F 7o & #L F 35 B8 MLParticle-SJTU
HEEME FRALR % o

wXIEE X422 156

%2 5130109107
g I JT R
2 FEARS i TR

2017 6 H 6 H

i)
k-
m
&




Submitted in total fulfillment of the requirements for the degree of Bachelor
in Naval Architecture and Ocean Engineering

Numerical Simulation on Complex Liquid Sloshing
with Meshless Particle Solver MLParticle-SJTU

Liu JuNLIN

Advisor
Prof. WAN DECHENG

ScaooL oF NavAL ARCHITECTURE, CIVIL AND OCEAN ENGINEERING
SHANGHAI JiA0 ToNG UNIVERSITY

SHANGHAI P.R.CHINA

Jun. 6th, 2017



AH

PRI FK:

PHAT IS TA] -

FUMEEA -
SR EEE
AV FR:

= ACIE

LBZEKREF

E RN G830 EFH

FITE WA R AT MLParticle-SJTU %

(EAR Y5 1 TG 58 35 (] et

2016 4 11 H #& 2017 % 6 H
3 18 i HAFR:  #H%
XIAR B 2. 5130109107

NE AR5 i TR T [

NEARHEE 5 3 SR TR 27 B




Bt GBI BEARREFEMEKR.

XRS5 1AL OAR N A SR PRI, 38 Bl SCHIRAE 7 2 T ARG 3
Vo FE 2R P it DA B fift iz e i (R B 7 s S ARk i, JFIE I M ik 5, A
GRS AR BE R FF o 7 K AR SN A A I8 T ) AR A 1 B0 5 o

1. 3RS E A TH I 2K T-WRAG 52 3 10 5 TE U ARL T E AR DR Bk

2. DRBESCHR, T ARG 5835 inl S o AR Tk

3. MM A FIF R MLParticle=SJTU,

4. izH MLParticle—SJTU HAFXS A R MG AR Y S 4 P HEAT FLAR ) vt
B, SAHOCSERHEAT LU, AL AE A IR AR A AT T AR S AN R 2% 1 N 4
SR RGN, DL AT AR BE B FE T K B E T AR

B. S AR AR AR A FE Al th J 2

6. R R E RN L.




bt GR3O) #EERHE:

75 b B0 BB E I ] 22 HE % 7
1 AT FER B BERM SR, [ K& SCHk | 1.15~2.10
2 Bl S8 18 S Ik A E R BRI AL N A | 11.26~1.9
7%
3 5E B MY B8 S e 2.10~3.31
4 WS e, ShHES 5.1~5.30
AR R
PREMER . w10 WV
PRGRE . ERE Y B O B2k O B\ O s
WH%S 51379125, 51490675, 11432009
HoAh
T SHIN%4 . i

2016 4 12 H 23 H

¥k (R) BR:
B E

Bk (RFAE) 44

Bl

2016 4 12 H 28 H

PR

X2 B

2016 4 12 H 23 H




ANFBEFTH] : Fr 25 HIsAA0E 3L, AR NAE IR, MSZg T TAERT
BUSHY R BROCR BN, RSO SR HAL I ASEERE LK
FERG I RVE R SOR o XA SCHY T S B TR A S AFIERIR, B B30 LA
T AR AN SERROREA S W AUTE A R A AR .

FRE SN AR

H iF H H




| rEEkE
596 ST ARALE A

AEENOR SR e 4 TR EAT SRR 2RO SCHIRUE, [FAIREEAR IR B I 1)
[ 5 AR T MUAAIE SS IR SRS EPERT i, SR VFIE SO R RS Bl o AR AFRAX L
SR ] DI A A RS SO AR EER 0 W AR  ANA R AR IR TR R, T LR TR
B 4 B a1 S5 2 A T BUOR A A G A 2218 S

