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UK 4 il s ) = e’ 1% s AN T
AR AR 28 I RS O R B 53331 H

=K
(20)

i, =1 R
SRR S A b7 R (e
B A4 R 01 B8 e ) O A B 22 0K
EZS ¥

{u-;, =A"uw =A"(r-R)

(21)
P
w,=A"u,+A" u,



5 2 1]

ATVR IS < T HA% B A8 AR RE 2 PN R AR SR S 161

X, A REER I ZS [T B A = @'AY @
FE SR TE R 0 OO BRI,

T R VR 3R TR A 2 R X RE AR ) o7 2R it
w, FIFR PO w, NI AT LA W7 e A5 & A= 4 i, JF:
THAAE HE TE A 10T 137 (442 fh 5057 8 R 2 37 ol 32 AR A
w, TEEVR S5 H B 1) 1) 53, B 5 5 ik 2 AL T
A 0 A A DX 2 i B A R 4 DX B
4.1 HEEEEXIEEMX R

1) v 5 o] HEOR R 80w 8O @) ROR
v, = [0 -w(2) -w,(3)]", HEfr iR n,
=v,/ vy, DIakR v, = - (W, - n,)n,, JLEA
[N 1, =v,/./v, v, AR A A LA 45 A
Ffib s Ab 2 iE R

8=./(u,(2))*+(u,(3))* -r (22)
2o r AR R AR B A Ay M. 22 ik i Ak
FEHEE LN

S=u - n, (23)

SRIG AT AR AR 2 (19) 15 3 1E s 3 $fE, AT
A ARAG BE S B, I, IE R S iRy f, = f, -
n, IR fo=—f - n,, Wl b= A R TN
f=fAf 8 XAER AR R T F=AY.

VERTERAR 128 .

Q=S F =S A'f (24)
UM, 87 AR ) VA 6 A 5 A T R B 20
YEFRAERENR 0% 1 51 IAE WA i )4l s 1,
MVEFHAEREAR 0T U1 oh

Af

, 1
Qw_{G”&?fJ(_F>__
(25)

A, Gy 51k FR AT 2l ffy 338 R £y A A D
S0V B O R ARG w, S A b A Y )R AR AL
R FORN w =r - n, ST @, 1R
4.2 IREDHEER K X ISHEAR R R

B WEAAR AL AR 2R IS A AR SRR LA Tt K
ORh !, B BINEERABAR R T O w, =w +L/2 | L i
PRIB RS A B, BRI A b 22 M RE AR A s 2R
DGHIAT - BERER UL 520K a b Fc, A
TE VR AR 5 0 A 2 7 Ak RS R () (1) /a)? +
(,(2)/b)*+(W,(3) /) > 1 AR BEIZHe i AL B
Rt w, GWA F R AL E R W R ]

MR IER AT B ok AR B A 2 W b ik v, = —2
[ (1) /a® w(2)/b" w'(3)/8]", o i it h
n,=v,/ v, T, B AN AR
8=/u)w, . /u;u, (26)
R TR A % 2R MO VA A s 2R T B, 4R X ok
B F kAR S=w, + n BRATE JE J1 RIS 5 07114
ElLEERESH AN

5 REENRERNITANBE

AR FE 2 e 3R ALK 1) VAR Ry B8], 2 p =
1000kg/m” , B 7] R EL g =-9.81m/s” , Ktk R A w
=9.3x107*Pal " ARBUAR ] 51 PR AL R B ko = 1.0x
10°N/m Fl ¢, = 1.0x10*N « s/m. BEARKE 12m, B
2 2.8m. ATALL R A2 P 0N D0, VT 5 B 1.4m, TN
WA T 2 37.5¢
51 HEEENIEHL

TEGER L s 1) &7 1880 £= 0.5Hz A=0.1
m, {75 FLA ] 4s , BEADLIR HE 42 PR RO A s ) 1 42 5%
it AR, Gl 3 FE 4 FiR.e=0.0s B REFE &
TRTE T JIAE I IR 5 A PN BE i 2 422 fily |, e 44
TS RER N BENS & 5= 1,55 . 2.5s I, A & A 90
Tia) A 1) A1 1) A8 FE LA, 45 I R P B | AR ] R T
A FTRAAR ) DR ARAS 8 A ], B A [ h 3
11 32 BN 2 AR 5 1 = 3.0s . 4.0s B AT LWL SR 5
TEVR PR AR S35 S B0 AT o AR L 3 i 7
LA EOH R ORI T 1 N 0T, 255
1.3 RS 4 958 CHRITHIRAME  DUS AT REARIIE
VRARATI U6 TR 5 B A 9 BE U A, DTG 99 48 1103 T
Bk 38 A 14 i TRk, R LR AR B 0 2 AR A
R TAIE R, (HEA B 5 1A BIT i AL,
KA TS S 224 BT i £ 25 .

