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Abstract

Abstract

Smoothed Particle Hydrodynamics (SPH) is one of the main techniques to
simulate fluids. Compared with other fluid simulation methods, the SPH method has
many advantages: easy to guarantee the mass conservations, easy to capture the
boundary, and easy to simulate the coupling of different materials, etc. Therefore, the
method has important applications in visual-reality, computer games, animation,
special-effect in film and so on. However, despite years of development, the SPH
method still suffers from serious numerical instability, which limits its use in
application: (1)The interference between pressure and viscosity solvers leads to the
poor stability of the SPH method in simulating high viscous fluids; (2)The SPH
method suffers from the tensile instability problem, in which the particles will tend
to clump in pairs under tensions and result in a bad visual-quality of small-scaled
features, including droplets, streamlines and sheets; (3)The physical fields and their
differentiation of fluids are all defined on the same particles, which will introduce
the zero-Energy mode and exacerbate the tensile instability further; (4) The accuracy
of the SPH method is easily affected by the non-uniform distribution of particles,
which leads to the poor stability of fluid simulations. In this thesis, relevant targeted
research has been carried out to address the numerical instability of the SPH fluid,
and the following progress has been achieved.

For the interference between the viscosity and incompressibility of the SPH
fluids, we introduce the SIMPLE (Semi-Implicit Method for Pressure Linked
Equation) iterative algorithm to the particle methods, which can effectively suppress
the interferences. Tests show that our method converges stably and only requires a
few iterations to generate high visual quality results for large viscous fluids. Our
method is able to model remarkable viscous behaviors with a good property of
preserving sharp surface details.

For the stability issue of SPH fluid simulation, we propose a dual particle
framework in the SPH method, which divides the standard SPH particles into real
particles that carry velocity, and virtual particles that store the pressure property.
Based on the dual particle framework, we devise the projection algorithm to enforce
incompressibility. Since the introduced virtual particles can narrow down the
unstable region for particles under a tensile stress state, avoid the zero-energy mode,
and suppress the effect of particle perturbation on fluid pressures. Our method can
weaken the tensile instability of the SPH fluid, and improve the visual quality of the
small-scaled features of fluids. Besides, it is found that uniform virtual particles are
essential for fluid stability improvement, so a GPU-based spatially adaptive virtual
particle generation method is proposed to efficiently obtain well-distributed virtual
particles.
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Since our dual particle framework contains virtual particles that can be used as
Lagrangian particles or Eulerian grids in different simulation strategies. Therefore,
our dual-particle framework is compatible with various particle simulation methods,
such as the original SPH method, the dual particle method and the hybrid particle-
grid method. As a result, a general fluid simulation engine is constructed in this paper.
In a comparative study using this engine, it is found that the particle distribution is
very uneven in the hybrid particle-grid method. Therefore, we propose to use the SPH
particle shifting technique to uniformly distribute the particles in the hybrid particle-
grid method to improve its simulation stability.

Key Words: Computer Graphics, Physical Simulation, SPH, Viscous Incompressible
Fluid, Tensile Instability
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Figure 1-1 Fluid simulation methods.
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EIE - IR J7 AR AT R R R 22, AR AR e U ORUE TR AR I AN T R 4
PEo Jvit—Bdw PCISPH 53X —1HRSRIS I TH AR, He S0 70 i 5miA
Fa 7 RRA5 3 7 AR A e 3 e s sR MRIRAS 7 18, 1% 07 VAT DA ey < P -2 1R 3%
ARSI S E O, Oy T B BB BRVE R 1, Bender &5 A TE1HE & %
LY AN, ORI A Tl 0 FE G B A9, B B U7 VA #E FR O DFSPH
(Divergence-Free SPH) P71, MILLZ A7, DFSPH % RENS 345 5 45 50 (¥ ki
TorAn, EPRUSICE A, AT U BRI aE K T E .

2) B, SETIREFENITEAR, Hiikgdd R mam
RELIFAAATT R gt 771 . AT TARE TR T, ke IR1e E
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Rudman 7E 1999 EAGX R VESI NS T SPH bk i (AP BbE,
Raveendran 55 A 1K PCISPH % 5 M B IES &, HILLR R PCISPH VA /I1L
SO ENN, SRk — D IR AU SO S Re e 1, Markus 28 AU H T —
Tl (0 B B s A 7 RE A 7RO, B Rk O TISPH 5 (Implicit ISPHD, %
T3 E T 7 W B R T 1 AR AR T O SR A . 9 1 S YA ST AR L ] Ak )
A, FFUCERAMEIELE MR M, He SAERSEF I TR “4
Fipi - U2, i TR BRI 5 A0, SRR ) BR 2 T 0 2%t 7 =Xt
SN BRI B SRR S M AU S A T R s P 193 R Yang 28 A%
T Nair 25 N T 250100, It B 5T N2 T SN LR U
BT o X PR TF E AT SR T EAM R 5 T 5280, 1 BT LR e e
PR SR A S SO T

3) SPH ERIHBEATAETE. B EOSUERAER SPH I LR i 2 41, A
FE AL ETIBPIF ARG SPH WA T N T AL T 5
IFE, Macklin 2 A\ SPH 5 H T B [E 44 #) PBD (Position based dynamics) 72
071564, 1537 PBF (Position based fluid) #:1%, PBF {:AN TR R fif & 07,
Al R R B IER AL E . AL TARHE SPH V%, PBF VA EIAA ™%
BT T7E, ABTF BB TF B R E . SEINH S, EREAE Realflow 55
r A s N, 2 5, Kang 28 AN E—0 ki 7 PBF vEBY, ffi75
SR TT VA ORUIE 55 BETE RE 25 A I RN, 1 BB 3 a8 3 5 37 B TGl R 2% A, s 1
J& PBF IR F- 2045 « Weiler 25 A4 ¥4 SPH ¥ 5 Projective Dynamics 2 0I5
& T BTG ERAR, 155 T Projective Fluid 111, SARUER SPH EAH HLER,
Projective Fluid V5 S i IR EE . A m Ui SRS IR, Sin 28 K Voronoi &
SINF] SPH #5532 rp 0, 3R 5 ke i Aok 775 15 s ok 8 37 Voronoi B, FF:
£ Voronoi B _FEHEI B I B, BEGE T IREERTHER E Si0e M.
Goes FENAE Sin 8 NI HEAN B, SEFHEET S Power ISR B HUL s sR i #4
TR I, R T s B Rk R LT NIRRT AR, Zhai %%
NNHE T B IERNCRFE DL GPU I SRS LA 1 25T Power IR H 7
RIS, X IR N 1K SPH KL T-1E MR FLIP 375 Stk o sems 12, ol
KIEFARNT B e, A RCHE 2 AR IZsh 475 .

1.2.3 SPH &G4 KR

RGP A B R, SR IR R AR OBREE), Hifk
P aef 2 H B B D) S R IRPTIR AR AR o Tzt s S R i IR AR AT A
DR MG 1 1R SR 5 152 SPHOVE IR AL 22—

1) SPH ¥EF KRG MERABTIETI . SPH VLT 12 RS IIRG SR A 7 v2:,
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Forr, XSPH VA& — M |2 A% FH (0 N ORGP SR g 7572 %0778 - FH Monaghan
SR UBL, gl R E  HEAT SR ISP I TS, AERAAIRAT T TR
PERZ R IE . 207 BRI “ORTE” BOR S FSA R R YA 20K, ik
BRAUARAE PRSI, (H e AEROR PR R A, R BT it AoRL 1 (1 = A
BeER RIS AR, R i AN Y R R R S TR AR Bh
J1EEJ5RE, AEH SPH KL T B HUT REH R i T, L 7R R R R AR T
B> WSS ORGSR AR 2% ARG B 0 EORE 13, RS BLADURE P Ik 1
W2 IBERHE, EIERIERREVEIR 72, SN 1A D ARG 14 2 40 R I UK AE
T L KA. O 1 R, A BTSSR T R SR A AR R B
(MR Wil SIS O E - S ol SERw L Cpy W RPR S hiek 2 S/ S NV Q4. 4
YR B RS IDURS VA2 I s 2 48 2808 5 s 28220 1210, i L B i 20 K 5 R v R
I BRI, TR MIR REE A 8 s SE BT 5. O T BB RG Ik it 4k A s B <y 1E
Fith, Bender 55 AP 1 I8 TH BRAF € LUAT] ARO3E BEAR LR SRAT I ARG P 1R 5 1%
BTl 2 R S R R A B AR R/, TR T A A b RALLRS AR 0 1 25 4
OS5 s WAL o SR IZ A A AL BAT B ROSCHRVE R B, X hid
JRAME o H R SEAL R S0 e S ik Y B ORGP i Weiler S5 A2 HI 1,
VAT I SO T RSl B R ORGP TS B Ly SV, 643 SPH (RG 1E
THEAM S T2, M H RS2 S,. BARHHIN 07 L 4i R

2) MERBEE AT ERERBZERRES . K2 HAT kA 1 £ 5
e, ORGSR AR A% 5 AN T S 45 SR A5 1) 35 0 A P B VR S R & 17300 116,
SRR N T N[ PRGN e 2 SN L PR RS = vl
KPR RIS, T ERIRRENE . BT, Peer S8 AR HIEIE H
SR AA TR 37 TR R SEDLRLAARAS AT I 28 1 S5 RGP A (RTINS SR, ) A3 20808 e 1 = [)
g RO 1231 8 T bR i) SPH AR e FHER 3 B o ik it o gkt g a1 - 124,
PR SR 2 PR s R A AT S SN T E BB RE AL, SRR TR
REVETAA AT FRIARE T o AERRAL I RIE AL B 7E s Larionov #2 M 1 kG
AT ISR IS8 SRIE TR, TR R — N2 AR G0 SRR PR AT A R e 4 1k
FOVEFILY, H T3 1 AT i vk S R T TR ek 5%, DRG] ARSI R B o
R IR VA4 o F AT, XM e — SR A5 T8E G SR A 20 BR 1R) 3 5% H) SR
TERRAL R B 2 (g e 12571270, (HAZ IR SPH ¥k APk 4R 06 R 1K)
AHRENE, XEETVERMESI S SPH it .

