T J5 1 v 0T 1R R R R R T R
gt RIS B AR AR 230 N T v 7 1 ) B L3 5
I 880 2 1 FH ).

AT DLW i 17 SR T SN B, B
97 PO T AR G IR BE ML B A i R R SR %
PRGNV 5 3 VL T AR G (M R B i I N 2 3 R
JH 3 Monte Carlo J7 VAL UE_ b 45 S0 IEAf 4. 5 A
WHE Tk Bl s BE AN B e R B0 i i i A #
U 56 % P52 RSl FEE MR 236 8 (1) 5 ). 9 Rk 2B B
BILZ3 20 P Tl S AE. A SC P43 281 ) i 80 1 B L
B2 Wi AR A AR ] A BEBILIERD T () 4 T A AL
T AR A W 3 it 22 4K 3.

1 WREERE

BEATLISEh I P W it ] S AU AR AR G ] 1 B
. ARSLAT M I AR N T AR R, PRk
W O AR, IR H Euler-Bernoulli 324574
AL, U A0 A T ) BY D) AR T RN e sl A8 ) S .
P L 3o i v T A i S K ) PRV ERL I, p, RS
L, A, Ko EE IR, E R i 1E i
PERRE, T RN, w(x, 1) RN EE R AL,
t TR IH], x RN AT — AR s A B
BB N TR AR R ANTT R IRRAR, %5 B h py, TR AT
TR Ag, UHGE IR A2 NI B). Fx, ) BoE
TE5Z BN AMBEEN LU 75 e s g, AE 7
)3z A ) 18 3. i T4l nis gz /N T4 1) 18 3,
AR SAL 3 AT TE A )z 3)).

P 1 e A e PR A i T S R T R R R
Fig. 1 A simply-supported pipe conveying fluid under distributed
Gaussian white noise excitations



1374 Ji &5 &5 (4 2023 4F 5 55 45
WMARBIRE T b w(0,1) = 0,w(L,1) =0
3*w(0,1) O*w(L,t)
1l (dw\ 1L 72 =05 =0 (10)
T = EIO pfAf(E) dx+ Efo oA dx (1)
HIBNAE T, 2 EREERNE N RER

1 L ow\?
Tp = 5 0 ppAp(E) dx (2)
EHERBREERTRN
T=T¢+Tp=
2

1 L dw 1 L 2
EIO pfAf(d—) dx+ 3 IO prAf[“dx+
1 (L ow\?
Efo PpAp (a ) dx 3)

e TE AR TE DAL 93 sWp, M
6Wp = - JI Vo-xésxdv (4)

Horp v BRI, o Me, 700 0
O NTSUAZA RS I N SYAVAS: = B DA SR S S|

EAEEAALE

2
=0 1+(6W) -1 (5)
X ox

Horp z BN AT RO OSBRI BE R A
EHPEARR R, IEN oy N
o, =FEe, (6)

5 18 A T B AL LA R I A 5 | R R 4
73, AN 1A REMINII AR 73

L L g
6Vi = jo F(x,H)éwdx— jo ca—vréwdx (7

Ferb F(x, 1) ZoRANEBER LI, ¢ W ABLIE R L
BT SO W

1%) 1%) 15}
5Ll Tdt+ Ll SW,dr + jn SVrdt =0 ()

¥ 3). X @ FX (7)) RARK (8 T, T
U s R, A

(92 2 ow 5 2
(pfAf +pp ) a2 + 2,OfAfI-'a 3 + CE +prAsl” ﬁ_
EA, &*w (L(ow *w
—_— dx+El— = F(x,t
oL o2 5y (6x) g~ F) ©)

RS S

SR ARBENLE N s TE K Bh & W, 5L

K H Galerkin # Wil 45 7 F2 (9) 7673 1) _F B
KO T RE, AR A R B AR AR SR i T FE.
=l (9) MfEHR
w(x, 1) = an(t)sm( ) (1)

n=1

Fort gu(0) R AR, sin(rmx/ L) J9 ik BRKL, N ki
T A BB A E 5 (9) 75

PfAf +ppAp Z Gn(1) Sln( )

M Zq,,(t)cos( )+chn(t)Sm( )

