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NUMERICAL ANALYSIS OF HORIZONTAL
CYLINDRICAL TANK SLOSHING BASED
ON GPU ACCELERATED MPS METHOD

ABSTRACT

In a container partially filled with liquid, sloshing will occur once
disturbance occurs. For many working conditions, serious sloshing may
lead to disaster. Therefore, studying the characteristics of sloshing and
predicting the impact load of sloshing are extremely important issues in
practical engineering. Horizontal cylindrical tanks are widely used in
various engineering fields, including ships, aerospace, land transportation,
chemical industry and so on. It has important practical significance for the
study of sloshing characteristics in cylindrical tanks.

Based on the in-house meshless particle solver MPSGPU-SJTU, this
paper analyzes the sloshing characteristics of horizontal cylindrical tanks
from the aspects of excitation frequency, liquid carrying rate, amplitude
and three-dimensional effect, and compares the horizontal cylindrical tanks
with the horizontal square-section tanks. The main work of this paper is as
follows:

1. Solver validation

Referring to the experiment, numerical models with different particle
spacing are established to verify the convergence of particle arrangement.
Compared with the experimental results, the reliability of the calculation
results is verified, and the appropriate particle spacing is selected.
Compared with the calculation results of CPU version solver, the
acceleration effect of GPU technology is illustrated. The simulation is
carried out on different GPU devices and the calculation results are
compared. The results show that the solver is generally applicable on
different GPU devices.
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2. Analysis of sloshing characteristics of horizontal cylindrical tank

There are many parameters that affect sloshing: excitation frequency,
excitation amplitude, filling rate, tank shape, viscosity of liquid in tank, etc.
In this paper, the influence of excitation frequency, excitation amplitude
and carrier liquid ratio on sloshing phenomenon is analyzed. The results
show that there will be a strong slamming phenomenon near the natural
frequency, and the sloshing will weaken when it is far away from the
natural frequency. With the increase of the filling rate, the nonlinear
phenomenon in the tank is more likely to occur. The intensity of sloshing
and wall pressure are positively correlated with the excitation amplitude.
Previous numerical studies on sloshing of horizontal tanks were mostly
based on two-dimensional models, but in actual engineering, complete
two-dimensional does not exist. In our simulation, we found that under
some conditions, the transverse excitation will cause longitudinal fluid
fluctuations. This paper describes and explores this phenomenon.

3. Comparative analysis of sloshing between cylindrical tanks and
square tanks

Cylindrical tank and square tank are among the most common tank
forms. In the process of tank design, designers are often faced with the
choice of these two tank forms. In this paper, the sloshing phenomenon
under the same external excitation and the difference between pressure
distribution and tank force are analyzed. The results show that the main
difference between the two is reflected in sloshing phenomenon and local
load. The cylindrical tank is more difficult to have wall slamming than the
square tank at low liquid filling rate. It is more difficult for the cylindrical
tank to have nonlinear flow than the square tank at low liquid filling rate,
and the cylindrical tank can avoid strong top slamming at high filling rate.

KEY WORDS: sloshing, MPS, horizontal cylindrical tank, GPU,
MPSGPU-SJTU solver
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Zhao 2B ] CLSVOF J7iEn =4k LNG AR I % EAT T B, X Fh ik
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Shaol¥®145 5%} SPH V:BEAT T sk, AN T 6 BE A& TE AN 85 BB 1E AR i s 15K i
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H# AW AR B R T AR, {2 MPS 7L K JJ B EL Level-set 5 i
i, NPT IR . AR Kk L Level-set ¥ BIR1G L 4F

Zhang M8 T MPS J7i 5 FEM J7E AR & e, Sk s F MPS 7572
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TR 5 S5 AR T - R RE 8 ERAS 1R 47 o 45
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T RIS

N T AR HRAT VSRS, Ikari A1 GotohPOVLL 85 1 R Rl AN [] ) il /51 43 fi
ik, — PR T R AR S — Rl TR S, AT TR SRR, 38 VA AE K
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o
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FROREHE R PR, ROKFA TR TR 7B CPU 5 GPU FiuAsK
fE A TSR RE,  ARATTRSEAEL 1 4 B [N K r) R 30 1) R, A0, At AT T )
KRARZIEE ISR T 3 8] 7 f5.

Zhu #5PU5E A CUDA JTA T GPU JRAT) MPS J7 ik il 18 1 5 Hori AR IFJ )
TERIL R ER . AT WAETT IR, AR T8 Stk AR [A]
THERER]T OKNP). N T VA GPU MIARALRCR, A ATTTH 5 7 5300 i) 9 7Y
MAFE B EG . ERME 7\ ITEY, XECERH 7R
(Bi-Conjugate Gradient method, BICG), 3K fi# 7 FE IR ] 7 B A 66%18/0 3] T
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KRS FRE, BINATRAa RS S5, WM m 7 R g rfeEtt, X—7
FEANE T A AN AT i ) @ AR 7 R B T B 2 TR M T, iR
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1.4 KXHEEAR
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=TS 4H T CUDA £AliLL & GPU JiE MPS J7 i/ Sl ds « & 26Xt GPU
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SEVUFE AT T SR AR A T SRR IGIE DA RORE 7 TR) BE A SO B0, B BB T S
P 5 ie g5 AT XL, SR T ORARES AT EEME . FH = AN R A R AT
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5T EEERIL 1K BEARAS ERE G U T B SR BLR . 43 AIAE 25%, 50%
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W FEREAT 1 HA
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ML, AR BRSO . A FEEORIRAE S 15 G Ak AT 1A, I8
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2 MPS 753E1Eip

2.1 2%l 7532

MPS J5 ik M TR RS MEAS ol IR i i . 1M 7 B ES TR
NS(Navier-Stokes) Jj £%, HoRiii i 2 Oy I SRR 1, HOESEPE T R v hiks B H
e

1Dp _

———=-V:V =0 (2-1)
p Dt
ﬂ:—EVF>+vv2\/+f (2-2)
Dt Yo

A D%%J%E"i%iﬁ, p NTARERE, P OALT), V ARERE, viEfik

frisshpitt 2%, f 2R, —BOvETT.
NI T PR 32 5% o S 2O e B 7 AT BB R G 23K (2-10 (2-2)
Hr X IR 18] (1 S i A LA o S AU At AR G 1 DR B B T 7 A AR

2.2 MPS EiGRERIE
2.2.1 #Z R

7E MPS J7 i, RS EHR — R 50T UL E R SR+ % REH kb
W72 A EAE SR . EAZBRBEERE b, il OB AR A, SRR, hy
P TR Y S SRR, DT SIS EILA i O R )
ERBERRIZE— R R R: B — BN, NFRIEMEEIER, Mk
FH R, 100 B 2 AN AR BAE 2SN R BIRIEEXGRE, FHHEN
W PR —Fh i Koshizuka 251251 1996 4E 4% Y :
I

