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Lx DE DD ITIFAET DKPZER L E DRERBRIL, [SRBRPEBEDO LS LK ELZZRHL TS
fll, TEMIZRHEINGZ L L, REHREZZRICHET LI LRI ABIZE > TRELHETH S.
ZRSEE VTR DI PR O REL, BARXI 70l NS Fr ol hTtnady, 47+Mo
e+ oHETHNIE, RIRIXEMRNZ2HPH T Navier-Stokes HFERIZ L > CIHEFICR LRI N 5.
Rt /ifE X Tdh % Navier-Stokes HFEAZ iR IF X, MABHRZTR2CHMTELLER5. LA
215, Navier-Stokes RO LW LNEE X 205, MITKNIZHES 2L 3BADMOGFIET SFEHI N T
57, B U THPEDORERT —ILERoTND.

FRATEAIZ R 1T 72\ Navier-Stokes ARERITN T 57 7u—F & LT, HREAZHEHIL UBUHEIZ X % fif
<, BUEIRIRY I 2L —2a UGG L, A RARESRZ FHIT 2 FRE L TEZ < DY CEEL T
W5, EEDFBEKOE L WHRIBIMHEY, YIalb—va VHEMCXE FREES W EL, oAk
TSI TWS. BEOEWVIELENIG S L, L RREHKO TRl Z L0 EMIZITS 2 en
TE, KETHRRES, TEAIGHIZKE CEBRTE 2 Z L IXBEWAR.

BEFAA Y X 2 L — 3 v & Computational Fluid Dynamics (CFD) & U CT—2 D3RRI N5 £
TIZHFAL, SVEMLBROY I a2l —va YR RBIBREIEMTAS L5 IChoTETNWD.
SETEHBEHEPHERORE Y, ZLDHHETRS ZEVTELRWFEL RS> TV,

TR R DRFES

IR D & S IZHAERARS I 2L —Y a VIFKWIZHKEL, MAERKZELNICESHEETSZ 20T
EDEDITROoTERD, FETAHTHETERVIRKHRE L2 HS. ZHHDH 2 VIZEMTKEE ZD
HD—2T, UK - HHE - SUEDWTNAHD ZMHEL EANRET 2D Z & 20\, BHZ&E & EANE
£ 2N % K MR L WS . SR AR XA OIES, I FERRAE T TV, IR
Kx v, AV, BRERONIEKZES S OGE TR, IRHALIZIEN. Bx 2 UK U IR
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R E T D5 AR, I IZK e 22K E, EIRTIXEEED 830 FIRE L ICaEEL L
20, FETHWOMHELPEITELRWIERARIARTIE, [MEEBHENSTFATr VORI &k
5 &SRS 2T 5. SHH LA D SIRF E D Z & 2 B S, X723 EBEREE PR
EHHDH. i, SHOEEWEMEL L TN W2, EHOEMENZIFLEA LD, SHED
BEHEZIZEACEGAL CHHICRET A T2RBLZHETHS. HHREZECHN T, FRMHI
Lo TEDH - BREMLNIRD O REW 2L D I M ET 2R, FIClmAEHHRmE 85 &5
RIS E LR T, BROBUASIR P KRBEAHIIC B 2 —ORIENNREEZRL BTk
59, FEHBEEIIEEICEME 2. DI CIRRBEMEAH MR E 25 X5 0o 2 & 2 kA
JELIERZ L 2T 5.

ARETR BB DRE

INECTLHENFHFRE L UTHW SN T & 725Kl RN D 720 D E 7L O — DI E a6 —Hii
ETN( DY, FFHODBHETEL b TERZ[2]. UL, EEMHRE T IV TS %
BTN TET, HE, FHASOYHEDEHHEE X1 RRLIFIEN S KEOFER S 2 %
TEBEHET 2720, REEHIFELINTUE, FEOEMREEINEZ 2\ 8 WD REHTE
fE3 5. [ AHRIEAEMIGEERRCH D, FEFKHE LB ITKREL BT 2541V, i
RE TN TIERMELRIH I N TV R HIFATOFEEN LB R E2 R > TV ITBET, KR HREOARERN
TRERD T DI 2 EREIR T I LR ETH 5.

Navier-Stokes /R IXRFH & 22 ICEE T R0 A TH O, Rl & ZEEOBEBIEDL A Z/NE <
LTWL & BB B IR HREROBITE DV T WA RTINSO RERE ST WS L IEE
Z7\0. UL, BUEDKIR AR X2 BB DR A2 /NS S LT &, i LW R &a s
B, T oM B 2R OBRBISEL TV, HIb, &I MR 15 7 22 R4
ETHATETEST, LV EMEEOHEVPBETHLI LN L THS.

BEOB_MERTEICET R

INFEFTOREMMUEKIK MR I 2L —y a »rTld, KEBEFERTONHIED 2N, BRI
B2 R —MREHE OB & LT, FHS [3] O AR & F W 72 R A BRE) & 4 2 S AHIREH R DY
HBHD, GREHR T TR OB TRGREZAWE ZENTET, X 57525 SRR EHEOBEENR
BINTWD. ZE [4] 1FEE GPU % H\W\ 7z KBRS M EH R 2 B L, 4000 AT 2HWS Z
ETINI I VDEREREZY I 2L —Ya v T 528 IZRILTWS. INTIT DY Ia
L—yavTlk, BPMHMEEE2E&HREDICELE LG ATIR I I Vv OEREBEE TN TET
57, EHRFEEREHRT DITIERBBELGENBRE L 25 2 DRI TVS.

L0 EWIRRE TR T 208N H 21250 6 T+ 0 2R CIEEMME R IR R 2175 2
EMTERVHEIIHEBRMEELTRE L TWE LS TIERW. G BEDORETHEENARE AT
5T, MTGEEL EIF5 e, FHEEMEZERT 270D ENRT Y v RO IR



PEASKESIZ AL L, BERAHERECHME2EL AL 0520 THE. Ihhs X 5IZEEE
EzRE LRI RSRWI e 2E2 5L, K7V R OMOIREME D EIXIET I L 720
FTHY, BTV Vv ABRREMEEMENLSBAILZ VIR, =279 27 =)L (1 Bd 70 FENIUT
HHE % 10'8 [mATREZMERE) O KB KH IR EAOEAIH N L S X 5.

A, EEO XS WP S RT Y VAEBRRZ B BEDR L WGENEE I NDOD0H 0, KA
TORE - RE D T FE 43 A7 B R D s [ 78 % il < K& 7RV < vk (LBM: Lattice Boltzman Method) 2 & %
WARFHE M ThbTWA. LBM X5 EHMME %2 K E U 7= 58 2 BafiiE T, R AT YV T 72 AT
MRMZHEADITZ D Z e 5 H A3 Y &AW KB ZFER b T3 [5][6][7]. LBM % %
WoHIRICEA U 2R mMESNTEY, GBEEETLLEILHEMTIZAS LI TR >TETWVS
[81[91[10][11]. UL 735, LBM IZ & 250 ~MHIREHAETIE, &L A 2 VB FTOEMU WRNDE!
BIXZOEEFCTRLEICHET L I eIEFEICHRETH D BB I REW TH HM, HRAESEL
RBEERPENTZDIZRIEZIIEZ S OFBEETARREINT VDR Y, FHEREIZHET 2 moRM
LEERINTWD. EFED LBM & AW MR L LT, EL A VBRI U T @ et %
D cumulant €TV &, 74 VR —EEHATE I 212k o THL WK MHFRFE O LIk U7z
Bl 5 [12]. UL, 710X —HEHAOBICHED AT VY IVBIRBEBE L D, LBM OJETE & W
SREMNLEDLNT VB, 71 VR —DIEMIZ X > THRIE O WS ZHORN & 2 DD 5. B
M2 DR A TIE, HHIROEH IR %155 72 IZHFE S 7z Artificial Compressible Method(ACM)
7Y Chorin IZ & > TIREINTWS [13]. m& IFEFREBTHEELG O 0 & 705 X5 ICBEUEHENE
% i€ U T Navier-Stokes 2% fift < FIET, BN 5 XIXFEEHMME Navier-Stokes /2 &
[ CTdh 5. D, dual-time stepping method % W TIEEE MR U CTEH T 24458 [14] BEH L,
EHETIE ACM & LBM OBELNEIZ DWW T HE@EMmI N T WD [15]. FEfEM: Navier-Stokes D & &
N % 55 i % ARE U 72 S5 EFE O Navier-Stokes AR, 7Twx DEZ I ZRRDH DD ACM DER
fLEBLLL TH D [16][17], cavity flow 72 & OE R BAHGE [18] O, ELIREIHEADHEHH I NDDH
% [19]. LU, S9EMEMERRE 2 QIR MR A~EH U CRHEHRE 2 17 o 72 BlIE R 7272000,

TR AR AR D B

SAHM D EMEA G T & 2 1F /NS WK RO MEE Z R LT, WM ORAKR SRR D A % fif
TR HE EcHBERE UTOBRSGMA 22T X5 KM EE2 52 2 HHREE T IV & W5
EFRAGREIEEEIET 5. AL U TR TRV < VB CHARE O AR TR A % fif 72 3 B R
TV K BRI T O NI [20]. BEEEZFZR LB TROVOTEFRILVY ¥ VIETHED ZBUAARL
EMEZEGELTE Y, XLAMEGFREY, @R CRAOEN S LEN 2RI B 1 5 R 3
ELILSFHTAEZEVAEETHD ZEWRINTWVWS., LA2L, KAHMNZHEICERSZMG e LTERI N
TWB 7T 72O TR O TR 2GHEAERIC G 2 2 I ARBNICE b, Z itk b. &M
DRI & > THRAADEEBN X N2 X S REHHR 2175 Z 2B TE Wi, KA ORI & 2 K@D %E
BrEhiEIlRAS I L IRETH D 4L, EHRKHIXREINS. KHE X O G LI #2
N fif < QI ABIRARNT U, SUHEMID SR O BEL ZRTE 51, BEXENERTE, LOBE
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CHIU 72 SR AR A BE 2 720 5. iz d ¥ vy RV B D & 5 R E2 A LRNEEIIBWTDH,
ERERAIETERTZHWIEZ Y I 2L —vary CHELATINERS T, SMHMORREZEHET S
ZCRMBATHD. KMHOBNDEMZEFE) T 2 & 5 2IRABGIE, B2 X0RE PP B B o
B K OHE K Y OGmTHN, WEE EORNVIEE R Y THTR2Z eV TE 5. BERY THNT
3, BEEEDRINE 25102 RET 200N EBMAREL INS. Y Iab—YaryioTHE
REFH 2 SHECTHTENE, B ERIODAREBRONDEZ IR, T¥NEEEZRO EER
L5N5.

SRR EICE T 2 REEIDRE

S AHMETH TIE, [BAHOFE 2B T2 BB EL L. TNETIT, FHEICESG U B
T2 S JGIE [21] PFEA TSR 7 Z2 00 TER S 6 5K [22] R EPRESNTE D, ThoD)i
BT, REPLET2EICKT2HERTILELD D, SJLDORAPERL Y DM RS %
GURNOFRTIIEROZENECHEEON CHENH 5. —75, LB EE D DIM(Diffuse Interface
Method) (Z &5 FiE L U T, ERE T ETRINICHINEZ Kb U 2B O R FE R % f# < Level Set
7% [23] ¥ Volume Of Fluid (VOF) ik [24] SO HMHMEEMIRE S N TE Y, SHRT IV IV XL Ofi% S
XA RERME T RDL I RWMHGEDESG T EN SR HWSONT WS, VOF JEIXE & R HELR
INTV D DITERBERFEICENS DY, FHO MR LEEIME FRHIFEIZED < & SR DR EE <
72 5. fiiffBIEIT hyperbolic tangent BH% % i\ 7z THINC (Tangent Hyperbola for Interface Capturing)
% [25] % THINC %% ZRotat FAZ @A U 72 BRI SR &2 2% 97 % THINC/WLIC ik [26] %, SRiE
ROKEE IZEN S Level Set %% flAadbE THWS CLSVOF (Coupled Level Set and VOF) % [27] &%
PiREIN, AHEZBEE X SEADODBBEREEZHERKT 2R AR RINTE TS, LrL, [
RO L W CIEIEYIEEN X8 2 5l S 2 9. BARIIZIE, BRFBES CTRME O —H8 SO
AT > T/NX 72 VOF [EANFME L 72 0, AHMANZ VOF MR W RIS A U U BIRFEITEIR L 2 v 2 v
5 & DRI BRI 5.

FEMEE MRS 72002, HizkT Tu—F L UCHEEROHHAT 3L X —HEHIZHD < DIM &
U T, Phase field IEAREI N, S _MHIRAD#HAE N DDH % [28]. Phase field £ TIk, F%
il 4 % Phase field 28 ORISR Z R < FHET, VOFEERAR 588 LT, SUEAHIEL Y £4MIIT
Ho THILH - W DOH R Z R DIHIZ KD, FHHEHD» SEENTU £ > 7z Phase field Z280% S H IZ R
THELD D, 72, REHEFIERIIOVWTOL Y 2 —wm3C [29] Tk, 4 OREFHETIEZ LKL T
$ Y, CLSVOF i£6 &K ORFE Allen-Cahn IEAMREN - TRRIZEN S LGOI SN TWD

GPUIaYEax1—FaVy

i 4F Graphics Processing Unit (GPU) % Rl U 7= B2 EiGH E O @b 2 FEH S Tt\wb. GPU &7
774w ZNBEAIZHFE I N T ay B 720, @OFE/NSGUERMERE R RS, ATV FEEIRE A
VT 7R A% @mEIIAT A B T ORIEERAGEI RIS AN E W [30]. A— S—arEa—xo



BT VX7 THD Top500[31] D EALIZIE GPU 2H# Kk L7za v Ca—2Rno 74 LTHH, GPU
ERHATEZ I o TBABIE - SEFEIPHEDEDLR-TETWS. [KHEEHITHS GPU %
TV —REUTHHTAA—NRN=—O Y a—RIIS5HBEEZ TV EEZ S5, GPU ETRIRMN
CHEEMRER Y VN —DRFEPBREIZ R D e EZ oD, HETERFZE 1/ —Kb7z0 450D GPU %
B L7z — N 540 B 5 &b TSUBAME3.0 2fiffLCE YD, GPU 727t 7 L — R &2 KIBICH
HTE2EEIIHD I &n 5, GPU LTHERWICEET 2V U N—DRREZITANIX, K3 A S TlRIA
WEERERIE A RE L 72 5.

AMR % (Adaptive Mesh Refinement) D& A

SRR E Y DR T EHVTEHET 256, MTIEEZESIILE DS &35 L 3R TIHRET
MBS 5 70 0, MU 2R B3 S i D HE R L AR D IR 72 S I EHERIZI AR E 0 & 72 > C, MEFE I A
MIDi s 16 S0 EE %5, KEBLIZH 7z > TRERITCHFITB T 21 Ao B InTEL 72/
BThD. FHREREEIIH LU CEMEBERTVPBRETHIILIEIMTHY, HHHMEE IV THE
IR SRR ER T EREID Y THIEREZOND. TOFZHIZHDE, Berger & I FHEMEERIZ A
BIED R DB T 2ET 5 AMR EE2EE L 7= [32]. FE PRIz & 287m a i % & O s &g
BEKRTEZEHOYBTEI LI > THRT B0 DIRBERIK L, FEEZHMERE L 72RDY S M 1m0 1l
3 5. Berger 5DMEE L7z AMR LI, BUETIE ANy FRIEIEIEN D EDIZEHI NG, Ny FRIIT
HOMNEIZFGED R D8y FLIFENSHIREZAE O (12 K5I UCEET 5. Mok Z B fT
bRWEER X, HHEDBWREEREITZ 572D, MESTTHRAY OFHRZEICEISHVWS
N5, Ny FROMIZ, V) =MD AMR EFRREINTE D [33], ARG W TR EIZRGE O
HOYTEUBET DI ENTE LD, BINICMEELZLIELHEITHET 5. KT, RE»EH
T RN E 83 R DOWRE > BMOERKTF LT 570y 7l AMR 1, A€V AR L 2D,
ARV T 7R ARBPE NI L0 S GPUFHEIZHE L TH D, EEBRAICHEINT VS [34].

AMR BT 7Y 27 — VERIZMI 7 BEZGAEFEE UTRMSI N TH Y [35], KEAN—Z L AH
NLARFGERT T ld AMR Co-Design Center % 325 EUF, #ARBIUEEHE IO AMR 7 L — A7 — 27 D% %
HDTWD [36] 28, FEEEMIZEEHZEDTWAFIETHS. AMR EDEH X TV 5 AL L
U T, Fakhari 512 & 2 FHHIZH 72 E U 72 S0R —HIREHE [37] % %A%, H— CPU IZ & 5 2 RuGat
BIZEE->TWD. fillzd&id EAO 3 MTEHEZ1T4 > TV A% [38] %, MMk o & k
FEP-TWBHIZE [39][40] HH B H, WIhd CPU ZHWTE D, HEMEEEZHVTWT, @A
FHRICAT 2 FE L ESVEW. AMR 5% 8 H AT /I M ET R 7 L — 247 —2 L LT, Popinet
S MPAFE L 7= Gerris[41] B3 5. IT4E Gerris % o2 L TR X N7 Basilisk[42] AEF X N, &K L5
FHECCHMIE D OFE, Yy b 70 —OKB HREIRER Y TONTE Y, JSHLIRIAW. A =—2
7 CPU ### L7 A— =3V ¥ a— X TABBEAENARETH 578, FEITERMEEZHVWTSD,
GPU "D MG+ zi7bhTWaw, GPU @ 4 € Vi IIMHEEN T CPU X £ D, A€ OB)KHE
R e FRDSIERNAETH D72, HEDI— RHNTDO AT VEBAEE L 725 AMR £ 05 1S 51
EWOWEEINTWS. Top5S00 TIXEAE GPU 2 L7z A— =3 a—k L Ts by, GPU kT
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SR FHAEATRE R FEOHRAES KO AMR QOO0 3 —T « V7 EMIPBREIZ D EZ6N5.

1.2 HEEN

ARWFZETIE, TR O KB T 2 GPU ECERIRICHE T 2720 D EFIEORRK % H
g2, K7V VARRZECYRMETIIR LR 572 & 5 B RBBE LK iz EZ8d 5
72Dz, BTV VARAD SBEH U 72 B 2B ME T X 5 KRR FEOMAET 5. 512 GPU k
THIRIZFETRER 70y JR—2ADY ) — 8 AMR EZE AL, FHEICESRGERT2EDD L
TRIGZMEF R 2 EBLT 5.

SERGIEC X B KW MHRETEARBE T ENE, K7V VAR E M 720 O KBUEHIT8] O K E G
BB NFMEOMEN SR E N Z eitkhd. K7V U ARREMMTICEHEEZT S 201, i
WRIZERMEVE 2 KE T 5. FRIEMIMEREIR C D JEMIMEME TIX, REZI AR Tl < HEiz & - T
IND7=D, FEMMERNOEIE K O RFMAAINE <725, BATHOKEFHEORD D IZRIA T v
TEPERLUTULES 2206, SHOFAR L IRNLREHBFEOEAZRASL Z LT, KEEGEN
AIREGIRTFIEZ RS 5.

FW DB U TREDPDMRINTHEERFT S 72012, WAEOXE AR E HHoEEL, &% D%
FORZ U CTRSEREZEA L FEZRT 5. KR AR EEE T 28R AR RE
TE, AR L HBRE DML % ATAEIZ T % semi-Lagrangian %2 H\W5 Z &R TE 5. —F, ZOFE
FMEIZREE TR AWz, W SRR O 5 %2 1R T E 2 RAEDV RV, BEFEORE W
FICBWTHEE CTOEBERHZIEL SFHMEiCERVWATREN 2 &8, UL, FEEMmEFS (K~ v
INEURIS) TIAEREHERE IRV EETE RS, FRERIEELSEHETE 2 I LD ANEET
H5. L[ EHEMOBEEDEME N EZE LU EMELZEHT 572012, FiRiEFED Navier-Stokes /i
R 2 B 9 EMMEREDORFE BTV, KA TH I 1 5 BUER Helvin-Helmholtz A% E
PEZIHI 5.

S MDY I ab—Yary T, WIKEBEPHRIGFEIZBTIHREZHRAD I EVEETH D Z
CIZEBHL, REICEBBERT2HED S AMREZE AT L. KT RBEZHEIRL, FHARE Z R
UM SRR & A ) HARZHIJET 5. GPU G512 AMR % 3R #H 3 272012, shared
memory % W2 AT VIV SIEETS FEEZRFEL, AT OMHEZHEIKT 5. FREPKHE &I
BIIZE < 72012, TP OEBEHBPEWHEETH VKIS, GPU LD A E Y OMER L RE &
BETIT 2L BHEENTHLIDT, HOPUDRDIHERLEZAEY - T DT — XkEEEZ W
T, FEIZEITEST 5 AMR IEIZ & 25 AR 2 8RS, BFELZY V=2 HWT
MEEMEZ R E, BEZRLRDSBE T RBOHIEPTA S Z L &2RT.

SR T D 121X CLSVOF 124t - T, fRF¥ Phase field % Level Set k& 1y 7V v 7 X4
FEERRL, RERREHEEORAEEZMN ST 5. REE VT E—A Y MEZHWREE
Phase field IEDfi#iEZZE L, AMRIEIZE TS LAV EMERZ 3V M O@EkEEICER L Fik%
RS S, REETIVFE—A Y MEEK AR LEOME ZHNIEMEEZ 2B e U THEL T
UCHMIFRR 2 FIETH L. P CIP i% [43] L (7K IDO 7% [44] 2 W5 Z & CTHEMRAE%



R 2. REBRAYFv—27MEEZML 22T, FRLZTENEREENEZHES 2S5 FmEBIR
FEPRBWZ 2R, MU WS AR U CGRRI 2 R L e e i3 28 2 F5> 2 & 2
AT 5.