2,2 2
n°n-psAsl” . (nTX
TZ"”(’)S“‘(T)+

n=1

2.2 N
n“n“EA, . (nTX
s 2 nsin( )

2

j nann(t)cos( ) dx+
4RI
nTIi4 ;qn(t)sm(%) F(x,1) 12)
TR bR £y
¢(x)=sin(mT”),m=1,2,---,N (13)

F X (12) Fe IR BOIFAE 10,171 X x B4y, 1B
TREP— OGO B, 504 N1 152

c
g1+ m
Eln*
[L“(pfAf +0pAp)
EA,n*
4L*(peAf + PpAp)

Jerb W) Foom il g s, Ik 0y

GO+

pfAfI—QTCZ
L2(pgAs + PpAp)

}Ch(f)+

g ) =W (14)

W) = j[F(x t)sm( )]dx (15)

e U TR P (1 AR DG Rk



A—A— H:ﬂ

PN AR BT AR B R i

BB Zh 25 1) 15 53 H 1375

EW@®W(t+1)) =2Dy0(1) (16)

Ferb 2Dy, Dyl FIBE S W) IR 5.

2 q1=y1,q1 =y2, 1 (14) W LR IR A 40 &
T e
oy
dr 2
dy, c
dr PrAf +ppAp 2
ElIn* piAs*n? (17)
4 - 2 Y=
L4 (peAs +ppAp)  L? (prAs +ppAp)
EA 7
oy + W00
AL* (peAs + ppAp)

PR ARG BRORG FERT T AR50 o - DX TR) B H o
JE . YERE S m I, DA H R B K, B0
BRA, L B AR B VR A e R N H A
SR BRPERTL 2 (17) 4 4RSI HE, KRR T Gauss-
Legendre A A ARk HH 2 (17) AR,
ER ARG () A FEARL I A IS ) RS8R ) JUE 2
B 5 R, R B AR A A s AR AR 40, B 1o o
PRI e T MR 23 8 FE T I R e e W 385 R ek 4.
ik 220 P ABE 5 5 P BR L p 0 0 1) o

1 1
POy = [, pOL S
1 1 1 1
gV P ndy Ty (18)

ot pOUD Y00 1y e 7 — 1IN 2 T M 2R % T B B
wm&WWﬁ”no%Th@%wmm%EM$
LR, Ry AR, fyl,yzﬁﬁj:/\nlﬁzﬂ
9 e, ey N X)L LERREAS - X TR IE AN = 40
O RS OU T, AR g3 s AT B AR R

yi,5 =y1,L+0.211 375(y1r —y1,L) } 19
yl’f1+1 =J1R -0.211 375())1’R _yl,L)

=)

HP A =2K-D+1,K=1,2,---,e1.yr. My g 73572
yi J3 1) B 5 K AN TR ) AE i S RAT T
AR, £E v, ) b

V2.6 = V2L +0.211 375(_)72,R _y2,L)

20
Y241 =y2R —0.211 375(y2r —Y2,L)} (20)

H p=2K-1D)+1,K=1,2,-- 2. yo. My g 7305
yo 5 )L 585 K ANMX A 2230 SRR A 1 3. R Gauss-
Legendre #17> AR B2, £32] T Gauss-
Legendre JE UL % R EL p(y, .95 )

261 262

1 1
Poh, ”yh)_ ZZ POy, i)
r=1 s=1
1 1
q(yﬁ’),,y(z’)s,z,ly({s ),y(zls ) ti1) 21)
L Ay, Ay, 53 500 % P BE, (1 y2.0) 4

RN 1AL,

0 (21) WIS, LA ) R RO
M0 2 535 8 B K T LA 45 M0 535 1 B 01K B
ST FHRLIN 0 T ARk, HE— 25 o ST R M 25 FE 6
. IR 7 30705 AL RELAELRS, 4 I 1 3 /1 PR 1
LR, PR M 3 3 R KA AT B 26 3T A 1. i T
— LI AT DL R, R MR B R g0y
by Do) AR R

1
q(y(ll)r’y(zl)s’tllylr )’y(zls 9tl l) =

nfcoft

exp [—%m@ -1 @® —u@)} (22)