AZANE SR T
kR EO, f£ A e AR
RE O
ORFELL ETHENAT V)
FAENFE A 1R FHMEA -

H . s H H H . A H H




JA T W ¥ #2F ik B MLParticle-SITU #AEABL 00 B 44 AR 3% A

FA T A& R F 554 MLParticle-SJTU #{EEH S 22 &t 7 55 o) &

OB

TG 53 [P B E O S AR B e e ME R BB A 22—, ACBR 2 ] RE & BORA A H 2 A
i, I HE o il A T R TR Lo TSR HRIR T IAIOE AL P A
A SRR RAE Y B ARG S 5 (PIRL, A SASSDUT i IR A BR 8 H TS 3l , AR SCR T A 2T
KT RS-0 3R A MLParticle-SITU XA 24966 5237 [RBLIEAT 1 0T E25% o

BT MPS TR KL 75 AR . [ A AR ST SRR B TR 207, ASCH
SRR SN BTN S BG4 T 1 04, A AT IO E) F i im oy R sa Al ELSSIE,
REIEG S VOF G2R 082000 AR 1 1k 0 AR e 39T 1A 1 7 UL P T2 F L

TR TR M AR M BER e 55, PhTIERR — B TRIE SR 3% PRI B S R 2 — o ARSGIE T
BV ZSMIARTIELR , TR TOUR 3 28 U ZE A2 B2 MLParticle-SITU SR AR (U REALHH AR [ 370 (Y
JIBRAE, SRABEERBAL T 28 "SR AT, B S (E ) i R 22 TR A I s BT
&, MLParticle-SITU R s Xt 58 3 M RSB RS, B TR AHE, FFrlizadinZg
WA o

KR - WY EMEKRLFY: MPS ¥ MLParticle-SJTU Kty H TS
MTELS FEEET



J o # - % # 4 MLParticle-SITU S48 41 2 2 At 3L 35 1948

Numerical Simulation on Complex Liquid Sloshing with Meshless
Particle Solver MLParticle-SJTU

ABSTRACT

Complex liquid sloshing, as a key factor that influences the safety of tankers, will cause serious liquid
tank damage or even ship overturn if not properly treated. As a result, analysis and prediction of complex
liquid sloshing is of great significance in the industry. Due to the limitation of traditional methodology to
handle such complex liquid sloshing with strong nonlinear characteristics and the intricacy of mesh methods
to track free surface, we implement independent-developed meshless particle solver MLParticle-SJTU to do
research on complex liquid sloshing.

We first simulate liquid sloshing with different types of excitation based on Moving Particle Semi-implicit
methodology, calculation methods of natural frequency and analysis on free surface shapes. We can observe
strong transition in free surface shapes that are very comparable results with experiments and Volume Of Fluid
method simulations. We also analyze the formation of two peaks in a stable period in the impact pressure
curve.

Top structure of liquid tanks is relatively vulnerable compared with sidewalls. Thus, roof impact has
continuously been a research focus in liquid sloshing problems. We discuss the complex roof impact phe-
nomenon in this thesis. Because of the air pocket effect and the limitation of MLParticle-SITU solver, our
simulations ignore the air phase, but prediction error of the pressure peaks is not obvious. Overall, the sim-
ulation results of MLParticle-SJTU solver are still very precise and practical in engineering implementation.

We can attempt to extend the solver into multiphase fluid problems.

KEY WORDS: sloshing, meshless particle method, MPS method, MLParticle-SJITU solver,
free surface, roof impact, impact pressure
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Fig 3-7 Comparison of free surface shapes between interDymFoam and MLParticle-SITU simulations
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Fig 3-8 Pressure at different pressure probes
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Fig 4-2 Comparison of free surface shapes between experiments and simulations
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Fig 4-7 Pressure peak average changes with period rates
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NUMERICAL SIMULATION ON COMPLEX LIQUID SLOSHING
WITH MESHLESS PARTICLE SOLVER MLPARTICLE-SJTU