FIFE L7z AMR %25 A U758 2B MRIEIC X 25 Y W =2 FWT, AMREDVIERIZENT
HEHNEEEECRNGEZTS. AREI 2RO T TREZBET 5720, S--[D & 5 LEAE
HHEZ RRT 2720 IEIEF L OMFABE L 5. JRIENE TR Z 2 ihROKEE/I LT
2R EEELEA L, & SICHEEEROEXE FRERZMNTY I VT3 REeERT 5 LT,
VIR 2 e MR S S5t B A BT 5. £ 72 EIE R TR O HER B DS 2 EAIZ % 5 L T
WA HEEMEE # A, FENE-CR E 7 IVIZHED < REVERIAR Z i vl 872 Y L N — Z B U, 9 EREMERRAR
RN FIENHEHRETH 2 iR T 5.

BRI HE IZ D W T AR ITRT .

FEMERR AR 12 5D R MR 0 S EMEMEE LIz D W T L S s AR R B, BUEE RIS
DWTRL, BHFEU 72 59 FEMEME AR S FEMEME SIS 0 B & & ORI IR~ #E AT RETH 2 h %
AEfEE R < Z & THEFR T 5. semi-Lagrangian JEDF| S TdH 5 5 CFL B FTHLLEDN D EHE T
HBHILaEPTOIZ, AN REMSIEFEZ ZHIZEE TSI TCFL=09 THHE X
CEMETE 5 L5195, MEEMEE UTEANZHETDH 5 cavity flow OAth, #&FIZihbRnEikE
&G ATEERIE D OFNEE 4T, Immersed Boundary Method (2 & 2 WA 55 5L S 0D 38 A 395 [ Mk i
WEMTHS Z L HMGEET 5. KR MHROMREETIX, X LAREHEEITV, JEEMmEEY L N—2 DE
BIEDO R, HHIZ K DHERAOHEBIZOWTHREET 5. FHEMEFEL LT, REEILVFE—A Y
MEIZ & 517 Allen-Cahn AFEADREZFIH L, Level Set e DAy 7V v 7 FiEIZDOWTHR
R, Ay TN TOHRIZOVWTHEMEET 5. QK HIROIGHE R L UT, JRWKHZREL 72X L
fAERIE 2GR L, B8 GPU IZ & 2 KBUBGEHE 2 DE L A /L XD L WA T 2 B A2 % ffEh»
5. INII IV OERMEEZES 2L T, RUORERZMHESIRAGHRIZEWTH, RMEEHIH
BEISMITVWEZ L 2MRT 5.

B DA EERE U - BIREOFG 2 FE AT 272012, FIEFED Navier-Stokes /7 % [ H41i#
CFEOEASL L OCBUARHRIEIZ D WTHIHT 5. FlEfffiEz 072 &@ ERFRE TR h T W &
D IREFTIT & B S OIRE & MIF T 572012, PIIENEBEDOIZBAT Y TOART Y Vv FHfk
REME, VKM X BENFEOREZIET 5. FEI R NHIKOD 72 D IZ£17 Allen-Cahn 2
EAMRABIETHE, REEIVFE—A Y MERSHBHEZ 18I IES. FEIZHIZHA VKT
2MAT 5 AMR EE AT 584, L LT Phase Field 28O AFNIEL A ¥ B THD, LR
TR G R RICIZ L A Y E R 5 2\ 2, AIRAREEM 2 RE U7z, MR - K
T REEFREC O W CHEEME 2 R &, FIR S Wz PRI EMRIE K MR E ST H
2L atERT 5.

ARG IZFE D Wl bi& T OB B2 CPU Il TEZE L, GPU MITIERADICHRINIZAEY - T—
VDT —2fEEZ WS Z & TAEY ORELR - RO 2 KIEIZHIRT 5. A€ Y ORELR - MRIBUZAES
HAEVWREBIZZRSZABVIIHULTT I I A VT =Y aviity, AEY - =V EIDOEKLEB
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<. BEBE R Z RS 720 IC B L 725 AT VY )VEHEIZIX, shared memory 2\ 5. —DDHEAL 7 H Y
2 S8 73— D D CUDA block I )td 2 & D127 — 3 VBB Z LT L, BiEAT > 2 )L % share memory
LitkgET 52T, WNROAEVHHRELE TS, AMR BEIZMREHR IV FE—A v MEOEKE,
FEVERRRTE CIRAR A RO E S NS / — R - v X —[iiE, SEEFED Navier-Stokes S TH WS
Staggered #& FELE R TIZXIGT 23— RE2 2N NFAFL, BRI Nz — Nz AW THREERE % fig
<. AMRIEZEH UZREFEX VT E—A Y MEERWTREBRONY F ¥ — 7 MEZ RS, KT
B & GHERFFTEIR O R R 2 fEG8 9 5. Rk iRTs & FiEFE D Navier-Stokes HFE % fift < FIETK
W AR\ F 3 — M8 %2 E, AMRIEDSSEMMEMIZIIOS U CEHAMETH S Z L 2RT. 5
JEMEMEME E AMRIEIZ &2 Y =y MRNOFHFETIX, FEEMME Y VN —OFHERE % gL, KV v
N=DEEEHRATRTH S 2L 2R Y. ERZGURNIHEL LT, Yy RUOERRBEREOY I 2L —
TavEETL, EREERETPREIC U TREL 255 BICAFENEF RN TH S Z L 2R
T E 7, BRI L EMRE WO BEHERA TR ONABKLOHB LY I a2l —Y 3 VTHEEAT S.
FENE-CR € 72 EED SR RAE T V2 EAL, RY NV AN—O#EH#EHZz ARSI ES. =a— 1
VHERRIR S IZ R0, RSSO FT AT U TRIE TR < 7 B4, Rtk - SRR IC RIS E 2 & O
RN AR PRI VEE 2 % S . KRG ) 2 KRBT 2 7= DR AR RN OE 1 & BHEI R FEIZ DOV
ﬁﬁﬁﬁj‘é MEEMEZ RN T FEBS KO- ROZYM 2R L, BRI 2R S5 A —
DB EMERT 5.
W%%Wﬁﬁ@yzzv—Vayiﬁ®twﬁ,ﬁﬁﬁﬁﬂ@%%t??yﬁ:@%%%%bkﬁw
FTRERFIEANGEANT S, FEAOBAE - BilzZ &L 2@ EN T oRmEEREX AR L, Sk
TORmEEAEEGREAZEAL, FRAGEMAICIEY Iy TR e, BEIC X2 RAERIETOR
AR L > THEEEAOMREZZE T 5. BEEHE L U TRAEDR S5 X 5N T\ 554 Ok fi
FEREME, MEAERZTOEONRZHITMITI TOE0HERT S, A TKEELKIDE S REEBREHRD
S HIRETENEHTRE T H 5 RS 572012, FLHETEMEA 2 RN U 72 KB & 22502 W2 R
B 5FEME L OBUAGIR E, AFEICL 2R ZHL T, EHGIBEAOBEH RN ZMEET 5. &
BIZX I VIR E2FE L BEGH R 217V, BRE BRI L E U TftRr Ui 1) 2 B4R 2 BUEGEHA L
THAL, WIEEZZE KR Uik 57Ol B M2l M 5.
A EDRRGED S, BT U 72 59 EMEME AR AT T & 2 KM FENE VA 2 VXD L
Wit & & O IEEREME IO EMBIEMA A TH D T L 2_ L, GPU v a—T 4 7 L FmEIT#E
A9 5 AMRIEIZE > TEMMBIEKBE MY I 2V —a YRARER Y VN — DR Z HIN L T 5.

1.3 ERX DI

AL THERMEVERARG IR & 2 B EMEME SR —MIROBUEY I 2V —> a3 v) LU, $§/EHMENEA
F—LZ& AWM XD [BE TR OBAES & O AMR EOR RN LI L, WEERE R
WZDOWCTHRRZEDTHY, AFOLE TEILSHEEING.

1 ETIE, MR U TR R O BEYE - BLRIZDOWTIRR, GPU OIS G A
T = DA E & Z U S BUR O KK AR RN FIE DR & R FIEDNLBALEIZ D W TR ATz,
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02 TMTIE, RERRIRTR T & B IEMIEIRAGHEIC X 2 5 2L ORAGRETIE, KB MHKICE
\J 2 S AP RE RS OFHR GIE, A OFEE TV L CHBE IR DWW TR R 5.

593 W TIE, FiRIEFED Navier-Stokes HFER % EHE < I EMEMERREIZ DWW TR, MEEFH % il
THUVERHERT 5.

H 4T TIE, AMRIZEDFEREIZDOWTHRR, AMR EDKE T RBHIEIER - -7 OMRE L2 HEHTE
B0 S PEDORHGERE R ZIBR D, AMR % & 59 EMEMERRE I & 2 QM IR OIGHEHEORERIZ DO WT
LT 5.

% 5 ®TlX, FENE-CR & 7IUIZHED MM 2 BA U ZRREHEIZ DWW TR R 5. MREEME % fi#
ERZLM AR LZOL, KM NS A — R OWEIRLECN T 2 EF 52 MG T 5.

956 T TIX, FUHANORE R Z Z R U 72 RHEEEA OfES KO~ 7 v T2 ROE AT DV TR
N, BEEEIE YN E R L7200 b, RETEMERZRINU 7 RAERGHE TR 2 2 e X B 73R %2 52
19 5.

BT ®T, RO REBRNS.
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FHERICED { BERESTRICK 2R
— AR AR

A FE T IR MERR AR R 1T D < g9 R EGRARGTER [45] 12 & % JE#E 1k Navier-Stokes J5#2 X D gL X D
HilE L OBEFHR TR O WT OB, KB MR 2D 2o DS FIk, Rk, Hifsox
DIFNMZDOWTHBEAND. MEEFE & JEHFHE ORI R 2 R U, FIEROZ LV LB L WIRNEHE A~ O
ZHERT B,

2.1 FEMEZRAVSIFEEREREORER

SUE HHIRART T, Sl OB & R U 72 FEEREL LAY 7R & 72 EEREE Navier-Stokes /572 XA
JE S fRPIT E 72 [46][47]. T3, JEMIVEMRTE D5 E X R A2 E 2 X 5 — 5 TIEEMHE
B2 W72 356 SRR AR F O FIR B2 < 220, SRR TE S LEZONZ1-DTH 5.
UL2L, 1 ETERR LS, KEBWAGIEPTTREL 2o TERBRITBWT, KK R
EITD B> TEHFEDONMIGHEADEAEN, TRbbATr—I8) 71 ORINVEEL LS. LR
5z & BRI MR AR T, BRI IE R T Y VBRI T L S itk I D,

1 V.u
22T, At IFFHEAAIETH D, pl3BEEEZRT. EN p FHEEGORKKV - u=02m=zd X 5I1TE
FEaXng, FEEHEETCISHWONEBILEIZRZ MVER, ELVHRNMIAIT—BEZERTIAXY



12 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT

A= FigT TR 3.15) Z2#HL T 5 LIRD LS ITERES.

( 1 pijk—Pijk 1 pijk— pil,j,k) / Ax
Pit1/2,jk Ax Pi-1/2.j.k Ax

n ( L pijrik—Pijk 1 Pijk— Pi,j1,k> / Ay
Pij+1/2.k Ay Pij—1/2.k Ay

. ( L pijkr1—Pijk 1 Dijk —Pi,j,k1> / Az
Pijk+1/2 Az Pijk-1/2 Az

Ax Ay Az

(2.2)

B X Nz (2.2) 1EHED B & Ax = b O KRB ZEN, R R A2 BEICRES L e N TE
% . IR TR G & WA D B R 2 AR AT 1% 830 [EFEE D B /-8, BEIHE &L ARBITI D5
HREL, REFHFEONREENELT S Z M SN T WS [48][49]. FIEASAMBAL T, REBUTSI
DY A RIMEF D2 L 20, BEIZEL L 5. INFEFSIZ X 28 GPU 2 W72 il T
OV I alb—YarvTiRERMEzAWEZGE, 7Y VARKO YV VAN—IZIRERRERVWE S
b TWBYILF 7V v NI & BICGSTAB #E% HWTH AT — ) V7 - AT =) v 7L £
BT 22 eWRINT WS [48]. —T 0ty F—DFEEOME EAEHT b h->T, £HDaT»
J = RIZ kB MFEHROBEEE TR T, WHEHEEEORWEIEFETH D Z &, KB
KZHMEEORIMZLHIL 728 ATy T4 0 OFREARDEATH S Z kDo N 5.

2.2 FHEMEMELIC L 5 T2iERE

AR TIERBRENFIGFETR ML Ay 22 b RT7 Y VERBRREZMOPTICEE 21T 72012, Fidk
MR AT S5 8T, BREGMIKIZX 2R ZITS. BRGMIETIEIRTORTFRORRREREZ
BalA7 5728, MFRBNIZHEIL ON) OFFEI X ML LD, BIEFRAT =70 T 1 BPHIRE
TE5. —HT, WEMMEEZTAL TWS 7D HREHRE MBS BERD Y, IFHEZ] AME DS & I HE X
N5, MEOYHIEE TIZPPBEHRAT Yy TRPHEKRT 5. UL, 1RIOFREAT Y F12ph
LEMERHIEERAE L R L TEWZ e &, WHEEMEDOFETH S0, BIAERDEFIHERHE LT
FEEEBHIfTE 5.

FIIEMEE 2 R U723 RAFIEORT, AT VYT 7 & AR O AT EE I HEE A RE A 7ROy
v < % (LBM:Lattice Boltzmann Methods)[50] 2SE4EEH 2 8EHTH 0, FE 4 O KB FRAKRMRNT (2 58
XN, [ THE~NDEHE XN >2H 5 [51][52][53]. TRV < »E Tl Navier-Stokes /iR R %
2WHDAED TR 2L ITHY T 5720, [UBREE 7T 7 74 )V 2R DS MR CREHEIIEFEIZAR
LREINZIRD R L, @A VAR P WG EA OBV IRREV K S . B, ZEED
O cumulant € 7L [54] & 7 1 VX — &M AE D E 7= Filtered cumulant LBM[12] 2 & 5@ L1 J VA
BOLKW—MREEIHRE I N T VLD, T4V X —HETEERANDSHPBEIZRD, LBM OEAT
THol AT T 7 ADRFMEIEZDLNTUE S, 71V X —DFEIZ L > THM 72 FLHiHEE A
KbhTwad. I TR TIX, AREDEZH W28 EMEMEE U & D < KK MR 5 %
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LU, LBM TIXHEETH > 72 L WHENEFEADOEHM 2 MRS 5.

23 XEHEN

55 IE M 30 L C R ERAE Navier-Stokes AFER %, FEEE L DBV EHZE LU THEL . JEMTE Navier-
Stokes HFERIZLATD XS izidid I nb.
8U 8F1 8F2 8F3
WjL dx) * dx; - dx3 =K
P

pu;
U= puy 2.4)

pus
pe

XN Q4) BREELROEE, EHT AT —, RTXAVF—2KT. KIIHANHTHEKIZEENRE %
KT, RIXNF—FHALKMKIIE LT, X Q25 TRINb.

(2.3)

. pr 1 2 2 2
pe—py_1+2p(u1 +ur” +uj3 ) (2.5)
YRR TH S, R F; 1Ei=1,23 1] ULTK(2.6) Tidibxh 3.
pu;
pu;u1 — 0Gj1
F,— pujuz — Opp (2.6)
pu;uz — 0;3

oT

ox;

A =pCpx FEMABREE £ Y. I T k (FBILRRE, C, ZEFELBAELT. 6T VYV IVESD o
X, —a—bhrOABRRCE>TR (27 TERINS.

peu,-—ujc,-j—l

Cij = —p5l‘j +2VA;; 2.7)
8 17XV A—DTIVAET, A;j IFAX (2.8) TRINDIEARET VY NVDIRATH 5.

18uj aui 2
Y R 3(V-u) & (2.8)
PAED & 51ZR U 72 [E#EME Navier-Stokes 2R SEMTEZ R W22 D2 A4 1 7 — G W, JiRE

F: 3% (2.9) THE N2,

pu;
pujuy — poj
Fi=| pujus—pop 2.9
puiuz — pd3
peu; —uip
FE AR ORIz DO CERbD 720, XM AREARE L TAA 7 —HEXNZ2EHHT 5. HEEEIZODWTIE
797 aF s ATy TE13] TAHA 7 —ARERNORRRED H & IZHHGd 5.
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24 FHHMROERICEDSEREL

JEAEMERARD LR HRERTH 241 7 — GRRNINHA GBRATH 5720, HaoiikzdEHd s 2
& T, FeMERRO B GIZHE D S RHERARIZIN o TR T 2 ORNICTE SR 22 R TE 5. URTIE 1
DA A F— R T 2R IcE I ey, ZkwTcoEeR bz rT.

241 1RTAAZ—HRAICHT 2RHERAEE
| Rt A 5 —ARRER (2.10), R Q.11 TS hs.

00 OF
o T ox T

p pu
pe u(pe+p)

A (2.10), X 2.11) Z2IRFRICER L, NALETS LTONX (2.12), X (2.13) 2155, NREFORE
I % A 1ITRT

0 (2.10)

dq dq
L—+AL-—=0 2.12
ot Mok 2.12)
0 L]
)
1"’5 u 0 0 p
L=10 1 A=10 ute;, 0 |,g=| u (2.13)
Pcls 0 0 Uu—Ccy p
0 1 —
L pcs

e XEEHTHY, XN (2.14) TERINS.

Yp
s =4 — 2.14
C, \/ D (2.14)

X Q2.12) 2B, 7770 VafinBATRTEUTORX (2.15)-K (2.17) £ 742 5.

D 1 _de_ 2.15)
pi\P 2P| =" '

b L)oo 2.16
D u+pcsp = ,dt—u+cs (2.16)
D 1 _Oa’x_ 517
E u_pcsp - 75*14_6.5 ( )

R (2.15)-R (2.17) FZNFNFHEM @ =0, & =yt e, ETHDIOEMH HRREL>TWVS.
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1 1 1
X X, 1—(M+c)dt “udi . ~(u=c)dt "

- i i+l

Fig.2.1: The upwind interpolation according to u,u + cg,u — c;.

X (2.15)-K (2.17) ZHEES L, #YZUT pu,p IZ2OWTHLS L, n+ 1 KEATY 7O LT
A (2.18)- (2.20) 15 5.

1
P = (p e () @.18)
n+1 1 + — 1 + _
W=t —I—ﬁ~(p -p) (2.19)
1
P = () 20

ERFD +, 4+, — X TNTREEE u,u+cg,u—cy TERSZMMELZMETH S, EFSHRE & 1341 2
X p O85E, Fig. 2.1 O X5 ICRMEEE O/ EAAIZE K AT v )V % B - 72 i BRI & - CHiSEZ
T 5. 72 ERF BN TOZAS W ESNZYHETH D, n AT v THOMEE W
TRtEINS.

242 ZRTAA T —AENICHT 2FMRAE

1 G T YRR TR ERR TR » TS 228, BRI 2 oG TIRRHET 120 - TE ST 5. Rtk
TR EE U TR AR ihEREE (Method of Bicharacteristic) [55] 238 %A%, Z D %Ik % %Rt
RS BENHY, FHEIZNPEV. £IT, ZRGCOXMARAZ M GEI, Aoz Hv
5. JAPEEEFIZUOLOHETH 1 IRGEWITEOERZ A NIER K, SIRiAH UHEZ D K
ERWEOENMEWEGTH L. LLFT, 2IRDEHED RS HEEEZAWZERMUIZ DOWTEHIHT 5.

2R A A T —HRERIEA (2.21), A (2.22) Tiddk T 5.

9Q IF 0G_ .
§+§+Ty_ ( )

P ;2)u pv

_ | pu _| pw+p _ puv
o=| o, | F= oy G=| o (2.22)

pE u(pE+p) v(PE +p)
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L RO HE L AR, R (2.21), R (2.22) 2HMEFRICERT 2 LU TOR (2.23), X (2.24) 215 5.

dq dq dq
E‘FA(‘I)E‘FB(‘I)&T]—O (2.23)
u p 0 0 v p 0 0
0 0 1 0O v 0 O
Aq) = ! p| B@=|, , , ! (2.24)
0 0 u 0 P
0 pc2 0 u 0 0 pcZ v

Bl R E, X (Q2.23) ZUTFD x AHEIZDWTOR (2.25) 2, Fonz iz y HENZDWT

DR (2.26) R HETH 5.
dq Jdq

S A(g) 5 =0 (2.25)
dq dq
5 TBl@) g =0 (2.26)

Y, x AMIZOWTERD L, 1 IRTORMERNEIZ L 2 ERML L A U FIHTHBUIL ST 2 2 LI TE 5.
bz, R (2.27), X (2.28) 2155.