=

(l) = [y(ll)r’y(Zl)s

”(l) = [mloit)(, I)no1(l)] o (23)
a_| o D) Kyy(t
¢ [ K)'Zyl(t) 0-32(0

Horpr pD FoR B ) i, €O RoR I T7 ZHIFE. m(n) %

NI, o6 Fl(t) 53 MR8 TT 2R 7 22, /s A
mjo = E[)’1y1] mo1 = Eb’1)’1
0'51 = mzo—(mlo) , yz = rr102—(m01)2 24
Kyiyr = Kypyyy = 111 —MioMmoi

12X (22) T, B M2 % R R SR 2 (B A
Ji 72, 75 25 W] LUl B A 3, PRt i 245 2 81
W jﬁfﬂ‘%% LR RS TTRE (17) W LA 3
1t6 BEALI 7 J7 BRI B 2
dy; = Fl(yl,yz,t)dHHl(yl,yz,t)dB(t)} (25)
dyz = F2(y1,y2,0)dt + Hy(y1,y2,1)dB(?)
Horh By = W(nydr , Fy MIFy AR R4, H) NHy A
?Fﬁﬁl%iﬁ

Fi(yi,y2,0) =y2
Cc
Fa(y1,y2,0) = —myz—
Elt* 3 peAel 22 B (26)
L¥(prAr+ppAp)  LorAr+ppAp) |
EAPTE4 3
AL prAs +ppAg)’ !



1376 71 ¥ ¥ {5 2023 4 % 55 &
Hl(Vl,yz,t)=0} ,
27 1 et st S H18)
H2(yl9y27t) =1 ( ) % Eﬁ]l{ﬁgl_%zk %&
Table 1 The basic parameters of pipe conveying fluid
B v DUE LRy R4 2, 4TS B T ER Y systemb
0 i b
$Iﬂ:/ itﬁﬂ‘l: Item Notation Value
%E[M] = (Fn Z—M + Fzg ) Dy Young's modulus £ 207107 P
62 02 5 length of the pipe L 30m
M M M
E\H\H)—— + HyHy——- +2H  H) (28) outer diameter D 0.6 m
6y1 6y2 0y10y> )
inner diameter d 0.583 m
Ferb M = y4yh, a B b 23 5HR 0, 1 A1 2 ' ' .
7'3 T ﬁ{%}zéiﬁ‘ﬁ A density of the pipe Pp 7850 kg/m
8 EES , X
density of the fluid Pr 800 kg/m’
4
= ¢ = EAn excitation strength Dy, 0.05
PrAs + ppAp 4L (prAs + ppAp) 29
EITE4 pfAfF2n2 ( ) fluid speed r 20 m/s
= -
L4(pfAf +pPpAp) Lz(pfAf +ppAp) damping coefficient n 1
#4538 (26) (L AFIZ (28), FEIRE T FL0F AR s
S path integral method
’?110 = Mot 5 ,§ = Monte Carlo method
moyp = —nmo1 —amio — pmsg 2
o = 2myj (30) i 12}
ey = —2nmey — 2amy —26m31 +2D,, z
1y = Mo — i — ano — Bao 5
= 06¢F
N — P 4 > v M 4 —g
AP S m T R, T R S ARE £
Bl si Hh DRIk SR FH v 48 D R 20 v T o ) L -
\ s — W A o 4 - 0 . ' :
AR R AL 7. e S0 A T R 9045 B R e B R -0 05 0 0.5 1.0
Jift j'\j displacement/m
() LR MER
mso = 2moomig (a) Probability density of the displacement
m3; = 3m20m11} (31) 2.4
2 th integral method
mao = 30, i o pyhimeel method
1 i = V2 A B HE I 2 2
© 0 O 0 0] _ z
[mlo’ Moy > My Moy > My | = <
1 D (-1 -1 1. (-1 =
[y({, RN y? N y? AT )] (32) z
g,
F (31) 7 AL (30), KA Runge-Kutta 74 fif
> g 4 N 1.0
X (30), FIME A (32), M EURHL, HANIIEE velocity/(m-s")
o g R RV 3 B Fe ik st 4880 R S i A R
3oy E E/‘] 1‘% %:,4”‘: Fx‘; % ﬁz (b) Probability density of the velocity
2 B4R vE A Monte Carlo Y011 545 X EE
3 ;‘SZ 155\_%' iIE Fig.2 Comparison of results of path integral method and Monte Carlo