=-1 O<r<r
W(r)=<r ¢ (2-3)
0 r,<r

Refs 1 =|r, - RRFARTF LRI, 1, v S BU0RT | AR T
AR, v KL TR B . X — B r T O I, W TSR, M
AR G T BT B
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SR, TEVH SR B HITSA A, r A2 IA AR /NOME, KB r /RS
ez gk WK AR AL, 16& B ™ B AR B R Y , ™ E R EE R S EO
N X — ] A, Tk MR PR T T M R BRIA N, ASCHTATN
MPSGPU-SITU Kfigds 4, R 171X —FRik=:

—e 1 0<r«<r,
W (r)=< 0.85r+0.15r, (2-4)
0 rL<r
or Initial MPS
Modified MPS

1.0

B 2-1 A% & At e B
Fig.2-1 Kernel function contrast graph

M1 2-1 AT AE 2ot )a B s r= 0 ALy B BRAEL, A 2ot it % 1

222 RFHEZE

MPS J5i% i, Ry B FEROE SOV R B ERIVE A, BT &0 ke 5 R A% bR
B mn, KRBT
<n>=3"W(r -r)) (25)

j#i
H T MPS J5 ik Hobs 1 #8234 50 4 A BARASKL 7 (1 B EAE [F], s b3 — S
HESKTHEERIEL, B 7808 B ] DURAER AR )% 2 . 8 ORAIERL T
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RBA ARG R I, WX TERRL T i, BR3P E<f(a)>% T
i BT e L I35, N T

> W (|r; =)
_ = _
<f >= ZW(‘Q —ﬁ‘) (2-6)

b i, AR | LB ERLT j A RR. <fi> A PoRYIEE, fou40
JERLT BN A B B

2.3 MPS By F1ERHREY
2.3.1 HHEER

Bf R R B R 5 R ) — B S A0, BARORTUE, NS 7R A ) s 8
JEET ) B ROt A A B AR A e i (RBERE T 1, OISR T, i, AN E
IIRILERR, o ONERE f 420, JACRIME, PIA5 20 PPRL T T8 A 5 -

f—f
Vi =—=— (2-7)
ri=r

%i5%%%%%?%%?%Mﬂﬁﬂwﬁﬁﬁ¥iﬁ%ﬁﬁ,%ﬁﬁ@?:

<Vf >= OZ _ —r)-W(r,-r)) (2-8)

j¢|

R I
J i MPS 37 6 1 A7 B E R
<vp>—o§%?—§%<—nywqr—m> 29)
g B )0 IE AR Gk T, MTTARH SRS 1, Koshizuka™)
R ) PSS (0P A1 B P S8 P, BN F A 2

D P, -

PI
<VP>—— —(r,—r)-W(r,-r]) (2-10)

n® =0 -nl

SRy, Kk (2-10) HAFAESNEA SN A, Ry 0 SR J A
TR j AR T N, AR RIZX — R, Tanaka 2501228 SPH i) s 718
FERLTR 53, K bR EER A 1 RR e S O
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P.+P
<VP>= OZ%———T(—ﬁWWGG—ﬁD (2-11)
n" =\

A (2-11) fRAE T WKL 722 TB AR AR AR, 2 1 s S e e B

2.3.2 FUERE
HIURE R P T g s i 5 A b U T, R I RIA S (2-8) ATAI, MPS
R REME TV A RIE NI TR

vzgzmw (‘rj—ri‘) (2-12)

n = ‘rj —rir

R B R BV AN (2-12) BIVAT 45380 ek B2 AR 0 ) 3 ik

IS
j i

n" 5=

2.3.3 frE TSR

£ MPS J5ik, SRR Y ROk 5 R A B s R T VR R T
R, #FiAxAH Koshizukal®I45 .
<v%>_;PEXff)wq () (2-14)

J#l

A (2-14) AR AU EHE A, 5O 2 AEEES R 5T U R
MR — B THEIEIT
:E:VV(lfj-'ﬁl)'lﬁ--'ﬁlz

S W(r-r)

j#i

(2-15)

234 RTFHRBWIERES

R FT UL SR E A TR RS, R E R ES re B R
X AR T (P FEAVE FFE S . PR S IR B D08, BR B K& B 8UE VG
MRLFiE 2, i"‘)?[lfr%ii, BN 2S5 ER T RD, BEAL.
KoshizukalP¥d it — RAVEUE LG, 45 T &SR0 8 A o B i g BUE, 0k
2-1 flos, Hrp IojﬂM?E’J%JJZZ ) o — B3 280 ) B SO R 1 8 AR Y L B R
BERY . HUEA TR FBE BN, B 2.0 loo b TR VR 9 B SO B R B
RIVE R TG R CRUE AT B THERG FE, A FHEEBS L 4.0 loo ASCHRAIX—1EH
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A 2-1 x5 FAE AR 69 1E R BE B
Table 2-1 Influential distances of various mathematical models

R YEFIBERS
1% R B 7Y 2.1l
L B0 A A 2.1l

PR AR A 2.1l

RS 2.1l
P AR A 4.01lo

2.4 10 A EH
241 BEHEEHS

£ CFD 1, HHAW— B — M, H MPS J7 VA X i) A R IR R
P ARICHT R B MPS SRAESS NI LKA, 76 H HRMAL, FRSET,
PRI AE ) EH 3R TR A0 R 200555 B B B /N TR I N 58« J5L46 MPS 7B AR #7 1X
—RF AW AR TR T

<n>/<pB-n’ (2-16)

R pANHWSE, —EL 0.8~0.99, ¥ LIX 4 MhH, [EH kAN E |
k¥, FRRBHEIIRERN 0. Fra B E HIRFRI R T SRR E T3 5 #2712
IR % & 3 kA

SR, AR BT BUE RS, W 2 kAR A, A — LRk R
DRl R~ 003 P S /N A AU B B TR, R 1sa B oA 0, AT S U™
FERE RS, s R esar: . EFxiX— iR, SRFRGHPOSIHR Y, 78 A
Wr B HH TR R R SN BRI - F BT . I R R

X <n>"<0.8n° R, FTEBAE N E HIER T .