L% A% 2.27)
Por "M ox '
i} .
100 ——
C
e u 0 0 0 p
o1 0 |0 u+tcy 0 0 _ u
Ll - pclg 7A1 - O O M_Cs 0 7q - v (228)
01 0 — 0 0 0 u p
pcs
o0 1 0 |
R Q2N EEBEL, 777 vyankickd X (2.29)-% 231) L7455,
b L)oo (2.29)
pi\Pmap) =0 = :
Dl ) o®_ 2.30
Dt u pcsp - 75_1’[ Cs ( )
D( _ox_ 2.31
Dt V)= dar (E58

FHRRIZ LT, y AFRIZDOWTH AL R OERMZIT, 7277 YainBAtcRkdT X (2.32)-K (2.34)
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VA
b L)o@ 2.32
Di P—EP = 75—" (2.32)
Dlc b ) _o®_ o 233
o\ pal ) = a T 239
D dy
) =0,2 = (2.34)

PLEDR (2.29)-3X (2.34) & KRGS UENL LU T pou,v,p IKDWTEL &, n+1 RHAT v T ToOYHE
ik x A, y AAZNENTUTDO XS24 5.

x AW
1
P =S (Pt e e (u —u) (2.35)
Wt = ! ut+u + ! (pt=p") (2.36)
2 plc
Vi = (2.37)
n+1 * i n+l  «
P =p 5 (1" =) (2.38)
N
y Sl e
1
P =S (0T e e (v ) (2.39)
=y (2.40)
ARy +v7 + : (pt=p") (2.41)
2 plcs
1
Pt =pt S (0" =) (2:42)

UEDXSIZUT, ZWRDGEIF 1 IRIGOBEDFIEZFEV KT Z & Tn+ 1 KA T Y 7O R E
5. 3MITEDHEIX I NI z HIADHEE w 25 2 THRBRIZE T I L V.

243 ENIR

& 4 P Navier-Stokes 75 #2 X 12 & £ v 5 & J7 JH X J£ # M Navier-Stokes /5 #2 X @ 4t J1 IH %
K=1(0,0,—pg) &ThIX, 75 27vaF - 27y FTEEZHOVHUIEEMIZ FEO LS AT, K

PERRIZ K D IGEIFER D H L IZEHR T E 5. 5
w

= =8 (2.43)



18 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT

ZIT, g BREANMEETH D, KM HBEVIRD g=98m/s2 ¥ T 5. EHTOIILR (2.43) D
EONERTHS £ 512, FEMEAIETHEDT, bXOXIOIEDEDIIN— TR AT RE
BB, 2 D7 DRI & BIRITEED ¢ SO w OREFER b CHEEOM ST .
2.4.4 FHMEIGHIE

ARFERIIES v AR ORI UTEH T 5720, FFEEME= 2 — b I3 2 /5Ms 7 o
A E WS, RIS T 2 VOV T IR u WS EIRD K D ITRI NS,

T=p (Vu+vu')

o () (2
dx dy Odx dz Odx
dv  du adv v dw (2.44)
- (ax*ay) o \eta
dw du ow dv dw
(ax 7 (3y+8z> Yz

U723 o T, RMEIG IR (2.45) &7 5.

0 u 0 Ju oJv 0 Ju ow

ax\Max) T\l ayTax) ) Taz\ M ozt e

R (R P (A I NPRCAY PP IORRCAY Y i (2.45)
dx dx dy dy dy| dz dz dy

0 ow du 0 ow dv 0 5 ow

ax\MlaxTaz) ) T \M\ 57 a:) ) T\ Har

B, ZHROGEIXMMERE u P EMEATEZLICHERET S, 7727 aF )b - A5y TIETHHMb
T5DT, HIZIEx HEEE u ORI U TIRO & 52 U TRMEIE 2 29 5,

Hu_l d 5 du d du Jdv d du JIw e
o plae\PMax) T\ Flaytax) ) Tas\ Ml ezt o (2.46)

V.2 I DEEE vw (28 U THRBRICFEIS 5. £72, KEERQDGELRE, MVEIEI A SBT3
NDGE, FRED &SI U GEBIZFE —SEIZN T A DAz & AR MO ATHL Z
EMTED.

0 5 u
ax \ Hox
) v

828w
o\ Moz
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25 ZHERETIL

RIFZETIX, 777 aF - ATy FETRIERR, &, KMk, RS, Bl & E i G- L
TWL . KA TIEEE - MRS R BN EL T 5720, Rk X 23R Tld#MEO
LA HRTEEOHEDOANEDL L., BAMICIE, ZMREHE TR (2.20), & (2.38), X (242) TiX
BEORFFEZTOTIC, BHTo=1, KMT ¢=0 R 2HEEH ¢ % #1771 Phase field i TH¥
MRESE, DToRn ok 5.

p=¢p+(1—¢)p, (2.48)
ZZTTIRAZ IO, gldHDzRT . KitERE® RRIC
w= o+ (1—9)u (2.49)

NoRDD.

251 {R7EE! Phase field ;%

Phase field ¥ [56] 1ZJE MR 7D A = )V ¥ — Bl [57] 1285 < DIM ©—2 T, ZOHHETX
WX —PBBA RN 725 K5 ITHDVPHPREEZ T T 5 FIETH 5. Phase field £ TIEFHR %2 K
TP LH ¢ 2 EHRURMREZM. BPLAREZRMEIZ 9g=1, SHMHIZ9=02HDHET, ZOMD
0<¢<1DERESFHEIEEZFEE B2 22T VOFIEIZBIT25 VOFEL[H U & 5 72 4% & % R 7.
Phase field (5 TiE, K& <431 TRAERITH T 5 Il Gintzburg Landau (TDGL: Time-Dependent
Gintzburg Landau) /i#£ X % fi# < Cahn-Hilliard B! 5 X &, IELRGFERIZH T S TDGL A TH %
Allen-Cahn BUARRAZ S B DORH 5. KB _HHRMEN 217512 H 72> T, RS TEMHOEREN
RAF N5 = OHRFRICHT 5 HATH % Cahn-Hilliard B AR —F#EL TW 5 2 EZ 505708,
Cahn-Hilliard % 52 R 1E— I 4 B THE W o 2 @M THEBRE EN 5 - OIEHRICHVWE AT v ¥
W%, BIRKESENE WS REDVDH 72, 0FE, RFERITEBIES 7z Allen-Cahn B 5FER D
REIN, [URHIROFREMETEL UTHEFEIZROVFERIHE ST V5 [28]. f#FH Allen-Cahn
HEAETRTERINS.

2 +v-wo) = 7{ev- V) (o01-0) v ) | 2.50)
BE1E D Phase field HRERA T, HBREFEORAEEEIRFIZEETNTLE->TEDL, REEIZEFHH
BATIHMET 5L, RERNIZXINVAT Y RLUTLUES LWSMEEH-72. UL, A (2.50) T,
RO ELZ PR LR R-oTHBY, XTNVAT Y M TEZ L HE u i U CRERENDREES
BTAZeNTESL. A (2.50) OFHERBIZE T 270 70 7 7 A )VIXFRE D S OFF ST EREEREE v %
HAWT oA TtiINns.

1 y
¢0—§{1+tanhi} (2.51)

PIIRE 707 740 ¢ 1%, M SHEEERE 52, X Q.5]) »o5tET 5.



20 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT

1 P 1 peevwberverrrees =
7Equ}|i’b|"iu’m’p’ro’fil’e 7777777 R / R T Equilibrium profile
0.8 01---- 08} 001 ----
09 ---- 099 - - - -
=) / k=] /
@ 0.6 @ 0.6
L= L=
(5] 5]
& &
< 04 <= 04
T / & /
0.2 0.2
JES S A, A JE PR R PR A
0 3AX 0 _— L’ 77773&)(7777 T e RS
-0.05 -0.04 -0.03 -0.02 -001 0 0.01 002 0.03 0.04 005 -0.05 -0.04 -0.03 -0.02 -001 0 0.01 002 0.03 0.04 0.05
Level set Level set
(a)A =0.1 (b) A =0.01

Fig.2.2: Interface parameters at equilibrium state of Allen-Cahn equation, the interface width corresiponding
to A < ¢ < (1 —A4) for this figure are & = 0.03.

X (2.50) 157285 A =R TRPRINT VWS A, Phase field IETIH/ST A —RIZ & > THREZES)
NWEDL7D, FERESRETIHENHL. KOFHMICHH T O 7 7 A VENTA—-RTHRETES
L DIZFg 22T TH#Y, A <o <(1—-A) ICHET L5 MEEEZ § LLTNAIA-RZ2EX5L, el

DFD&SIZFHTES.
1

o
©T Ttann T(1=22)

(2.52)

RIZ YIZDOWTHE XD, 7% Phase field DFEE (ECY T +1) 2RITFHELR->TWS. A (2.50)
DOAEDITELTEL DEAERMEIC X 2 REOF EMIXLITH LT, RE 707 7 1)V % tanh TRIN D
SEHPIRABIIBIET 23R E2FD. TOOFHUBERERSIX 7IZFRKEWIEER WD, FEERIZIZALHE
ERNICEH R SN -0 AEDNEENS. LI X PRMBENIZEAERVWE S RIKEDOHEIZH L%
WAFHELCTUE S L ABIEFNDEUEFEIC X > TREMRDEALT . Chiu 512 £IUL |#|max P
ERHWONTE D, REVLBUERMEIZ L > T SHIEI NI EZ A - TWwWHeEFERZ NS, AWt
5T, FMEAIRER ST X — & My WA G IRIGR S j=1,2,3) OUFHED R [1j|max & HVT,
Vi =My |ujlmax S,

2.5.2 Level Set %

Level Set 7% [58] 1%, fFS(IPEERA L U COMEZFEFODHLDTH D, Osher HIZ L > TREI N, 7
HHIETE & LTSI AT 12 5 A 5T X 72 [23]. Level Set BI% w 12 3HE 48 % v > 0 &
V<023, TRUZE>THEZYID 215, Fig. 23 O X 512 w =0 OZHEIE A M5 % K.

Level Set BIZUE TRl OB IR AR AT/ - TR AR T 5.

dy

Yo wvyy=0 (2.53)
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Level Set B%UZ, Ftii» o DFF SRz X THDTH D,

Vy| =1 (2.54)

EWHOMEERFD. ZOWEDENIT T, VOF %% Phase field 7 & OILEA T & L T O % Ry Hafd
BE & S D IEAR PR 7 OB E A2 TS5 L0, Level Set BN SFHE L 72 HAVEEL R .
UL, BREBESICEDBUEEAIZE > T |[Vy|=1 0B85 k>TL 5. TD7=®, Level
Set BI% D THAIHHEL] XN 20 E2FTV, FEMHEHERE U COMBEEZEOBRENDH 5.

AL, & 2WEREA T v TN TIRO MM G RZ AR 2 R X A T % D TR SR &
¥HZeTirbhs.

oy _

50 = S (Vv =1) (2.55)
v

S = 2.56

v V4 |V PA (230

R (2.55), & (2.56) T 0 ¥ FMBILL TAHIT 5 2, ROHLLE XD Level Set FIAMA A 71
T, BUSREIAE D 5. SUSRIIE < 7obiz 20 23k BRI FO & 5 0% 3 5.

_ 2 + 2
0 0
5 max (max (W ,0)) , <min <W ,0)) (y>0)
dy ox ox
Ox - v~ 2 + 2
A Iy
max (mm <8x ,O)) , (max <8x ,0)) (y<0)

\

(2.57)

::?,%+dxlﬁﬁﬂl%va%%<Wot@£%ﬁ?%ﬁ?étw5%%f%D,%_@xﬁ
HIANZE K AT VIV ER >R EESTRAT I L 2RT.

BB, 1 ATy I S RFAEHINTWS DT, ABFETE, §2=05 &L, WHEEH
ATy TEEAT Yy 721z 30 MIREEREZ1TS. TIIBEMRIEO R L AL EIZ LR X, AEw»
72, WED AT — )V THD Level Set BIEDREIRIZ K 23EERI, FRMAEE L HRTREIZA Ty 79
% Bl TH5.

2.5.3 Level Set B8% & Phase field 350 Ay 7Y v 5

Sussman (2 & 5T, VOF £ Level Set k& 7y 7)) v 27 X487 CLSVOF £ EEI N T WS [27].
VOF iEI3MHE & O REVEITEN S DY, ERR EORMEIBIZHER DV, REBROBENENE WS R
MMBHB. —J Level Set 1%, BMFHBEIZEREELD, REWESENZDOIZ, &AL RGO SIEH
WIS 2 & WS WK RS R RS2 FD., 2O D% #la&bE 7~ CLSVOF T3, ARHEHE%
VOF i£T17\, VOF flih SR U 72 Level Set BTG R %2175 Z & T, HEEREFEEZRDbDDH
ML 7238 E TR RE & 72 B

AHSE Tl Phase field i£% 5 A%, fEEEEAEK ¢ 1% VOF Ml & 72 & 5 et # % R7-3 DT, CLSVOF
Bk REBEZHTAY TV T R2FSIENTES. BRWL Yy 7Y > 7D JiEIE, Level Set
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Fig.2.3: The property of the level-set function as signed distance function.

O HEA DX (2.55) 1252 % Level Set BEE DO WIMAME yy 12, Phase field 28D FHARREED X (2.51)
PO YIZOWTHRS EUTORERES.

[0
1—9¢
R (2.58) IR EEATWS 20, FEHNS TLEHEDOATHAT L. KAWL TIEFHEAGER /T X —
Xk=10HEZHxETS. R (2.58) TEIEX N7 Level Set BE D H i 7 & 1% Phase field 2% & 13 1F—
T 2139720 T, H#FF Allen-Cahn HFER (2.50) FOEFRR T DL L AnE L IHE,

v (¢) =€ln (kA < ¢ <1—kA) (2.58)

\% \%

wﬁfﬂv% (2.59)
TEtHET 2 Z e CHRMAPREEZW ESE 5.
2EHEHIE T (2.58) 225 Level Set B %= A9 554, Level Set BIZDOFH W LILGFHE & DB X
530 ATy TRELMIbNT, REPSE~Z 1SKTFOETULHREI WD, Fig.24Dk>
CEIIAALE R O K TIXIE U < 22\ Level Set BB O AR A G E I N5, FEIEMEVERAMENT ClXF O
E % S 5720, FHENTEED AIE LW Level Set BB ANIZR WO T, HYIHALO KT DWW THE
MY AMLEIXARW. — AT, WIEMEREENT CIEFEOMEESEN L UTEET 5720, HUNeh
56 ¢ BIENFIZD > TEMT D, TD70D, EUZBUND ¢ PEAHMLO KRG N T v TIhEHHE
FERICEREZ RIET 2D D, ZDLIRITT—%Fi<72® Level Set (2 X 2 ARFIHETUTD LS



B5E —MHRET IV 23

Fig.2.4: The trapped phase-field value by incorrect normal vector around the end area of level-set reinitial-

ization.

TR HLER % fffi .

_)(0,0,0) (ly[>s)
Vy= {VI// (otherwise) (2.60)

Z T, sIZHEVBEHED 30 2Ty THRETbNS 5 15 ¥F £ TIXIE L W Level Set BAEDE D%
EINTWAEDT, s=10Ax FEEIZHET 5.

2.5.4 RMERH DA

RERSIMHAEIZ/ERH T 2HE N THS. L L7ARA5, Phase field %X Level Set 3% I A& %
PRI R TEBOIFHREZ S FIETHH720, RAOACHBEIZFHIEL20ENETHD, K
ICHRHEAMEZEL THER S TEBIENAZEEDRN E m>TLES.

AREFETIE, REEI DEHREIZ Yokoi 12 & o THZE I 117z Level Set based density-scaled balanced
continuous surface force €7V [59] Z H\ 5. Z DTl Brackbill 512 & % Continuous Surface Force
(CSF) £V [60] ZRX—R & UZFIET, BB THLIREIED ZAERBDE UTHELEEIZHRD 7317
5. BRI REALE Z RO 27\ 728, Phase field JETHEYNICRERENZMAAL Z & 0T
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& 5. Yokoi IZ & BETIV[59] TIEKRMEIRS f, I FLTRINS.
fi=0kVH} (y) (2.61)
ZZT, o RMENRE, « IZRMEER, HS(y) ZBEEAT—Y v 7 XNzl Heaviside BIET, v

i¥ Level Set Bd%tCTd 5. Hy (y) 13648, Heaviside BI%X Hy (), BEA T =) v 7SN EET IV X3
BoL(y) EHWTFRHDEIITRINS.

0 (Vv <-a)
Hely) = ;(1+z+;sin (ﬁ”)) (vl <a) (2.62)
1 (v>a)
Su(y) = aalf;‘ _ 21a (1 eos (7211)) (V< @) 2.63)
0 (otherwise)
8o (V) =2Ho (y) 80 (V) (2.64)
0 (v <a)
Hi (y) = i (1 + g+ ;sin (2”)) (vl <) (2.65)
1 (v>a)

o TR EED Y7 %K T /8T A —X T, Phase field IETIEI NI AR E U THERE GRS L NTE
52DT, TO¥NDEEG 25, BEA =)V 73528 T, T NVIEBOE -7 BNBEEDKE
WIRARHNZ 2 5 728, REIRIIC & B IEEO K E X DR O M THFR 2D, NEEE O O A
H—iziEo K.

Z ®F%IE balanced force algorithm[61] % 7TIZ U TES N T WA 728, KRN O#E(L DG % E
NIHE —HIEE2HENH D, AFETIHENHITEEH#HHAFTTA 219 DEHickInsDT, £
AR A ME M Z1E x HEIZOWT FRO &L S IZiikTE 5.

fo= cx;C(H;”(w) —Hy (y)) (2.66)
ARFETIRZ7 I aF N - ATy FETERIIZFE L TWL DT, Fald & 5173 EORE I
U CERHER I IH % §Hlid 5.

du 1
— sc+ _pgsc—
= ckzpc (Hy (w)—Hy (w)) (2.67)

255 #EARA DM

[EFH - WAH - S & o 7o B DAY B BRI, BAHOYIVEMEIZ & o THESE CHIFE L O pcd A1k
ZALT B, DD B & [EAHAEEALI T RS & el IO, RN OREZERLLZBDTH
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Fig.2.5: The defenition of normal vectors according to the contact angle.

5. EMAINSIWEEIXENXT <, TOMEZBUKME LIPS, —AHEMMAPKE VGG EFENICL
WZ e ERL, TOMEZBKMECIER, Bl 3R EHEOYMIC X D20 L, FEUARKRE L CHlK
PVLTE U T ARBE T D#Efil A % Wik Befilff, R L2 R ANES) U T 5 IR O il 2 Bir sl & » 5.
B A 12 D W CTIEEERF I ANB ETARREICHLINTE ST, o TH IR
TH5DT, RIFFETITHFEMADAZRLS .

AWFZETlE, Sussman &2 & DRI N7z Level Set A ZH WZE TV [62] ZH WS, ZOETIL
T, YRNIZALE T 2 KI5 H D Level Set B & AT L, Bifsfie UCHiA 2 KME ¢, BIE
IND5 DHYHENIBIZALE T D Level Set BIBID A7 DT, YELEDREMEIC —UIRE L v v S I
NdHd. iz, EWHEMHOEMSZEGIICETBER R W20, EEBIROYMK~DEAE, YHAD Level
Set I 2o NIXZ DX FHEHAARETH L L WS HRBLH 5.

WIRNIZALE T 2 SR T O Level Set BIBUILA N DR ARERNZ R AR S TGS 5.

O Wobj
at
22T, TIHMRENZRETH Y, 1=05Ax £ T5L X (2.68) D1 A7 v TDFHAT Level Set B%UX
MMAWNIZBE L Z 0.5 BT IMEEI NS, uey &, Fig. 2.5 TRT &S ITHMHE D Level Set B 5157251
HEKRZ ng, YIRES D Level Set BIfD S G- WIAEMRZ n,, HEflifsz 0 232, AFO K5 IZF
BInsg.

+ (texi - V) Wobj =0 (2.68)

.

li " (s <0)
normalize | ny an(x—9) s
Uexy = i n n (s>0) (2.69)
normalze | ny m N
n = normalize (ns X Ry X ny) (2.70)
S=ng-n .71

Z 2T, normalize 1327 ML EEHLT LB TH 5.
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X, —ult X,

i

Fig.2.6: Time evolution of advection equation by using semi-Lagrangian scheme.

26 BEBUEFIE
2.6.1 FFHEREEE

Rt oGO BRI k> TE SNz n+1 ATy THOMEIX, SYHEED LS OMED 2
LalgizkoTRINT WS, EiaffOME 13N (2.29)-8 2.31) »26boh 5 X512, YHENIEH
XD CREFRE I N/ EE ERT 5.

Bk R A Df#RiE L U T, Buler i & Lagrangian iED#T KL Td 5 semi-Lagrangian %% F\»%. Euler
wrElE, 1 LOBEEEOAEICFEENREZEE L, FRLNTEH LTV 2 EBEEEDOALEICFEST 5E A
WZDOWTOEE) %Lk S % HikTdh b, —F, Lagrangian EILGHERM A% 8 L TdH 2 MK 1I127E
HU CHEE %GR $ 5. semi-Lagrangian %1%, &WFE AT v 72 LT 7 RUEHITIRIRR T 2 KE L,
BHETS HETH B, HlzIE, Fig. 2.6 DL S2, FEATY T n o n+ 11281 2 ERES x; TOWY)
HE M 2EZE n+ 1l ATy T n ATy TOMELAE & 8T 58, nt1 ATy TTE X »
S ult o 7z g0 SYEEDHENTL 5. semi-Lagrangian % T3 75 oYL R S FHEIBIE F(x)
AT 5T, X (Q272) 25 LRHEOMEEES.

P = Bl (xi — uAvr) (2.72)

Xi

s, Bz plzonT
pi = Fi (xi— (u+c)Ar) (2.73)

1

DEHIZLTKRES.

—f%(Z Buler & CIZZEMBERLICN U TEIREED A ¥ — Az W56, KERED OBBLIZN L
THLERMEEDAF —LEHVEIRERDH D, SUEEORHEMAIAF L LTI fbNdLD
'~ Runge Kutta JERZEIF SN2 0%, EIRKEE CTHIIZELEFHRENPLEL R VKL 22>TUES.
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— 3T semi-Lagrangian {5 Tl —B DI R CREGE VN EREE & —3 T 5720, DRVEIREETHNE
JEREFTREMTZA D LW RIRA D 5. ARWFFECIEMiMBEEIC, 5 EE WENO (Weighted Essentially
Non-Oscillation) ZA¥— 24 [63] ZFH 5. WENO A ¥ —AFEEAF—2D—FET, FiDLSIZ6 K
DAT )& HAWT 3 DD 3 Ik Lagrange filifll % IEFR I A G DE S T & 1T K > THUEHRE) % #11H] L
S SIRKEEZEBLZEDTH 5.