AT i Monte Carlo 5 256 iF B8 12 R 0 V45
IR FA AT RS T S5 1 Pk,
K 2 25 I A5 FR 4 5 FT Monte Carlo 51

method

L4 10 R B 3 M3 P 3 2
ot 7 56 A M 8 R B L T 2 o 0 B 25



EO BT A% JE T BR AR 0105 AR B0 T AT L 3l 285 ) B 70 B 1377
3.2
g —I'=0m/s
ks g --I'=10m/s
8 § sal —--I'=20m/s
z &
z 3 1o
= >
= £
Z z
[ s 08F
—- Re) 3
B 3 / :
./' 1 \‘
-1.0 -0.5 0 0.5 1.0
(a) B4R i displacement/m
(a) Path integral method (a) R A MR
(a) Probability density of the displacement

£ 24
2 — I'=0m/s
2 5 - =7I'=10m/s
2 S 18l —--I'=20m/s
1] f=1 .
5 =
< >
2z 3
= 5 12F
) [}
E >
] £

T 06¢

2

(=9

0 L L 1
(b) Monte Carlo 7% -1.0 —0.5 0 0.5 1.0
(b) Monte Carlo method velocity/(m-s™)
Bl 3 It I 5 L L (b) PRI

Fig. 3 Comparison of theoretical results and simulation results of joint
probability density

BRIk g B, S 2k K 7R Monte Carlo 7415 2 1) 45
% Monte Carlo ¥ FFZEEL 20000 A g 1 114 5 FE A
A — 21 v 0T 1M PR U TE B4 R PR 4000 AN TF
504, 454 Runge-Kutta V2 7115 ML 2(a) F1E 2(b)
Al LU, Bk 45 5 Monte CarlodZi 45 W)
BRI g5 R ERARR L ] AT RO S s i A
st 75 Rl B R T R e A R () A R
3 A R TG AE 71X — 4.

4 BHSH

A 3 AR PR B R BE JE B O
B TE B I T R A B T IS L S R AT AR
) SR FH B A2 R G0 V25 A - S A R 3 T o 12l
JE EIRATB . PIA T SR B AR AR A0 AT 24
I3HT.
4.1 R

Kl 4 25 HANFEEE (1 =0m/s, 10 m/s 1 20 m/s)
RGBSR M35 S d MR . &5

(b) Probability density of the velocity with different fluid speed

Vel 4 IR 0 o B M 5 L P A
Fig. 4 Probability density of the displacement and probability density of
the velocity with different fluid speed

25 AN IR T ZR G AR A I IR B 15 MR % L. R
AN ARZHANL 1 s, WE 4(a) FTLLFE ), 23
A 0 HEKE 10 m/s I, {78 W45 L 1) P A,
(VREZ 1R oA R A NS 7 8 S o ol = A= et
20 m/s N, A7 A% M58 R it 2 DX, X RS AR
GURERINLOY 8. A NGRS Bl K mT REE 1Y
Wi IR A R A M 4 HE DO (R Ik, SR
ARG ] TSR IR ] BRI P2 5y —Fb
WA, ez AT, MIEL 4(b) AT LAE i, B i e 1
K, R LA, B 5 e T Bk
GO THRE T RGURE, R HREE KR, RS
A RE R AR IR R R A AR, T e A IR i R AN
A MU KN & P ECR ML Z 5.
d(a) KL, RGUR RN T, LA MR A
FEA% 29 0 A (1 PO L B OGUGE . AT 0 T A e U R Y
BLIRAE B A R g8 A BRI 20 1R

B 6 45 Y T A RS AR S PR W A I 0T 2 PR R AR A



1378 71 ¥ ¥ {5 2023 45 55 &
- P B B A I AN 6 T LUK B, Y AE A
g - A \ N7
E 15.1 m/s I, A3 BV i 0 I A2 A% O 0. 24
z MK H] 151 m/s I, WL S AR T 0] B () A7 7%
s Y ps— N v S N I
< ANFEA 0, A7 R A8 B A A o3 3% A AL 1) 4 25
z K, W R 8 S WAL BT 0T I )57 8 PR 68 060 1 AN T 44
© , NS ; N
£ K. BRI G R Z e B R G R LB &