<n>">0.97n° PR EAZHE NIRRT, Z5E 1A RE -

X70.8n° < <n>"<0.97n° FPRLFIFEHAC R <F >, REAWT:

<F>i=n—22ﬁ(q—rj)W(r”) (2-17)

ISR

T <F > BB, R A -
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JF P > «a (2-18)
WWﬂiﬁﬁmﬁﬁ¥oﬁ$a%§ﬁ,Wﬁ%aﬂﬂ, \ﬁ%%ﬁ%@
HA TR 51 | F -
2.4.2 BEE %M

MPS 77 75 A (B2 [ 2 HoRL ARG, A T B T A S SRR AN AT 5 4k
1, FEERUERAAR TS B IEE 8, 72 T — SRR AL P . @ MPS
JIEAERE AT B 2 ER T, WE 2-2 fR:

P ® Jilkki T
/, \ O F—RALFhir
/ ¢ \ @ 5 L FKT

e0d00000 "
0ccccoe

A 22 A4 TFT&
Fig.2-2 Schematic of boundary particles
LR BN — i R, R RS R IEE, MR
FEEZS 5 K JAATTRERR g . AN R FRL T, REKTFIHFAS 5t
o (R BIX IR, AR B iAW sk E, 58— 2R SRR B
WrohBEH, HEWSgoRfRE, X EEE SRR, MEE KR
Ko TiX—10 8, MR 808 AR VR RS — AR 2.1 54046k 1 [A]
PR, 58 I FORL A B 2 AT DU 2 7 K.
2.5 £ 11 Poisson 5 #%
MPS J7 i3 SRR U R aia T Bk B T, FEVIAR IR MPS J7iH,
Koshizukal95 H 1 R TH A H J1 A J7 FE Rk =K

* 0
_L<n > =N

(2-19)
At? n°

< VZ Pn+1 >i —
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v I W0 R A R - - i W T e 2 A e ) -7 ST £ 2 s R VA
FEAATTEE P AR, KR (2-19) HHEE AR EH &7 AR KK
JE 135 « R UIR — 7] 7, Tanakal®42 H VR & Y8 1172 (mixed source term method),
15 A i PRI 5L T BRI, RIE R

st P p <N >-n
<V°P >i—EV-Vi —yET

Xy H—S%, DO R 5008 R 100 o R S A . T 3
— LB, ZITVE T LA R R RS BB A (B E . SR Leel®M 3K IR
BIRAE SO N BT T

(2-20)

* 0
<n > -n
P ) (2-21)

VP s = (1) 2yt -
< >i= 7)At CTE T
AP RIR g2 BRI IX — 2.y FIBUEJERIZE 0.01~0.05, y HUE K/h&

Y F IR A AR AR S 1 (1 ) B
2.6 MPS it ERTE

MPS J7 A EAER A n 2B BT DR AR

(1) ABJERFHR

(2) BAFERM SRR

(3) MG SJARA, VLR )5 PR S35, R kL AR A A
BB IE,  SRAT I I 3 BRI I A AR -

V=V + AtV + f) (2-22)
=r"+AtV, (2-23)

(4)  FEWGIS AL E N R AT ERLT, SRR 505 B s

(5)  HWrE MR-, HA B HER TR P IRES 0;

(6) RN TTRE, R T —IZIME D), kA fEd (2-21) g,
KA —Akxk (kK ASS5HHEIRTFED BAERE TR, BT R
HIVE FIVE A PR, e SRR Dy — AN KA i A R

7 wﬁﬁﬁ%Eﬁ,ﬁﬁEﬁﬁﬁ-

VR™ = OZ:r—r| —1)-W(r-r (2-24)
j#i

(8) R e B FE U S HA R — I 220 (o S A AR«
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\VARESYA —EVR”“ (2-25)
Yo
I,in+1 — rin -I-At .Vin+1 (2-26)

F A RIEALR, RGETEIA R FIWZETIEN T 7.

2.7 RE 25

AREFEXS MPS J7 iR TSR BLBEAT T A4 NEEHRITTRESIN, BN T MPS
JHE ORI S, SRR R B L B EOCIR A, R
Feafi b, T MPS A TR BT A BN BB A AR A, AR AR A
AR e P AR A, B T A PR R AR B R . A e T RE R
HONAZ G, VT MPS J5ik i S o PR , BL45 B e i 261 LB T )38
FokMte 2R T MPS HRBEIE AT ISTAR TR AERESH T
MPS J7iEAERE P A AR SEEUN (T SRS
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5 =Z CUDA E K GPU H1iE MPS 75 3%/

3.1 GPU BRITERAK

GPU 4%y Graphics Processing Unit, BPEIJEACEESS, Sl N T TE]
(1 B R v S AR BT H IR, GPU AR HH TV i BT MR AL BIAE 55 5 Ui 1)
CPU R L Lo AT HoAth TAE, BATFEN RE VRS R 7 RIgRTE. BT HEH
—HHESF R, GPU NI it i b 1 AL SR 2 A B D RE, K 20
W JAE T b BEEHE AL, AT B ERZESRER S, GPU 1)
THERE B R R . X, K GPU J&) FRAE B4l (1) G AL 3 4k L 42 o vk ik 4%
HAtE R, BN TN BRI MEIF R GPU @R L, DU
THEMERE.

GPU [Tt B R AT AT I RIMERE . BT EBURAE AT ERB R A
(IAbER, TG 3R A EL AR 2 8] 2 T DUSEST RIS o B, BRI GPU B aa il ik
EE AT R ARS8 . B GPU WA &M T8 AT APL 42101, FIH GPU
BAT IR FR Eis B T 5T BB TE R s #E , R 9 A8 . Nvidia 7£ 2007 4F4E
H 7 CUDA ZmfeF &, (H43 AMIATLAZE Nvidia A #E R E AT R0 A .
Khronos Group 7E 2008 4F & i | OpenCL 1.0, X & —ANEH T & AMNAH] K GPU
FE IR 6 o XN 6 AR, B BGE 7 & R BN T GPU B #E
GPU i f) vt 5 RS0 BAE o5 A itk . 2 HERRRE, a1 GPU I
HARCA/HEZOIA TEGARIRE, B [RE0E. i1E0%E. 2UER
FOBERRNE . UFES D% ML ST LRI R TR

Lj OpenCL #HLt, CUDA Xf4ufE A B INAL:, MEHEERLIT CiEE, X
THMKAER T R E R UL R 5% . CUDA tHEAG I HIE i & 45 DA R
o PE, HE ML NVCC E S5 M. s T CUDA & Nvidia 2]
ETHA KSR GPU HwfEF &, TR HEIFHIAE Nvidia A7 EF
FEA TR R . SR A XA, FRATILEEE T CUDA V6317 GPU MK s
K. S+ RERKE, CUDA B4 I 1.0 AT #H 2 7 9.0, HIhkE
R GR R, FEHBOREREE . THRHRZEND CUDA B FHRHE, Uk GPU
JNIETE MPSGPU K fif#% o IS H .
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3.2 CUDA