Fyl = WanPan (x) +WetPet + wapPup (X) (2.74)

ZZT, widEARET, P33R Lagrange MifH]B# %2 X . FRT dnctup 22N R, b,
ERANCZ K AT VYV ER- TR I N 02 R T, EBICHRIBERZMET 2801,

Ah = Ax,

Jopp = fix3: fop = firas fp = firr, (w<0) (2.75)
fm:fi—lafmm:fi—Z

Ah = —Ax,

Jooo = fiozo Sfop = fi2, o= fi1, (u>0) (2.76)

fm = fi+17fmm :fi—i-2
DESIZUTEMSEE u OBFBIZSC TR EAMIZAT Y YILE E ST,

Pgn (%) = @an” + banX” + canx + f; (2.77)
a :fp*S(fi*fm)ffmm
dn 6AN3
fp_2ﬁ+fm
_ 2.78
ban S (2.78)
c _2fp+3fi_6fm+fmm
T 6Ah
Po(x) = aex® + bex® + cox + fi (2.79)
oo =3 —fi) = fm
ot = 6AR3
fP_Zfi“‘fm
_Jp—4JiT/m 2.80
bct 2Ah2 ( )
. _ —Jop +6/p = 3fi = 2/m
ot 6Ah
Pup(x) = aupX” + bupx® + cupx + f; (2.81)
a _fPPP_?’(fPP_fP)_fi
u 6AK3
Joop —4pp +5/p —2fi
—_ 2.82
bup SR (2.82)
_ 2fopp— fpp + 18/ — 11f;
P 6Ah
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ERER 2.77), X(2.79), A (2.81) DX 512 LT 3 ¥R Lagrangian fifERHUE kb 5. FERRILE AN 1T FREL
wi 1

wi(x) = ;’;(l’a) (2.83)
oy (x) = ( Biixg)z (2.84)

oRDE. R (2.84) FD e ZXOEZH D DWUNERT 10710 BEDMEIZHET 5. Clx) 1&

YiCr(x) =1 %7z L
(—2Ah +x)(—3Ah + x)

Ci —
dn 20AK2
(2Ah+x)(—3Ah +x)
- 2.85
Cat 10AK2 (2.85)
oo (2Ah +x)(Ah +x)
w 20Ah?

53Rk E B, B 1E smooth indicator T B = Y, [ Ax* ())zdx) EWVDEMENSIRD K S ITK
5.

407 721 248 61 1193
Ban =50 fofot3g fifit 5 fmfm —Sfmmfmm o o 256
(2.
439 2309 309
B fofn— Too fofm — oo fiin+ 50 fifm — o fn
1193
ﬁup :7f’fl fPfP fPPfPP + 45 fPPPfPPP flfp
439 2309 (2.87)
flfPP lgoflfPPP fPfPP 0 fPfPPP - Efppfppp
61 331 331 141
ﬁctzgfmfm fzft fpfp"‘ fppfpp_%fmfi 588
(2.88)
179 1259 179 141
+%fmfp_@fmfpp ftfp 30 fifpp_%fpfpp

262 ENE

HOEIZERTH 5D TURD S LRI L O BB AN, KRR 1 IRKEETEHE L, 7 Sk
Ew OFEOHRTRELD X D IZFHET 5.

1
wﬂ+1—-< tw pnc(p+——p)>-+gAt (2.89)

2.6.3 REMEIBHIR

fi 2.4.4 TRUE U 7KV D 3 (2.45) 13 2 IRKSELAEDMECREBUL S 6. MR OEE, RVERE u
FZEMZST D720, WMROMIHET I LETERY. TD L5856, BENITEENEZ R o 72
bzt5 5 7z, FMEHEHFIZE NS Z M, £o0%ED & UTEHET 5. RIS IHEK (2.45) Ho
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HCR, EIEEHAOSFN-BUT0S L (1) ok s mme—BLToA £ (n(2+2)) 0
£ SRS, £ RTRIH BIARKD X 5 121 3

) oy 15, ( ).
)
@+@ e
9 ou v K dy dx) | K dy dx) |
R OV s _ Jt! i1 (2.91)
dy dy dx , 2Ay ‘
X (2.90), X (2.91) HOWITIZFRBRIZ 2 IRADAED T IO & S ICHEE LT N 5.
du w1 —ui (2.92)

dx  2Ax
RS L 1 IR T RO & D IZEHHE T 5.

vise _ ehara [ 1 (9 (, Qu\ 9 [ [du vy d [ (du odw
= +{p<8x(zu8x +8y H 8y+8x +8z H 8z+8x Al 2.93)

22w 3T S % b T & o CIFIRE S N (R (2.19) TV S 250wt R &
U, wse i ZREMEIEIC X 2 B S B O & %5,

2.6.4 RMEKHE

254 THRU 722 (2.67) HOBER T — 1) ¥ 27 X 7= 3E L Heaviside BIEUE, RHIGS 2 Fb:s s ©
semi-Lagrangian i S ¥ CTIEFER S E 5. REEDICEBIMES, 75272 aFN - A7y THICE
flis % DT,

1
W= oy (HE ()~ He () 294

ELTn+l1 ATy 7HOHEZRD S, y,z HHDOHEEIZOWTEEKTH 5.

2.6.5 A

Hi 2.5.5 120 U 7= il f DFEMMITIE, w,p,p &\ o HYHBIZEBEBEZMAZSDTIZAL, VAN
HRIZ AT E B SR D Level Set BIMMEIES NS Z L2k > T, REBENHEIZE T DWRNEBO L&
HNRZEAL, FERE L TEMALTHEINE L WS EDTHS. R (2.68) DML JiFE RO BRI FEIX
1 ST, 22 & 2 YR D2 43 Tt 3 5.

ll/ J] %bj ( ext ] ext ay ) +Wext a J) ( . )
a%b] %bji+l 1lj()bji—l 2 96

v,z HEAMBIZOWTHRAETH 5.



30 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT

@ :pointvalues
I : line integral values of X-direction
I : ine integral values of Y-direction

. : area integral values

=
5

Fig.2.7: The arrangement of multi-moment variables for two-dimensional domain.

2.6.6 RETVTILFE—XV NEICK DIRTEF Phase field i&

i 2.5.1 125008 U 72 {R-4FJ¥ Phase field %%, (REENVFE—RA V MNETHRL . REEILFE—RA Y
h %13 Fig. 2.7 O & S 12Tl EOME & 135N, BT e FROBICEMEZ B E U T2 N2 nokHE
KIEEMRS FIETH S, 3WGTOLEIE Fig. 2.8 D X 512, mfH, MEOE, mESE, SRS E b E
IND. KiFETIE, X (2.50) 2AAD ¢ DRAFHTERDEH S & AL DL - WHLE D31 /3L T
fige <.

a0 B

3 +V-(up)=0 (2.97)
96 )
E—}’{EV'(V‘P)—V' <¢(1—¢)W)} (2.98)

DEEL TR ZLI12&>T, B4DRITH*DAF—22BEHTEZATES. & (2.97) 1 CIP-
CSLRI ik [64] Tfg &, X (2.98) 13178 IDO 7% [44] Tf <. CIP-CSLRI1 &I {RA7AL CIP 3% [43] %
R—=2 & Uk, wiEBEBucaEEEE V-t DTH 5.
9, X (2.97) Oz x HrzflicEz 5. x HORIE
d u
.
LEFB5. KX (2.99) DR EDIED n+1 A7 v 7 TOIE, semi-Lagrangian %% F\WTIRD & 512
i <.

0 (2.99)

tn+l a
®;(x; — udt) — / ‘Pa_;t) di - (4 <0)
o = S (2.100)
CIJ,-(xi_l — Ltdt) —/ ¢—u> dt (u,- > 0)
i 8x
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: point values

:line integral values of X-direction
: line integral values of Y-direction
: line integral values of Z-direction

: area integral values of XY-plane

: area integral values of YZ-plane

: area integral values of ZX-plane

z
y\L'x : volume integral values

Fig.2.8: The arrangement of multi-moment variables for three-dimensional domain.

2T, O IFJEHHD SES X OBEAMEE RS L Uk S - i TH 5. semi-Lagrangian A
RO ZEEIRE L.
(X — <
br = D;(x; — udt) (4; <0) 2.101)
b, (x,' — udt) (u,- > )
HEFEBOYIFIZIHB O EDIZ L BEEZMAS. —RIZZOBEDIZAEZTIERVDT, BAFD X SI1TK

& 5 [65].

At
0 = 5 (07 91 (i1 — 1) (< 0)
0 — 3 a= (07 +00) (wr—wi 1) (> 0)
WIZ, BAMEIZDOWTIE, SEE Dot EAHLbETEL LHAELHEVRREVWDT, ¢ %2 x; 5 x4 £T
By U725 D2 TR Ax THI- 72 EIMEEZIRD XS ITEHZ L TH L.

=1 [T 2.103
¢7Bx,- Odx (2. )

X299 %2 x; o xip) ETEATEE, RO ITHBTES.

+1 _
o+ =

(2.102)

0 1
a:p + 1 Wi @i —uiy) =0 (2.104)
FEMEDORREIFEZ KD 5 7=z, X (2.104) ZHEED TN, n+1 AT v T TOREDEMHEIL,
At tn+1 tn+1
x$n+l :x(ﬁn_ = / Mi+1¢i+1dt_/ ui¢idt =0 (2.105)
Ax m I
5. X (2.105) OFESEIEFRIBEIEZE Hohig,
l‘n+1 x,——u,-dt
/ u;¢idt = / D;dx (2.106)
tn X

TIEBIIZR E S, CIP-CSLRI % [64] TIEMFBEBUZ AT O & 5 A B E W 5.

_ <0 +2¢1(x—x;) + Bea + aBer) (x —x;)? +2aBer (x — x;)?
(1+of(x—x))®

D;(x) (2.107)
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FHRBEEE, BIREEIZN U TEEA[MIZ3 DDE—A Y bOflEAWTHERI NS, BFREE u 2t
CTFREDEIIZEHZzERZL THL &,

Ah = Ax,
Op=0ir1, (u<0) (2.108)
x¢p :x¢i+%

Ah = —Ax,
Op=¢i-1, (u>0) (2.109)
60 ="6,_,
REIBB 1 )
1 ¢i_x¢p >
- (X -1 2.110
P=a ( X6y — 0, (2.110)
MOERED, ZTOMDERE co,c1,cr FHFDSMES K OREMEDL S FELD XS IZHREI NS,
co = ¢ . B
Y (2°0p — @p) +0p — 26
1 = (26, Zl P @2.111)
(Ot 0p) O+ 0
2= AR

where :

{a_l 2.112)
y=1+aBAh

Z 2T a & switching parameter TH D, 02 1 Dz & 5. a=1 THHEEKCIP £720, a=0T2
AR IRAE T 5.

FEER - WHEEGZ D W TE, 7R IDO AR W CAES K OB %2 R RIE S & 5. AsE Tl
fRAZHL IDO v5 & U T HuLilEIBISOE v 2 (1478 IDO-CF A CTHiifEE S K OMa 25t HE T 5. 17
B IDO-CF AT, 3 2D riE 2 DOMBMEZ M RSM L U TR NS 4 REEA THRIBEHRLE
5.

4
d(x) =Y Cjlx—x)/ (2.113)
Jj=0

Cj \ZFMD 3 DDORUEE 2 DDORMEZARZME UTRRED LS ITKRES.

Co=¢i
Ci = Oir1— G N 2 (x¢i+% —"(Pif%)
2Ax Ax )

 3(Gi1 +80i+ i) B'WH{H@%>
e 4 " ANV (2.114)
Ca — 01— 01 2 <x¢i+% =0y

T Ax3 B Ax3 ] )
c ::5(¢H4—%4¢,+¢F4)__15(*@+%.+x@_%>

4 4t 44
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Tﬁ@9&¢®wwiﬁﬁﬂ&%»tﬁé a#féétw,%%:o%@mgaﬁT.ﬁﬁﬁﬁ
11 OB RE CHEBAL S 2 & x IO Sl O R R 13
2
n+l __ n ‘P - i _ 8nx _
oo | 7o -0+ Sre- o)} e.ns)
TRDB. 2T, n OWH%E IDO HETRD BB BE & 7 B RS FIEIE
M) = W (2.116)

oRDD. RITHESEORFEFEREIZ, X (2.98) & x; 25 xip FTED T,

9" _ d d _1
=t (5) () - rastom0-omine, —ati-on) @

L, X (2.117) RS EIX, HFER IDO-CF L CREE L ZHBBEHRZ2Mo LTk 5.
X (2.117) OFRFFRES K FERRIC 1 IBE TR L T,

d J 1
x¢n+l — ¢ + |:')/8 { <af:>i+] — <£>l} —’)/E {¢i+l (1 _¢i+1)nxi+l —q)i(l —¢)l~)nxl.} At (2118)

MORED.

2.6.7 Level Set EA#IDOBRETE & BHEAL

Hi 2.5.2 TRl L 7z Level Set BEIBOBK HFERTH 2R (2.53) L HAMLD - DML SRR TH
%3 (2.55), R (2.56) DZERAIE 5 kS HI-WENO % [66] %2 W 5. 5 kS HI-WENO %1% 3
RS % IR EAMN T THARDE L Z 212k > T, BEIRHZMI RS S KEE2FEH LU

HEDTHA5. )
v\ dy dy dy
<ax>,.—“’0(ax> o (a)ﬁ“’z(ax i G
Ah = Ax,
Vopp = Vit3, Ypp = Vit2, Vp = Vit (u<0) (2.120)

Ym = Vi—1, Ymm = Yi-2

Ah = —Ax,
Vopp = Vi3, Yop = Vi 2, Yp = Wi1, (u>0) (2.121)
Ym = Vit1, Ymm = Yit2

Vppp — Ypp) /A

Vop — Y¥p) /AR

—y;)/Ah (2.122)
— Ym)/Ah

Vin — Ymm)/Ah

$53

(
(
(
(v
(
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13 1
ISy = - (vo—2vi+m)* + 1 (vo — 4vi 4 312)?
3 1
IS) = = (vi —2v2+v3)* + £ (v —v3) (2.123)
12 4
13 1
1S, = f(vZ—ZV3 +V4) *(3\/2—4\/3 +V4)
12 4
IR
=70 S0 te)?
L. (2.124)
'T10 (1) +€)? '
oL
T 10 (IS, +€)?
. Qo
= o+ 0 + 0
Y — E— 2.125
Tt a (2129
= —2
B o+ 0 + 0
0 11
<al)lc/> fV()—fvl +€v2
d 1
<‘V> :_,vl+ v2+3v3 (2.126)

1 5 1
( ax> T3t g

IS (ZBEEDWE S X % F$ smooth indicator T, ISy =151 =1S=0D & &, SYHEERLEAESIZ T
5. e lZ¥OEEH S ODOWNEET, e=10""0 FEEICHET 5.

7SI 1 5 IRKSE HI-WENO 572 & O @R kS E ikt 2 725546, REES & SRE~E T 5
WEENH B, KRR TIE 3 B 3 K Runge Kutta 7% [67] 2 W5

D7D HEA %

o =L (2.127)
&<, 3 B3 IRKEE Runge Kutta IR TIRIRD K 512, 3 BRDEHERZITS
u) = w4+ Lu©)Ar

1
u’ =u"+ (L(u )+ L(u )) Ay

3,01 1
—Zu'+ Zu(l) + ZL(u(l))At (2.128)

Wl =t~ (L(u(o)) +L(uM) +4L(u(2))>

Z & TVD Runge Kutta ED— 2T, BUELEMENEH W L TRISNTWVWS
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wall

(U,U,p,p)HALO (uavapap)wall (U,U,p,p)ﬂuid
® @ o

¢ ® ®
)
[ @ o

Fig.2.9: The values in halo region of the computational boundary.

2.7 EHREFH

AEHBEFETIE, u,p,p Vo ZYHEIIE AR EIZEZEI NS, R1FE Allen-Cahn HFEA X AT
MBI VFE—RAY NEZAWTHEINDS D, E—A VNI LIZEBZEDRRZY, BEREMEOHEITE
BRBETH D, BEEBEFRIZIE, slip & non-slip D 2 A H O, 2IXITDOHEEHNZZTNTNIZDONT
A9 5.

slip B¥

slip BET1E, BEICPATAMAERS &, BEAHERD TSRS S, Fig. 2.9 0 &> 4586, FEZ

Fwall DR ETHEL,
Uwall = 0

UHALO = —Ufluid (2.129)

VHALO = Vfluid
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LUT, HEZHRETS. £ - BEIZELUTEBOPZZWROLATDOX 12/ A3 Rz @EAT 5.

PHALO = Pfluid

(2.130)
PHALO = PHALO
non-slip &¥
non-slip BEClX, [ES - BEIX ) A~ V&M EREL, HWERSIX
Uwall = Vywall =0
UHALO = —UHALO (2.131)

VHALO = —VHALO

ETNIER. BEN ) AT VEMTHEIND L ST, Phase field KFE ¢ £/ 1 v U 5MEET.
Fig. 210 D & 512, MFAMICERINABO FIMED, Bmz2IFcaE—135.

2.8 Immersed Boundary Method IC & % BB DEHTIRDRIR

AT, ENERRUMFFEEZTI OICERKFEZERAL TV L, BFiZihbanwk 55l
MR IA %2 KRBT 272D121%, ETADBBEL RS, ETICRbRWYIAERTETILE LT Peskin
512 &k o THRE X V72 Immersed Boundary Method (IBM) [68] Z 5. IBM XA WS T WS
FIET, BIEIZEDS FTITHRABRTPIENREINT VSN, KRR TIIEREM 2723 & 5 2WRN
HIZHFIZ K> THZE 52 2 FEEZAVS.

IBM ([Z2WT, 2RcDGEZHNZHIIT 5. KWL TR T 5 IBM Tl Fig. 2.11 @ & 5 12¥ikD
Level Set BJ# & HI\WTYHMANERD Solid cell, #RAKMHID Fluid cell, YIHANID cell D 5 5 Fluid cell (2
B LT\ 5 cell % Ghost cell & U Tl 9 %. Ghost cell 22 5 ¥k & AR DB R0 U € HEelfig % 5]
&, BiSUR & D28 % Boundary Intercept (BI) &R LU, BI 75 —EDFHEE Rl £ TH\W/f7E % Image
Point (IP) ¥%&73. 7z, Ghostcell 75 Bl £ TOMilfizE R2 L3 5.

B ETHRED 0 LB WO R ULRMFIZOVWTEZRS. 2ED ugi=0 L LTHEANTWBEAET
H5. ZTDE Z Ghostcell EOFE uge 1FRMFARNZUTDO XS ITRESINS.

R2
ugc = _ﬁuIP (2.132)

72, B - BEZIZH LT Neumann 5&E 2 ZE T 5551210,
PGc = pip (2.133)

LT, IP EOfiZ I —3%. IP LOYHE fip 1X Fig. 2.11 ® X 512, IPEfED 4 O % W THl
LU TCkDB. 2RITDIGHELL D bilinear il CHRIMMEZ KD 5.

fip=Cixy+Cox+C3y+Cy (2.134)

3Ru DA, trilinear #f [ THEFAMEZ ke 5.
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I wall I

Fig.2.10: Neumann condition for the multi-moment variables.

2.9 KEZIADRE

AFERIZRGHEE T ARAZBNT WS 720, KEZAZEICEFRERTKILINS, K< v N &
TR R < T, R E AR TEHEHENKRE <, ik u OISR & 70> TS Level Set BIB OBk /5
FBATH 5K (2.53) PAAFR Phase field KD 0 E 72 D (2.97) 12 & BRI A Ar DR IZ MR T =
5. o TATIRIZE T 2L AMEIX O L S ITHIRE 5.

1. RpPERRDRE T IC & 2 HilIR

Ax
A < 2.1
fadv = max(|u| +c,|[v|+c,|w|+¢) (2.135)
2. KEMEIZ & B IR
sz
Atvisc < W (2136)
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interpolation

A Y ’ A Y
/ \ / \
llll..........l.‘.....I*I’I.ll--.:.‘rl.l...’l....-.
\ \ ¥
™ ~m

~a

.................‘.......(\.

S TERTTTED

@ Fluidcell @ Ghostcell @ Solid cell

Fig.2.11: The schematic representation of Immersed boundary method.

3. REIRIIZ & B IR
RERNZ L DL AL, RERDBEDEREZEET 5L, T THIRE 5 [60].

AZLsf <

3
@ A (2.137)

2no
4. (#4751 Phase field %2 & 5 il R
LRI7FHL Allen-Cahn AR O LW A (2.98) (FHLH - FHLED S5 5. A (2.98) IZL-47HL IDO £ T
fRirn s H3, HEBEEIZ DWW TIRMRIZ K 2 2@ VT [4] Db TE Y, RS %2 1 IRFE L
U758 3R EZAIE TR D X S IZHIRE N 5.

sz
Mgy <013~ (2.138)

A E DI A Ar DFIBR A & BB 2R I ZI A At 1IZEA R D X 512U TIRET 5.