(G S AE A 15.1 m/s, HBEAE IR 1R, RgH
AR RE AL B KA AR K.
(a) I'=0m/s
42 HEhEE
(=]
& B 7 45 R R SR E R (D, = 0.025, 0.05,
z 0.075) FRGER AN (1) (1 A5 M A2 25 J8 15 0 g g e o 2.
5 K 8 4 AN RSB SR T R GRS N B A W e 5
2 N \ "
2 JE. U =1 m/s, BR#UB RN R Z & 1 B
] (RS — N NN 0 AN
2 7. N 7(a) LAt 4 BRI KR, R
R S 1) A 0 O A%, 7 A% A A I F10REE 3 8 R U A
/N, BEAR G v HAK. AL 7(b) WTRAE H, 3l i
(b) '=10m/s
3.6
g g
g £ 18t
ig g 0.9+
a g
0 | | .
-1.0 0.5 0 0.5 1.0
displacement/m
I'=20m/
© o (a) FEAE LR E
5 ORN[EIRIE N A i R 8 B (a) Probability density of the displacement
Fig. 5 Joint probability density with different fluid speed 3.0
- — D, =0.025
- - D, =0.050
g 24} —.- D, =0.075
0.1 E
o é‘ 1.8+
0 g
> <
: z 12)
E oy 2
=} —§ 0.6+
‘é 02} & L
g 0 = 7 I ~.
2 sl -1.0 0.5 0 0.5 1.0
& velocity/(m-s™)
) BN ld i) (b) S R
10 11 12 13 14 15 16 17 18 19 20 (b) Probability density of the velocity
I/(m-s™) with different excitation strength
Fel 6 07 T Mk o4 8 WA LA 5 I o ) A2 A ] 7 ANEIR SR R RL RS L R R M
Fig. 6 The peak position of the probability density of the displacement Fig. 7 Probability density of the displacement and probability density of

varies with fluid speed

the velocity with different excitation strength



%6 W BT A% JE T BR AR 0105 AR B0 T AT L 3l 285 ) B 70 B 1379
3.2
=1
.2
g 100 8
=80 § 24t
2 2
Z 60 z2
Q ‘7
:; 4.0 § 1.6
= 20 >
5 &
% 100 z
= . < .S F
g 1.0 = 08
LN ’ &
7, —0. /m
Q//(’b;y\, -1.0-1.0 d'\sp\aceme“ 0 // \
J -1.0 —0.5 0 0.5 1.0
(a) D, =0.025 displacement/m
(a) PLFEME R L
= (a) Probability density of the displacement
=]
g 2.4
= b — = 05
E=y g L T Z =1.0
£ 5 I\ —.op=15
< g 18 17153 !
Z‘ S oy \
= 2 T
2 z } \
< = L
g i 1.2 i \
a 2
<y, 03 0 et/ % 0.6 f i1 W
. . -1.0-1.0 . cplace < /1 \\
) disp = 1 A\
(b) D, =0.050 0 b B )
-1.0 0.5 0 0.5 1.0
velocity/(m-s™)
10.0 (b) MM L
8.0 (b) Probability density of the velocity with
6.0 different damping coefficient
4.0 9 ANIRIBHJE BB (KIA7 A2 A0 22 A0 S Mg e 3 e

probability density function

c,'{])/ 0.5 fm

-1.0- . mer
(i s 1.0 dss?\ace
(¢) D, =0.075

8 ANIFI BRI L T B S M
Fig. 8 Joint probability density with different excitation strength

JEESEORIN, T 5 M % TR A 1) YA i A, RS I )
WA LI 25 A8, BB AR 55 HAK. B 8 s ik
T EIRBLG. 0 T B R GOR U, R A U vk
FEBOR, FRGE 0T RE R A 1A s I B K