1.2.4 SPHREMHEHEREMMR

SPH ¥t M 07 B 7 1 A 1E 25 5 22 IO BUE AN e B RS- 1241, 2 Sl 2
AR LA R, N0 AL E ES A R E Y ) Sl SPHL %Y
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P ARUANER € 1) LA A SPH EAS 5 S I — kG B2 1) )

PR REE L SPH v Hh oAb FR A — MU 1 5 i O 2l B RO R
AT RS T, MR RHRL 2 Rl . Wi S5 im i, SEMRIRIES T
VRAERR PR R AR . FETH RN BRSO w7, T £ AU R e
TF R 5% 1 58 R 3B S b1 ) HH PR BRS g, 7 AR i e A 10 A ) g 173 8-
VO E X SRR AR IR 22 /N R EE S S, SBOLRMERC AR E « 18 B
WIS . 2 MEESEE.

PRUER SPH YAHE(ETHENR FERAC, SEURARIZIIATEE, Wi LA
o X A AE AR A R A 2 SPH AZ R EUH — AR RS B iR . ik
ORI 7 AT AN SIS, SPH % BRBUSAS P 2 H— Ak 2% AF; 34T SPH VAAE
ML AS B 502 N 7ok (Kronecker delta) J@PEN24, BRI 32 SR 3 (R4 7
ARG 1) U S IR T — 2k . TETFRENLEIE 4, X — R E AR e
v 0 PRI 98 P A8 K O A 30 A B 7 9 LR DRI S (LA 1 M R s P 7 T, DA
A IX P 7 T 8] R 2

1) DA T SPH v RPRLF-4R 3 i Bl 2% in) il 5 250 3 2R 1 Pk
R R 25 BEvH AR G o X IX— Rl @, Schechter $& H 178 A4 3 1M B T 35
SR RS RERL T 7 vEU28 Si b 56 B 5 A SR AR TR AR R 1 A AR 3T
PR Y R AR T MR 2 H s I AR UL, DR A KP4
(level set) BRFAE 1T 2% T UL (k125 L0 UG 598, IR 5 vk Re i ol (4]
oL~ AR el R 2 ot Ao PRI R S o A ] B BT, AR IR Ok ] @ 2> R A 5
W, 25 B BE I GBI A AT R AN 5T o G R R T
TE [ 44 Y 3158 B [5 ZS We R BT (Ghost-solid particle) 521 5 i VT it 44 RL - F AT
s K i) 102 122 132-1351 i o — T 3 7 R B K B TH BRI RD R A7 o A AT
2L 3 5 5 925 T AT S8 G b 3R g i it 7 136 1371 52 5T 3ok Al Y T H (meesh)
RSN N ik N AR ey & A K N U R O S WS SR I 27N N s = 8
SRR 18 33 2K i) 20 4 o

2) RIETEENSHIME. CRIUE SPH VA (E RS W 10 (ORI 0 W] LAY R, — 3K
FMBEBIERFALE, @R oA B S kP 8 R ) N E S
M E TR 7, etn. @ R T AR H T AR B IE SPH % eR AL,
fRAE SPH MR B IH— 1L 4R, DLR 51 N 5l Bt /s — ey Ak 485 R RS it
40T H R . IR ST VLR A 3R i SPH LI B RasE 1k

1.3 WHRAR
A TAEFEERISE N SPH WA B EUER M AR, JHE S0
FUTAE] SPH yE RS AARKG M 5N AT R 4a T A v o, o5 AR TE RLHUIR S R R
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EVER 7% BARBIBE I AR W R .

(—) HFE SPH MM T R R BARE AR AT (1) ACRET@&E
FFHMEART E48 SPH Tk ) SIMPLE %R . SPH VALEBIBUAIART, — MK
ST 0 ZEE K IR IS 1 5 AR ES Aa PR IR o AR, IX AU
WG 2 FBOURAR BRI T 5L 5 AN AT IS4 PETH L 18] AR o 5%, SR AR b R A
FEH T, ™ ER W ORI AR 07 AR E k. B, ASCsI A JF it 1
SIMPLE (Semi-Implicit Method For Pressure Linked Equation) {5, il %
PUARANT] A v S5 REE HEAT BAIE AR T 3K, IR P 2 TRt X Ee
BRI A ST VA REW A E S, i B R R S5 T B AR R AT 2 2 32 i KRG 1
AT R ENE, (ERAARENE ™ AR BA . B BRI, AR E R RRIE
Ao (2) AR THET Cross A KA AR ARG E 7%, T AEA B
RHPREVE 2 R A RIR AR, B 5 BT RIATRE . AN EEE Cross 15
M, et 7 SIMPLE SLiE RS SRR 15 7%, SkBL A B VI Mt ik 87
DTSRRI A AE RIS R] 24T AR E 11

(=) SPH AN MHAREHBHIBIT: (1) 7£ SPH EH 5 ASHMERLTAE
B¢, SPH AN H Tk AR LK, h— B2 B R A E a4 . 1X—
HAETH AR E 1) H 2 T Bom AR 777 A AR, A A xRS A2 L 4 15 12 AT )
TEAS . Mihizin) @ 2 E S SRR N LREEMBEN TR, (HixXE)7:
AR ME AR e OB AR 2 L b2 RIRSE/ DRI . il A g
SE I, SRTHAAAR N R TR RS E M, AR SCAE SPH A ST T XL 1
HIREZE, KebrdtER) SPH KLY 70 0y B 1R Je P ) SOk A B A T ot g 1k ) R
B o T AAN 51N RERL AT LA/ SPH VK R st b TH B B R AR AN AR g [X 4
TG RE IR A, DR TT DA R e AR R B AR E 1, EMTER Ry SPH K
TN R4 0T AR E VR . (2) R T RAR SR T XMERL Tk 7 E R
HIBE I LEHEATRMERL T I3 T 5T b B, RE WL IR 7 SN iR AT v
AR W ARG, T A SALLT R IR B R AL 7~ HE A 7 T BE NS 25 R Ui
R RREYE. DR, ASCIRH 7R T GPU 7 [A] B & B iR PRad A i 7 i
DA v 2850 1 O b S IR PR R AR

(=) RHETIHMERFIRRE AL TIER AN 5% AR I R
TR A S R T, AR R B H AL R T, ] 1 9 Rl
FR RIS o RIS SCHR HY DB T HEE RES e bt SPH ¥, XHlKL 1
i KL IR AR ZMRL 07 BT FET I, ASCR T — ANl A
PR 518 . FEA 2 5 Bt AT O LU 7 i A B, BT PR TR Bk ok 5 A
WAL Fk, ASCHREHAERH SPH R T BB IEH R (Particle Shifting) LAY
SJH T ATRL T PRSI S AT R T, B0 T ISR E M.
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AL GERI U

BRI IE LI 53 o %R T A SO R T S SRR
AU H AT RN S SRR, IR T AR ) 32 A 5T LA

5 BRI TR 5N H . BB IESA R A1 SRR S 1
WP f8H SPH iESCHLR AR LA SR NS . SPH 5 I B Ui 7 vk

iy

4
=30

oit

S i

£ =T UHe T A SPH S AR ARG PR SR AR5 AN AT F 48 P R A 2 18] 5% R 92
TAE. ARZEFIRME SPH AR FHIEE T SIMPLE IERAE, FRINK 171X —5Hik
FRVAL S, 855 BN HP IE B 2% 7 925 R S 2 1 v ORI I A A 1) 47 LR e 1 & kA,
AR T — P 1 RR S OR SRR S, R H T BT Cross R4 (1) 9E 4 i
AR R U BT

SEPUESE T SPH AR AT B V. ATEVHE T SPH Ak i
AT PR BRI, BRI T R HI R AN RS R R T AESE, BT XA
RLTRESE R T VIR MR A, JFIOAIE T 37 5 iR E M R A Fa e R O
P BT T A A . AN, ARTEWT T REAE GPU AR AR s 5 40 A
KL T 7715 FEAE S5 B SAIE Y B R DR R T 0 A 138 S Ve S b i A O B
PR BRI o

5 AL R RS TR TR T — s B AR 5 %5 B AT A bR
SPH .. MHERLFIE SR M IR A LS SRR T4 SCENA T 5150
SEELEERE AT B s 5 i T NS BRI, JFRVT T PIC, FLIP. NFLIP
SERLT PIMEIR B2 R AR I S e e, ARFTAE MR AN %A TR
WEFE T SR 50T XA TR AV I X1 6] B R BRI AR TR A i o 7 (1)
MAEH AL Nk, ASCHRE TR SPH K07 B8 IR LI )43 Ak
TR EVEP BRI, BGE 1T IEITE R AR E M.

SN TN ARSI AR BEAT T A, R T ARSI AT S TR
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$28 MMTUESRES SPHE

21 51F

AR BEAE HH 2 S IOWRE R T, AR 32 R T MRIOUURL -~ RBE 23 A 220
TAARIZ B I R AR, 3 2 ) SR I A 32 S A o T S R B B A ik
MR HBEATHE T, X BRIy “HEEEAN PR, HE T B @ sn i
IR R R PR NS5 /1% (Continuum Mechanics) B71, #4455 1% 2.
W AR SE R, DA R E S $5) . TEIRIBR T SR R, I
FOATHEN 2R 20 E TR/, AREROU Bi KT & REE RV B A, s
BV RE LN )5 R A B, HL & & LR Ak R rh B e
flan i P e e ShEsF M. RS IH e ST EEN ik,
B TR REZ A A T BRI 5 NAS RO N OC FR, BRI TTHRE . 258 Rk
AN TTREM G M A &, MR shdt T e TR AT

SR, IEBEA RS T AR AL T R A2 AR M B SR AR ), — MR 24 ek
(R EE 3 5 5 o R AT Bk, ASEE SR B TT B A A AREUT R 2 J5 A4 g
G RAR. SPH AP EH —ER B, BN EHA B E T, 7T LKA RI3)
BT BT RN EEOE A, B ERA AT R4 SRS EE R R
23l AL IE .