At = min (CFLadvAtadVa kViSCAtViscaksztSf7 kcpfAtcpf) (2.139)
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CFL % 1 Ko, @HEIFFHEOZEDIZHIZ CFL=0.1,02 FREDEAH VS NS., FiZ 3k
TLEHR OB E XA HHEE FAVIRWEEIE 1 OGO & & L AT CFL /M SFBE LR IT i
SR\, KREFZE T, RMERRIC & 2T R TLE D D EFEE 7R semi-Lagrangian E% H\WTHE D, FH
EEETE 2 DSHEDOREMRENTNEDT CFLygy =09 & U, WEAAZKREL LB THEE &
165 %. TOMDERE k12D WTIE kyise = kst = kepr = 0.2 & L 7z,

210 EZEDERICK BETEMERDOME L

ERTRRTE L 51T, KFREBGHEETYHEDORBERREMTONDS 20, RHEZIA Ar EHET
XX NS, FFEMERGEWVES vy N NBERNWOE5E, HERIEFEICHERTIEFICRKE WD, FiE
TR ANE D L & 40 5 ERRfRIE & AR TAFIRTRRHERA AR INS < Z>TLES. £IT,
LR y 2R EICZE S B2 28Ik o THEBEMIK L, FHRMNEEHITS.

BARIZIE, MOADEKRY Y N Mapa =0.03 &0 5 &5 IZEBARNREEZ 52T,

1. Ma, = Zf WERRERD LD x 2T

2. Mixy TOWEUL v %2, May=Manax £755EDITEET S, DD,
2
Pty
= (2.140)
& pkMarznax

WIS KD, MNDOBRAST Y NBDEZSNZEIZHRE XSG EEEFBT 572012, HEMLOEE
FHETEH., ZOHEEZT LI Lo THERNPFTHI D EBWVZEEHEITSEEL SN, RO~ v R
B2 oNBEBI W2, B~y N "NBURNIZEIT 72 R AF—L%2EA LU THRER RV E W
HIZ LT B,

211 ARDBERZE=ZEE LA

Ao #EEZ WS &, £2DHMIIHT 2R ZMTITRVOT, 1 IRTGHRAZM0 B UM 721
THRTCAEEIT I ZEDNTEDR L WA D S, FRHIAFETIE, FiERcEI<CERMLEfT-> T
WA DL IRGTENZ R 72 E 2 2 B A<D, ZOREITRE V., fi1l2 TEdR~Z LS,
AMR GEFICESL T, #ilEZ 1RSI A B E I TRWE WS o b, HADHEE CRMREIC X
LR MR EITZA DL ND T I RERERERD.

FHIASEEETIE, ARFARICKHHEFERT 2XTOKLMORNE, NHRMELS ZOBEENEL S, RIZA
92 TlE CFL=0.9 THEEIT 5720 CFL BN I WL ELHART 1 AT v TN TOHKDZLDEL
<, HADHIz X 23EN L D BHEICEN 5.

AW TIE, FFSEEETHE &4 DOAHEIT 5 XA M < EHF % Table 2.1 D k512U TRKRTHZ
EEWHMIZ KB DRD2 L2 EIITBIETS. ZOBIEICL S HRSEGEEDHREIZD VT
Fi2132 THEL SRS,
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Table2.1: The order of solving x-, y- directional equations for eqch time step.

Time Step 1 2 3 4 5 6

Present X—=y—27Z IV —=X Y FZI—oX XISy XYy Yy Xx—Z

General X—=>y—=2Z X—=y—=Z X—=>Y—=Z X—=>y—=Z X—y—ZI X—>Y—2Z

212 GPU =%
2121 B— GPU=®%

GPU iZ CPU & IR TIEIZZHDOEE 27 2 FiH, Single Instruction Multiple Thread (SIMT) #{dD
T—F%720FvE2EL, AUGHRERITA—ZF—WIL2BDAV Yy NCTHFFHZETTS. ARADIE
THEA L T N2 TAR DR RN 2R BIZEBET 2 AT VO UANDT 72 AR 7o b -, AE
VDFAELRE L, GPU 25 Z & THHADEEIANRAD 5.

GPUDT7 —*F5727F vIZCPU L KEL 5728, GPU OANEREZFKIET 2720121E7 —F 5772
FYaEE@BLETa I IVIBPRBRETHS. AR TIE TR I IV F5EE LT NVIDIA #HiZ &
Y B & 17z CUDA (Compute Unified Device Architecture) [69] % i\ 5. GPU ® A € Y %f#]i& CPU
EHMNIUTWABSD, CPU & GPU IZHEWIIMAD AT 2EESIBT LI N TERN. ZO-HHE
WOREVIZD>TWBT—RE2HBT 570121, BAKICIIHRNZT - RO IE—-NBELR5
73, CPU-GPU @D A€V N NiFld GPU ED A€ VNV NIFIZHARTHE A58V, Fig. 2.12 DX 512
MPL#E(E® T — XU TIE CPU D AE Y ADTF—X DAY —%4T70T, TOMODIUWIEEE 4T GPU
LT 5 7V GPU £ %175 7=,

GPU TlZA L v NEMIEFIZL W2, CUDA TIEFig. 213 DL S IZAL Yy Rig7ay 7 \\nWH B
MTEedon, 7ay2ZiEZ)y NEWSBEATEHEINTWS., Jav 2 - AL v ik 3 koGRS
RIZRHEINTE Y, GPU ETU—F V2 LT T 2B0T1E, 3RO ZRTOfBAERET 5. &K
HZETlX, 78y 7% 3Tz, ALy & 2 OeicE 04T, 1 ALy FIZ 1 T ROFHEZHY
D, Bk T oy 28 - ALy NEOBEIR, SEAROKTRE% N, Ny,N, 770y RNDT
0y 8% ge,8y.8, 7HYIZHNDAL Y NUE by,by,b(=1) £ 32L, 70y ZHIFIRD &S IZEHHE

TE5.
<N '+ by —1)
g, = floor
Ny+by,—1
gy:ﬂoor< i ) (2.141)

g, = floor <N +b )

Z 2T, floor l3/NEUELAR ZEI 0T o TH L. N (2.141) D25 g x by BN, A EIZ7 5D T, LR
DORFEBIZIR LT Tay 28EBRETL2I e TES. ALy FEUZOWTIE, 32{@DAL v
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CPU GPU

| Initialization of variables |

)

| Data copy to GPU |
A 4
l | Characteristic computation |

| Viscosity computation |
v

Surface tension

computation

¥
| Interface capturing |
v

| Data copy to CPU |
]

v
Data output

Fig.2.12: The GPU-implementation of fluid computation.

Grid block \

block (0,0) | | block (0,1)| | block (0,2)

block (1,0) | |block (1,1) block (1,2)

block (3,0)| | block (3,1) \\ thry

Fig.2.13: The schematics of CUDA block and threads.

RiE Warp &\ 5 B CRBET I NG Z 2405, by=32b,=4,b,=1 & L.

GPU ETEFINBGHEBANT, 70y 7D KE XL blockDim, 70y 2 «- ALy RDA VT v 7 A&
blockldx, threadldx THUfFTEZ 5. ZhoiZflA X x AAIDTH Y 7 DKE X745 blockDim.x &\ 57z
HAEWZHET 2B TED. HDALY RIZHIET 5 x,y,z AADKETOA VT v 7 R0 j kB LOWK
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FREBFSIAIITRHEDOLIIZHAETE S,
i = threadldx.x + blockDim.x x blockIdx.x
j = threadldx.y + blockDim.y x blockldx.y
k = threadldx.z + blockDim.z x blockldx.z
id=i4+N,x (j+N, xk)

(2.142)

2122 MPI 35473 1)IC& 28EH GPU E&

BEMD GPU 2 HWCEREZ1T 572012, MPLIZ X5 Xi5MLZ1T75. AT, 1 20D MPI 71
£ Z1Zx LT 1ICPU,IGPU 2% 04 T5%7 v s MPI Tlfi4l{b T 5. FAGHETIIEETLZAT VY
VOMERBEL 7255, % GPU D ATV ERIZMZILTWA7-d, GPUMTIEZ ¥ —3 2481 H
%. GPU [l CE#HHA(E T 5 GPU Direct &\ D BEAPFEIET 20%, _HILKDA == a2 —XTh
% TSUBAME2.5 Tlf, SBRICTDMREZRHS Z 2N TERP 72720, AWK TIXGPUMTTF—% %
D EDTEHEITIECPU ZN L TOBEEZITS. 2D GPU ZHW2EEDT—X2D» 0 & &2HlIZ
#IHS 5. Fig. 2.14 ITR T K512, &7 0 AICEH D B TH5NT WS ARG R >, KX
Tl Z oMfifElg 2 N0 — 4 (HALO) LIERZ & 35, AWETIX S KEEE WENO 2% — 4% ]
Wab7d, BT 3 AT 5. TOOEBICHAHENTONSHEBICMATERENS 3%
TR D HALO %2572 5. HALO Oi@E(ETlk, £9 GPUI T#f53 % HALO fHIkF D7 — X% 11X
TLhL AN % packing DILEE %47 5. YRIZ packing X725 — & % CPUI ~ CUDA @ API T® %
cudaMemcpy B Cav¥—9 5. ZD# CPUl 25 CPU2 NMPL@ETT—X %23 —9 5. CPU2
T —ANES N2 %IE, CPU2 %25 GPU2  cudaMemcepy CTT — X% A — L, 1 RhldlcRI Nz
HALO @O 7 — & % LD FHHEME T ED 7 — XIZRE T unpacking DALEEZ 17\, GPU1 %5 GPU2 AND T —
RELEMTE T § 5. WHENHER SN ER HALO DIEE LD 2D T, T DREICHIFERDEE B E
L5, SRR AT WS O@EERBE LTIZEL 250, FlxiEx AAOFHEN TbNEY
Ak, v,z AFHDOZIITEZ 572 0WDT, x FDO HALO SO AEE 2T AIER W20, GitDEER
FEZENFEL L RS,

2.13 MRELETE
2131 BRAX—LOKBEWRE

JEAEME Navier-Stokes 2R & LT 2127 - T, BIREOHELIXMIC RS K ERMEL KIZT.
fi 2.6 DRFMEARRIE TR AR 72 & 512, BiEHEIE 5 YR E WENO #iffBI% % F\ T semi-Lagrangian
ETEHR IS, MAT, #Hi2.6.6 1250k U7z S i TR D &5 T IRRAF SR KX DB FEER 31T semi-
Lagrangian %% F\ T CIP-CLSR1 £ TElHE I N 5728, CIP-CSLR1 JEIZDOWTHREEMRGEZ1TS . K
EERGETIE, 255 —R f(t,x) O 1 WM H AR (2.143) %< .

af | df

E—i—ua =0 (2.143)
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PROCESS1 PROCESS2

GPU1 A GPU2 )

packing HALO data unpacking array to

to 1D arra HALO
\_ _wﬂy/ _ /" \cudaMemcpy
(Terua N4 h cru2 | || )
u; Vi | e [ MPI Sendrecv) |u; | - |V,

EE : 2

Fig.2.14: The halo data communication between each GPUs.

I 707 7 1 Uz £(0,x) = sin(x) &5 2K TN = 16,32,64,128,256,512,1024 £ Z{LX T\ 7=
LEOR (2.144) THET LI #E%KD, WSS 71270y b LEHD% Fig. 2.15, Fig. 2.16 (25:7.

1 N
Ll= NZV" — fexact] (2.144)
i

Fig. 2.15 %° 5 5 K E WENO flift] B %% F\ 7z semi-Lagrangian 75T 5 IKKEENHTH Y, Fig. 2.16
75 CIP-CSL2 iETIE 3 KEEMNHTEH D, CIP-CSLRI ETIX 2 RELE 3 RO RENRHTWE Z &
DR T E /.
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slope of 5th order -------
5th order WENO —e—

L1

Fig.2.15: The L1 norm error of linear advection equation solved by semi-Lagrangian scheme with 5th order
WENO scheme.

slope of 2nd order -------
: slope of 3rd order -------
-7 CIP-CSL2 —e—
CIP-CSLR1 —e—

L1

107 107 10

Fig.2.16: The L1 norm error of linear advection equation solved by semi-Lagrangian scheme with CIP-CSL2
and CIP-CSLR1 scheme.
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1=

p=1.0 p=0.125
p=1.0 p=20.1

Fig.2.17: The initial setting of the shock tube problem.

2132 BiEREFEDRIE

AREITIE, RIS ED  SEMMERT FEE2 AWT, BHERONY FY—JMEZH S, FEROZY
M2l d 5.

1 JRJT shock tube =&

JEAMEME A ¥ — L OMGEEME & LT, Sod i & D 2K X 117z shock tube [H& [70] % fi# <. shock tube [
B, Fig. 217 12T &3 ICEDOHRIITAYID 2 HEL, EMICEE - SEERREZ 2L, G0
R - RBEEOH —FORMAE LRz Lz &, 1=0 THEE)D 24 U7b L DFROEE % 1 IRICHIZ
AR AMETH 5.

MG I TICRTED TH 5.

(1.0, 0.0,1.0)  (x<0.5)

2.145
(0.125, 0.0, 0.1) (otherwise) ( )

(Po, U0, po) = {
FEI [0, 1] ZA& T3 EIEN = 100,500 THE L CEHHR%EZIT>72. CFL=09 & UTHEEN 7 EET
H5IELEMRTH72DIT, CFL=0.5,09 D _5@D T 5. 7z, WENO #ilHIBIE D %) 5 % i
T 57012, LT 3 IR Lagrange fi[f1R%E W26 & DI %175 .

N=100 Dt =02 2B} 3&EE 707 71 )% Fig. 2.18 (Z/” 3. shock tube [ Tid Fig. 2.18 @ (a)
RS & DT, RPN, MR, RN 2\ S B RS R T E S, N=100 DT — R
TlX Lagrange flifliBI%0%2 Fi\W7-854 (Fig. 2.18(a), (b)), CFL=0.5, 0.9 D\ N TH iR m - #AlR
R - HREE A —N—Va—b - T X—va— IRRELTEY, WIENEMIMIEE X <X
LNTVWBEIFERT, CFLZBMIE 2 LEIBRHENEIL TV EkTR b5, —F, WENO #ift]
% & AW254 (Fig. 2.18(c), (d), A—N—=Ya—F - Ty X—=Ya— 2IZ560NTEY, CFL %
WX ETHIEHERIZNZIEER DL TVWARVWEEZONS. EHREEITEEMRE HoTniwnd, Z
NIEATFEDRERERDAF—LTHE72DTH 5. AFETIEBEMEDES v N EHENZID S
DT, EHEFMEITNZEEETIEARVEHEL, FEMRE2EET 5. Fig. 2.19 2R3 N =500 ©
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' ' lagrange —— ' ' lagrange ——
@ . TEE] ) S
VN R
08| \ % 08|
z £
‘h 06 v 06}
= o=
] O
A A
04l 04l
02| 02|
0 0
0 0.2 04 0.6 038 1 0 0.2 0.4 0.6 08 1
X X

WENO —— WENO ——

(c) (d)

Density
Density

1 1 1 L 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Fig.2.18: The density profile at ¢+ = 0.2 for the shock tube problem(N = 100). (a) 3rd order Lagrange in-
terpolation, CFL = 0.5; (b) 3rd order Lagrange interpolation, CFL = 0.9; (c) 5th order WENO
interpolation, CF L = 0.5; (d) 5th order WENO interpolation, CFL = 0.9.

F—ATIE, EMAHEGESHEMRE K< —BULTEY, A—N—Ya—F - TUX—Ya— bORAEM
[[% CFL D8, EEWEHIZOWTIEN =100 D54 & AkOMEAHHRTE 5.

Cavity flow =&

AR DBAEEEHI L U THRE A5 DD —DIZ Cavity flow R H 5. Z ORIREIZ IZBUEEI 725
FRIZAFAE LN E DD, #RERIVIZ Ghia 5 DFFREFER [7T1] IZBURT 5 Z & BHIS T WS,

Cavity flow f#I%, Fig.2.20 1R T &5, —UOEE L OIESBHEEO L0 —E#HE U T
MLLEETHZ. ORI LHENIXEHET L RY, TOROFLE ED x, v 5RO #EN %
Ghia & DfEFR & LGS 5.

RAVZREVEIC & o THBNZ IS X5 ICUTREIS 5. MilEfRE u L% p % I\ T Reynolds



%13 Hi BGERHE

47

(c)

Density

0.6

04

0.2

lagrange ——
Exact ——

|
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0.4

1 L
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WENO ——

(b)

Density

(d)

Density

1

0.8 |-

0.6 |
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02 1

lagrange ——
Exact i

0.6 0.8 1

WENO ——

1 1 1 L 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

Fig.2.19: The density profile at ¢+ = 0.2 for the shock tube problem(N = 500). (a) 3rd order Lagrange in-
terpolation, CFL = 0.5; (b) 3rd order Lagrange interpolation, CFL = 0.9; (c) 5th order WENO
interpolation, CF L = 0.5; (d) 5th order WENO interpolation, CFL = 0.9.

Re # L FOARTREHT 5.
~ pUL

u
AFHFETIE, U=1.0,L=10,p=1.0 LEELT, p DEzLE{E L~ vy "B Ma=Y =0.03
L7 KO ITHIIEE ¢ ZRBEL 7. BHRMTEUL 128 x 128 £ U, Re =100, 5000 ® =@ Y THHL
7= k5% Fig. 2.21 1289, Re =100, 5000 £ \» 5 Reynolds BAMEWIGE & B\WIGA D 5T, Ghia &
DiERE I —HLTWE Z DN o N, FREMMERNGE L UTZYRFHAEIMTATHE EE X
L5N%.

Re (2.146)
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Fig.2.20: The setting of the cavity flow problem.
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Fig.2.21: The velocity profiles at steady state for the cavity flow problem. Left shows the results of Re = 100
and right shows that of Re = 5000.
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Fig.2.22: The initial setting for the Karman vortex street past a cylinder problem.

2RTARBRAICELZNILT VIBOHE

2IET IBM I K 2 MARRB D24, FEMMERNGIREOR Y F v — ML LT, 2 RouH
BHIZEL B AN VRO EET 572, — B OME# T2, H 5 Reynolds BUA L THL < Vil
CMEEN DDA AET B Z e oNTE D, MEICHEEBRPL S BINTETWAHETH
% [72][73][74].

Fig. 2.22 (2" 3 & 512, 31D x 30D OFHRMERIZ D = 1.0 OMF: % EE Ui (U,0) O —#iRk%
52%. =y nBliMa=U/c=0.2 £ U, Reynolds £ 2 DR I N DML L TIERKITED
Re=UD/v =200 & U7-. FtHEM 7L 620x 600 TEHEL, AN~ VHOFEEERET 2O, MR
S EHRAREL R & R COE IENTRE LTWwWa.

IR D BE RS, B - AW - P ECHREN U 42 K515, AmidibsEie Uz,
JEJ7 - # X Neumann 55 % 5 2 2356032 0%, JEMMMETEE L T\WA 728, Neumann /4%
522 L IENPEPEEETITKAZHEOERL, FUIGHEICESE L /XY, 22T, ASHETE, -
BEOBRGME LT, EEME G2, EREO % L7z,

SRR A E RIS 272002, M2 D 2 0 5 HIREE X B REE kD, BEDG
RAER L DI ETTS . PR Cy B LXOCBIRBC E x AHONTHBH Fy &y HFADHTH S
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Fig.2.23: The time history of drag and lift coefficients of cylinder for the Karman vortex street past a cylinder

problem. (a) Present, (b) E.Guilmineau et.al[75].

Table2.2: The comparison of drag and lift coefficients of the cylinder for Re = 200 with the results of exper-

iment and incompressible solvers.

Cq G
Present 1.25 0.62
David[74] 1.17  0.67
Liu et al.[72] 1.31 0.64
Wille(exp)[76] | 1.30
R
G=-—— 2.148
1 %pUZD ( )
ZT, Bh, HiiaA (2.149), X (2.150) D LS MR D O EFES TR E 5.
2” 2/ Qu du Iv\ .
Fy= fD/ pcosG)d6+2R / < —cos 0 + (ay+8x) sm(—)) do (2.149)
2” D av du dv
fD/ —psin©)do + 2Re/ ( 5y sin6+ (ay ax> cose> a6 (2.150)

FHEMER L LT, Gy, OFEZ (b % E.Guilmineau & OFER [75] & & £12, Fig. 2.23 12,9, F7z, #
HIB 72 7V < VIR A U T2 R OB R D S IME L B 1RO ¥ — 27 O FIfE &2 5l U 72 /5 5R %, BE
FEOBUEFH AR R & & £1T Table 2.2 (2R, §i)) - HIBRBORFLIFE L E.Guilmineau & Difi§ 5 & &M
HUZ K =L TWB Z DR TE S, HIRES K OB IREO L EIIBEFEOBEGE TR O N
TAEREHRTHEZYLERIGONTZLERXS. UEDZ 2H 6 IBM 2 &80 72 B B Z Y1217
ZATWBHEeEZLN5.
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Table2.3: The order of solving x-, y- directions for each time-step

time step | lIstep 2step  3step

Present X—=y yYy—=x x—Yy

General | x—y x—y x—Yy

(a) (b)
al _CCQI_I'S (‘B_\
104\ /
- 2+ J
5
k3 0.5}
Eop
)
8 00
ot
II”HHH‘““‘— e e e AAAPAIAAAAAAN, 0.5}
4 H | Ci—/
Pl i i w W m om s o U [0 YT PO VNN W (D T TN Y Tl (Y VSRS VAN TR U [ NN TR W RN
0 10 20 30 40 50 60 70 80 90 100 0 50 100 150 200
Time [s] Time [s]

Fig.2.24: Incorrect drag and lift coefficients without consideration of the order of solving directional equa-

tions. (a) General order, (b) E.Guilmineau et.al[75].
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i 2.11 TR K ST, & CFL &N TIRAMDEEIZ X 25350 8F TR o, KT, Cavity flow
DEIBREFEGHETIZ R, IV VRO &S RIEEHELRRENEZE D LA, BEORENKREV. 21X
LRI B WTH Table 2.3 D L S 1Z U CTHEIBE A 2K Z B LU THRIZ L 2RO PR WL S I2&% D)
FZ T 2 REMBNTWDED, ZDOKS7% T k%EH 9T Table 2.3 F10 General D & 5 %2 JIEF CEIHE %217
5 &, i - BB ORI X Fig. 2.24 OEKD & 512725, Hau i< RDNERE 2 Z /L 72\»
Bty Cq WEDIEL 725 TH Y, WEIIZIE BRAAMAP S HFIOECTWS Z 2i2h, HSMITIEL
WEHTIZRW. ZhiE, HHTERT 2202t % CFL=09 THELTWS7Zd), 1 A
Ty THNTx,y HFEDOFHBEIZEIRIEFERETLE>TWREDTHEEEZLNS. M EDOKEDN
S, Hi2.11 THMLZ G &2 O 2 NONEF OfF » % R Eigib 3 2 Hiki
BICThHBEERD.