Complex liquid sloshing refers to the phenomenon that under the outer excitation of the ships like roll,
pitch and heave, the liquid in the liquid tanks will generate complicated free surface movement and transition,
which is a key factor that influences the safety of liquid tankers such as LNG (liquefied natural gas) ships
and oil tankers. This will cause severe accidents in two perspectives. On one hand, the liquid in the liquid
tanks will generate great moment during the ship voyage. The moment will probably influence the ship
stability and even result in ship overturn if this problem is not properly treated. On the other hand, when
outer excitation frequency approaches the natural frequency of the liquid tanks, resonance will happen and
the impact pressure of the liquid on the liquid tank sidewalls becomes extremely large. This will result in
serious liquid tank damage or even destroy and at the same time contaminate the ocean and the environment
if petrol or certain chemical leaks outside.

As a result, for the safety of all the crew members on the liquid tankers and the safety of liquid cargos,
as well as to protect the ocean and the whole environment, analysis and prediction of complex liquid sloshing
problems is of great significance in the industry. However, there is much limitation of traditional methodol-
ogy to handle such complex liquid sloshing problems with strong nonlinear characteristics. This is because
traditional methodology and calculation methods can only deal with very simple shapes of the liquid tanks
like the rectangular liquid tanks, or can only cope with relatively limited conditions of the liquid movement
such as small angle amplitude sloshing. These circumstances do not parallel and satisfy the industrial needs.
Doing experiments are not very satisfactory either. This is not only because experiments require great time
consumption and extremely high cost, but also because there are usually scale effects between the liquid tanks
used in the experiments and the real liquid tanks, so that the experiments do not necessarily resemble the real
circumstances. Other than carrying out experiments and theoretical calculation, we can also use numerical
simulation methods, but mesh methods to track free surface shapes, which are most popular methods nowa-
days in computational fluid dynamics field, are generally intricate. Like the widely used mesh method Volume
of Fluid method, it has to generate very small meshes to catch the free surface shapes and when the shape
changes or moves to other area, the mesh fails to follow and move with the free surface. Thus, we implement
independent-developed meshless particle solver MLParticle-SJTU to carry out research on complex liquid
sloshing. Independent-developed meshless particle solver MLParticle-SITU implements Meshless Particle
Semi-implicit methodology. This is a meshless method that uses particle model and Lagrangian description
to describe the fluid movement, which is very suitable to catch large free surface shape changes and transition.
Main work of this thesis is generalized into the following perspectives:

First of all, we discuss sloshing-related theory and methodology. This includes basic theory on Meshless
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Particle Semi-implicit methodology on control equations, kernel functions, particle models, procedure about
dealing with boundary conditions and solutions about pressure Poisson equation; pressure oscillation of Mesh-
less Particle Semi-implicit method and improvement methods of it; basic analysis approaches on sloshing,
like discriminant and appearance prerequisite of different free surface shapes; formulae of theoretical natural
frequency; and solving procedure of independent-developed meshless particle solver MLParticle-SJITU. This
section is the basics of the whole thesis. The methodology serves in analysis of all different simulations;
formulae of first-order natural frequency are also implemented in comparison with different numerical simu-
lation results. Discriminant and appearance prerequisite of different free surface shapes are also implemented
every time we compare our free surface shapes of simulations with the free surface shapes of experiments and
other types of simulation results of free surface shapes such as Volume of Fluid method.