AT 5] NTAR T )5 IR R BAR , OPREPE AN T R 4 it A4 i) B s 28 K L AH
REFIERFAT R EZN AN 1. BEE, AERANEMH SPH VAL A B AR
P2 S B R T =

2.2 Y1385, MESHE
EESENTR 1T, — R EMEE f 5S2AME x X RER, Bl
fx), WHTRIEEYEE R SR04 BT “ESEAN TR DM RS HiE
S SRR, R AR I B BUE AL — 58 25 R N B 2 — BB SE R, AR
RS W AT — o . AR SCH PR — I B 2 bR EE AR, DA
TARIX R TR
1) BERE . AR B0 SE R a] R, o 55 B4R B 5N 1 B AR
et K H 7 ), X — 5 m) Al s A R FE SRR (& 2-1(a) AT ). %
T AR £ (0 R XAt
of of of
V60 = (5 3y’ %)
HvEEE T, EREFRENREZ 72 R KT B WX =485
R RES (X)) = (f, g, h)REGE, NA[E3]— 2 rike:

(2-1)

11



T LR AN T e i e 4407 SR SPH VRSB AR € VERT 7T

of dg oh
ox’ odx’ o0x
of dg Oh

VE(x) = 3’ 3y 3y (2-2)
of dg oh
dz' 0z’ 0z

2) BEREX . SATYEE A TR, &I AN KRB R
HORRE (N 2-1(0)Fr7r), Rt f E Gl N RIS . o RAE =4 a]
—REHX) =(f, g h), HFREULE LT

of dg O0h

V'f(X)=a+@+£ (2-3)

A% TR, B THEL R S 2 (Al A B R AR H N R R R 5
N Fo AR XA S 7 [ ¥R Mo s, IHELEY, - FRIBUE N 45 o mARIE X
N HE) 5 R BT Ro, WIHUEY, - fFIBUE N IE: HEUEY, - fFIBUE N E,
TR IAE Rl o B SR XAk Y, 375 1) AR ) Ak 3 ARG

3) BMESBERRR. 4ol E XS EChigfshie L, n1E3)
EESRIHEE T SR T X MK &, H:

tr(VE(x)) = V- f(x) (2-4)

Horber (VE(x) NFEFEVE(x) T o

BEEITTE “HRE VI —

BE B 5 5

V-v>0 V-v<oO V.-v=20
(a) "4 == E| R RARE SRR (D) == A RREHIIBE
B 21 SRS

Figure 2-1 Gradient and divergence.

2.3 REEHEEHIGIE. TAEREMESHME

BT BN BRES R S B I € S, T LA LIRS B s )
P o AT TR 22 I FE A PR —— AR RS T iR ShE TR AT
R4 P2 A =05 ThT AT T ZE A

231 EEMHTE
FEESEA TR 120, AR & IESE R B SR, DR R T A &
P [ 5 R AT 3 T SR R g e S A Aoy SR A e o JE T S % AT LAHE S 45
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PR EER R — FUETEER. T RRX —ERHe.
CA=4E == [ o], BCAAERT LT o 388 1) 22 18] AR A AR — AN BN RS P 251 Q,
Pt P [A) Qe (R ARk 5T 2 (e i P e el - B PAY 3 P2 AR A R AR 20 3R A5 -

om = f17, 2% D ay (2-5)

fEL MR AR, FURERA S SRR, I TS 2 man
Joi B R A AR A ) L BT R BE A i N BT S A TR Qi ) . BT, AT RAAR
hn T~

6 ,t

av = —¢p, pu - nds (2-6)

E*E‘Jni‘aﬁlﬂ?ﬁidsﬁﬁ/ﬂ%ﬁﬁ uﬁ*}fﬂﬁ’h@“ Y, p MBI ES . HEUEE
H(fp,pu-ndS = [[f V- pudSd, b A5G IA] 3E— 5 505 i 8 (RS T
=i

17 225D 4y = - puas @-7)

Hrp, Q] DO RAARA iHj(EI’JiTI?ﬂ A, [Atn] DB e IS [RIQTE 55 70
/J\@J VREFRHR — N JH:EIJIJ:LjD/\ﬁ%%jJ MMt iR, XA

EEN TP REBEN AR — &g, AT,
dp
2=V (w (2-8)

232 EhEHFE
PNAERTHE 7T FE (Navior Stokes Equation), % NS 7, f&fdiiikia
shriEs g, HiER0N:

Du
— =_V V- f 2-9
p . p+VvV-t+ (2-9)

H, u RRARREEY), AChefE =4 EALIRRT x y. z BT R
BN v wi pREIAII R FRRTUAIT S BIME D) B0 1R
M1 0 255 A A2 5 IO T L 7 0 I TR IR 280, AR RS B F AL T i Bl AR

GUOTERE W o0 = 28, HHRAR, —VpBURA R R 18, IE
AT AFAEARAL T AR AR T RS TV - DRI IR (R, oAt
PO A (BT VR, AU VIR 7 — MO AR PR B A 3 5, R

LE

5 P

S

= pu(Vu + Vul) (2-10)
U AR 2 F A R R AR AR I E R, Bk NS 7RI R 5 o an TR
du 1

“__Z 2-11
i pr (2-11)
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HZ I RE AT R 4 05 R IR R R KRR EEAN N R, & S BOZ AR B R B,
L AR AR 7 100 0 Fs 550 B2 B4 S 7 170 o S AR P s i R0 FEE AR R A I 2
B B R R R A5 77

2.3.3 AAIEEMFH

IUEH NS 2, HABEARYE b — B %0 P AR S SR AR 224 10 B 22 SR04 1 3
FE. BRI NS J5 F2 H B G mir iy Z0 R B3 AR A CAAE A i 37t (5] A oK S
. N TIRIENS FFEEAME—TATHE, FEIINBIMUKE X TA0] R 461k
WA, X2 RN AT R 4R PE LR

HSE AR AR IR MY R 48, Bt AR K AN R T, AR 2 B A &
AN . B LSRR, ARRE AT o2 4, Rk
Fi RIS (% B po o AHRIHL, FARBIAAT EatE T p(x,t) = polX — KR
TR SRR —ARIFARRES NS HREHRSL, KL B NESME TR, KA L%
FERI LYo SR A A R FE I 200, R

dp

V-pu= R (2-12)
Ko, t) = poi N il 15
_0po _ i
pOV-u—W—O (2-13)
B, RIWASR A W R S o TR, R TR S A
V-u=0 (2-14)

8 T U A6 A5 RIS sRG PE S AR 1 ) NS D5 RRIBRSL T Bk, JF IR A
TN TS SRR, B BRI R CRE0 BIRTSRAGA T IS4 P4
FIR RITARIE L S, e SBUAE AT IS e AR TR i s Al .

du_ 1v
dt ~ po'? (2-15)
Vou=

2.4 HARRVESME

RGP A A i B PR (BRI ) o AR TR AL AR 14 1Y) 32 1 ol
AT TR ZE B E RS o

AR 2 BB 7 (X RN R 7 1A [ HASPAT VR DD R E R,
AR K ARSI B YIEAR, AR N &2 2 AR BTN 7, 28 ) iuim ik
RAEBIVIVAS, Ee AR = A= Rl 1t 0328 B REAE
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BaFR
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EE TR -

L /

B 2-2 BB AR

Figure 2-2 Newton shear flow experiment.

MATERE GG A R, ARSI A R A Y B s 55 HE AR A o B, g
BRI R TR, T HORG IR R T i 2 378 B R AEAN [R)im AA R 1 1Y)
SRS, BUE SRR PR TE R BN . AR VE T USRI 2-2 BBl g
871, 53— S o A, A A PR A AT AR, o — AN, T 53— A BT DATESP AR T AE
HIF I LR Bl FE PP TRISE 78 SR MRS R A Ja LI B u B 3l & Bl Y
ARG PR PN R A 2 AR A A BT DTN Ay T, BIAPE DT P AR 2 BT PR T 1)
HIAE 0 L oA, HEEY oAl 5 BTV ) 2 18] B 28 Z36 2 LA 22 3K

ou
Ty =H7 (2-16)
A e AT TP RO [ AR o i,y R TE BT AR AR AR T 1)
pAE AR ORGP R BB JoRE R, e Pa - s,

7 IR ARk RS2 e h, SEEE R S IRy RAE y BO5 A R AR,
PR E R BT VIR Ty, RE NS R BT YR e — sk & o i — A
gy T AWK, FARKIBIYIN ) — k5T # Z (Rate of Deformation) 1E
b, BRIEBTYI N ) ) A GE R AN -

T=p(Vu+ (Vu)?) (2-17)
Forbt, VR OB, K SO FRILIE B RON: Vu + (Vw)T, KRR 03K
B AR T A I
J0u v o w ou
0x dx dy O0x 0z
dv du dv dw Jdv
a + @ 2 @ E + &
dow Jdu ow OJv ow
wte wie ‘w

Vu + (Vu)T = (2-18)
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m‘m
Rl

aw
dz

B 23 BARERKEHZITTRIVER L.

Figure 2-3 The elements of the rate of deformation tensor.

Horp, AR AR KR P A e R A EL S SR TR AR FRAALE R, X
FTCER WYY RN ASHE AR (& 2-3) o RHALAR BT DI A5 A BRI NS TR 5
CEEE

Du
P = —Vp +uV:(Vu+ (Vu)?) +f (2-19)

P RAETRARASTT R 40 1 R FE U 26 A BN (V- (Va)T = V(V - u) =0),
SRR AT — 2B Ak a i R B .
pg—l:= —Vp+uv-Vu +f (2-20)
R Ve R B R AR IR AR N AR AR . SR AR St R, FAEE 2
PR HAEYE REBCA e, X BWAERRONAEA itk . BA B R0 T4
KA AR L 2 HOR AR aR, ekl . AR MR AH R =+
REWI T - o, Rl I 7 A2 T 28 1) 38 DR ek /I BRI AR k9 BT ) AR R i A4k
AR, R I R A T 4 1 18 KT 48 K (R A A R A B R A 4

25 RARRIUFT AR
FeT ESCR TR RO AR SR, AR B R T 0 JE AR A7 TSRS
FHA AL SPH V& SEBLIA A REALL ) 32 AR o

251 BEFHHK

pD—ltl=—Vp+,uV-Vu+f (2-21)
Viu=0 (2-22)
FEPEANTT B4 iRz s fidshl 7 2 NS HREMIHUE &4 (B0, &R

WARRIZ B A NIRFESREL, (2 X BRI R g tH X AN 5 2, #ig b

T BE RS HEHB TN AR 2 B o (H R B IX AN T REFHEA LS 2 75 B UL A [«

T, IR PN TR T B AR A R AR TR B U A AT PSR A, T s TR EUL

[P v ] DA T[] 5 A A% Can iRz RS2 ), BXGRAS A2 stk - (i SPH ¥25)