3.2.1 CUDA fwigt&Es!

(D FHHE*

7t CUDA #ufEiint, CPU #i#x N FHL(Host), GPU #iFK N1k 4% (Device)ak
WAL EE 2% (co-processor) . fE—NRGH, FEHLHBER —, Mik& LA ZA
ZES LA, &RIHIR, WAEESHNFEME T E. CPU i ot A FEIZ 45 Y ] #l 5
HERATAES, HAPEZS B N ENLNAT . 78 CPU i (M AE 57 5 35 @ FE - FE A M [F) .
GPU 1t 57 &b 3 0] DAy BEZRAEA I HATAESS,  HAFAE S BN BAE, X T B A7 A8 H
i Z 03] CUDA & %, GPU i IR 7 /& Eis AT L 1 51 4T GPU 4T
[ B5 %5 kernel, kernel pREGE T 28 global & Y. #£— L[] CUDA & h
97 2603 T2 ML ) B AT I AR DA S 1B & i 1 kernel BREUTAT ER 43, W0 3-1 B

Host
AT A ;
Device
Grid 0
N . Block (0, 0) Block (1, 0) Block (2, 0)
Jf4Tkernel
PRE
Block (0, 1) Block (1, 1) Block (2, 1)
Host
AT §
Device
Grid 1
Block (0, 0) Block (1, 0)
Jf4Tkernel e —
(0, ock (1, 1)
PRH2 2
Block (0, 2) Block (1, 2)
v

B 3-1 #7049 CUDA #2 /7 (62
Fig.3-1 A typical CUDA program(6
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B A Lo A ARRS 2 B8 i UL R DiRE: B3 CUDA, N4 K
B EHHILE: 9 GPU rBL A7, HEERE R+  GPU 72 A7 F LA
A4 A R kernel %S 3h GPU 5, B f A\ 340 B i (1) B A7
FE WL 53 BT A A7 DAl IS A7 A (0] 003 . BRI A A7 AT A7 25 ) s JB H CUDA.

FEAR B & i AR 1 SR A BRI GPU S F, T A IR A R E N
FBAT

(2) ZAREEH

VERN—BEIATIHE AT 4, CUDA [a) - Z XA ) 1) 55, A AR
[ [ I 47 SRS 1) N SO R ] (0 40 B A 28K, SR R H 4 R ) 2R R 45 g %o
CUDA Kt & — /N4 1 ) #l. CUDA KR Z—Fl = 2Lk REgE/, MR
5371749 grid, block, thread, 411 3-2 fizx. &4~ grid 74T block 44, 1MHEA
block H 3 A& # 1 thread.

Grid

Block (0,0)  Block (1,0) = Block (2, 0)

Block (0, 1}/ Block (1, 1) ™Block (2, 1)

% ’ \ \
/ / \ .
/ Block (1, 1) \

A 3-2 CUDA & £ 42 £ #4162
Fig.3-2 The thread hierarchy of CUDAI®2

Thread NE/NIPATHIT, BIZRFE, & thread #H H SMSLH) ID, EFERF
rh R IR N 248 B threadldx, threadldx & — D =N ICEIGE MK, BT
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ATDUE X —4E, 4k, Z4EMAIERT], Wl—4E, 48, =4k block, XL
AR AVIR W St e L [ = e e e 1 o

—™ block H ] thread #¢ 73 Bo£E [/ — AN AL BEAZ O, BT A1 L2457 25
thread - [AJAH B AT RIS, AT DAL 280, mTRASEIl A2 . AN block 2 A1 AH
HIHAT, HIEALIEE, 7S EAEARPLAEZCH . 24 block R —4
grid, 1 grid A EMEE B — block 824, IHAHIEFRETH, —A kernel BR %L
()18 F BIEAT —A grid (T4 . #E kernel B8 3118 I 75 5052 block. thread Z4
[RIME, kernel ERE AT SEFR 2 L block Ay 547 .

CDUA [ = 2R M AL — e R X EE, 545 CUDA 2%
AN DA I 22 1 2% e AR A, R AR 4 1R 58 BUAE AT AEEAN A 28 AN A 2 5 1 GPU iz
7o

(3) T e it

X—/NYT B CUDA &7 H RS2 infef i 21 GPU B4 . #E Nvidia
AHEH GPU W, B/ NEITHR T S SR AL EE S SP(Stream Processor), SP %A
B R i 2, RBEHEAT ISP | 2 AR 25 46 9 i 22 Ab L 38 SM(Stream
Multiprocessor), —/ SM €1 1 8 /> SP FFHEl A FH N (2 | B e A AE A BT, fiE
AT IR 2k, BB AR A3, A O AR ERAT S5 IR T, Rl SM 2
GPU HH b A O o

FERTCH 2R3, kernel BEIHAT LA block 47, —A™ block %43 i 2]
SM 1, block H#E—A> thread #% 73 BLfEA[FI ) SP_EHATIZH . fE[Rl—4> SM 4
A AEISAEAE LA block, IXEELE—AS block #EAT V5 ] S AF& AR, B block
BT, PR AR SRR . BT SM R SP HUR A IRK, & block
Hrf) thread $ti 2 FIRR A, B T8M GPU AR, X—REIEHER.

SEPREAE R, SP & SM EARLE I HIT, warp & SM FIBEARPUTHIC. —
Block 7£ SM "7 it 14> warp #4715 . —A> warp &% 32 ANJF47 thread,
X N EERIE— 2% warp $54, SP 24T 4 IK. 1X 32 4> thread 14T T SIMT £
3(Single Instruction, Multiple Thread), tHEi/2 AT thread $47 A —%F6 4, I
HAGA thread 2 & B 1 data AT 1%FE4 . SIMT #3684 0T DL H 2hi& R A [F]
(I HRAT 56 2

3.2.2 CUDA ik &

CUDA WM A=Z, K 3-3 Az, @ik CUDA 2Kz API R] DL E #2528
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X RJE GPU REAF[1I3AE, 7R3N API L ZERIZ1TH API, 4 IK3) APl #1746
e, Mt 7 LR DIRE, Heanid RS, ShA NS . 2y CUDA
PERRE, AR N SR 77 bR dEAL TR . T CUDA N FHAZFF A LLE
PR A Z AT A, XEARF R EBRRE R LZR API J7 (BT 2%
TR, X RS AE 75 S 0 I B 1 0] 2 AR I 5l 3R AT AR 7 A A B S B
B 771 AP XE CLSEIR ) DI RE o

CPU
CUDAN JH F 7
¥
CUDA J% £ 34
R 2 ¥
CUDAIZ 1THAPI
- E s
CUDAZX#API
GPU

A 3-3 CUDA #kfHk &
Fig.3-3 Software architecture of CUDA

(1) CUDACIES
CUDAC 7£ C i 5 WS aE B 7 B ERY &8, LLSLELERE 2] GPU #:1E
FIFER. FEEGIN T LURH IS S Rk

BRBCEMIR E . & LR device_ . global__. _ host_ . iX
SRR i A FH SR 27 bR B AL I 2 W A Ui 12 AT
AR ERT: € XA B,  device . constant__ . _ shared_ .