43 FHREREH

K9 i ANFBHE RECE (n=0.5, 1, 1.5) R4
RS I PR A7 o MR 2 185 5 Tl PR M 3R 85 . 151 10 45 1K
ANFIBEJE R T R GRS N I MR 2 5. ikt
r'=1m/s, e RESNH RS HWE 1 s, N
9(a) AT LAE H, 2 FHJE R B KIS, AL R W3R %55
i) v () s, A7 % B A I TR 26 2 U (i AR oK, [T

Fig. 9 Probability density of the displacement and probability density of
the velocity with different damping coefficient

At B N 9(b) WTLAE i, 2 BH Je &R # K
I, T AR S S (R 0 o ] (i A2, ARSI (1t o
FEWEAE AR, IR fG w HAE. I 10 ek 7 B
RIGE. T4 E RGO, Lo e R A
K, RG] e R L AL AL A S )

8.0
6.0
4.0
2.0

probability density function

1.0

0.5

eﬁ\e“ﬂ w

e/Oc' -0.5 .
]ty/(’b- . “1.0_19 03 C
5 T s

(@)7=05

K10 AFERLJE RBOR Mk S MR
Fig. 10 Joint probability density with different damping coefficients



1380 i

2023 5 55 &

probability density function

probability density function

(c)yn=1.5

K10 AFERHJE R BOR RS R (4)
Fig. 10 Joint probability density with different damping coefficients

(continued)
&1t

ARSI v 4 7 il I v T 1) Bt M L)
AW SR ] B AR 30 T S B 3 P 4
JEpfi 4. 38 5d Monte Carlo J5 V256 UE R AR R 73k 45
(I IE A PEANAT e, e T B sk R e
AR BN R T 2R G W 4 TR o KR T S A
RS £33 T LR S8

(1) SR BRAR BT v S S T 1) B L B 3
Wi AT 2K

(2) BEAE I SR, RGBT e A A 1 fx
RAEREAR R, 1] BE A A 1K) foe KT AL

(3) B WUl 2 L RSO, R GE s N T e A
P B KA AS A i K P AR K

(4) Bt P RN R, REEeshn vl ek
1 RS RS A i K AR /N

(5) L idad K, ARG hBEHLI> 72, Boin
RERE M 5 J5E Hh R R T A L.

A J 22 (I 5 R Xk AN [ A B ik e S 4y
AT RV VB T e A 14 e 3 i 4% i) R AT
AL,

&

=

£ X #

TRAE, MR, SR R AR e Bl ) SR WIRE S B . g2
3R, 2004, 2: 182-194 (Xu Jian, Wang Qianbiao. Recent advances
of pipe conveying fluid models and nonlinear dynamics. Advances in
mechanics, 2004, 2: 182-194 (in Chinese))

IREE, TR SE B ) s AL JB Rt Bt AL, 2015
(Xu Jian, Wang Lin. Dynamics and Control of Fluid-Conveying Pipe
Systems. Beijing: Science Press, 2015 (in Chinese))

B, AR, RN, IRBh S RE MR T Bt e R
JUPE BN fat Kk RO [ 4k ) % 24R, 2010, 31(5): 481-495 (Wang
Lin, Kuang Youdi, Huang Yuying, et al. Recent progress in the
study of vibration and stability of pipe conveying fluid: from macro-
scopic scale to micro-nano scale. Chinese journal of solid mechan-
ics, 2010, 31(5): 481-495 (in Chinese))

Chen S. Forced vibration of a cantilevered tube conveying fluid.
Journal of the Acoustical Society of America, 1970, 48(3B): 773-775
Lottati I, Kornecki A. The effect of an elastic foundation and of dis-
sipative forces on the stability of fluid-conveying pipes. Journal of
Sound and Vibration, 1986, 109(2): 327-338

PUORAR, IR, WRALHE. 328 33 10 Ih SR Galerkin $({H
BRI 320 43 2%, 2014, 35(10): 1100-1106 (Huang Huichun,
Zhang Yanlei, Chen Liqun. Galerkin numerical simulation of the su-
percritical pipe conveying fluid under forced vibration. Applied
Mathematics and Mechanic, 2014, 35(10): 1100-1106 (in Chinese))
F L3, ERE AT IS S AR B RE IS EOL R,
2R, 2019, 51(2): 558-568 (Wang Yikun, Wang Lin. Parametric
resonance of a cantilevered pipe conveying fluid subjected to distrib-
uted motion constraints. Journal of Dynamics and Control, 2019,
51(2): 558-568 (in Chinese))