KL BeAh, WAHZ MBI SE B U T TR 2, X
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AEPEAR AT B4R 5 SPH %

SINF T 38%, AL RAREIN IR ST . BARSEINTT V208 K NS T7 R 70 i
AT BB R 7R BN ECNMA o J7 FEAR LT )5 NS TR
BRAIR S, BT PR ANR 7R 73 SR s T AR, 25 BRI 1Y
NN TN 1§ =2 S
FEAE A B H LA I SPH 3%, — B NS JiRedfsorn ~ LA r ke
CREPERR 7 DL T8 34T 70 735K e o

1
+_
WS out (2-23)
ot
2 1
TI.+§ _ n+§ 1
u — u _c_ % V- vatt3 (2-24)
utl — un+% 1
- _—_ly (2-25)
ot p P

ER=ATTREH BT RIE TR T R AR R G XA L
TER . R AR IR R AN S SR I s A R, sk i 2((2-25) Z |l
iy AR IR 10 %85 VR 22 B P R R 2 T B e 5o

2.5.2 SPH RINEIIRIZE

I T A TR NS 7 FR A s AN RS, B AT {85 SPH %
AT B MORR . A SPH VAT — WA 0 2OV B AR S 25 98 DL K B
AR R T

ST 1. RTFHARER. SPH IEE—F LRI T, KT 2 [0 R IEE
W IR e . FEMERA] SPH VAR IARS, AQZE TR R T 2 R AE e L
TN IZ 2, DR T2 18] (R A0 5 26t [ R 2 e AR 52 100 ARTT, ZEREAT IR A
WIS S, W A F B AR T AR R T, BRLZE SPH i:iE4T
WU BT T, 87 il B P () 4 SR T AT AR A 4R, IR g
FIARRAERE TR, CURT S AR okt . R R e )y T (1 140671,

BB 2. BRBAER TR TR RM. 5T ARQ-23), EHEEA R TR
) T R,

ST 3. KM T BRI B R . 35 T A 0 (2-24), 138 B 37 it ok 4 24
W HRTRESR AR T AW, 4R B ROk M v . B R
P BR AR R G5 SRS T AT R e 23], i S 2R M ) S v T
(1161, i P AR 2201220,

S8 4 RBEBIFTENERS, FHRES. A58 Eg R
SFATFE: 55 b AR 2 R 22 B B AU R R L R,
35 U+ I 3k P2 S35 7 /7 (Pressure force ), 3 i 557 2 37 7, (2-25)168).,
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B 5. FREBESHEIR T RIALE . A i Rk Bk SR 1

B, iHE AR R,
xPeW = x4 W « St (2-26)

B’ 6. WERAKIREEKAMER . GBIV REERIFARES, IR R sk
JIVEI 23RBS EON W&o T NS J7 R 5 To R s A i R A S i AR R 1 7K 11
YER, PRIHCRREE 5] NSRTH 5K )R fife ds R b in L i sk I PER, BAA R 2% He 5%
NFEH 704,

R 7. R TR, EMRAREMNE, SRER. FOME - RaEsH
PN ER, R Al AR 7 208 S AR T s S8 AR TR G o A SRR AR T2
AIEGen) )7, Ja AL BRSO 5 B eyt — AP IR fR e T BAT S )R, i
St T AL B i A7 2 T o g Ay e 1071,

2.6 SPHEMIEEMLE R

TR PRI B 7R B AR B & 7 AR i a1 5 R B UL, AR5 SR AR B L
JEHIREOTFE . ATKAA SPH i 0He— I TR S B 5%, AN
J& 82 SPH RGN BT R 4 AR IR T 3 AL R 10 Al

2.6.1 JIBZEH

SPH ¥ 7 I B B 7 582 — PP T ORI X R B ) B S 4 B T B 1 i
T E G SPH A E B SEILE R, BT E S AP RS (r), H
SE S 188],

_ o0 |r|:0
S(r)‘{o Ir] # 0

AR 5 R A3 2 40T FRE 5 -

(2-27)

]600dV=]_ (2-28)

A B SR+ KB i B O 22 A Y AR 09 1« B4 B 7 86 26 ()
PR, TDL A2 RS B AGR) SR ST R 38 ()R B RS % T
ERAOI 5, B

AX)=UA*x)X) = fA(x’)S(x —-x)dV’ (2-29)

R RAV R S0 E AR xR AR,

BRI v R B ANESEAN T A R 2 X P E EIR BN XS AE
i A2 2R 2 IR o Dy 10 3R 28 SCr B9 AK L o of Btk — 2B e, B SERTGIA
FIEAZERE WiRT X RY - R SRE e LR BA RIS O R 8, &K
A LA B &5 Bw maRes], .
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AX) = (A*W)(x) = fA(x’)W(x —-x'h)dV’ (2-30)
Horbp bR BN S SO R BT K - P AZ B W (r, ) 0 2 20 R AN SR
f W(r,h)dV = 1 GRIZ 2 (2-31)
W(r,h) =0 CIER 2644 (2-32)
lim W(r,h) = 6(r) Ok bz i 2616 (2-33)
W(r,h) = W(-r,h) W FR A4 (2-34)
W(r,h) =0, &lr|>h CESORD (2-35)

R HIERAERE ol OREW (r, )X EIEAR 008 1, @mEw A

RENIL; @ SCHFFIELT T 0 I, e AEE U T ve R 2 @RREW (r, h) 9 IE
XK @B BRI () KT S0, REwW (r, D IEHN 0.
HENE [FI IR A2 X TLIAE A, HEAT Bl el i) B4R pR 0 v B iR B80T sUR % e
o RimE b e A RI0s R, SF80HEL TR . LR T, &
IR 5 T AR AR R AL, e rp i T B — o = R R BUER R

[114]’ I
2 2 1 3
{g—(%) +E(£) O<%S1
wen=al 1oL 1<ie (:36)
- rso

4k 4k, =g, Edad a5 1/h 15/ (7nh?). 3/(2nh3).
ZIEFIRAER R, ZE. MBI RR: dV=%, ) (2-30) 7 DLAE Hi
FUTFIR R

A = (4 W)@ = |

AX)

p(x)

Bl: A FIEZRBW ISR, A LRI o i E R . W RAd
KL RERIES: P A, WEAKL T j#5E YR EA; | Hﬁ}#ﬁpﬁrﬂfi‘i
m; o BB AERQ-37) PxIALE b — *ﬁz TR 4 2(2-37) T e Ay s 2 2K

A(x) = (AxW)(x;) = f o) W(IX —x'|,)p&")dV’

Ax')
p(x')
W(x—x',h)dm'

Wx—x'h)px")dV’
(2-37)

(2-38)
~ Z —]AjW(lxi —x'|,h)
j Pj
XA T BN ok B i Mha A B IR AR ik, WElE SPH T
TR IE AT E T, R TETHE, BT S oA F R
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A(xy) = (4;) = (A(xy)) = Z %A]’W(lxi —x;|, h) (2-39)
j

BEASRLT # AT AR A — B o, B B UrR my, kL1 Bt a] s A
EEORI . S S SRR R T 2 R R A P2,

m
b=, oW (i =x).h)

=M

HT SPH VA 1S I BB T 50 LA 5 2L T B0k 1 1O, DRI
JRVERNL T IR R —, RN AL E R AR A, i ] B OR RS
RLT [ FEAH o

(2-40)

26.2 WOEFHEHIL

f§F SPH VLSRR ARFARI NS J5 FE AN T MU 46 1F, W 7548 F 21T %
PRI SE I R Y B A T B B . 255 E—T e, (2-39) T SR B HK
WYy, iz A AT — B R SRR 55y . % 0(2-39) 0455 Pt
HOR R, MIAT SRR 7 B _E BRI ARRR T 5 142,

m.
VA(x;)) = V;A = z p—jAjVW(|xi —X;|, h)
j Pj

N0
= 4,V (2-41)

Hortr, WpEG AR B T AR S, B @IRIFRIEL, AT
BRI B R TT 5 s VW = Sk (dW(r’h))r=|x._x.|° Kl KTl E LR R

| i_le dr
el — Wik = AR EUE A U
m.
V-Ax) =V, A = LA -vw, ’ATVW i
() =Vea=) A=) (2-42)

AR SCBRI 2 o A, %TUBE%M?"Z‘ET%’?M AR, (2-41) 55
(2-42) i Z 5 N M

VA(x)) = V;A = Zj:—j (4; — A)®VW;; (2-43)
V-A(x) =V;-A = ZJT:—]] (Aj—Ay) YWy (2-44)
B bR P A S A ER S P AU R T b, SRR A RO T,
VA(x;) = V;A = p-z m; (A’ i) QVW;; (2-45)
i i i i di D p; ij
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A A

V-A®X) =Vi'A=pizjmj (;’ﬁ;’z - VW (2-46)

L (2-43) 5 (2-44), (2-45)5 0 (2-46)REHE T I MR UE LA 1) 3l 2 5F
fEREE, (E 4 S 80 ™ E AN R e 2

27 KEINGE

A B B 5 D75 1) A LS 1RGP AN R IS 4 30 A4k 1 B ) g 2 AR A
Fitk, IFTiR T SPH UAKRHIU HTH D B R B HAL 7%, )R Bt FU iR it
Higih T . AERNBORMTHE AR ANy E e T ESA U
FILANME S, RESEN BB KIS, DLEIZRIRRE . BT ik B
B 3Cs SRR AEIESEA I 7754 B B R 1 AR AR R T e () Ty
FECL S BBV, 45 BRI THUASERE IR, I\ T A7 3 A S A S SR
577k &a, AFWHE T SPHIERIT A B 50 R A B iU 7 % .
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& AT 545 SPH W& ) SIMPLE 3%