52 HERzhEHL

XoF A A [ 55 VSl f= 0. 1Hz (A = 1m 45
PIE A AR R A ) S it A8 47 BLA ] 208, 25
Janp 5 B w0 VAR YN ) 5% B b SR 51 TR
(NGRINIVENDE 251 0= R a3 BN RIS G N A 24
AIIR 0.5m DA 4% Ak 350 098 2 7 ) 2 1) 2
FEERE AT IR 15% , T3 W e 42 1 31 ) 2 P g
A FE S FE. WRE 42 R FI R R g 41 7 iz 47, il 3h
I FE SRR DN 1] S Bl b SR | S 2R 4/ % v 25 52 )
1) 978 Y i B R R K.



162 /AN ST

it 2018 4E55 16 4

B

5

-1 0 X[m]

(a) t=0.0s

-1 0 X[m]

(b) t=2.5s

o 0 X[m]

(c) t=4.0s

B3 e 4 P AR i ) S8 3 ( R

Fig.3 Liquid sloshing along lateral direction (axial view)

6 it

1) AR SCHR R P 446 %05 5 AR AR D7 125 O A SR
SRR T 5 TSR RE 42 N RR A 3R Y
PR AZTT AR A A P SR AR Y 2 2k
AR, I3l T IT R B S A SR A S 1
AR S B )AL

2) FET U T 2 A R BE | HE TR
7 AR AR AT s 4 (9 26 A F 7 R s SR 48 %819
R AEAR T A I SR BT HEA T IR AR 3 7

3) SR pREOT IE AR R S MR e 1t P

Z[m]
Zim]

41 05 0 05 1
Y[m]

(a) t=0.0s

Z[m]

4 05 0 05 1 T4 w05 0 05 1
Y[m] Y[m]
(c) t=3.0s (d) t=4.0s

P4 B4 P TR E R i S 3l (RFRRLIED)

Fig.4 Liquid sloshing along lateral direction (side view)

E o
N

-1

0 2 4 6 8 10 12
X[m]
(a) t=5.0s

E o
N

0 2 4 6 8 10 12
X[m]

(b) t=10.0s
B S oA PO T S 3

Fig.5 Liquid sloshing along longitudinal direction in tank

JH 265 HH AR5 A 0 B8 A A sl i O A Bk A 11 42
fil G , A HRER- AR & R 8h A .

4) D7 ECH S HE 4 P A A A8 1 AN 1) SR Bl
AR R IR A R TR AR LA, AT
I I A ) i B8 RIS ARAS T 5 38 P A 8 1 2 17 52 30
WOER 5 AU 7 ) SO0 o i HE A AT 552 W i
BRI A2

5) A SCRR T WS RE R AN A 2 [l R 12 3



5 2 1]

A S5 BT B E R A 0 B 4 P9 S sl 4 163

BTG R AR R IR RER SRR AR O

10

11

12

2 £ x W

Abramson H N. The dynamic behavior of liquids in moving
containers-with applications to space vehicle technology.
Technical Report NASA SP-106, 1966. San Antonio, TX:
Southwest Research Institute

Ranganathan R, Ying Y, Miles J B. Analysis of fluid slosh
in partially filled tanks and their impact on the directional
response of tank vehicles. SAE Technical Paper, ( No.
932942), 1993

Ranganathan R,Ying Y, Miles] B. Development of a me-
chanical analogy model to predict the dynamic behavior of
liquids in partially filled tank vehicles,SAE Technical Pa-
per, (No. 942307) , 1994

Salem M 1. Rollover stability of partially filled heavy-duty
elliptical tankers using trammel pendulums to simulate flu-
id sloshing[ Ph.D Thesis |. West Virginia; West Virginia
University, 2000

Zheng X, Li X, Ren Y. Equivalent mechanical model for
lateral liquid sloshing in partially filled tank vehicles.
Mathematical Problems in Engineering, 2012.123~132
Celebi M S, Akyildiz H. Nonlinear modeling of liquid
sloshing in a moving rectangular tank. Ocean Engineering,
2001,29(12) :1527~1553

Ibrahim R A, Pilipchuk V N, lkeda T. Recent advances
in liquid sloshing dynamics. Applied Mechanics Reviews,
2001,54(2) :133~199

Ibrahim R A. Liquid Sloshing Dynamics: Theory and Ap-
plications. Cambridge University Press, 2005

Aliabadi S, Johnson A, Abedi J. Comparison of finite ele-
ment and pendulum models for simulation of sloshing.
Computers & Fluids, 2003,32(4) :535~545

Rebouillat S, Liksonov D. Fluid-structure interaction in
partially filled liquid containers: a comparative review of
numerical approaches. 2010, 39
(5):739~746