3 RTHA Y OFNOFE

HURANFE O 3 YOTMAERIE . LC, BB D OWNDFEAETT>. B D DA TIKIEELL Reynolds
UK LTI D0 BRSNS TE Y, 20 3al—Y 2 VORIEMEL LT X<
AHEND. YORED Yy NEERE T UEIRERIER T & U ORI BFRAEITIE TS 5 7
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Fig.2.25: The iso-surface of Q value for the flow around sphere problem.

DWEEZEFT S 728, Ma=0.03,0.1 D =3#D iIZDWT Re =100 725 10* O#F TEHE 2TV, FiRK
EBA LIRS 5.

B D=1.0m 23 U TEHEMEE 15D x 10D x 10D % FHH#& 74 300 x 200 x 200 TR L 7=.

Fig. 2.25 {Z Re = 10000 (2B 1F 5 Q D& % 3. QML L, 3 ItiHE O AH LIz LIEUIXH
WonbdbDT, RNQRISH DPSHBEINDGHELAR T VYV IVDE_AREETH 5.
duj du;
dx; 0x;
Fig. 2.25 2 S BREEH IR OTENRE L TV ABEF2 D15, IRIZ, Fig. 2.26 IZ Ma=0.03,0.1 D&%&
D Re (233 2 HLAREE £ [77] £ IR T, Re =103 LA EDE Reynolds B T I35 125003 %
PEHOICAEDLOSNTVWEHL DD, ke UTIEIFEEAW Reynolds B CHERA L K< —HLTnwas I ey
s, REHETIETIXRHMERRRTE D semi-Lagrangian %12 WENO #iHEEZ FIWT W5 72 Z DR
EKEMEDS Re = 103 PA EDFEKCIEF L, SHEOZEMICHFGLTWEEZ NS, M EOKENS,
Ma=0.03,0.1 BEICRELZHAETHIEMEURTHHROLVERNMEONZLEEZX 5.

0= (i.j=1,2,3) (2.151)
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Fig.2.26: The relation between Re number and drag coefficient for the flow around sphere problem. (a)

Ma =0.03, (b) Ma =0.1.
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Fig.2.27: The setting of the diagonal advection problem.
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THINC/WLIC % F\WCifiZ O ik %47 5. VOF %8 £ OF THINC/WLIC £ 2 DWW TIkfI§% C, D 2%
HEnzw.

MO RE—E

FHEFEE SR R E u = (1,1) 2% L2ROBFMEZ Level Set ik hy 7V v 7 X FTITH
171 Phase field A CfiE < . #IIASAFIX Fig. 2.27 1293 O T, M [0, 1] % [0, 1] Z2 #4748 100 x 100
TS 5. SEBEFII AR &2 5 2, VIIRERRIE - LORE L=0.2, 0 ERE (0.2,0.2)
U7z, fi2.6.6 THRARZZ K DI, RFETITRFE Allen-Cahn HFE X% A0 & A0 8L TR S .
ZDHETIEBIROAZMEE, CIP-CSLR1 EZ2 W55 0OR S %2 MR 3 5. Fig. 2.28 2Bk
CIP-CSL2 iE# WA D, ¢ #ES ik 57225 7 %R L, Fig. 2.29 (2 CIP-CSLR1 % F\\ 72 5
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Fig.2.28: The phase-filed profile solved by using CIP-CSL2 scheme for the diagonal advection problem.

MEBEIZR->TERE EOREZRT. WTFIZBEWTEHEBUERMEIC & > THREDPILH L TWBEETFID
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FL DI - WHEER DR H A2 RO R (2.98) #FHHET 5. AM T A—K%E §=02Ax, L =0.120LT,
R OB % (1175 Allen-Cahn A2 THEL &, 1 cycle #, 10 cycle #£ D 7 1% Fig. 2.30 ® & 51
72 %. Fig. 230 OLEMI% ¢ 0FEMRERLCTH Y, ARIIXRELESED ¢ D Ta 7 74 V% 1 IRIEH
WZRLTWD., FEIE S WMEIE—E =N TE Y, KRFPEETEMRETEIC X 28R 2 S ks z B <
EMTEBZELEZ5. REABRPPREIIL> TVWEDIE, #1478 Allen-Cahn HFER (2.50) DA LIZE
ENDEMAYZ MV ERTIH L2 % Phase field DRFLE ¢ »SFHELTWE 72D THD L EX SN,

Vol
Level Set DAy 7)) v 7 %475 Z & THELRIAD B,
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Fig.2.29: The phase-filed profile solved by using CIP-CSR1 scheme for the diagonal advection problem.
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Fig.2.30: The results obtained by solving the conservative Allen-Cahn equation for the diagonal advection
problem. Left shows the contour of ¢ and right shows 1-dimensional profile of ¢ on the sectional

line.
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Fig.2.31: The setting of the single vortex problem.
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Rider 512 & > THE X 17z Single vortex [ [78] 2 &, REVPKEL AT 2B RMHEICE T 5
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TRINDIMNEBUIM > THIRT 5.

. 1 . 2 .2 Tt
Y(t,x,y) = —sin (7mx) sin“(my) cos (?) (2.152)
RO 6 BAR R EES ZA T L S I25 260 5.
oY .2 . Tt
u(x,y,t) = F 2sin” (7x) sin (7y) cos (7y) cos <?> (2.153)
- ¥ o . ) Tt
v(x,y,t) = o = —2sin (7x) cos (7x) sin” (TTy) cos <?> (2.154)

ZIT, TREAMTHS. MWGIZEoTHE IO 7 74 0VIEt=T/2 £ Tl EMEEIh, r=T/2 7156
FREE L 725 & - TEHAMIZIE r =T CHHEIRRICEET S, AHETET=8 & L, KHEZIA
At =0.1Ax & U7z, ZHUEHT 2.9 Til X7z & 51299 EMAVEARIEIE IR LI A Ar A ERTHEL S D D
IZ L, FEHEORIREE TEBIREE v THE I, WHEIIH LT/ SHZIAZ BN S 7=
OTH5.

Fig.23212t=0, t=T/2, t=T ZBI 2R\ 707 71 VOEGERERT. HEATmMIE 7 7 A
DB EMEEIND 1 =T /2 IZEWTHRMEN—EIZRZNTS D, Level Set ke DAy 7Y I %
ToTWRWIZHEHLS T =T IZBWTH IIRNERE IR ZEEL TWd. 2 ORI
[4] 12 & % 128 x 128 #% 1% fH\ 7= CLSVOF 8 X U THINC/WLIC 52 & 255 Fig. 2.33 LR TH
BEOLVERTH 5.
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Fig.2.32: The phase-field profiles obtained by solving conservative Allen-Cahn equation for the single vortex
problem. (a)t =0;(b)t=T/2;(c)t=T.
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Fig.2.33: The contour line of ¢ = 0.5 obtained by using THINC/WLIC scheme adapted from reference[4].



60 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT
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Fig.2.34: The initial setting of the two-dimensional dam breaking onto wet floor problem.
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Fig.2.35: The phase-field profiles obtained by using THINC/WLIC scheme for the two-dimensional dam

breaking onto wet floor problem.
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?I.I}

-0.5

t=00s t=0.25s

t=055s t=30s
Fig.2.36: The phase-field profiles obtained by solving conservative Allen-Cahn equation for the two-

dimensional dam breaking onto wet floor problem.

FHALE [0,0.5] % [0,1.0] m IZH&FH 64 x 128 2 H| D 24T, EEL 2:1 OFiA T Rayleigh Taylor A%
EVEDRE 21T - 7. WARIRIERTET, RERIX0 & U, WIHBEL % SE 512 52 /2. THINC/WLIC
DR % Fig. 2.37 12, {RAFRL Phase field IAD#EH % Fig. 2.38 (29, THINC/WLIC 7% - f& {75 Phase
field JEOMER L 12, 0.3 s THRDFTENZE UL S EY EMOFAKRBIEARAA TWDHET R DR 5.
MiEDENFEZIZHNT VDDA 1 =9.0s (BB 5 M 707 7 1) T, THINC/WLIC JETHED/NX
72 VOF DFii 3% < o b DIZH UT, {75 Phase field i5Tl, FHEPY ¥ — TR -0 THD,
VOF D iFilE b ST\ 5.
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t=00s t=03s t=90s
Fig.2.37: The phase-field profiles obtained by using THINC/WLIC scheme for the Rayleigh Taylor instabil-
ity problem.

t=00s t=03s . - t=90s
Fig.2.38: The phase-field profiles obtained by solving conservative Allen-Cahn equation for the Rayleigh
Taylor instability problem.
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(c) M, = 500 (d) M, = 2500

Fig.2.39: The effect of the mobility parameter of conservative Allen-Cahn equation.
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t=00s t=02s t=10s

Fig.2.40: The phase-filed profiles when the normal vector is computed by using phase-field variables.

t=00s t=02s t=10s

Fig.2.41: The phase-filed profiles when the normal vector is computed by using level-set function.
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HGOHRM T 0T 7 A IVDRLEZRT. ¢ DADPOIERRT PIVEFELZEEE, 1=02,1.08s TK
KM TH 21X T OREIARDYA WARIZED VT E D, ¢ 12K DERR T MV EFHREOREE BN
Z e bbb, —JT Level Set BN SEMRR T MV ERD7ZHEIEt =1.0s IZBWTH REIXME %
BRoTHED, Level Set i#ZEE DIy 7V VT & o TRITHAEDPEREEIZITATWSE Z Wb sb.
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slip wall

z

Fig.2.42: The initial setting of two-dimensional dam breaking onto dry floor problem.

2.13.4 SURZHRETEDWRGE

AT, RVERUCED < S9EMIME S AR AT T8 2 VT, JRHEMEME SO — MR R O ARG ]
e UTE LN LMEE S, ATIEDPIEEMENE QR AT I @ W RETH 5 2 DMGEEZ1T .

2 RITY LERIERIE

LW MR E OB A MGEITEE UT 2 ot & L ERIEZ R L, FEEMEY L AN—DFEE X
U Martin 5 O FEERFER [79] & BT 5.

WIS & U, Fig. 242 127 £ 512, FHEMEERAMNICKEZZRET 2. 20L& SKEOHIEE a,
KiEEE % n?a 2 UT, na%/ "5 A=K LTHET 5.

FHELAEIS [0,0.4] x [0,0.15] m % #4720 200 x 75, 400 x 150 TI#& L, KBHHICIZZNZE0 20 CH%E
[EKDYMEMEZ WS, KRR TIREMNEOEAE 2METEZHIZLEOBFEHEHNTWARWD,
BEREME 2 CORME % slip R & U7z, 72, RFEO AT — )L TIERMERIFAERIZKE HKFL
W28, REERIIZ0 & UTEHR U7, FEEMMEY VA= DOWTIEMNER B IZRTEDEHWS.

Fig. 2.43 12 200 x 75 ¥ % A\ 72 RHE O B%IZ L% R U, 400 x 150 1§17 W72 & O % Fig. 2.44 (2



%13 Hi BGERHE 67

(b)

t=0.0s t=0.0s

t=02s t=02s

t=05s t=05s 1.00
=0.7¢

0.5

I 025
000

Fig.2.43: Snapshots of the 2-D dam breaking problem for 200 x 75 mesh. Results of (a) the weakly com-

t=0.7s o t:O.7s

pressible solver and (b) the incompressible solver.

R MPWHEIZRIZE D 50, 2EOHRNOMEAIZEVERIZ—HL TS,
59 EMAMERRIR X Dive = 0 2§72 72\ 72, EMETEDR B 25T 572 DI, BARTE upe THEIX
b U7l Dt £ 2 5. Hiki DRI,

25—%pru)=0, (2.155)

THEDT, ZIN6 A IIBIFAEEOEHELZBEHTE 3.

2P V. ur (2.156)
P
REW LRI AL U T At = Ax/|Upa| Z BRI 5. Fig. 24512 V-uAr 239 . 20X L EHM R
Ap/p 2FKT. fHIZ0.01 25 0.05FBETHY, FHEFEEBAMTE -2 BT VWEZ bbb,
FEMMETETIE V. u=0 25%2I12I3HZ IR VDOT, HIGOEMIEIZ L > T ¢ HEMT 5 Z & A
& %. Fig.2.46 (Z Phase field Z8 ¢ > 1 £ ¢ <0 72> T WA K Z MM L 2K % 7. Fig. 2.46(b) 1%
(a) LU Tl S LR TH D, WHT ¢ <0 DD D 27, HIFFEFITNSL 9=02&
ULCEMRMBITIFLALHE LR, SHE 252758 ¢ ORAMIZ 1.01520 225 1.00368 &7 0, 1%
THE BEP U 7 REEMEME IR AN 32 BN T WD Z e Db b,
Fig. 2.48 IZ(AEDEMEGHIRIZ B 1T 2 DOIFHZ L2 RS, BEEIXRFE Allen-Cahn HE X% A RIK
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(a)- (b)

t=00s t=0.0s

t=02s t=02s

t=05s t=05s isl.oc

t=0.7s t=0.7s

£0.78

-0.5

[ 0.25
0.00

Fig.2.44: The same 2-D dam breaking problem with 400 x 150 mesh. Results of (a) the weakly compressible

solver and (b) the incompressible solver.

(b)

t=02s t=02s

V - uAt

0.03
t=05s t=05s I0.0]S

S0
0,015
0,03

t=0.7s t=0.7s
Fig.2.45: Velocity divergence profiles of (a) 200 x 75 mesh and (b) 400 x 150 mesh for the 2-D dam breaking

problem solved by the weakly compressible scheme.
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(b)

t=02s 1=02s

¢|0\530
1=05s t=05s '

t=0."7s t=0.7s

Fig.2.46: Color contour of the phase field variable with a color map emphasized for ¢ < 0.0 and ¢ > 1.0 for
the 2-D dam breaking problem on 200 x 75 mesh, (a) same as Fig.2.43 (a), and (b) the result with

a twice-higher sound speed.

(a) (b)

t=02s t=02s

t=05s 1.00 t=05s
EOJS

05

EOES
“0.00

t=07s t=07s

Fig.2.47: 2-D dam breaking problem on 200 x 75 mesh with a twice-higher sound speed, (a) snapshots of the
interface profile represented by the phase field variable ¢ and (b) profiles of the velocity divergence.

FIETHNT WS DI RFET 20, (KEIZEMMEORE 2% 5 D% 3REL LWV, L
U D2 04% AN TR E>T W5,
X7z, FHRBAGD S MREROK iR EER L ¢, AMOBEHIZE T KDM@ E 2 h, BEIEE
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(b)
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Volume Conservation Error
Volume Conservation Error
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t t

Fig.2.48: Total volume changes from the initial value. (a) 200 x 75 mesh and (b) 400 x 150 mesh.

1 45
(a) I I (b) Present(200x75) ———
Present(400x150)
0.9 . 4 Incompressible(200x75) ———
Incompressible(400x150) ~ - - -
] Experiment
0.8 35
0.7 b
3
T 06 1 N
25
0.5 b
04 b 2
03 1 1>
02 1 1 1 1 1 1 L) 1 1
0 05 1 15 2 25 3 35 4 45
T

Fig.2.49: Comparisons of (a) heights of water column and (b) front locations of the weakly compressible
solver based on characteristic method with those of the incompressible solver and the experimental
data[79]

g=9.8m/s> %, DAFORTHEAITIL L Martin S DEERFER [79] L H#K L7225 7 % Fig. 2.49 (TR 7.
T= t\/g, H = %,
a n’a (2.157)

o b SN REFR Z B X0 HIZOWT, EREE X< L TWB I edbhrd, FEFRHIZ
OSWCTIHERME L O KEDIZRBSL SNTVEH, TNIEBEHER% slip & Li-dThHBLELLN
%. Hirt ® SOLA-VOF 317 & 255 [24] 5 5 O MPS #12 X 2655 [80] TH FBEOBHFAR &
NadH, TNEFAFEREOMETIIRVWEEZONS. UENS, KRFIEIZK > TR MR E D
TMIFATVD EEZOND.
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R IRENERE

KA BN HAROHEED 72, MESNIZH T 2WEOIRE) %2 2 IRouIZEHE T 5. FHEE [0,75] x
[0,75] mm O HFIZ—LDOEX [=37.5mm OFEHBEHZEEL, REEDZEAIET, BHOkK
HEEEZHET LS. SHOYMEMEIX 20 ClzB 25K KDOEDEMA, ML T2, REENIX
6 =0.07252N/m £ § 5.

Lamb 2 & 2 fifthfrfii [81] & 0, WHOIREIEY T IZUA TFTOXTEHHETE 5.

k=[s(s*=1)—5 (2.158)

r=1/—

ZZTsREE—NE2EKL, EAROEEs=4Ths. KitBONRITA-2%2RAT S, HY
T=0292 LEHRTE 5. Fig. 2.50 IZHIMEOIRE OB T2 /"3, REBEIIZE > TR HFANT IR
MR HBIED W=D BIZ, t=0.15s £ TAH—N—=Ya—bL, t=03s THOEAFKIZE->TWVA.
COEMIEZBLZ03MWTHY, MM BRIFIZ—8d 5FERVPE SN,

LA ORI

fii 2.5.5 (250 U 7= BEfilif £ 7 VI K o TR DSEYNZEIR T E 2 0 D 5720, REHFICBT
BIR D2 & 3 RTICFIET 5.

42 0.2 mm OYERIR O W & BEE I B S, o RREARE U7 REBT OB & DT A %
Wehrodd., “HOYMMEIZIZERKLZFLYZY)a—LDE02HWE., TFL Y7 a—)VIZEE
pr = 1113.2 kg/m?, KiMEARE W, = 0.0161 Pa-s, XMEHES 6 =0.04799 N/m TH 5. 725, BEMIZIX
non-slip Bt &tz BES 5.

FHAAEIN 1.2 x 1.2 x 0.5 mm Z#&F5 60 x 60 x 20 THEA L 28 %2 3 T &7z D% Fig. 2.51
12, W% Fig. 2.52 1R 3. il 0 = 30, 60, 90, 120, 150° &\ 5 [E\WHEFH TR A 2 & < 7
BTETWEI ehbnd. Fig. 2.52 6, HEMMIVNS Ve SIFBEETE THAZRIL ENTVR
WA, ZNIIRBEEARLRRTH D e EZ NS, D& b, #ilfye T IL CF Y aipms % m
HTETWwWaeEZHN5.
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(A)t=00s (b)t=0.05s
(c)t=0.15s (d)t=0.30s

Fig.2.50: Time evolution of interfaces for the droplet vibration at (a) t = 0.0 s; (b) t = 0.05s; (¢) t =0.15 s;
(d)t=0.30s.
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(e) 0 = 120° (f) 0 = 150°
Fig.2.51: The perspective view of contact angle problem at different angles, (a) initial condition; (b) 8 =30°;
(c) 8 =60°; (d) 8 =90°; (e) 6 = 120°; (f) 6 = 150°.
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Fig.2.52: The sectional view of contact angle problem with fixed angle lines at different angles, (a) initial
condition; (b) 8 = 30°; (¢) 8 = 60°; (d) 6 = 90°; (e) 8 = 120°; (f) 6 = 150°.
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Fig.2.53: The initial setting of two-dimensional bubble rising problem.

Table2.4: The physical properties of gas and liquid phase for the two-dimensional bubble rising problem.

Test case P1 P2 M1 U2 g o
caseA 1000 100 10 1 098 245
caseB 1000 1 10 0.1 098 1.96

2 RTRE—[ALFAMEE

KRN Z2ED X 0K MG OMEEE UT, 2 0t — &8 ERMEZ R <. 2 RotHE—
S0 ERMEIE, ZMHROMEEMEE U T <P TWARIETH 5 [23](82][83].

MRE#E 1%, Hysing[82] & & Klostermann & [83] D& DIz &b E 5. HIHASM I Fig. 2.53 12538
DT, WK Q) & SAHMEE Q, 25 EkS. [0,1] x [0,2] D E 256 x 512 M7 CEIRET 5. ZHHD
YMEAE % Table 2.4 12" H D% AW, caseA & caseB O @D IZDWTEHET 5.

S alEbi S & U 72 Hysing 5 O FFE L, T2PD, FreeLIFE, MooNMD &\~ 5 3 DD JE[EE!: Y )L/ —
ZHAWZEHETH 5. T2PD (Transport Phenomena in 2D) % Featflow([84] & FEIX 5 FEJEMENE Y LN —
EHEELU-E DT, AREFRIEL Level Set 5% W T\W5. FreeLIFE (Free-Surface Library of Finite



76 2 5 ORERMCEE D < SYEMTERT RIS & B S = AT AR AT

caseA

1.4
1.3

1.2

0.9

01 02 03 04 05 06 07 08 09

Fig.2.54: Computational shape of two-dimensional bubble rising at + = 3.0. Present (solid black), TP2D
(solid red), FreeLIFE (dotted green), and MooNMD (dashed blue)

Element) & ABREFEE L Level Set k& W2 HHSFH A Z B 72dDY VN=TH D, THE2HWV
et BAERIZ OV T HFEmA R I N T WS [85]. MooNMD (Mathematics and object-oriented Numerics
in MagDeburg) [86] & FRRICAHREREA W2 MR Y VW AA—=TH 5. ThoD MY L =iz
W IZ Hysing 5 D#STP [82] TRA S NT V5.