With two-perspective verification about the numerical simulation results of independent-developed
meshless particle solver MLParticle-SJTU, we can independently utilize the solver to analyze liquid sloshing.
First we compare the simulation results of independent-developed meshless particle solver MLParticle-SJTU
under surge DOF (dimension of freedom) with experiment results, and then compare the simulation results of
independent-developed meshless particle solver MLParticle-SJITU under roll DOF with the simulation results
of sloshing tutorials of interDymFoam in the open source software OpenFOAM with Volume of Fluid method.
Comparison includes free surface shapes and pressure curves and peaks. We can observe strong transition in
free surface shapes that are very comparable results with experiments and Volume Of Fluid method simulation
results. We also analyze the formation of two peaks in a stable period in the impact pressure curve. The results
demonstrate that there tend to be two peaks in every stable period during the liquid sloshing, not only for the
surge DOF or the roll DOF. The first peak is larger because the liquid slashed on the liquid tank sidewalls
meets no restriction of other cluster of liquid particles, but the second peak forms when the liquid sloshed to
the top of the liquid tank falls back and converge with the latter cluster of liquid particles. This reduces the
impact of the liquid on the liquid tank sidewalls. Meanwhile, we use the simulation results above to discuss
the air pocket, prediction of pressure curve and free surface shapes. The results demonstrates that serious
pressure impact phenomenon, broken free surface shapes and splashing liquid around the roof of the liquid
tanks represent a good and obvious three-dimensional effect, and it demonstrates the multifunctional charac-
teristic of independent-developed meshless particle solver MLParticle-SITU. Overall, independent-developed
meshless particle solver MLParticle-SJTU can simulate the free surface shapes with small error, and also give
a fairly good prediction about the pressure peaks.

Roof impact refers to the phenomenon that during the sloshing of liquid tanks of ships, because of the
liquid ratio is rather high, the sloshing amplitude is also large and the sloshing is relatively serious, the liquid
inside will impacts the roof of the liquid tanks with a great pressure peak. This phenomenon is also a very
serious problem to the safety of liquid tankers because top structure of liquid tanks is relatively vulnerable
compared with liquid tank sidewalls. Correspondingly, if the roof suffers the same level of pressure impact
with the sidewalls of the liquid tanks, the roof of the liquid tanks is easier to break. Thus, roof impact has
continuously been a research concentration in complex liquid sloshing problems. We discuss the complex

roof impact phenomenon in this thesis. Because of the air pocket effect and the limitation of independent-
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developed meshless particle solver MLParticle-SJTU, our simulations ignore the air phase, but prediction error
of the pressure peaks is not so obvious. With independent-developed meshless particle solver MLParticle-
SITU, we also discuss the impact of different physical factors on liquid tank roof, including liquid ratio, outer
excitation frequency, and verify our simulation results with experiment results described in other papers. Ac-
cording to result comparison, there are too much unpredictability on the pressure peak appearance, that even
experiments cannot give a proper and precise prediction on complex roof impact phenomenon. Though it
gives a different result every time we carry out a new experiment, possible time positions and amplitudes are
usually certain, and independent-developed meshless particle solver MLParticle-SJTU can also provide a rel-
atively precise prediction to this extent. This is quite enough as we simply concentrate on the pressure peaks,
the position where it happens and the time when it occurs. Via changing the liquid ratio during the simula-
tions, we finally get the critical value that roof impact happens. Via changing outer excitation frequency, we
can witness that maximum of pressure peak values also appears around the first-order natural frequency. In
general, independent-developed meshless particle solver MLParticle-SJTU has already been able to provide
industry-valuable results for roof impact simulations.

Overall, we first simulate liquid sloshing with different types of excitation based on Moving Particle
Semi-implicit methodology, calculation methods of natural frequency and analysis on free surface shapes.
We can observe strong transition in free surface shapes that are very comparable results with experiments
and Volume Of Fluid method simulations. We also analyze the formation of two peaks in a stable period in
the impact pressure curve. We then discuss the complex roof impact phenomenon in this thesis. Because
of the air pocket effect and the limitation of MLParticle-SITU solver, our simulations ignore the air phase,
but prediction error of the pressure peaks is not obvious. The simulation results of independent-developed
meshless particle solver MLParticle-SJTU are very precise and practical in engineering implementation. We

can attempt to extend the solver into multiphase fluid problems in the research in the future.
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