_managed__ F1__restrict__. XLEFRE TR & B AR B A T W — K A7- 1%

2.

NEAE 54 LARZE T blockldx. Z8FEE | threadldx. 2R A% Mg 4t i
gridDim. ZRFEHLZENE blockDim. -+ 71 warp "R FEEE ) warpSize.
<<< >>>IEELF, Fki%kE kernel 71 block % 22 45#4™ block H () thread %%
—EpR %, G0 memory fence BRI, BUF R B, DI R BZE .
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(2) NVCC Zmifas
O VR 1 DT B 0B F Y B ROL AR W] AT (08 S WV g v 5 B kAR
fih, CUDA T [F) R N AP AN R kb 388 : CPU 5 GPU, [RI 75 Z 40T 4 i
AR ELEURERR, NVCC 4 PR (8 208 1 X FPRe 7k 75 SR M B 2 P25
NVCC FI TARRAEW F: 7%, 8id CUDAfe B SO 4> B i 43 F 4L
v A R B & AR o 0T T AL ARG F B A ) C JwiFds 4 ICC. GCC 54T 9
B, B0 Blobj SCfFs 0T nm ARG I B & Y Nvidia g3 2% AL 2 28 5 1L
% ptx(Parallel Thread eXecution)fURSak i EHACH%. &5, H NVCC KA a %
R R RIS F, B RAT HAT 131
EA—MZE PTXIES, ERUTILHIES, Nvidia 2 7785 R~ IRE) 42
T B PERS JITJust in time) compiler, AS[E R R, (HERE JIT §
&R, AT AR [FIRS ) PTX S, X Ht#75 CUDA Zmftid #2hml DA
HRERE R RIANTE], 1 [R)— SRR P B AR 28 D3 A4 ) 58 3 ARt AT AR ] LA
(3) CUDA izf7 i 55Kz) API
CUDA izf7 I 55R5h AP 24t AR 7 R Sl B R SCE B BEEE B Kernel
PUAT FREEEEINREE .
(4) CUDA %)%
T ¥ CUDA toolkit FiR AR AL T DU JUANBREPE , NERATHHAT R 5
LA SRR TF A AR A TR
® CUBLAS: —/MEARRZLMEAEREE.
CUFFT: 24t 7RI GPU A7 Puidi (& B8 46 () T e o
CURAND: 24t 1 ] 5 2ot A s ot 2 D5 BEATL O BEATL 25 T A,
CUSPARSE: $2{ft 1 &b BT B HE B 1) T2 eR 4
NPP: A5 1 EMGRIAILA AIs Fr 75 2 1 — e B A bR 4

3.2.3 CUDA 77figs51&#)

HERFBATIARN B, SEANFEPFMIEE FR, CUDA i
L7 8 MR BIAAfE RS . o 6 Bz T8 &, 2 FAL T FE ML

1E % £, B thread #5F H I %5 17 4% (register) A1 J& &8 17 i 2% (Local
memory), A A78s LS U7 R EARBA IR, REFREIT R RV M B #
AT O, B AR RS AEGE S o, JRA A 48 I 17 n) B3R 55 s [7]— block
2R FE A 5] — B 22 Y 77 (Shared memory), &A% 2 A AT 38 id 3 2 Py 77 S E
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5, JLENAERTT R R, AR [l grid H TR AR AT AT U
7] 4 J& N 17(Global memory), #AT12E, &R FMEasU7REERE. Hib&
Uiy A PP T 2R R A0 v 15 0] 1) 52 N AT« H & A (constant memory) AU A A7
(texture memory) 73 il %} EHHE AR KR B 2 4L 7004k, nT DA iy — LUk
TERIRAER . B 3-4 45 T W& A7 fil 28 I 4544 o

(Device) Grid
Block (0, 0) Block (1, 0)

Thread (0, 0) Thread (1,0) Thread (0, 0)

Thread (1, 0)

Host

B 3-4 k&0 ik 2 2462
Fig.3-4 Device-side memory structure (62

FE LS N AR PiFh: 338 N 77 (host memory) AT T4 5E N 77 (pinned memory) .
HENAFE M CHARF T RINARECE Xl TUBIUE PIAF I 9 T 0L S 5 8046 i )
Bt 7O, HAFBRACBEHLHI RS ik GPU 5 CPU MiE{5. T i+
S5 5 FE AL ) BB A A — Ay B8R, LA X GPU N BB AE R AR 1S, X —id
FEAEAE BN CUDA R P42 i R i B . 72 A% P Hh A58 FH DUt E N A7 RE % KR L
X — ]
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& 3-1 RE A B e
Table 3-1 Influential distances of various mathematical models

s (VA WEZF Ui A PR REAFHRM

register GPU AN N/A device FI /5 5 thread fi1[]
mt‘;fg}y Wk A x device TTH/S L5 thread A
rﬁg;fgfy GPU A4 N/A device 7] /5 55 block A
Comrt  wmes A e . TTERRT (R
A C T ot I S
Sobammas ok e WS kb i
mgln(zztry Host 47 I host ] 152/5 A IERE AR
Pinned Host P77 I host Al 2/ AT FEFE P AR

memory

3.3 GPU JNi® MPS >k fi# &5

HITH D&% MPS iR R T v 4R A1, 7 CUDA “F& L, Sl
T MPS Ji£1) GPU fiid . AT R 3-5 B, TBUEH], CPU i R
TS AL, AR S A B MR A, MPS D7kt RIRAEEAE GPU AT .