FHRIZE o TR O N5JEIRk%E, Hysing 5 OFERICENTZH D% Fig. 2.54 IZ/R7. caseA D&JLIE
RIFARDO KRBT ERNVELITE L —BLTWA. caseB IZDWTIXRED RO AR A Hysing & D
BEPPHEZZEDD, MR—HLTWEZErbhs. KIEBROMSWIEIRD X, Fig. 2.55 O &
DTV IMN—ZE>TEPHTLKBEDTHY, ENDIELWFERTH 20 TERORMDYH B, 7z
ARFECTHREFHEFIECHOC TV S AT Phase field 71381 2.13.3 TRU7ZE DT, RTIA—=RIZL-
THHREPRPZDL LS H 5D T, MROBRO —-HARRSNL5EOFREFRIIZETHS L
HWrd 5., 7z, BATI2KEDOELORZIEE KIE LA EE 253 L, Hysing 5 OFER & KT 5.
SILOHEMIE X, BLORIE EFHE U, ZLLFOXTEHET 5 [82].

Jo, xdx
X, = (xcayc) = f : 1d
Q, 1ax
(2.159)
Jo, udx
U, —
Jo, 1dx

AFHRIZE > THRONLZL[EEOAE, S EFEED y 5% Hysing 5 OfEREERLZEDE
Fig. 2.56, Fig.2.57 (Z/"9. caseA, caseB & 512, K@ EFMEIZ L —HLTWEA, &id EFHE
FEUKHIRB L TV AR TE S, ATFREPHEMAF—LTHLHDT, EHEERAZZ LD
TE 5. [Ad EAT 2BICTIERED» SEAEMED, FHRESORE TN 2 VIRS. TDFEIHK
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Comsol Fluent FreeLLIFE MooNMD

Fig.2.55: Computational shape of bubble for six different codes adapted from ”Quantitative benchmark com-

putations of two-dimensional bubble dynamics” by Hysing et. al.[82].

DRENZ &> T, EREEOREMEC TS EEZSNS. Fig. 2.57 1A~ v N Map,, =0.03 &
URERTHED, ZIhoGdzdb i 8E8, 2E0RRKY YN BENS S LG ERAEENY
D& S REHERTONEFNS. Fig. 2.58 IZHRAY Y N Man.,, =0.01 & L7254 D% 0 LA #E %
RT. BRI YN Magmax =0.03 D & & & HARTREA/NS <, IFEEHEY VA= DFERITED VT WS
Zenibhird. FEMEUUTIEEHEMBREINEST 20T, HEE DT HEITILHNEY VN — Ok
RIED WS EOHRIIZYTHDLEFAS.

PDEDZ s, RFRIZLDBRMEEN 2 ED ZMHIRD 2 ROTEIENZYIITATVWE EEZOND.
THIT, BFIEMAF—LEZRAWEZZ LI2LD, FEEMY VAN —TIEHRTERP o ZENED KHIZ &
% &0 EAEE OIREI DR T E 72,
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caseA caseB
1.2 1.2
1.1
— 1r —_
g E
@ 09} : .
2 =~ TP2D 2
g osr o FreeLIFE g
G +— MooNMD o
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8 5]
S osf =
s 3
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Fig.2.56: The time history of the center of mass of the bubble compared with reference results adapted from
”Quantitative benchmark computations of two-dimensional bubble dynamics™ by Hysing et. al.[82]

for the two-dimensional bubble rising problem.

caseA caseB
03 03,
h |III |
025 025} f
S — | _} |>ﬁ?
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o2} : | |I w eft
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O 015 o 015}
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9 0.1 ] + MooNMD 9 01 —a— MooNMD
=l =~ Present = —o— Present
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Time [s] Time [s]

Fig.2.57: The time history of rise velocity of bubble for Many,x = 0.03 compared with reference results
adapted from “Quantitative benchmark computations of two-dimensional bubble dynamics” by
Hysing et. al.[82].
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caseA caseB
03¢ 03y
0.25 025} "15“ :
) ) s
W ————
é 02t g ozt -
e e
> >
= =
o 015 F O 015f
% —=— TP2D To) —a— TP2D
> —e— FreeLIFE > —e— FreeLIFE
) 0.1 —a— MooNMD ) 01f +— MooNMD
s 18 0« = g | —e Present = —e— Present
0.05 0.05
0 0.5 1 1.5 2 25 3 0 05 1 1.5 2 25 3

Time [s]

Time [s]

Fig.2.58: The time history of rise velocity of bubble for Many,x = 0.01 compared with reference results

adapted from “Quantitative benchmark computations of two-dimensional bubble dynamics” by

Hysing et. al.[82].
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3RTHE—ELFREE

FKHENZEL LD 3R R EOMEEMEE U T, i EAMEZ M <. Grace 3% <
DEBRT — X %012, [IABRE L ORE LA REEZ L FIORTEL M VB, T MR, Kb A1 /v
ZEE NS 3 DOMIRITE % W T Fig. 2.59 (2,73 Grace diagram (2 £ & T\ 5 [87].

(Pr—po) '8

o 2
Eo::uhifﬁjg, 2.161)
Re — p’jv’, (2.162)
[

ZIT, diFKEoaESE (FAUKEAREICE I 2RER), V BRKEOKIEETH S, K MK
FIEOMEEE UT, My, E, 25 %, Kid EFHE V, 725 Re 25 U T Grace DEBRE & D HIEA 10
N CTW5. Annaland & 1% Grace diagmra 7° 5 M FIZRT 4 DOGHEIRIZOWTERE 2TV, Bohr
L3V A VAR R L T\ B [89].

(A) Spherical : M, = 1.26 x 1073,E, =0.971
(B) Ellipsoidal : M, = 0.10,E, =9.71

(C) Skirted : M, =0.971,E, =97.1

(D) Dimpled/Ellipsoidal : M, = 1000, E, = 97.1

FEil 4 20RW@BRIZOWT, KFEZHWVWTEHHEZ17\, Annaland 5 O FHHEAE R B & O Grace
DEEGER & B 5. YMAEIX Annaland 5 DEREIZHKEY, pr/pg =100, w/p, =100 & L, #HB
sE ¢ = 9.8 m/s? & L7, WIMIZM & Fig. 2.60 139380 T, 4% 0.04 x 0.04 x 0.1 m % K 7%
160 x 160 x 400 T, FHIBRKER do =102 m (2K LT 40 M TE D Y TREHH LR > T V5.

Fig. 2.61 IZAKFIEIZ L > THLNZKIEMIR%Z, Annaland 5 OFER [89] £ &bE TRT. KJEBIRIX
BT =2 DOWT I KRHEERATED, EENL—BHIPHRTES. AL A1/ IV 8 Re % HERHER
BI BRI NBEFFEAER L IR U 725 D % Table 2.5 1233, &J@L A /b XL Grace 12 &
% EEFER S L O Annaland 5 OBUEFHEOFER L K< —H L TWB Z & hbhr b, BLELD, 3kiEH
FIZBWTHZYLR[B _MHItEI R ZITATWS EEA 6N 5.
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Fig.2.59: Grace diagram. adapted from Clift et.al. "Bubbles, Drops, and Particles”[88].
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All boundary : slip wall
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e‘
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Fig.2.60: The initial setting of the three-dimensional bubble rising problem.

Table2.5: The comparison of Re numbers computed by rise velocity estimated from simulation results with

the experimental and computed results of references.

Re (Grace) Re (Annaland) Re(present)

(A) Spherical 1.7 1.6 1.5
(B) Ellipsoidal 4.6 43 4.6
(C) Skirted 20 18 17.5

(D) Dimpled/Ellipsoidal 1.5 1.7 1.8
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Fig.2.61: The computed shapes of bubble for the three-dimensional bubble rising problem. The right side
panels show present results. The left side panels show Annaland’s results adapted from “Numerical

simulation of gas bubbles behaviour using a three-dimensional volume of fluid method”[89].
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2.14 HHEE

ARFITIE, RpERRIZIE D W 72 55 FERE M S AR FIE 2 HWT, IV o 7T VERR, RWKEZ
EL X LFEMEOE 2 SRGER T2 VWTCEIE L, BEDOERS X OBEEE L 0 ek 2
R, VI N—DH LU WRNWGHEANDE AN 2RI 5.

2141 IV 9UVZOVDEKRYIaAL—Ya Y

WOEIBIZET 2 BRI Y5 L, 770 VIROFEIPIRPER I NS ZERHMoNTWS. KT3I
7 D6, KEHIRU THMEDH 2 5 CREENIVRESTHDZ o7 I RO RE A ER X N
9L, WHEMHEIZINVZDEZAVEZINVI 2T VDERY I 2L —Ya UL OEEIZL > T
froh T3 [90][91][92].

INT T VIFIRENFERIRA DAL L > TEBEEING., AH=XLIZELTIE, BEEZEDOH
B FARDIAKEEE) 9 B BRIZF A9 % Kelvin Helmholtz RZ2EMEDEIN7Z & § 580 [93] °, FKHEEI AL
EMED Plateau Rayleigh RELEMN T « v H— OB TH 5 &9 551 [94] DA, Rayleigh Taylor A%
M & L7z Richtmyer Meshkov NZEMEDNHINTH 5 & 9§ 551 [95] 72 &, PRAZREMARIBINTE D,
RIZPER AT IZIZE > TV,

INVTITIVERY I AL =Y a v OB USRI, BIEEEBICERI NG T T U ROENFIE
DOfffR & RMERS % ERECEHR T2 Z L Oy TH S, HEMEIZ DIM 2 HWT WA 728, FHiEAR
EDOEAZEFFL, WOEIEE RS 2 7-DIFEF L OFER FORBRTEL R 5. REENEZHET
DB, HEREORMEEA%HE LRI NEEMICRERNSREFHET L2 W TERN D, A
Tl % & 2 FEFERF - D DWW & iR L 72 i 63, BARMICEMMREF RN B EL 725,

AFEZHWT, Fig. 262 O &5 LMERET, EX 0.9 mm OHEBIZER D= 4.8 mm OWREH %
e XH 5. FHRMEEIE 5.5D x5.5D x2.0D Z%E L, 18297 x297 x 107 TEHE L. WIHHEE
wo=2.8m/s (Z40cm DEINSEL U-ROMEITHY TS, ENINEEIXg=98m/s®> &L, &
WA OYIMEMEIZERE IV OHDEMMT 5. WAL p; =1000kg/m?, y=1.64x 1073 Pa-s, %ff
i% pg=1.2kg/m?, u,=1.8 x105Pa-s & U7z. %7z, BIFEAMIX non-slip BiH 2 3#%5& L7z, Fig. 2.63
WZATHEIZ X > TESNZHERE %273, Krechetnikov & DFEERKEHE [95] TIX, 09 ms BT+~
H—DREPERESNTVE EIED, AFETIE20ms IZBWTE T4 v H—DFiZIE-> &0 & I3ER
TERVEVWSZHERIEZHEEDD, 6.0ms TRIFS-ZDEINI I T VDERDPHERTES. K
FHETHRAENED 5727 4 VI —DREOBEBO O, X 5745 @EREEEE%, Phase field o /<
TA—RDFBELREDNEZ NS,
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Fig.2.62: The initial setting of the milk crown simulation

2142 FRWKELTOY LRRIEIC K 2K

W72 R & B8 U 72 & DB CIRIE U 72K DSl 16 2.13.4 TRUZZ KD 12, KEES> LS1TLT
#EATWL . Stansby & DFEER [96] 12 K E, R EIZHEWIKE Z§%E U7z X LTI, AV TR
T CHEFEAFEAE L, AR U 72 KIZOKIHE 2 8 ZIAARVB S HEA, KEPFEDOE I ITED K LHI G E
NBPERE WS BIRDPHERTE 5. BEAARDOFHRIIVIIH DO KE L KEDEE OIITIRFEL,
MREVEEEFROAEIERLS, ETHAICE SR,

Fig. 2.64 (2R T £ 5 REMT, BOWKERTOXLAFEIZLEZHE Y Iab—Ya v iiiotz. G
FEIK 0.72 % 0.12 x 0.36 m D FHE AL % ¥4 748 576 x 96 x 288 T L7z, 1 0.15 m DKL, K
L=0.018m QKA Z#FEL, BEHIEE ¢=98m/s> & L7z, ZHOWEAEIX 20°C DELEKDE D
T, #2134 IZRTEDLFAMKTH L. b, BERSLMIEE TORER T non-slip Hit & U7z,

ZOMBED A — VX REFEEEZD L, LA VA Re 3BT 10 A—X— 220, ELA )
WABDOLBE AR TH DL EAD. ZOXIBREVA /IVABOKB _MHRIEBEM#ETH 2 LBM T
HREZBEIMBIOBENRSNT, BIREICEEEL 1 IV RSB HRFEORFlE LTH, 0
HREIEENPDLIEEZONS. LBM IZEAKRKNIZ RPN ED ROEEEUL 21T > TWBIREBIIEL, &
VA VOV ZECRILE TIRZEMER TS, ATIETIE, BIREDIC S5 KR WENO #EIBE % v Tw
%728, WENO IZ & 2 BUEMMENZEMICHFS L, SRV EFTTERZEEIONS.

2.143 B GPU ICL 2 5REESY LRZEFE

£ 2.14.2 TREIR U 72K 2 3%E U 72 X AREMEOKE L=0.018m D&%, x, y, z AHZTH
TN AED 1152 x 192 x 576 #& 7 CEHAE T 5. FHREBBEOEINCEY, HB GPUIZ K55 Z175.
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t =6.0ms

Fig.2.63: The predicted time evolution of gas-liquid interface, obtained at 297 x 297 x 108 meshes for the

milk crown simulation
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0.15m

\

0.36 m

L \
0.72m //ﬁgm

Fig.2.64: The initial setting for the three-dimensional dam breaking onto wet floor problem.

Fig. 2.66 (ZF1HIC & - TR S N RH ORZIZ AL % " 3. Al 2.14.2 TR U7z 567 x 96 x 288 & 1D
FERTIIHMRTERD > /NSRRI KTREDV R TE, L0 EREERFREPBETH S Z LR
SNz, 7z, SEOFEIGN 1.27 BEIER T E2HVWZHBEOKEWEHETH Y, BEETIDOLS &
FHERBUED, WL WENEMED @ LA IV O —MTREHR % 55 2B fE T HAT Uiz flid k727 <
SHOBRBIEEIEANDRENFHIT 2EHICEEOD 2HEVB/ONIZLERS.
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t=0.6s t=0.6s

(a) Charactetistic based weakly compressible (b) Incompressible

Fig.2.65: The predicted time evolution of gas-liquid interface, obtained at 576 x 288 x 96 meshes for the

dam breaking onto wet floor problem
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t=02s t=0.3s

t=04s t=0.5s

t=0.6s t=0.7s

Fig.2.66: The predicted time evolution of gas-liquid in the case of L =0.018 m, obtained at 1152 x 192 x 576

meshes for the dam breaking onto wet floor problem.
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215 HMHERICE DK BEREREICL 2B HRETOZ &0

ARETIE, WRICHTEMREEE2HFET S TRT Y VARRE R BEVRRWEREGIETH 5T
e PE BRI D S IR AT R RO 217 5 72.

750 all ATy TiEEHEHAT S Z LT, JEMiME Navier-Stokes R % A1 7 — HFEX, Rk
H, AAOMEICOEEL, XS hANMEE WS Z 2T LIRITA 1 T — R R AR A2 B U 7.
FEVERRRTE CUE, i - [EIF O E OIFEFED | otOB R AREATE E#H D, semi-Lagrangian
HEEHT 52T CFL &M T TOLEDP D EMEE LRI ENRETH B, —B DI 5HE Ty
(TR B2 DS BB D ZE RS FE & — B0 B 728, L BB A 272 Runge-Kutta % & Hi U T Eh R 2 F
et TE .

LI FE OFMETIE L U TR E AL DO € 7L O —FETd % Phase Field %% W7z, fhROZE D
bR E N7 Allen-Cahn GRERZREFEH IV FE— AV METHE, GHEHCIP 2H\\W5Z T
F=N—=a—h - TUx=va— b ai<Lebiz, ARRCEZTNDEMNRT NIVEHE%E Level Set
BRI E SR 52 CHREMIROKEE 21 X7, THINC/WLIC i£& DD DRy Fx—2
@ & U T Single vortex B il % i &, THINC/WLIC ¥ & FFEE O REIREEZ RO LN TES
Tl ERMENDZ. T HICKRBM AR FRIZB W TE R FIEOMEE %17\, #1777 Allen-Cahn /2%
8 ARFHENE, 2 IRE R LB L Rayleigh-Taylor AZEHEOFHEIZ 5\ T, THINC/WLIC T4 L
T\ @R 2 S I 2 i 2 e TE .

L -FEEZHCTHEMROR Y FY—MELRE, FEMEFIROGENEHTTETHSL I L
EHEND . BFIZHbR WA D FREL 2 L T Ghost cell %% Immersed Boundary 5% 525 U,
BRE D ORNFIACTERM L RV—E %G, S HRONRY Fv—ZMETIE, X LREFHREPR
HWEAMELME, RABENZ2EDHRNHEIIEWTEIEEMNE Y LA — DR & OEBRE %2 B2
—H &Gz, DEXY, KRFERBIEEMME SR R RN T EHTRTH LA 5.

ISFHEIEBIE LT, 2L DMEFIZE > TEEINT WS IV T 7 5T VBEEIEZTV, 777 UK
DRERARZ BT 2R E2H572. BOKEZHE U7X LHEMETIE, k2 E0ERICELVE
VAV IVABIRODFIR L 725 5%, 1.27 (SREE O EMMRER F2 W BA TS LELTHETES Z
EDHEPD SN2, T D XKD RL WK MHTREHRIXE U5 2L TH S LBM TIELE L TEHA
THRZEDIEEICNEETHD, 74V R—eFa LTV MEEHAL TLEITEHETE RN 2019 412
wEINTWS [12]. LU, 74 VX —#HIZEE L TLBM O A€ ) DRAENERDN, KRFEEOFR
X JEEMEME DAE R & i U Tl 2 ARSI TH 2 Z 2 h 6 b, RFEICITEBMNELH 2 2 F
ZoNs. FRMERREOFERIZ X 2 @R RatEFIE L, Level Set iz filAa O E 72 /47E Allen-Cahn
FREROMIEIZ X > THRT YV VAR S BEI U 72 56 255 & 2 KR MR FHE FIE O I R
U, KBS —HRET R W RE L o 7z,
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X

BE3IE

FHR1BFE D Navier-Stokes AR 2 #2 < 58
EfEEREEDEAN

AREE T SFBEL D Navier-Stokes /iR % fif < SIEMHEMIEIC & 2 MEBUER OBIL Y, QI HIWEE
HFEOBN, & ORI OV TRT.

3.1 ZBEBFED Navier-Stokes HTEZ

SR AR D Navier-Stokes TR I E#EME Navier-Stokes HERA» S BH I NS, FEBHREIVEET
DREIFEIIAED IR, ATO @R O, HEJE HFERD0 S WE & JE N3 2 HEFREE X2
BEHT 5.

ap B
E*‘V'(P") =0 3.1
dpu
T+V (puu)Z—Vp—l—V"L'—i-F 3.2)
A 3.1 X B2) & EE u BT ARMEREGEAEE5.
du 1 1 1
—+u-V)u=——Vp+-V.-7+—F 3.3)
o T V) P PTp p
FiEREORRE LR A 5
9P _ 2
op =Cy 3.4)

THdHDT, #@HEDON B ITARATEE, UFOENREAERZES.
(Z+(u-V)p: —pc?V-u (3.5)

Ma="Y << | O, #EEH L <<1THBEOT, BEMIEOMRERC XD, BHRFHTIER 37
DEEF—E L U, [PEARGE TR Allen-Cahn JRERE FHWTHEELZHHTL I T, BE
DIERIM:E TE 572 0T 5.
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it,Et@%gwﬁﬁuMa=g<<1@ﬁ,%wt;éﬁWﬁiM%aab

dp _dp
g—i—(u-V)pNE (3.6)

CEMTES. A (3.6) DELUZ L > TRV F ¥ — 7 MEDOFERIIIEEMIEDRERIZTED K Z & BilEG X
NTEH [16], DTHLTIED 21 HEBEEEIRE A TE 2 7-2OARMETE ZOBZHW5.
MEXY, i Xl iz HEd 5.

Ju 1 1 1
4t (u-Vu=——Vp+-V-7+_-F (3.7
o T V) P "Tp p

?Z +(u-Vyp= —pcf,V-u (3.8)

HWENRELSEITDEIBLEEIE, Yy NBDPRELLD Vou DIENREL 2D TETL S wfuett
MHBEDT, AT Y NEDLRE 03 2L LED, FENPDEIZ LR UL & o ZRFIIZHIEYT 5.

32 RMERARIEE DEL

X GB.7) hOREIH, ANEEZRE, 1 RGCOLE%2F A5 LHi 2.4 LAROFIETEE p 2R\ 72K
MRENGEOND 72D, REMIIEEIrNTWE ARRXXIZIZEAEFETHS. LrL, FEREETIEE
Mooy B RN T A =R THEZ D LIEFEITNSIWCFL &AL e biziticE s, X214
ERHVOIBENDD. K (2.14) Z W5 LK & 2857 & O BB 72 S0 M TR LD F DK D &
HD 30 ERREREL L7720, WHORENPKEWE S RN TIHMEY v N EHET 572D I HD
HEE DD EEKMOFENEEIZREL R, KEAT Y THEPHEKRT L. 72, KX (2.18) X (2.20)
HD P ITIEF—EDREND Z7-0, HEDZEMEEZRL -EMEDOHEHAVPKNETH 5.