FI3EFE ERATHEARTTESS SPH Hi&ER SIMPLE B3%

31 5l

REPEANTT R AR AE ISR I, BRI an ey s R, J L PRt ) AR
et VLB EER R NS . RE SPH k0 &y iz A T B PR iR
RO S (EE L R METRARRT , SPH VA K T I 5 Rase 22 . X LA FH e K 1
piof o) o5 4K 25 o L0 W7 90 i — [, A W e T ROk M SR AR 7 v
(19,122,181 35 b 5 v R 5 4 1 SPH IRTE B ORG VE SRR I (o Ree e, 75405
LA A] 5 A SR SR EORT DAL U R, (IR 51N T H e BB v 5 ) e
BRI AN P S 248 1 24 TR 2% A AR A 240 TR SR A X D[R] I 48 2, 5 B80S P IR 1
SR SR AR 2 R e A T TR R e s U ), e T R M AR AR 1 AR

SPH LA (KIRE M5 AN o] R 455k 2 8] (1 9 7y i S sl 574y
BN AN 1 [R] I 72 AR AR T AN AT T i 1 ARG A, 2 e 2 BBt e o -4 )
HE . XM BARBENS BE R S A B ARCE, PR LIRS,
B FEAE T EA R K452 5, KPR TSR 4 SRR, I 2 50m 1 IRAKH]
17 5.5 & - Larionov 58 NAERIE T8 HR ORI, B TR AN AT He 4 P 2 18] (0 AH L RE i,
SEOCK LR A A RERE MR FRIE A 5 R A0, BOEAU H R EAN AT R 4 ik
KA 430N (Rope Coiling Effect) 491,

I T — v 5% i) R e L ) 7 V2 B A PRt 1 5 AN AT e g M AT B AR S AT
S, PUIBIRAR 8 Z TR B R o AR MAEAS 38 BB ORI, ik 2 B AT
JESEtE R 28 CEbin DESPH 07D SR s MR EVE BT IR 5T, AT
HI 25 RAA SR, i e it BRI AL AT FPRE PR AT AN BT IR i 1 SR i 7 VA = 1
SRR R EREZRR R, AR R AN LRz /] Lk
A R 57— B SENS, JUIE: Peer S5 AR H AU B B S iR 180 205k
A I R AR S AR S R AAOE S 3 1 7 TR SR PEAN T S g AR R B AL
BT AN P 75 200 D R MSR ARG VR 5 AN W] R it DAL 9 2 T ) v 5 AT D, 5 4 e
oo SR, ZITIEAE B @ I R 2 50 ™ B A BUE AR, S B 1 RS
PEASTAT AR PR 07 BB, 5 B0 7 V201 SR IR PR A 1) o5 4 R0 4 52 0%
AT N2,

N T A R S O Y EAN T R4 PR AR AR 7 BB R, R AN R 4 1
REPESK il 2% 2 T )P, AR SCAE % 1 SR BRI A% 7 i) SIMPLE 7% (Semi-
implicit method for pressure linked equations) M4, 1% 75238 i %0 &5 J 58 SR AR 11
FHOCTHRE AT BARIEAR, SRR ST RE . (& 3-1), FrI A SIMPLE
SRR IEARTE G R RGP 5 AN P IR i 1t 2 TR 2R o 5 R 5 AN AT s 4 1 Bk 7
& HIUAR ) NS SR, 10 AL AR 7 AR BB o 5 5y, B
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Wb AT DA R G iR 22 1) RAREERS T PRUES A AR 2 YL

SIMPLEI%fE

‘ FulEgaiERRE

uj W r ) yr+

‘ HATERRE /

& 3-1 &3 SIMPLE BE¥:EARLI .
Figure 3-1 The framework of our SIMPLE algorithm.

TEASCHIE AL AR Z |, A 6/ SIMPLE S92 ] T 450 SPH LA (1) 4H
KT, HJFEGE SPH %7 AR AR AE CRUE AT B RS 25 o R 5 A I
LEHSME, PEEET RGPS S ALK SIMPLE IAELAIRMEH B HAE SPH
e A SIMPLE SRR SPH AR (RGP 5 AN a] i 4 £ 8] 1
MR, TREEERT SPH VERIFFENT 5 SIMPLE & ARBEEAT O, BRI SEIl 5
DA T AL AT DU SPH 1 E B B2, IR A SR %
JIR BT PR SRR T3 RE s I REARRL T 73 A ANES 5 DL K RIS AR il ot 155
RISZNE, S SRIFRA T RE A B O RE A 1 b 2O 756 vt i AN v]
Js 2 1 SR g o e PR P TR A 1 S SRR % (Volume Loss ), /7 B0 R 5 A A 7
RERIRIUBEAT 2 EEAMaS o SE TR S8 dt, AT A SPH Hi/R [ SIMPLE
ARG . A, X AP T SPH VAR SIMPLE AR e w] LARS € s 84,
A3 RN RG P AN ] IR VR 0 5, 32 110 25 4 v ARG PR L LSRG P RT A2 14
FRAF IR R 0 H AR E

3.2 FEMANFELEIERE SIMPLE ISR EIARTA

ATCRVEARHE SPH IR ARSI 5 AN R 4 1 2 Tl 57 AR R B EA, - DA K dan
{aT i ] SIMPLE i ARSLIORIBARIX — 5

B AT LAV SRR 2 Iz A 00— LE SR U g, SRt
RV AR R ORG-S5 AN BT 4 1 18] £ 37 5 il o RGP AN BT s i 4 32 3 ) 42
JiRE N NS TR S U A, LR T

pg—ltlz —Vp+uV-(Vu+vu’) + f (3-1)

V-u=0 (3-2)
FEGUARA T BT “ R0l ” IR, AT AT Rgq1E, RN 28X (3-1)F sk
FEDIIVER, BB SRR IS AR I ER , R G- D)k EE

Jeis AT L B AT IR AR PR S SR, IR E 3 AN B A2 7U(3-2)
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15 “UBIE” Bd, WAEZS SRR ERARER, R AT K46 %
i (3R(3-2)) YER, ARIE RO TS R s, RS 1o FH R S bh 5 ke B B a4
SRSy, BRI IR AR (V3 B 37 B AR 2 T Sl e 25 1F (X(3-2)), (HULI
A TE A P A 50(3-1)

TH B Rk 1 5 AN T e 48 P SR D R TR A BT, T R A [ s 3 2 =X
(3-1)53(3-2). KILZBE AT SMER, X 20(3-1) G 1 Wbz 206 3 B F B[]
ooy T B UL, PRI R A
n+1 __ ll*

St
MR R TG 2 (X(3-2)), W5 E]: pvV-u™t! = uv(V-u™t)=0, Kk
A7 FERT L — B Ao i R T
p u”+;t— w_ —Vp™l + uv - vuttt (3-4)
ERFEIn + UGBS (step) G50 GBI 00HTME . X6 b 2 25 2 i [F] )
EAARE B AT 15 265 B D8 A4 F B0 R SR K TAAA 5 2

V- Vp™tt = %V ‘w V- (uV - vattt (3-5)

A BENS 2 RS SRR~ A (3-4) 5 (3-5) 3k Fun 5 pn*t, BS b w4 kG
AN G PEAE R AR LT3 (BRI RIS AL A e 25—, Eidds
AN TR R AR A i AL B AR A R S pn T, EERRX AN T R B
NENERGRBOIRAER); 55—, XMIEACRIKRIRATER, REZAGE-5)F
FEAEZIN T V- (uV - Va™ ), TR A EE AN S AT AR
A2 () SPH A LASEEL=Fir 0 3 O EL T 5, DRI R P I SR s Ay s (R A 1
A AR IARE

SRR X R R ) SIMPLE B3k, ] DUAT A it e 13 il . 1% SR Rt
{3 DRAIEANPT e 4 1k 5 K5 2k RIS AT SESC S, SRAT R IR A2 RS A AIAS AT [ 4 11 40 R
SEAFRIE Sy, TR AN T e 4 PR SR PR 22 B (K 5% o £ SIMPLE ARSI
L AR DU Sl I a0 R SRy R T AR AR R R BT DI N 70 5 I A T A5
'

u
= —Vp™1! + uV-vut! 4+ pvv - utt (3-3)

p

P = W v T (3-6)
(58U, (TG R MR BRI, BRLIEAT Bl A L
B R R ELE DL O MR S R (R TR E
R B R SR AR, B: Vw0, S R
GESCT B, TR B VI TR B TR AT E b, SR 05 e O e 25
TR .
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T LR AN T e i e 4407 SR SPH VRSB AR € VERT 7T

SRAAE T 3p” (175 35 7T LLIE I R SR RA 5 RE R SE I B 5 B RS PRI
TR R sl &R A e o n R R A
&t

u' =u ——Vp' (3-7)
p

Forbra” 2 2 P JC U 2 AT RS, Bl: Veu” = 0, p NREHE WS BRIESE BUE
WENFAA R . BT HRAE, G- RS e, bR
Ku' I TCHUE LR N B2 RE . B 5 02 5 3R (3-7) 455 4 i ) R SR
HEEHE, ARG AR u Sl b, 5230100 R SRR TR, B R5RIA
[VNUEEE
V- ng’ =V-u (3-8)
p

FEET20(3-6), @E-8) &% TimiAshETTE (N(3-4)) FHAETET .. BERE
BRI S 1 50(3-7) 5 A (GB-8) Al g = S BOH F AW BORS 0, (HAE A RIS
Fonf :(3-6) 5 2(3-8) AT RAR I LA, BRI = S Can & 3-10 frr), 2(3-7)
DT3B 5 51N = B o T ) 25 RORE PR 0T AN 20t Jii SIMPLE kAR R U St adt i
Wi TMIX 72 SIMPLE A EA R “Rasl” (Semi-implicit) B X, B
TESRARA ] IEGRVERS, AT B8 A4 BT A3 FE frl o 15 44,

203t EARERHEE, F T RIS AN AT 4R AR ) SIMPLE 34X ) SE a2
AR O T PR

ARR 1 ¥ B R SRR A R AR N SR ME, B R E

IR 2. MR FARZhE TR ((3-6)), Kffu';

PR 3. MR R BRAA TR (K(3-8)), Kigp';

LB 4. Fp Rt Elp*s

BRS. IRADDIER 2 HHATIRAR, B EIEAU SR B E Bk 2EA AL F IR .