EATHEPRARES 2.6 WHRFEREFRA S, HET GPU 5 CPU 4
FIRIASE, £ BAARRE T SLl EAIRRI 20 Bk E —PA /R %, £ CPU
H, X PHEHATUUT L W SR, Tkl T E Mg, i E AR JE R
T IELE WS A IR AR AT 2, A A B R % BT B R 03 AR —
MNAF, 2 )5 THmEWER S S EEMNEAH I £ GPU I 5A 3T 48 JE ki
TXTEEH R, TS TE 7 2 0 G S A% AR R 15 B BB . X R
WEIBE S0 1 A7t S AN RO, SCREA T AN R AR B BORE 05 B R AR . ik,
TERMEARA T FE R b, FEREEI AR A 7 B IE & GPU AT R4 7t )7 K, 7
IS AR AEAE 7 T IR & A B ek B B Cusp i 1Y A& 8 XU 3L BE B 2 %

(BICGSTAB), Cusp 3T CUDA %5, &M T GPU H4Tit5.
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CPU

GPU

Input calculation
parameters

[ =

/

_| |

1. Neighbor particle searching

2. Explicit calculation of gravity and
viscious force
I

3. Updating for temporary velocity of
particels
I
4. Calculation of particle number
density
|
| 5. Free surface detection |
I
| 6. Solving the PPE implicitly |
I

| 7. Calculation of pressure gradient |
I

|_

8. Updating for velocity and position of

particles finally
I

Check of outpu

/ Output data /

Yes

End

Yes

B 3-5 RiEEiTH AR
Fig.3-5 Solver Calculation Flow Chart

3.4 GPU &%

A, fFR TR GPU 4,40 %4 Nvidia Telsa K40m LA Az Nvidia
Tesla P100, % 2-1 5H T EATHIEASEL

4 3-2 GPU & &M e Ak
Table 3-2 GPU device performance parameters

LiRss K40m P100
LAt Kepler GK110 Pascal
CUDA ¥ %k 2880 3840
WA FE 7 s PERE/TFlops 1.43 5.3
FURE B2 RUPERE/TFlops 4.29 10.6
12 16

BAEIGB
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3.5 RE /N

A Z N CUDA Bt e TH AT & B ERIEMHEAT T A1, A5 CUDA ZmfEpEi A,
CUDA 44k Z 1 CUDA ffifas il . 2 J5 1B 7 GPU hniE MPS 772115
o MAW SR AK GPU 4S80 T TN 4.

- 29 -



AT R A AL S

SBIUE KAFFIIE

4.1 R R3S A S M KR8] BR U S M4 36 IE

BB AT S 2 AR BB AR 2 2% Kobayashil 5 AY 2 37, HAy H A Al
W 4-1 Fios CRRALN mD), WO A/KC P RCE B RAE R, JETH B4 N 0.47 m, K 0.94
m, WA NIK, IR 0.0235 m.

0.47 | 0.94

0.47

L.

z
Ly
B 4-1 JUfTAER
Fig.4-1 Geometric model
B XN y 7 RN A0 (8537, AR TR T .
X = A sin(awt) (4-1)
oA A EBURITRAE, BEARER 0.015m, o AR, SLALEL 7.536rad/s, t
). SEIZE 1 RSB K2 0 8dE, BUE BRI 2 & I e N R
i BT R 1 s AR 15 21
FLf-1AER dp PB4 EE SR g R oK. —J7 T, £E MPS J5ikr k135 843
SATE, RCFEERRE R AR AR . Be b, Rl EREN, THE
SEOLERRE T, RENS SISO 2. ST, BEERL TR ER AU, R
THE RGN, E=gE B, R RlERg N — 2, SRR B AR Rk
(1) 8 i NIEFEEEHPRL T A FE, BEARIEI 7 =ANANF PRI [A]EE dp #EAT 2 A5
L, 4314 0.006 m, 0.005 m, 0.0045 m. /KHI%FE p=10°kg/m®, EshZEPERE
v=10"m?/s, EJJIEEE 9=9.81 m/s?, JEEHE TR =ASHIIANE, BETH
AR THE K GPU %44 Nvidia Tesla P100. 15 R kS50 4-1 fr
7N
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Fo AL BB IRE A SR E
Table 4-1 The parameters setup in the sensitivity analysis

T RLF[MEE dp (m) TARRLTH ERT R B TR (5)
1 0.0045 906465 1176918 0.0005
2 0.005 636380 858560 0.0005
3 0.006 385678 540643 0.0005

00 ——0.0045
’ —0.005
—0.006
------- Exp.
250 A ) .
lI ' | | ‘ll ‘l‘ll ‘I! (.I ' L:‘\ ‘. :E‘A\ ’I. |
< ‘ VTV R I
g 0 TR ?VWf
= b ‘ - ay ' ,
f ‘\.‘ \,“'I 1 4 ‘ i
-250
-500 : . : ' . !
0 4 8 12
t/s

B 4-2 ey 7 @1 J B 1A R Az
Fig.4-2 Time history of tank force in Y direction

Kl 4-2 JEoR TR y T R IR (R JORE, IR T LUE BIFERT 45 N, VRAR
52 S VAR A S8 37 3 8 N, 32 i VA R IE DT R 2 a8ia 5, Haz sl e
FEBWIH K. 1 4s ALIEE]|—A> 374N HIMKIG(H, M5 32 1B WitasE, HAJE
VRPN . = A A PR BB AL A AR G i SR T I I AR, sl ) S A
R—F, PSR BRI LI BRI & o X U0 SR A 2 B A8 AR 4 s AL
X i

Kl 4-3 45t 1 3.8s I %15 19.2s I 2% 5 SLR R IR L, 7E 3.8s I 41,
WONE T R KAESN TR y 2RI T 72 T MR A 583, KIS AE M BENC T+ 21 1 4%
TR E, RURERL ok BUEBMRIZIEES 5L A&, £ 19.25
%], Zeid— B R RE, WM VR e S8 R 1 SE T A Y T A S 5
FEWRE A T — > BRI o S AR KT A SN ) ik, X — IR MPS
DI ARG A T HI K

%
%
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a)SEih A 3.8s (). 19.2s (£ Mk
a) The flow field at 3.8s(left) and 19.2(right) in the experiment

I 1.8e+03

— 1500

I 1000

— 500

Pressures

0.0e+00

b) dp=0.005m HfE 4l H 3.85 (££). 19.2s (F7) iR
b) The flow field at 3.8s(left) and 19.2(right) in the simulation when dp=0.005m
B 4-3 35 BRI 0 A 2T
Fig.4-3 Comparison of flow field between experimental and numerical simulation

NIRRT IR EE R SR A3 B 32 0 # Re S 5L B v &, ERUARAT T
I E T LUE H, =F AR IR Z i i KB AT, {3 dp=0.006m KT,
528 30 TN NS v i S <o N1 SIS T AT O ST W S T R SN 9 A A
FIHI 53 2 AR5 75 M - dp=0.005m. 0.0045m f1it 37 ERILE X B 4N T #1A 1R I 2R 8L,
AR SCAE JG SR BT LR T dp=0.005m X ANk PR EE. ] 4-4 Ay 2.28 B Z] =AA
AR (] BE B3z 5 LU, AT DLBH R R EOAS [F) 3 B UG AR 2 06

22e+03
I: 2000

— 1500

I 1000
500
; ; : [ 0.0e+00
a) FE4ik A B (dp=0.0045m)
a) Fine particle(dp=0.0045m)

Pressures
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2.2e+03
I: 2000
— 1500

| 1000

Pressures

— 500

AT

ey 0.0e+00

b) &G 4ERL A & (dp=0.005m)
b) Mid-fine particle(dp=0.005m)
22e+03
[ 2000

— 1500

| = 1000

Pressures

G
(A iauate 05!