Ye SQ, Ding H, Wei S, et al. Non-trivial equilibriums and natural
frequencies of a slightly curved pipe conveying supercritical fluid.
Ocean Engineering, 2021, 227: 108899

TRBE, MRTE, MR, ARl ARG BRI N e 1E 3 )
ANFE M. PeBh 1 phidi, 2021, 40(3): 284-290 (Zhang Ting, Lin
Zhenhuan, Lin Tong, et al. Dynamic instability analysis of pipeline
conveying fluid under action of internally excited oscillation attenu-
ation flow. Journal of Vibration and Shock, 2021, 40(3): 284-290 (in
Chinese))

P, BTG, B MENEAE . 9 o 5t SR AL A R TS
2722k, 2022, 54(5): 1341-1352 (Yan Xiong, Wei Sha, Mao Xiaoye,
et al. Study on natural charactertics of fluid-conveying pipes with
elastic supports at both ends. Chinese Journal of Theoretical and Ap-
plied Mechanics, 2022, 54(5): 1341-1352 (in Chinese))

Wei S, Yan X, Fan X, et al. Vibration of fluid-conveying pipe with
nonlinear supports at both ends. Applied Mathematics and Mechanic
(English Edition), 2022, 43(6): 845-862

Liang F, Qian Y, Chen Y, et al. Nonlinear forced vibration of spin-
ning pipes conveying fluid under lateral harmonic excitation. /nter-
national Journal of Applied Mechanics, 2021, 13(9): 2150098

Zhou K, Dai HL, Wang L, et al. Modeling and nonlinear dynamics
of cantilevered pipe with tapered free end concurrently subjected to
axial internal and external flows. Mechanical Systems and Signal
Processing, 2022, 169: 108794

Guo X, Gao P, Ma H, et al. Vibration characteristics analysis of flu-
id-conveying pipes concurrently subjected to base excitation and

pulsation excitation. Mechanical Systems and Signal Processing,


https://doi.org/10.3321/j.issn:1000-0992.2004.02.003
https://doi.org/10.3321/j.issn:1000-0992.2004.02.003
https://doi.org/10.1016/S0022-460X(86)80012-8
https://doi.org/10.13465/j.cnki.jvs.2021.03.037
https://doi.org/10.1007/s10483-022-2857-6
https://doi.org/10.1007/s10483-022-2857-6

O

PN A e B AR B ik 10 v T AL 3 2 i 2 70 B

1381

15

16

17

18

19

20

2

—_

22

23

24

2

(%

26

27

28

2023, 189: 110086

Zhai HB, Wu ZY, Liu YS, et al. Dynamic response of pipeline con-
veying fluid to random excitation. Nuclear Engineering and Design,
2011, 241(8): 2744-2749

Gan CB, Guo SQ, Lei H, et al. Random uncertainty modeling and vi-
bration analysis of a straight pipe conveying fluid. Nonlinear Dy-
namic, 2014, 77(3): 503-519

Lotfan S, Fathi R, Ettefagh MM. Size-dependent nonlinear vibration
analysis of carbon nanotubes conveying multiphase flow. Interna-
tional Journal of Mechanical Sciences, 2016, 115: 723-735

Yang Y, Zhang Y. Random vibration response of three-dimensional
multi-span hydraulic pipeline system with multipoint base excita-
tions. Thin-Walled Structures, 2021, 166: 108124

Li W, Zhang H, Qu W. Stress response of a straight hydraulic pipe
under random vibration. International Journal of Pressure Vessels
and Piping, 2021, 194: 104502

Qu W, Zhang H, Li W, et al. Dynamic characteristics of a hydraulic
curved pipe subjected to random vibration. International Journal of
Pressure Vessels and Piping, 2021, 193: 104442

Sazesh S, Shams S. Vibration analysis of cantilever pipe conveying
fluid under distributed random excitation. Journal of Fluids and
Structures, 2019, 87: 84-101

Yu JS, Lin YK. Numerical path integration of a non-homogeneous
Markov process. International Journal of Non-Linear Mechanics,
2004, 39(9): 1493-1500