ERIEAE R A 200 7 R BRI NS iR (3R(3-1) LK
FE& (R(3-2)) #EFTMk. MR ER AN TS FiR(3-6). K(3-8)
XA, sEHARE NS HE (RG-1) 5EELHELAMG (XGE2) #S
AT, JEAC T BEIC RS

3.3 %% SIMPLE E:A¥ R E| SPH J&+

ELSR SIMPLE By I AEUEHE MRl M ] IR 4 i A i 05 B &2, (HiZ ik
P A T A FH 2 ) XA SR S B o A TR I A ¥, SPHL 25 DR T A7 1E 4
AANIE) S AR ok S 1) 8], DR R AE X TR SIMPLE S0 d ] SPH i T B Bt
T BE PR T 0 A AN 50« AT i 2 i) ) S
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331 BELARIZE
¥ SPH VEMI B EL 7T =B, AT =W H 37 ek B FFT LU ] —2H 2 B
ToRFR BRA KT, Zh A E BRI E ¢ I ME AT DL IS H ARk

TSR
= Z VipiWi (3-9)
J

£ SPH L, R ifi & EWE IR (Vi) AAEH Z B EUL %, Hrb
RN E—FME (Tylor-series model) 4 5 2 HUik v e A F -

Vip = _Z.V}'qbijviwij (3-10)
j

TR e R R B H %, SNG-10) 877 AR IR IES B 57 1E, HAT LA
SRS S IR PG S, 1 AR S AT SRR O A RE IR AR R R A2 i
EH b, WG eMRR R (V-Vi9) INEWAERZMIERE. BT RAHE
Tk A BRZE SB35, T LU R0 SPH 12 Hh ) 2 A i) ) S i (08990, o ot
PGV N T RE T EDAE DA K G PN SN NS WAR

bi
V-V, = Z v, 2”+ UZVW (3-11)

Forr, o BUERONEH G 38 e DR i 5 e e i BB S B E
i) L

332 HEHIESHIMEKE

0 ‘ — TMESRITE o TMRME:E
— MMAEIRE O 2MMHER
>3 ng inR

05}---—0—0—0—0—0—0—

B 3-2 SPH AL T <BIRERK 58
Figure 3-2 The particle deficiency problem in SPH.
FER M L3R SIMPLE 5 AUSIE ) 30(3-6) 2 BT, T 5 22 B w0z B s i o
FEWVp* SRAEIIUY - va' o 0RO 7AL T B AR R T AL B, AT LR
KB-10)5KE-1)XIVp* 5uv - vu' HEAT B UL . 10 2080107 T I A4 2 T Bt s
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T LR AN T e i e 4407 SR SPH VRSB AR € VERT 7T

X I T A5 25 SR AT AT e 22 52 B QiR 25 1r] R PRI 520 o DR B R kLA I
BRI, B 3-2 PR T R — YR B SO (AT A it R S A AR T £
I A SR A% B BN = FE 46 Ccubic spline) T2 pa 3068, ~Fi iR
B2 (h=2). f£E 32 H AT AW EPH SPH K ¥, @A a5
iR B 320 MR — I MR M R il 28 5 SPH #{H it
Hfgioxttt. R 3-20) T DUWEER), A E FAEA SPH I E R —Fr
T SR IR M ZE AR K, IX i 25 S AR AR R P 5 N R R

(1) FEFT LTS R R BB . M il S IR 7~ 4R Ik o
(8 T8, AR ARG A LM Bl R 574 (ghost-air) 7128, {EAG i R
WL AT TR EAC R B2 5, PRI Bt BRI R, At 20 7 Ak
590 ] LA A0k ) 3 3 — i AL 041061 S5 s BT 2 TAE, A A R T r
Rk S TR i S i1 ORI 9 1A RS 79 7 YA By R Y 75 e Y
GRS RIS AT, W] AR BN ok R

V:V, W, VzVWz+ jaVilWja=V1 =0 -
AT IS
BRI, A7 T AL 2 T PR Al (R s st 8 T ) 5 i pe v LS A R TR K

—P;Z ViViW;
j

ZHAEOLY, RSN R TSR R EBUE O E L O T AR, E
KW ENE, BE: plo = 0. KEHAA L, WATERILLRRAR AR A E

SRR
E:V(p —p)ViW, i€®B
E:V%VWz i¢B

B BRI SO R AR I A B R T S &, BRI TS .
FIWTRL 5 15 R R 1 I R AL T — 121 ﬁ%ﬁmo

(2) FEPEIRATR R . AR A e RS T — oAy 5 Hlm ik
TARRIEEEARR, BT wa = w;, DLBEGX SRR i s 2L AR B
Rtk P sG-6) i KRG PEITA] DLERER A AR R J5 FE T 5

(3-13)

(3-14)

lllle

VoV =2d+2) ) Vv
Z | ]ll +n?
Monaghan 5 Weiler £ A B 7t TAE b 84 4 At ik 7 f20% 122, A Scmf s

BE— DR LR T RE R T AT SO A, DI R R 8 B 1 N

iWij (3-15)
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SPH A IR -2 48k 25 1) 1)
BT IR A EUL T, R 2(3-6)F SR A AT LI a3 SR g an R A 25k
SEI

u” =u"——Vp* (3-16)

1)
u =u"- /,L?V -Vu' (3-17)

Horr, G-17)7/& H T SRR PEAE 0B U J7 #2005 Rl DAE A 5K
(3-15)HE AL AR IR IE S8 AL R GE, SR @i S iof o v L 22l SR e Rl 178
THRAREE . 58Ma(3-16)5 G- 1R IFZ )G, AR 0 S A2
FESRIAAATT AR, T SRR B AN AT R 4 1 o 1K 07 T R A2 R — 5 h R T

333 AAIEZAEME KR

SR 3.2 TN, N T HRIERS AT R4 R AR 1) SIMPLE %48
sSSP R 4 it 7 B0 T IR s A AR 77 R VSRS (5R(3-8)), kT i
(3 I s B T s ) . R G-8) I A, MR T B A SR A kA

L
ot

vfzvy=vfw (3-18)

BT XA AN o] IR 481 J5, AR B Bl TFr L% B py, BhAbAT LA

B LA 2 B 37 0 A AN BE 75 1A AG HH 4, - DR AR i 7 B 1 e sy
HREH— 2 E AR

,Po
Vip' =—

ot
PR, R SR T R T B O BT AT, 4 B B R 07 5T
(VAp') GHUEHT (V- w). BSEUILEHIAI TR SN — Ll RS

(1> YRR T RER BRI MBS AL o % FEE] SPH 175 55 th I T4 A5 R 19
ATIIFIRL, R SR RA T R e (OB R, 7T LSRRI TR 46 AR T
BRI R B S, B

V-u' (3-19)

V:

Vi == 0 ) T (3-20)

i PR BB TG, T(3-19) B 4SS 22 i Ak g 2 85000 W 5 AR o 1) o ) 3 v«
Vip' = Ap’ . HA RETEFEASNFRAERE « (0 T FEAR BT AR M oo 2 I 4a s
HZ A5 X Te w4 SR A1), FEGEMEAR AT, R 2 H
TN Ak 7 e i F (Dirichlet boundary ) 26K ARIE_FaR £k 1k 2 Ge it ml k10T,
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Figure 3-3 Semi-analytical boundary condition.
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Vip' = — ij a;ipi — Z,.a a;jap; + ij a;ipji (3-21)

Hrha  HH RN a0 = —|V|n‘;l bk A REAS T RIS sEAIR
ij ij

LFRAT, R AREOE P A BN 7 ARR R 390 A SRR . 3k R R A P
TR MR T RSN, U RsmiAfa iR ((3-8)) Rl &N F .

ij aijl(p],' - Pl’) e

/ ;o 1€B

HAAGRIEN B IR AT, TARRA T IRARRAS I, IR NS5 RL 71T B3R
5 (i 3-3()), HHHEARXNA =Xjia. EEITMHE, HHFA T
PRI T, SR AR IR A R AR KT B D, BRI ZRL T 6 B REUEA; =
Yja iRkt Ay < Ago BEIUBLIAR A HOR 1 AT LURYE H R HE A, 5 A K/ R
FOR IR TR ST, B

B={i | A; <A} (3-23)
(3) EEBERIBEBL. £l 7R RS ((3-19)) Fi B hr i
MEB G, T MEEE AR &AL RS, Bl v-u'e N

Vip' = (3-22)
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H R SR R SRR A T IR RL A AR RIS B, M wy = g PG
K AG-10) BRI, W] LR s ir AR (13 B U & Oy i M R

Viru' = Z]-l Vi (u]’-l - “:) ViW, it (3-24)

(4) BREEBAME. 101 2NG-19) KAV H w1 R IR A& AT gt <
FEORL T R RER . G- 7 AR (G2 s i) R
BIAEREERERE . SHERERIRNELEMETE (Q2-8)), AR IEHEE CHL
F S5 A PT DL S i AR 2 BE R 2 1= A2 (H SPH VEFE A BEORIE B — il T SR TR
FEIRZETERTERR, Btz <A 07 L RHAT B R, BRI 4™ 3= A
ARSI T ORI, Dy 1 8 G dX — [l R HR I, 75 0T iR 5 A A 7 R (1)
VRIHEAT B 4Ms (ECS, Error Compensating Source) 1461, M J5 i) 1R S #4
Yaki5 = Wil

Po

Vip' = ﬁvi u' + A (3-25)

max (p; — Po, Po)
A= 3-26
l a p06t ( )

A BIACTARA T AR BRIUE BEAME I, a AL Ei&%ﬁ@'ﬁ%ﬁ%ﬁﬁ
[, Bl: a=10°. HUAARIER i % Bk | IHE SRR, A B4R R] DAE
ST VA A N % VA VA N s =¥ ) A< G O 1 b A e 1 Ve SO ASWAE 1 WA
ERKRETES . R, FEONVSBBRER.

5 58 B SR IFTRA 7 RE 32 5 5% A IRt 0 DA B R I ) 3% FEAMEE A B 2 5, 5 iR
AR (R(3-19)) Hrl AL RN ARIE & FIZRPE R S8, 1o A SLHAs B v ml LA
Puig R i 5k SRS, THEShEAFE (N(3-17)), BT3RS B A T R 46 1
AT IR E ) o

(5) A EZEMERBEIERWAR . v 7 800E R AT 40 14 R A JE 1R
ENES AR, Bl 3-4 A A [F IS AP RARAD, 7R 5007 5 1% R i
TAFA T3 FESR AR SR N e KR ZE 191075, kL -+ B SR B[R] #E M 0.005m, i
PR E°~0.0125m, I 0NIEE N9.8m/s%. B 3-4 (a). (b)~ (c)~ (d)H {5 FH f A ]
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Figure 3-4 A test of the incompressibility solver.