— 500

AT 0.0e+00
c) HKER 41 & (dp=0.006m)
c¢) Course particle(dp=0.006m)
B 4-4 2.2s B 2] LR B BRI A HL
Fig.4-4 Comparison of flow fields of different particle distance at 2.2s
Kl 4-5 Rt 7 =R R ) EE R THELISUR (], T DA 38 BE A R ) B
(RN, SRS TR B T KR B ki[RI FEAE 0.005m INF, TH 5N A ZE 30000s
FAa, TPRLIR]FRER 0.0045m I, tH SN (A8 C ik %) 1 45000 LA b, HL b, if
AT N TR YA R L [ =1 = 15 S B = VA L2125 A N TR . A e = W
I, B A I ) RO ARG o R R R A SR AR SR N, N T IRIE T RS
I [A] P A AR B /N, THARLN TR 2tk — 2P ) g
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50000

40000

30000

t/s

20000

10000

0.006 0.005 0.0045
dp/m

B 4-52.2s ~F) 42T 18] BE 4 F 0 JE]
Fig.4-5 Calculation Time of Different Particle Space

4.2 5 CPU M A KRSt B AR

T U GPU SRGZRHIIIERR, A/NTXT L T MPSGPU-SITU KfE#s 5
MLParticle-SITU K&K B AR, 58 NARBA | IR I CPU FitA MPS
Rfgas. WMH TS E—THF, KRR 0.005m, THHEFTHT GPU %4 N
Nvidia Tesla P100, HS#{EFE 3-2 F LA H . CPU 4N Intel Xeon E5-2670,
KH 10 B HAT I .

400
—GPU
----CPU
200 A
S0
—
o
F
-200
_400 1 | 1 | 1 1 1 |
0 5 10 15 20

t/s
B 4-6 GPU 5 CPU Ty 7 &% 7 it 18] 42
Fig.4-6 Time history of tank force in 'Y direction

K 4-6 gy TR ST E ST RS RIS, WA B A T
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SERWIERAER L, TEAT 25 WARFAEXER, —FHMZ ML) L FReEs,
AP HIER Y e, “EEUT RGN BA TRl =6, XU T kA
MR E, FAARLFE s A RRE S AL, (HEk B EAEE N Bt
MPSGPU-SJTU K fi# % 5 MLparticle-SITU SR 8 7T+ & 10, K B 2= RIA K,

FER 4-2 e T PR R RS THE S AT EOP BRI o B[R], DR e
2.6 NTHRITHEDER, WERFATLLE S, B HERRES step BIE 1A 77 2
(SR A AT B AFEI R4y, 4 7 BN TH B 80% LA L[ TSR] . 20 GPU B,
FF—AMP IR T B () #1453 2 1 ORIRAA 50 . £ 4-7 R8T GPU THERIINELL,
BP CPU it&iA1S GPU {15 M FI LA, AHXF %I4T CPU KiESs,
MPSGPU-SJTU KA 1T R EA S| 1 19.24 1%, HHeKRfE PPE BIhniE LA 3|
T 19.44 £%, HAI RN AR T 18.06 5 A 4. RIETHELLR, £ CPU +
IFATTF BRI R A% T B 9 5 BA L, AT L GPU Il B AR g ok 7 9%
TN BN R

% 4-2CPU. GPU it atiH (#4%: s)
Table 4-2 The calculation time of CPU and GPU (s)

CPU GPU
stepl 28262.64  140.4813
step2-3 14831.21  7371.991
step4-5 2642.54 3500.408
step6 521697.2  86805.01
step7-8 10723.12  3019.813

data transmission 24892.07  4495.293
total 603048.8 105333
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25 -

20 |- 19.24399 19.4428

18.05969

15 F

I

10 |-

total PPE other
A 4-7 GPU Anig kb
Fig.4-7 The speedup of GPU

4.3 A~[=] GPU 1% & BY1&E A M 36 E

AR E AR T HAMORIFEIR GPU 4%, Nvidia Telsa K40m LA Nvidia
Tesla P100, & fERRfF44H EAFAEIR R ZESR:, Wi N 2013 G kALl B 2
R, RH Kepler 2244, TG4 7E 2017 £ R A, K BB T Pascal 2244 . 7L
i), A LA TR KAIHEH, CUDA KIRAHH 6.0 BH £ 9.0, ik, H
FXF MPSGPU-SITU KARESAEANF] GPU B4 i id FH M AT SR AIE .

400
—P100

200 |

Force/N
(=]

(3%

200 | tl IR

-400 . 1 . 1 A 1 A ]
0 5 10 15 20

t/s

B 4-8 GPU 5§ CPU Ty 7 &% ) it 18] i 42
Fig.4-8 Time history of tank force in y direction

THE T AR TS /NIRRT, BuiE{E A 0.015m, U AR N
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7.536 rad/s, Fiy-[A]EE A 0.005m, THEEEZEK N 0.0005s, 115 20s sl
[E] o

Kl 4-8 XFLL T PIFH GPU W& K152 ) y J7 & it R R, & & it Hl
LHEARFES, RAEEEF BTN ZER . 78 4-1 v P100 HTH 45 R 5 st
Bl O AT TX, WA RAF, FURTE K40m b, SRAESS FIFERE SR i it 5
WREFTSZ 6 770 B4 GPU W, X RBISIITHE L RIEA G R, KRAGISAE
ANFEZERI GPU A R E M

4.4 REING

A i MPSGPU Kfi#s, 2% Kobayashil'\szig #E47 7 HE AL, Har
T BRI I BE Y, £ 7.536 rad/s 413, 0.015m HE{E IR B T HEAT T it
.