Bogomaz G I, Markova O M,

Computers & Fluids,

Chernomashentseva Y G.
Mathematical modelling of vibrations and loading of rail-
way tanks taking into account the liquid cargo mobility.
Vehicle System Dynamics, 1998,30(3-4) ;285~294

Vera C, Paulin J, Suarez B, et al. Simulation of freight
trains equipped with partially filled tank containers and

related resonance phenomenon. Proceedings of the Institu-

13

14

15

16

17

18

20

21

tion of Mechanical Engineers,Part F: Journal of Rail and
Rapid Transit, 2005,219(4) ;245~259

Wang L, Octavio ] R J, Wei C, et al. Low order continu-
um-based liquid sloshing formulation for vehicle system
dynamics. Journal of Computational and Nonlinear Dy-
namics , 2015,10(2) ;021022

Wei C, Wang L, Shabana A A. A total Lagrangian ANCF
liquid sloshing approach for multibody system applica-
tions. Journal of Computational and Nonlinear Dynamics
2016,10(5) 051014

huh 4 g A MR B A AR BRI AR SR I RS 5 &
GE AR AIR Bl S IR M. RS S by, 2014,33

(21):166~171 (Ma C C, Zhang X N, Liu Z Y, et al.
Dynamic responses and time-frequency feature analysis for
a fluid-structure coupling system with a variable mass
tank. Journal of Vibration and Shock, 2014,33(21) :166
~171 (in Chinese))

XU FE U, BRAT-. AR R AR S 3 3l 127 3 B
B SEAEHaL L. THEEALN S B, 2011,28(12) 1202
~205 (Liu F, Tong M B, Chen J P. Inside-container lig-
uid sloshing dynamics analysis and sloshing suppression
structure optimization. Computer Applications and Sofi-
2011,28(12) :202~205 (in Chinese) )

FH. FIRWRSE B ) = KPR 1) JEE A B R e 8h
JIZEPEREREE [ 22 0B 3] R - P R A8l K%,
2004 ( Wang Y. Study on the coupling system dynamics

ware ,

for three-piece bogie tank cars taking into account the lig-
uid sloshing[ Ph.D Thesis]. Chengdu, Southwest Jiaotong
University, 2004 (in Chinese) )

FAZE A RT3 R S ly  ARE E
WEFE [ A2 (i SC ] . AR - PRI A2 R, 2009 (Lu
J. Liquid sloshing and transverse stability analysis of tank
truck with arbitrary proportional liquid [ Master Thesis ].
Chengdu : Southwest Jiaotong University, 2009 (in Chi-
nese) )

Shabana A A, Hussien H A, Escalona J L. Application of
the absolute nodal coordinate formulation to large rotation
and large deformation problems. Journal of Mechanical
Design, 1998,120(2) . 188~ 195

F ik, X8, 20555 2 AR R Ge8h 1Ak ot ik e 5 Bk
k. 2h 2 S 2, 2017,15(5) :385~405 (Tian
Q, Liu C, Li P, et al. Advances and challenges in dy-
namics of flexible multibody systems. Journal of Dynamics
and Control, 2017,15(5) :385~405 (in Chinese) )
Olshevskiy A, Dmitrochenko O, Kim C W. Three-dimen-



164 g % 5 & 6 ¥ W 2018 4E55 16 4

sional solid brick element using slopes in the absolute 22 Shabana A A. Computational continuum mechanics, 3rd
nodal coordinate formulation. Journal of Computational ed. Cambridge, UK. Cambridge University Press, 2017
and Nonlinear Dynamics, 2014,9(2) :021001

LIQUID SLOSHING SIMULATING IN RAILWAY TANK CAR
BASED ON TOTAL LAGRANGIAN APPROACH"

Shi Huailong Wang Yong" Wu Pingbo
(State Key Laboratory of Traction Power ,Southwest Jiaotong University ,Chengdu 610031, China)

Abstract A new approach for simulating the liquid sloshing in a tank car is proposed based on the flexible
multibody dynamics ( MBS) and the absolute nodal coordinate formulation (ANCF) in describing the large de-
formation. It is used to study the non-linear free-surface of the liquid during sloshing, and it can be applied also to
study the liquid sloshing problem within a container with the complex geometry. Based on the Newton fluid, deri-
vations of the fluid constitutive equations are provided as well as the incompressibility characteristics. The ANCF
solid element is applied to mesh the liquid inside the tank car,the penalty method is used to develop the fluid-
tank contact model ,and the fluid-tank coupled MBS model is then built. Furthermore , numerical simulations are
conducted to demonstrate the liquid sloshing inside a railway tank,in which harmonics are applied along the later-
al and longitudinal axes, respectively. It shows that the free-surface has a non-linear shape and height, which

experiences different values for different tank cross-sections.

Key words tank car, multibody dynamics, absolute nodal coordinate formulation( ANCF) , liquid sloshing
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