While t < tg,, do:
5t « CFL(P; JHR4E CFL A ERA K
For all fluid particle i do: IEFRFAESEE
u; < ul + 5tFet;
X; « x{' + 6tu;;
For all fluid particle i do: 18R IBEHR
J; <Find neighbors using x;
Detect boundary particles;
Set SIMPLE iteration number itery,q, do: //3tE SIMPLE &K%

While iter < iteryq, do:
For all fluid particle i do:

Compute V;-u’ (3-24) IRFEAR TR (REBERE)
Add A; to V;-u'  (3-26) 1170338 55 YU 25 P M T
While €? > €} do: [I7ST] EE4EPHEIEAR
Compute one CG iteration to update p’ (3-19)
Compute relative error €P

For all fluid particle i do: IR IIERH I E R
Compute p*+=7p'

For all fluid particle i do: 11+ B SR B 3 BB i
Compute V;p* and update velocity (3-16)

While €” > €f do: IPREPHEIEAR

Compute one CG iteration for viscosity (3-17)
Compute relative error €’

For all fluid particle i do: IR TR
Set new velocity ul'*! = u}

B 3-5 TH A R4 SPH WA SIMPLE ik,
Figure 3-5 Adapted SIMPLE algorithm for viscous incompressibility SPH fluids.
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Figure 3-6 Inner-iterations and SIMPLE iteration in our method.
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IEAR NS, A TR A IEAR AR PR SR AR I RE XTI AN 1R 2 2 AORIAS BT s 4
PR B 3-7 103 T ASOTEBAUE LN (& 3-8 &55) I, Rtk S AT
AEVEIRACTT S WSSt 2 o HhiZz B rp (1 b 2] 0, AR SORG PSR AR 55 AN ] IR 48 15Kk
iR I AT DA I BR AR R 22, 10 H SRR R I W S B2 LU A T LR AR R %2
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(b) FhHRAFSHIIB A £ .

Figure 3-7 Inner-iterative convergence analysis of our SIMPLE method.
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38 MEHRPCAS00Pa - sTAERPBEBEN. (2 SitBite: (b) SEHEATE
Gt
Figure 3-8 A fluid with a viscosity 500Pa - s is simulated.

A FUE K SIMPLE JAAORAI SR PEREAR K 28800, ARG E . ANAT
JEAETEZ 18R R = ™ B RAA AT . Wil 3-8 o, fE— ik b, dnsR
STt SRR, AR BRI A A R PE (B 3-8(a)), TSR ARSI
TR AR SPA SR VETH T, PEORASEAG AN K i e — it
S Se v BRAR AN AT R4t SRS TSR EOREVE(E] 3-8(b)), AT 52 F
REPETHSR M B 7 AT i P SR AE R, SRR E TS AR E K A

(a) EEARE: 1 (b)iEIREY: 2 ()IERIREL: 4 (d)iEfRIRES: 8 (e)iEfUiR&L: 16

B 3-9 fEFAARE SIMPLE EARKEAEI KRG A S A RN .
Figure 3-9 The rope coiling effect of viscous fluids are simulated using different SIMPLE
iteration counts.

ESRREVE S AN R G PR 22 TR 5%, AT RAS2 i 1Y fi SIMPLE S92 344K
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Figure 3-10 Evaluation of the SIMPLE convergence rate.
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W TR e, X—45 RAEW] T HE% SIMPLE &N, ANl k45tt 5
REPE 2 0] () R S B A . B 3-10(a) 3 IR PE 5 AN T He 45 P SR AR 0 A 0
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AN A 4 AR SC 7V PR AN ] R 407 1 SR 8 5 45 IR B AL T 2 4 s
B S I AN T T 45 1 5K i 98 ——DFSPH 30071, ZE FIRE (I itiz b, 5403
BORRE S 3-10(c) T )« R4 DFSPH A L Bl 4 38 B 37 () ik RE i 22,
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Figure 3-11 Evaluation of the influence of the time step size and particle sampling distance
on the global convergence rate of our method.
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(a) ¥5HERE: 500Pa-s (b) ¥4IEZREL: 1000Pa- s

(c) ¥4MHEZFEL: 5000Pa-s (d) ¥5MEZEE: 10000Pa-s
E 3-12 SIMPLE &R KRBT Rt IRARAT AT

Figure 3-12 Evaluation of the dependence of viscous behaviors on the SIMPLE iteration

number.
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Figure 3-13 Comparison of the buckling effect.

FEARSCHE PR I 2 A, AT WS 20l SPH LR A il s 4 1k S RG22
RS, BI: Peer %5 AHRH A s ORGME R g7 v 23 193], iy it o i ik
S 37 1) 7 AR RIS SR A T s 4 1 S RGP RO P 5 AT R e 4 S g8 22 R ] ) o
Ko BRI, Weiler 2 N MR FEHR 22, 330l o HE B 1 1) 710223 51N 7™ 21 B
EAERL. N T IRAE Peer 558 NJ5A S A SO EAE KRGV LAy Tl 1 DX 1
3-14 FRRALL RS TERIA G SRR . B EE RIS Peer 55 N5 ¥t A7 4
e EUE AR AL, P TEER B S AR G AN (B 3-14(a) 5 (b)) KA
SO R ANHT R4 M H 7 i 8 o DFSPHP NS, HEAT — B B4Rk

38



& TS AT 545 SPH Jii& ) SIMPLE 1%

B8 35N L SE AR AR S S0, (EIR AR S Puidii « @il ” 451, ToiAiAe e 4k
R TES (B 3-14(c)); HRERIRBORE R 5 IR, A TR A5 48 208k
SRR (B 3-14(d)) . fFAASCOTEREMRmA D E 3-14e)MOFR, 4
AR B S I, AR E N E, mHES BN E.

(b) (e) (f)

3-14 FRIRBEMN FAEM . (a)Peer ZA 2015 57513 (b)Peer ZA 2017 i
N23], (oS B R AT R4 B B 4 DFSPH 13558 1 % () Acskd
A S BBk DFSPH 311 R348 5 % (AR 1 ks () A0S

e AR/

Figure 3-14 Comparison of rope coiling effect.
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Figure 3-15 Newtonian fluids.

B 3-16 ARG R AR Ak R H Rt .

Figure 3-16 Collision of Newtonian fluids with different viscosity.
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Figure 3-17 High viscosity fluid with 1 million particles.
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Figure 3-18 Viscosity curves for shear-thinning, shear-thickening and Newtonian fluids in
the cross model.
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Figure 3-19 Newtonian versus non-Newtonian fluids.
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Figure 3-20 A solid cubic falls into a Newtonian or non-Newtonian fluid.
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Figure 3-21 Creams on cookies.
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Figure 3-22 The buckling effect of the butter.
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Figure 3-24 Creams and jams simulation.
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Figure 4-1 The dual-particle approach.

4.2 SPH RABR{BRFIRE

%% swegle Z N7, SPH 2 (i A e il J A2 b1 47 R i (A7
71 5 Z il % R BT Z PR R . 1X— R AR AE 3 BN [A] BE S AR
AN NIl I A el (1 S A R R -y NP P 2 L 4V 5B NN AR AT T P =8
Wi I I B W B, BB R AR R B T R ] 4-2 PR,
FE— 4523 (8] PP PN A B2 B kL A SR C, BRI T PR A R A B
B K f2 AR 22k 1 A Sk C R /1. RER ¥ B A& A TR+
A 5K+ C IEH A, Ha5ki+ B S8 HEITIR T A SiaX b+ B A 5 KK
Wb 71, FEFERLF B ERMR T A —iizs), EBOxdR T TR R R
Q0sEF —uFEE — BMH
(a)

aseaFEpsieE | |©) | (© B
—0 00— —D -6 00— D06 (C

RFER RS

B 42 —FR P RN TR A RE RN

Figure 4-2 Demonstration of tensile instability in 1-d space.
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Figure 4-3 Zero-energy problem.
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Figure 4-4 Kernel function and its 1%-order differential in SPH method.
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Figure 4-5 Demonstration of tensile instability in a standard SPH and our dual particle
method.
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Figure 4-6 An overview of our dual-particle method.
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Figure 4-8 The free surface boundary condition.
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Figure 4-9 Three virtual particle generation strategies of our dual-particle approach.
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Figure 4-10 The particle shifting strategy (S.B.) to generate virtual particles.
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Figure 4-11 The spatially adaptive strategy (S.C.) to generate virtual particles.

FESRES C o, MR HEE 2 Tk, HER T2 IEAS 55 A B HE A 72
JORLF SR A . N T R IR AE GPU B SEIlH &, ARSCRA T W AR ERK
R R

o D PRESCRTIALE, [FINRE b — Wi s 1 I ER

® b FEREASORL T SCRPIEN ] R TR AL AR AR s X

198 F AL 251 ) WAL R A PR XA

® H= D NPT R S A R] AR BR e B S

VD SRR AR I AL B ) S AT HE Y

60



XHERL 5 B

o ETib: WHHFEINSURIE A IR, TR R TR
® N IR AR IS SO S AR, TR A
CHERLT) .
A R TS BRI 4-11 TR . R T LIRS 5 7 GPU LB
{75

4.6 BIESTTIR

AR R0 SR FH AN ) R AL SRS (0 X6 A L 5 kAT L, DASIE H AR e
PEUOL, R 125 1 77 s SPHAID O DTLEAT — s kB ok, DRI AR
XFECAIEFT T PR VA B X 3

46.1 HRIHFEEMEINIUE

N T BRSBTS E 7 I EIE R, AN e T
Y ] PR EE I T BB IR AR . FETCE DS A, SRR B DA R 5 R e SRR
JE AT e -

{%=w@—%)
vy = w(x — x.)