B e T S I N = AN R R PR AR R SR AT R A BRSO R BRAIE
FAELE 45 SR 5 5B 45 o L, R BUAS [FDRL7 [ BE T U T 53 45 AR R I i 1 5
SIS LE R A, UESE T MPS J5iEAEIRX — [ B R B AT SR . TR DL i
TNYHT H BE R A AT RS, R T PR E] R 0.005m 1E g SR AU v B R RL T[]
RS

SRIGRTEL T MLParticle-SJITU 5 MPSGPU-SITU K23 (I E 4558, X T
ey HEEMTF RS RRH, SHITHER AN, EirERCRE L, &
GPU JiniE, MPSGPU-SITU sKf#gs 5 CPU I IHATIHEAMLL, ME ks 7 19
(N

e 7 RARERAEA R GPU 54 ERE A, 4R EW, MPSGPU-SJTU
RIGASAEAFZER 1) GPU _E#8 W] AT EE LA, T 545 R HA S AR & 1)
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0.005, 0.01, 0.015 08, 1
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Fig.5-3 Flow field of 0.8 @, at 25 % liquid filling rate
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Fig.5-4 Flow field of 0.9 w, at 25 % liquid filling rate
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Fig.5-7 Flow field of 0.8 w, at 50 % liquid filling rate
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Fig.5-8 Flow field of 0.9 @, at 50 % liquid filling rate
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Fig.5-9 Flow field of 0.95 @, at 50 % liquid filling rate
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Fig.5-12 Flow field of 1.2 @, at 50 % liquid filling rate
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Fig.5-13 Flow field of 0.8 @, at 75 % liquid filling rate
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Fig.5-14 Flow field of 0.9 @, at 75 % liquid filling rate
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Fig.5-16 Flow field of 1.1 @, at 75 % liquid filling rate
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Fig.5-17 Flow field of 1.2 @, at 75 % liquid filling rate
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Fig.5-18 Pressure time - history curves of single peaks of 50% liquid filling rate at P2
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Fig.5-19 Pressure time - history curves of double peaks of 50% liquid filling rate at P2
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Fig.5-20 Pressure time - history curves of single peaks of 25% liquid filling rate at P1
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Fig.5-21 Pressure time - history curves of single peaks of 25% liquid filling rate at P1
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Fig.5-22 Pressure time - history curves of Nonlinear flow of 75% liquid filling rate at P3
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Fig.5-26 Flow field with excitation amplitude of 0.015m
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Fig.5-28 Flow field with excitation amplitude of 0.025m
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Fig.5-29 Pressure time history curve at P2 under different excitation amplitudes
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Fig.5-30 Maximum pressure -excitation amplitude curve

5.4 Z N T A

FE=gER T, SHIURZ S “4ERBAF ISR, BATIRZ N =Z4ERN .
RIS RET, SEtgiash, BT REAR TR PSR 7 HAbLT
Mtz s, BIanfe S0%EH T, BUmI=EAN 0.950,, HUHIE{E Y 0.015m i,
DLW I 5-31 A =HERON IR o 1 T T = 4RO BRATIE 50% % £

- 54 -



AT R A AL S

BT ZHWHTH: £080m,. 090,+ 0950, 11w, 1.20, E5MFHAT T 8
A% 0.005m & 0.015m MUBLALL. AT XA A RFEAT LR, T = 4ERR R
A A DA SR ROEEAT WA IR

B 5-31 =4
Fig.5-31 Three-dimensional effect
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Fig.5-32 The conditions in which three-dimensional effects appear
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b)t=24s it Nh2E A
b) Longitudinal section whent=2.4s

c)t=2.6s IF @A
c) Longitudinal section whent=2.6's
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c) Longitudinal section whent=5.4s
B 5-33 s
Fig.5-33 Formation period
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b) Longitudinal section whent=8.8s
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Fig.5-34 Growing period
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a)t=11.4s 83 @ A
a) Longitudinal section whent=11.4s

b)t=14.2s B4\ @ A
b) Longitudinal section whent=14.2 s

c)t=16.4s B 43 & B
c) Longitudinal section whent=16.4 s
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d)t=19.2s i3 &@ A
d) Longitudinal section whent=19.2 s
B 5-35 #4%H
Fig.5-35 Stabilization period
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B 6-1 7 A ah JUfTAR A
Fig.6-1 Geometric model of the square tank
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* 6-1FH s
Table 6-1 Calculation condition

Hopx  BEASE AR TE RAKITE UEM LIRS

d/B o, (rad/s) () i) Ax(m) ol o,
0.005, 0.015 0.8
25% 7.263 318190 322014
0.005, 0.015 1
0.005, 0.015 0.8
50% 7.805 636380 628694
0.005, 0.015 1
0.005, 0.015 0.8
75% 9.566 1022270 981376
0.005, 0.015 1
6.3 LR 71

6.3.1 25%% m =

25% B IARBLN IR HR X 5835 IFZ AR K o
£ 0.8 o, PN , /NFUIEAEL T, PRI KT B9 5 % BLR AR H s (L
K 6-2), JKAFEATHEIE ST, M A BARE /N, REAE M KIs2m T L2 ATt
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Fig.6-2 Flow field comparison of 25 % liquid filling rate, 0.8 @, excitation frequency and small
excitation amplitude
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Fig.6-3 Flow field comparison of 25 % liquid filling rate, 0.8 @, excitation frequency and large
excitation amplitude
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Fig.6-4 Flow field comparison of 25 % liquid filling rate, @, excitation frequency and small
excitation amplitude
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Fig.6-5 Non-dimensional pressure-time curve, o/ w,=1.0, small excitation amplitude
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Fig.6-6 Comparison of flow fields of different particle distance at 2.2s
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Fig.6-7 Non-dimensional pressure-time curve, o/ ,=1.0, large excitation amplitude
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Fig.6-8 Flow field comparison of 50 % liquid filling rate, 0.8 @, excitation frequency and small
excitation amplitude
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Fig.6-9Flow field comparison of 50 % liquid filling rate, @, excitation frequency and large
excitation amplitude
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Fig.6-10 Non-dimensional pressure-time curve, o/ w,=1.0, large excitation amplitude
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Fig.6-11 Non-dimensional pressure-time curve, o/ a,=1.0, large excitation amplitude
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Fig.6-12 Flow field comparison of 75 % liquid filling rate, 0.8 @, excitation frequency and small
excitation amplitude
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Fig.6-13 Flow field comparison of 75 % liquid filling rate, 0.8 @, excitation frequency and large
excitation amplitude
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Fig.6-14 Flow field comparison of 75 % liquid filling rate, @, excitation frequency and small
excitation amplitude
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Fig.6-15 Flow field comparison of 75 % liquid filling rate, @, excitation frequency and large
excitation amplitude
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Fig.6-16 Non-dimensional pressure-time curve, o/ w,=1.0, large excitation amplitude
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Fig.6-17 Non-dimensional pressure-time curve, o/ »,=1.0, large excitation amplitude
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Fig.6-18 Pressure comparison of different measurement points in square-section tank
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Fig.6-19 Pressure comparison of different measurement points in cylinderical tank
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