Yu JS, Cai GQ, Lin YK. A new path integration procedure based on
Gauss-Legendre scheme. International Journal of Non-Linear Mech-
anics, 1997, 32(4): 759-768

Masud A, Bergman LA. Application of multi-scale finite element
methods to the solution of the Fokker-Planck equation. Computer
Methods in Applied Mechanics and Engineering, 2005, 194(12-16):
1513-1526

Roberts JB, Spanos PD. Random Vibration and Statistical Lineariza-
tion. Courier Dover Publications, 2003

Shinozuka M. Monte Carlo solution of structural dynamics. Com-
puters and Structures, 1972, 2(5-6): 855-874

Wojtkiewicz SF, Johnson EA, Bergman LA, et al. Spencer, re-
sponse of stochastic dynamical systems driven by additive Gaussian
and Poisson white noise: Solution of a forward generalized
Kolmogorov equation by a spectral finite difference method. Com-
puter Methods in Applied Mechanics and Engineering, 1999, 168(1-
4): 73-89

Huang ZL, Zhu WQ, Suzuki Y. Stochastic averaging of strongly

29

30

31

32

33

34

35

36

37

38

non-linear oscillators under combined harmonic and white-noise ex-
citations. Journal of Sound and Vibration, 2000, 238(2): 233-256
Yue X, Cui S, Pei B, et al. Responses of stochastic dynamical sys-
tems by the generalized cell mapping method with deep learning. /n-
ternational Journal of Non-Linear Mechanics, 2022, 147: 104190
Wehner MF, Wolfer WG. Numerical evaluation of path-integral
solutions to Fokker-Planck equations. III. Time and functionally de-
pendent coefficients. Physical Review A, General Physics, 1987,
35(4): 1795-1801

Li X, Ding H, Chen LQ. Effects of weights on vibration suppression
via a nonlinear energy sink under vertical stochastic excitations.
Mechanical Systems and Signal Processing, 2022, 173: 109073

Xue JR, Zhang YW, Ding H, et al. Vibration reduction evaluation of
a linear system with a nonlinear energy sink under a harmonic and
random excitation. Applied Mathematics and Mechanics (English
Edition), 2020, 41(1): 1-14

T, SRR, AEEEE. UH A T BN URER RS B AR
Bk AR OR 2 A (BR2E R, 2022, 57(3): 68-77 (Wang Liang,
Jing Kangkang, Peng Jiahui, et al. Path integration method for the
stochastic vibro-impact system under the non-smooth transforma-
tion. Journal of Shandong University (Natural Science), 2022, 57(3):
68-77 (in Chinese))

Zhu HT, Duan LL. Probabilistic solution of non-linear random ship
roll motion by path integration. International Journal of Non-Linear
Mechanics, 2016, 83: 1-8

Zan WR, Xu Y, Metzler R, et al. First-passage problem for stochast-
ic differential equations with combined parametric Gaussian and
Lévy white noises via path integral method. Journal of Computation-
al Physics, 2021, 435: 110264

Zan WR, Jia WT, Xu Y. Reliability of dynamical systems with com-
bined Gaussian and Poisson white noise via path integral method.
Probabilistic Engineering Mechanics, 2022, 68: 103252

IRTAN, AUEVE, XA . = YR AR AR AR 23 X ) A K7 DX ]
EH WO L. N D) AR, 2021, 38(4): 1358-1365 (Xu
Yangang, Zhu Haitao, Liu Zhiguo. Path integration method for the
stochastic vibro-impact system under the non-smooth transforma-
tion. Chinese Journal of Applied Mechanics, 2021, 38(4): 1358-1365
(in Chinese))

Zhang YH, Li YY, Kennedy D. An uncertain computational model
for random vibration analysis of subsea pipelines subjected to spa-
tially varying ground motions. Engineering Structures, 2019, 183:
550-561


https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.1007/s10483-020-2560-6
https://doi.org/10.11776/cjam.38.04.C028

	引  言
	1 输液管道模型
	2 输液管道的响应概率密度
	3 数值验证
	4 参数分析
	4.1 流速
	4.2 激励强度
	4.3 阻尼系数

	5 结  论
	参考文献