(4-23)
ERFEICe Yo NRARTTHRI R0 S, w NIRRT YR ) A . A

b RAR (AR AT PR R FE TE RS %A, B Vg = 0. R REH, Wi
A5 B2 DAL O N B AR FH T A TR A IR, BRI 67 R B S PE AR 9 72 A
IRZF G 51 SPH VA h AT E M. BARTE O, e My B o iz =
A YA A B o T IX — R 7 v mT DA B . BB M S0t A 40
TR AP AR e M, DR AR TR A 1208 e A S S E e A b A AR e 1 b

ERLS (benchmark) 11321701

(a)t=0.15s
\ o v r
PBF DFSPH VSSPH AXNEE (GRBEA)  FNHE (BREEB) &35E (SREEC)
(b)t=0.23s
vt oed T\
X N PR N / \
PBF DFSPH VSSPH *XFHiE (REEA) FNHE (5REEB) AXNHE (SREEC)

Bl 4-12 s kT B
Figure 4-12 Rotating fluid square.
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Figure 4-13 The 2-d Dam break scenario is modeled by our method with S.C.
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Figure 4-14 Dam break scenarios are simulated by S.C. with four different virtual particle

sampling distances.
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Figure 4-15 Dam break test for inviscous fluids.
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Figure 4-16 S.C. can simulate the inviscid fluid stably.
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Figure 4-17 Dam break test for low viscosity fluids.
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Figure 4-18 Average iteration numbers for different time steps.
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Figure 4-19 Curve of the iteration number for a simulation with a time step size of 0.001.
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Figure 4-20 Comparison to Stress-Point SPH Method
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Figure 4-21 Illustration of the Stress-Point SPH method.
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Figure 4-22 Comparison of inviscous SPH fluids in tensile state.
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Figure 4-23 SPH Fluids using XSPH model in tensile state.
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Figure 4-24 SPH Fluids using XSPH model and the surface tension in tensile state.
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Figure 4-25 Collision of two fluids in gravity-free space.
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Figure 4-27 High viscosity incompressibility fluids.
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Figure 4-28 High viscosity incompressibility fluids are rendered as meshes.
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Figure 4-29 Dam break.
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Figure 4-30 Dropping cup.
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Figure 4-30 Many dropping fluids.
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Figure 4-31 Collision between solid gargoyle and fluids.
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Figure 5-1 A framework for dual-particle based fluid simulation engine.
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Figure 5-2 Fluid simulation engine system architecture.
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Figure 5-3 Scenes for fluid simulations.

n F KR, 28D B3 R AT AR AR R R TR (D 14
G —AEE AR — A EE AR S A A A Rl R A 7 A AR
M EMIT BT E 23 [ ) R AR S, R B (i) N R T 5 AL 2 51
HAtR . 07 FIRAYIL A — MO9SR, AT E SR TR R AR ok g X (1 5-3
TS A 5T A B), 5] S e il 2 AR 1 28 47 FAsIA AU, 7 Rk 1AL
BB IERM B

D7 By 5 w5 BT ) 5 A A Al AR FH AR A, AR S| B g k] 3 B S
WOTVEAWT P A

1. BEMRAFE. AR E G AT DL O n) R S 3 A A B TR G
PSS TR A Dy [l A0 7t o T Al e A e o T T e R A 0 75 5 [ Ak 2 S A Al . 24
Rl R AR, TSR B AN T SR SRAS IR I A BRI FE

IF (uj),>0
THEN uf®" = [—(u)), + B(u;)f]e’

E SR 1 ) B AR SR R R, (u)) IR VR T R B
(u)) e WIEL BT ) GARY)R T 1) KRR, e JHRT R BRNAKRT 11
B HpEL 0 I, 7 IR AT B S N e R L R A B
B9 1, 07 Bl 5T AR St i in B i Bl 2 1207 E e
fig 36 G I A 2 N B A, B L A T S PR A R AR R R R S, 2 B
1 T I RARRL T A AR R A 5

2. MR B ASHLF o ] ALV 2 5 AR P o5 0 DX 4380 P 359 50 110 3 70l R[] 2 b
THITT 1 o X0 JT 1R BE S AT RICHbBE S JAT [ 120 57 B T PRDASE 1~ I8 sl ke 2 T 32 30 ) A

(5-1)

79



T LR AN T e i e 4407 SR SPH VRSB AR € VERT 7T

W7 73 A AN B8 50 1) R o A2 R0 SRt 0 5 VR o R AR AR T 2 N B AR SR 1R
G oL, 7 Gz in @, AR A A B B A MR A 5, K R B A
K75 [ i S S5 G A6

1251 2 a] DIAEAE Z PO FIARR 7, Lok 7 [ 25 il R R 755
I R 25 AT ad e S N A PR R B 3 AR S A 1 07 RAE R o BAR S 7 RO
S NA 0] PR SRRSO, AR FE AE AR Y P R P &6 T e BT e 2 AT 1R 7 2R e ks
¥, TR FRE. MRESER., EEESEE M. HA it oA R AR AR S 21
s AR RS A R K 1V ok a2 N E VAol S g E S VN FRE TR S AR R S N
B GAERARRAS PRI VAR AR BT U AT 3L Bridson #2777
K3kMF, (HIX—7E R RETE CPU sl B R 26 s, Rl R RETE T BT
BT TRAC BRI BLAE e ETFOR 0T L2 5, R IARA B RAE IR 4 2 B A8 N
GPU N H T

T AARL - AT VS IR 7 R 5 28 0 07 sUAE e BT RS 28 s FEREIRT RS — 8
(47 SLIS TR S FEAT SL3 s SRR 8 A B I AN B AR KL o &I 8 2E
b ¥ J5 7 B GPU LE P ELN A (BA7), DU RN CPU 5 GPU X JH
B0 S s e 47 EL AR

522 HETRESEZ

DUt AR ST AR AT 551 B () 37 8 07 05 5 01 AR S5 14T 77 2, AT
H5 8 FS R T I T A SPH A SIMPLE &M%, MHAE 5-4 iR
Y. SRR 8B N 5.4 73, SIMPLE iSACREGES N 5 Ik, Ktk R3L
N5 x 10*Pa s, FiFIEEEA 0.005m, “FIFEEEA 0.0125m, HEI2EK N Ims.

& 5-4 {43 SPH i) SIMPLE &AL UKE M .

Figure 5-4 An ice-cream is modeled by our SIMPLE iterative algorithm.
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Figure 5-5 Node diagram of the ice cream scenario in our fluid simulation engine.
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Figure 5-6 Timing diagram of the ice cream scenario (Figure 6.3) in our fluid simulation
engine.
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Figure 5-7 An application example of our fluid simulation engine.
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Figure 5-8 Calculation of particle mass density based on GPU.
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Figure 5-9 Particle neighborhoods data structure.
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Figure 5-10 Hybrid particle-grid method

5.3.2 RFMIEREZEFHIXRITE
S Fei S NIWE TR, MR T 15 A% 2 19338 P 4 7 i X 4y T BA
BT MR VR A92:%1) 7y N =3 PIC 3%, FLIP %, NFLIP 7%, DA F/2X =RJ7idk
18 e H S B 2.
(1) Particle In Cell (PIC). XKk, HEEMBhES HEAER 5 M
Z A BATHEE Y. 232 P2G (Particle-to-grid, ¥ WA 4R HfiE )5, Hok
FEAS RN T b %Ufﬁ_ﬂ, 3t G2P (Grid-to-particle, 4% ZIHLF )4
) #EE, W ERE R HESMER. BT XM &5 N E N EERER, K
1Mk B R A P ) e A T /ﬂ&’ﬁaﬁ $5| N PIC J7idrh, A/MEE I FE 5] N FIFE
e, %l APIC (Affine PIC) 77184 Poly-PIC J7El51% , kb DUIFFHER) PIC 2
N, P2G 5 G2P i FERHEE A MBS,
PIC P2G: mgug = Z WgpMyUy (5-2)
g = 2 _—
PIC G2P: (5-3)

n+1 _—_ *
Xy xp + 6t2 WypUy,

Horbmy, ARLF IR R, wlRE T MR SR A R 5, wy A R AT R
ARPETH LS 15 3 0 Jos B B R ZE A, xR I B
(2) Fluid-Implicit-Particles (FLIP). FLIP J52 —Flttf [} A% i i 55133 i

84



BRI (38 LA B 5

TR A EAR Z I EF R BB SR 377 G2P i R R 35 R B oK,
PAPEAR PIC 32 rh BRI S A K 15 W KR a6 40 17 51 N OB #E B3, FLIP &1
P2G 5 G2P 2T FEW T o

FLIP P2G: mgUy = Z Wyp MUy (5-4)

uptt = Z Woplg + a (“g Z ngmp“p>

FLIP G2P: (5-5)
xptt =x7 + 6t2 Wgp Wl

Hrr, aA¥Ed FLIP 5 PIC Z ARG RN RE, Z Rk E T IRE
ER T EEOERE f e, wnRedbEEGL T 1, A LR TTETT DIAA R R
AR B R TP BUE AR, B 5 R R T RS B 4 SE I g JR RLIBA

(3) Naturally-modified FLIP (NFLIP). % Fei 2 A 19 5:%], NFLIP [
G2P 5 P2G #AE ] LU Rk 7 kR

NFLIP P2G: mgug = Z WypMpUp (5-6)

uptt = Z Wyply + a (ug Z wgpmpup>
NFLIP G2P:
L Tl+1 — Xp + 6tz ng n+1

S HRUERT FLIP yEAH EERE, NFLIP i 32 2 1 DX A A up R SRR 147 B
M ARy, o H 40 E R i RN 2 5 1R B R, RIeAH L FLIP
{2, NFLIP ] At — b AR BB & B i R B a BUEBLE Dy 1 I, JUAE
G2P & fEH, WA R TR AN 2 gy, 2 g &, AN A
A A PSR AR SRAG 0 5 7

(5-7)

3 BRREHEE |

PIC 1 i

APIC ! Equation Of State | ? PcIc
-« » = -» (I
R I r— REE | . .
2 BFORREEEIE | 2 RS i e H e

1+§;.MF§E EWLUE*E
2. IR E TR SR

e E4EEE

B 5-11 R FRRREER I .
Figure 5-11 The implementation of hybrid particle-grid method.
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Figure 5-12 Index of a 2-d Eulerian grid.
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Figure 5-13 Comparison of our method with S.C. and hybrid particle-grid methods.
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Figure 5-14 The pipeline of the original SPH projection method, our dual-particle approach
and the hybrid particle-grid method.
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Figure 5-15 The node diagram of the hybrid particle-grid method (Figure 5-13).
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