EEDOEMAEEFZ R LU - E2EX, FHT & o THIEMMEY V= ADBEHANT TIZRINT WS [3].
FELRAFIE Navier-Stokes ST % i < SR MR FIE T, R CHEENE pu 2T 5520 25
FE TS w T T 2 EZPITES D> TS 7280, [IEFLHIZ L DO EBIEZEDN B 5 FHIK T OER) &
DY FM S g, ARILEDO K E WHEMHBILGMIZE E B o5 7% & ORUER 7 Kelvin-Helmholtz
REEWEVREL D, TZTHEEOWMATIIRN LT, UFD LS IZEEDEMEEZR L ZBFHICE
filiZs 2\ 7% Gl 95 .

du 1 [8(pu) ap] . (3.9)

ax pl ox ox
K (3.9) HHEMET B &, EURHEDMBOAE R TARDRE S ND A, FHLEHEELREZEL 7
L%, 12U, ALIREEZAL R =0 LB &S RRE SRS OMKTIE, AN NERE KD

E—HT 5. 2R OBRHIZEENSWMA B TDO LS IZRES.
du N du 1 [ d(pu) ,dp  dpu ap]
P

Ma Vay—

<

—U = F+Vv——uv—>. (3.10)
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::?ﬁgwﬁJ@MT@&iKEE%%%Ebtﬁ?ﬁ&T&

(pv)i7j_% + (pv)m'_;.% + (pv>i_17j_% + (pV)i_],j+%
V. | .= )

. (3.11)
’ Pij=y TPijed TPiirjd TPyl

#JE p 1% Phase field 282 SRS, WHL b VHMIERINS. LIVH i, j— 5 TOMIZUT
DY, fREMHETRkD 5. 1

=5 (Pij+pij) (3.12)
KR DZEMA L E FE L 72 EELORERLTIX, FRHEEERE T 1000 SRREEOBEE OSBRI e T 7 A
X U T EIER 4TS 720, BUEARZEERE LT W, B2 m EXw572012, 3 IRKEE

WENO T3k 7= A i A Bl il R R & @ 4 5.

5

4

E

fo= £ () (VN0 - £, (3.13)

r ¥ smooth indicator TEATRD & S I1zFKE 5.

fH%—fF%
fif%ffifg Ml.i% >0

ri_% = ﬁ7%7ﬁ7% (314)
fi+%7fi—% ui_% <0

PR B P 12 1% minmod limiter BI%C [97] 2\ 5.

3.3 HEEANBEEDEZODRT Y v AER

ARFIETIE, 2.13.4 NTRU KA EAEERZIE Fig. 2.57, Fig. 2.58 TBIITE % & 5 A 55 EHEME
fRIEREAE D JEIRIZ X B2 HAGOIRE) 2 MIf 3 2 72012, FIHENSID BEVD7ZDETITRT Y vtk
Rz, FEMEY VAS—TRR—HROENZVFMELE LTEATEH, K7V VARKADEIND D
TRAN=Y 2V A7) =& iii?=d & DR ENGIZAEIEIEI NS D, FIEMEEZ ¥ — A TIRE
HXRT Y v HBRRTEEMP N NOT, PIENGIZ X5 EPEOKT S, [d ERMAETIE, /
AR VEMGTHREINBER/TEIEPKE Uit 5728, FERE LT ERBEEN VD E THIRE) Lk
5. Tz 272012, PO 10step FREDAUTOENRT YV v AR ZE M.

1 V-u

VD E N G ED - D2 T IZRrNEEDTH D, FHAT Y TEIIRER T+ T step FRE L 725 2
ENL Wb, BTV VAERRAOKRMBIIRAEDOFERMICH L TTLALEETE 5. GPU EEIARY
T % Red-Black SOR(Successive Over-Relaxation) % I\ T, IS E UCEE V-u < 1077 fE
FTCREIES.
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3.4 BREREICK Z2RER Allen-Cahn Si2A DK

RUEEHT 2.5.1 THHI L 72 {#1FF Allen-Cahn JFRERITH U T, BMEAR L T IXHE 2.6.6 D & 5 IZR-FE
RIVFE—AY MEEZHAOWEEBLZIT 8> TOWED, GFEIXMIED 729 ﬁ@%ﬁ&%%ﬂ?é
AMRﬁ%%mﬁk%zéavAw%ﬁﬁwﬁﬁﬁigﬁoﬁﬁ@%m&b#w IRV FE—AY
MEIXEN D DY, L R)LZET Phase field 28D AEIXIZFIEFEY 0 TH 254, l/f\Jl/%?ﬁf'EJ* EIXEE T
u&<m5.Kﬁ%?ﬁﬁﬁﬁ%aﬁtmﬂw%%%%béAMR&%@%L,%wﬂﬂdgﬁwv&
VEBRTOARAY T & 725720, %W%%é&ﬁﬁ&b@ﬁ%ﬁ@%ﬁ&ﬁmvié:xF%Mﬁ
WifFcE 5. AMR IEOMEEAE L U CTREXHE AR T >V V72 EMOEEEEZ V5551213 LA
WETHAZBESTHEENRD D, YLFE—AY NEDFEDEIEL EEZSNS.

R (Q2.50) iU, BBV £R23 Y ha—LRY 2 — A TERBED 2T\, WL L 25232 T
DXEFS.

9 I v
o a¢dV+V/V (ud)dv — y{ /Vv-(w))dv—v/vv.[¢(1—¢)Wmczv} (3.16)

AV ADREBEHEL Y, RBEESIZHBEIICESRADLIENTES.

P
. a? V+v7§ uo) - ngdS = y{ f(w)) nSdS—Vf[ |V¢!] -nst} 3.17)

ZZTSEaryba—AR) a—AV OEMET g X S ITHINTIEMRZ ML TH D, LD EIE
T AXX Ay x Az=AV DEZKFTIAY ha—LRY) a—20%2ZF 20, UTO LS IZHEbEn 5.

1 6
s = — ), AS
V?{"‘P s AVl; uf), AS,

UGS CORI (3.18)
0990414 — 00); ;1] AcAx
| 090); 14y — (90); 41| Avay |/ (Axava)

A (3.18) @ Flux IXJE EALT 2 %EEHH 5 DT, minmod HIPREEE % I\ 5 3 Yk EE MUSCL(Monotone
Upstream-centered Scheme for Conservation Law) 3% [98] Z#H L CTA—N—Ya—h - TV X =Y a—
2B,

RAFIE Allen-Cahn FFER DAL S, Flux BATERETE 5. ELEK T L TOEREL X WAL DIH



S ML TIR 95

FENTNIATOED THS.

6

1
ysV]f V) - ngdS = ysEZ(Vq)) AS;

e[ (3), (30,
l-‘r gk i—5,j,k (319)
A, (),
ij+3k ij— %k
(a(b) ( > AxAy}/(AxAyAz)
tjk+ i,j.k— 7
1 Vo I V9
7y [0 -0) g msas =7 X [0 1-0) T | as
:7{[4’%4# (1 _¢i+%fk) Myivd ik~ i d ik (1 _‘bz’f%,j,k) T i*%»f-,k} AyAz (3.20)

+ ¢i,j+%,k (1 - ¢i,j+%,k) My ijrle ™ (Pi,jf%,k (1 - (Pi,jf%,k) n, i,jf%,k] AzAx

Jz;bﬁfﬁr;%i@“éz\%@f) % w&?‘%?ﬂi@&ﬁf\a N JLIX Level Set B@é&@ H |Vy| =1 %2FHL CTHiE

IZEHRTE 5.
Wik~ Vie1jk
xzf—jk Ax

X (3.20) ITHEEND WAL 2 IRPLAED TRHAT 5.
¢ ZRIVIZBT M TIMEE UTIRO LS ITHERT 5 Z & T, #FF Allen-Cahn iR IZ L
DB BRI EHEORMFE R L AE 5.

- é /V 0 (x)dv. (3.22)

(3.21)

n

35 BERBUEFIE

HREZ LDy TV v 7R $T572012, Fig. 3.1 [IRTAX Y H— P TF28HATH. )XZ7 b
VEBIFRNVEIZ, ANT7 -8B VHMIERT S, TR TR 2RTDHEIZOWTOH 2R,

35.1 BRIR

BE R SN BREOEHULR (3.13) o2 MM E FVENO 121X 3 k% HI-WENO A % —
LEFVD. BRI OB (5) & MTHE A 2T BEROESICLTRES. 3 Ukl
HJ-WENO TiZHubEn & BEMEOME LT RO XS IRBET 2 Z LR AHETH 5.

Af\  fir1—fic1 fi
<o7x>i_ 2Ax 1127 (3:23)
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A A
r:lolo L:_L O:p.p ke
- ot a1 a1 a1 [P
ok ORoOLRPOLNR [AV
— /x /x /\—
> o k> O O P O P
/x /x
o p O

o

L1

Fig.3.1: Configration of staggered grid system, vector conponents are defined at cell-face and scalars are

E
—¥
[ 2

1

defined at cell-center.

BUEREME I REE w (2 U TR EAAIZAT YUV E & > THEERT 5.

Ah = Ax,
Jop = firaofp = fir1, (u<0) (3.24)
fm:fifl
Ah = —Ax,
Jop = fi2, fp=fic1, (u>0) (3.25)
fm:fi-H
v —Jop+3fp—3fit+ fm
fe = AL (3.26)
_Ji=2fpt+fptE
T fo—2fitfute (3.27)

TIZTe Y ulZ<oDMuNERT, 10710 2HWA. riZEKOBES P XDOEETHY, r=1
D 3 RSB R EENEIC—HT 5.
3.5.2 HEHEEIE

W DS R AREAHICE N ENAR Vp 13 2 IREPDEDIE TS 2. x HHO®EE u i3tV
Wi+ ICERINDD, u OMHRRESGERFOENDENE i+ ETHAT 3.

(919) _ Pir1—PDi (3.28)
i+3

ox Ax

35.3 REMEIEHIR

IS DI V-1 = V- {p (Vu+VaT) } & 2 W08 TRRITT 5. REMERRIC o 1573 B 2
IS 3720, p IS LT AN EIND £ 5 CHBUES 5. Rilbis 7 >V v osmio 2 (nd)
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(a) Same directional derivative with velocity

O:u
o k. O o o B
e RO I A:
o}+ﬂ61 o +“61
: (L) V] 4 EL)
*o \‘ + ,'*6' "‘o + ,*o,
(b) Different diretional derivative with velocity
Fig.3.2: Stencil computations of viscous term
DESITHEF WA HEP—EHLTWEEDIZH LTI,
d d :
2 (o GG 1
ox 'u(?x l.f%’j_ Ax (3.29)

TEHBEN, Fig. 320 KRT ESBATF VU NAE LA B, %(M%ﬂ%)) Dk 51z u OREH
BABRACEENTORRSEHEAM LMD AR —H L TOWRWIEI,

(S

2 (3.30)

[a <u <8u 8\/))] _ [“%*%L;H%_[“ (&%),
i—%.j

EA G

20

Tt $ 5. A (3.30) TOKIAIL Fig. 3.2b IWRT XD BRAT VY VIVEHETRE S,

354 EEZFEMIA

FERNFER TN (3.8) DAL E XN 5 HEIGFEHUHIX 2 IRubZE 77 TR 5.

T i1 V.7. 1 — .7._1
(Vow),, =2l 2 M b (3.31)

Ax Ay
REREIRE 73121 2.6.7 TR U 7z 3 Bt 3 K5 Runge-Kutta %% i\ 5.
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- == -

'
v

Fig.3.3: Boundary setting on staggered-grid system

3.6 EAFMH

ARy H— RHET FIZEBRINDEEBOEERGM L, WAOAMIZ K - THE[ENELRS. Fig. 3.3
CRTESICx ADSE, HB\Vx EDLEICEERAH DA T, Fig. 3.3 ITRTED, 1 VT v oA
i=ist DEPE ug HEEE EICERDZBEEEAD. AV a—RAETRi—3 ODEIBHRA VTV I A
KALDEHEBAZNDT, CVFLA YT Y IR0 j, uDA YTy IR i-L jvo1rFyrRij—1
%, a—FETIRi,jIciisxe5.

slip/nonslip &%

slip #%5 X O nonslip BE% F2E9 572D Dffi% 3 — N2 U FITRT.

/* Boundary Type Definitions x*/
#define SLIP_BOUNDARY 1
#define NONSLIP_BOUDANRY -1
boundaty_type = NON_SLIP_BOUNDARY;

const int index = GetIndex( i, j );

if (i < ist ){
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// Index computations
const int id_cc = GetIndex( 2*ist-i-1, j );
const int id_nc = GetIndex( 2*xist-i, j o)

// Cell-centered variables, p:pressure, r:density
plindex] = pl[id_ccl;

r[index] = r[id_cc];

// Cell-face variables, u,v

ulindex] = -ulid_nc];

v[index] = boundary_type * v[id_cc];
}
if( i == ist ) ulindex] = 0.0;

Z 2T, GetIndex(i,j) lEx,y AAIDKTRA YT v 7 A6 jIPoBINRD 1 IRTWRA YTy 7 A%
BHMEBE TS, x IEAMTIEi > ien T GetIndex BI®D ist % ien ICEEHMINIXRL, y AHOD
EEHIClI u & v DG E AN ZNIXE .

3.7 RIEFTED-DOBEERHMEEE

BEEFTROND KGR, RERNIZE > TR R I NG, FEDO AT —LAVNI WEEP
BN WGER Y, REBFENIVPLEM L5 L5 2RENG T, RERIZEELIGIETLZ
WHEHELZD., SB-R[D &S IEHITHEWVEAEHEZ SDRNGHEEZ 556, iRFEICY L TE
BEISBEND D, FEO Level Set BBUIEED H M > TR EE-STE D, ARAREZESN TR
SAD, Fig 34a lRT & 510 (V| = | 2ili 2 < B3, WEOHLTE S 3 HIROEL % 1L,
W2 RS EX T K, BREMETHMERADPEM I N T WS [99]. ARIFFETIE, BARGRAE%Z & Tl
RPRAEENFREICHOOND Z L2702, UFROFEEHZICERLL, BWHT S, £7, @FEOD
BB L TR 2 FHR T 5,

o _ Y (W ) W (W W) + W (W W) — 2 (WU Wy o YO Vi - VWA W) 3.32)
B 4Ax2 T

::?,?%?ﬁ%:%gwiiuwﬁﬁéﬁﬁ.mm,mea%ﬁ®%E%ﬁmT5%ﬁQWO%
RO KDIZERL, AT 5.

O(y) =[1-|Vy]|. (3.33)
RN T, Fig. 3.4b 1R X512 Q(y) DED 0 2o WMEZ R > THE D, REDKES WHE
EROTWVARTRIZHIELT WS Z e bnd. AFETIE, O(y) DREINH L EMEMN 2BA
=56, TOMTROMEBIIEANLZBEEEZEC WL, BEK RO BRD O(y) DM 012iEW
BFRDHERENRDDIZHWS, 2F0, LTFOX S HEEEL2ITS.

- K" o where: Qy jr o = min (Qi1,jks Qi 1,jk> Qi jm1 k> Qi j1 k> Qi je—1, Qi jer1)  (Qije <)
i,j,k — o .
K KWk (otherwise) .
(3.34)
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(a) The curvature k computed by using (b) The quality Q distribution
standard central differnece scheme

Fig.3.4: The severe curvature error and the distribution of Q at the valley of levelset within the thin liquid
film.

N IRMEFFHREIZE > THES N 0.05 DIEZE WS, Z DOl Level Set B D H A1 LK, S,
Phase field 2% O h vy 7V v FORESIZELASNDAREENH 5720, EKKEEAF —LANDEH
RERHNILHEEFET 5.

ZOFHEEF, FHEIENEE Q O 012 <, RERDBBUZHWV 5N 2 dhRIE AR 2T W
FICRIEINBHENHVSNEIRETH L L WS FIZEIVT WS,

3.8 MRELETRE
3.8.1 BRI EDIRGE

AREiCIX, FiREFED Navier-Stokes HFEA % i < S EMEMEfEEZ FH W T, BHRONR Y F~— 7 [i#E
RIRE, THEOZMUMEMHERT 5.

Cavity flow =&

2132 ITRT &M FAWTHEE, Ghia DFER L KT 5. v v A BUX0.03 & U7z, FHERK T8I 1282
B L2562 T, Re=100, 5000 D 3@ Y TEHHE L 7§ R % Fig. 3.5 1273F. Re =100 TIIARWIKET
MECHIEMEORR E K< —BLTWA. Re=5000 TlX, KFMREE L5 & TAFEOMR
M Ghia DFERITIEDWT WS Z &0 5, BUEKMEOMETHEIMNENHMIE W TWE e EZX 5N, BE
MEMERIES A DE DT RWEEZ 5N S,
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Fig.3.5: Velocity profile of the cavity flow problem for the Reynolds number Re = 100 (left) and Re = 5000
(right).
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Fig.3.6: Results of the single vortex problem by using the THINC/WLIC scheme (Left) and the conservative
Phase-field equation (Right) with 128 x 128 mesh.
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Fig.3.7: Results of the single vortex problem by using the THINC/WLIC scheme (Left) and the conservative
Phase-field equation (Right) with 256 x 256 mesh.
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Fig.3.8: Results of the Zalesak problem after 1 revolution by using the THINC/WLIC scheme (Left) and the
conservative Phase-field equation (Right) with 100 x 100 and 200 x 200 meshes.
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Fig.3.9: Results of the Zalesak problem after 10 revolution by using the THINC/WLIC scheme (Left) and
the conservative Phase-field equation (Right) with 100 x 100 and 200 x 200 meshes.
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Fig.3.10: Snapshots of the 2D dam breaking problem for 200 x 75 mesh obtained by solving isothermal

Navier-Stokes equation.

1

Present
Incompressible ==---

09k Experiment

08 |
07}
T 06}
05
04}

03

0 0.,5 .1 1‘.5 .2 2‘,5 .3 ;.\5\ :1 45 0 0‘.5 .l 1‘.5 T .2 2‘.5 .3 35
T
Fig.3.11: Comparisons of heights of water column and front locations of the weakly compressible solver
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based on directly solving isothermal Navier-Stokes equation with those of the incompressible

solver and the experimental data[90]
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Fig.3.12: V - uAtq,iq profile of the 2D dam breaking problem for 200 x 75 mesh obtained by solving isother-

mal Navier-Stokes equation.



98 HI MRELEHA 109

" Diviudde

BB B B b P
E § B 2 £ §

" Diviudde

BB B B b P
E § B 2 £ §

v, = 10Ax

Fig.3.13: The effect of V - uAtg;q profile on v, value for the 2D dam breaking problem.
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Fig.3.14: Interface shapes of a two-dimensional bubble rising problem at r = 3 by solving the weakly com-
pressible scheme ( left side of each figures (a) and (b) ) with comparison to the references( right
side of each figures (a) and (b) ).
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Fig.3.15: Rising velocity of bubble over time compared to those of Ref.[82]
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Fig.4.1: The refinement procedure of tree based AMR
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Fig.4.7: Level gap interpolation of variables on staggered grid between coarse to fine mesh

7 A% CPU O A TS - HHEL X 1, GPUMlITIZ2<SBI NV, real LIXHKEE float L L IX
double 7’ typedef IZ &> THEI NS/ TH 5. NUM_CHILD & U NUMNEIG (2% 2 IR DHE 4
NEZo6N5.

YIFE R AR L, HBEICHWSZODAEY DHEEL LTDY 7 A Fig. 410 IZRTHED TH 5.
BufPool 7 7 AIIMEEDH T OELIRT — X 2 EEEH T 52 7 AT, u,v,p,¢ &\ o 7P EOFE
JH1Z £ > T d_pool[0],d pool[1],d pool[2],d pool[3] @ &k S ITHEED pool ZHfD. d_iET /N A
Ak, Db GPU ETHONEAEY Z/RL, hidFA MITEBINS pool THD. FEEITIX
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All of each leaves
has 4x4 meshes

Device memory pool

Fig.4.8: Tree based AMR on GPU and CPU with space-filling curve

Class Forest<real> TreeNode<real NUM_CHILD>

T
S,

Structure
| °
template <typename T> template <typename T, int NUM_CHILD = 4>
class Forest{ class TreeNode{
public: // member variables
TreeNode<T> x*trees; public:
int TX,TY,TZ; const int level_; // refine level, depth of Tree
real3 whole_axis_min_; const unsigned int node_id_; // Node/Branch id, 32 bit
real3 whole_axis_max_; int leaf_pool_id_; // id of the leaf pool array
// member funcs int space_filling_id_; // order of the data block of the Morton
int ti,tj,tk; // index of tree in Forest
Members ¥ TreeNode *parent_;

TreeNode *child_[NUM_CHILD];

real3 axis_min_;

real3 axis_max_;

real3 dh_;

unsigned int neig_tree_[NUM_NEIG];
bool refine_flag_;

bool coarsen_flag_;

// member funcs

}

Fig.4.9: C++ class implementations for tree data structure

d_pool[static_cast<int>(ECellPoolID::P)] 72 & D & SIZHZEMTH 5 UHEFE S 17z ID fH#k
ZHWTYHEOMHEOFEZ1T 5. BufPool MMEEDIDAEY « T—V 2D 7 T AT/ >T
W5DT, 77— MEIUZ LeafBlock ERET DI LIZE T4 X 52 FED Y — 7Y T T
Oy ZHREFETOAEY - TP EETE L. BEY — 7EREOER X Fig. 411 ITRTI7 T A
TreeBlockInfo % 1 YKILBEISRCTEH L, CPU IO AKHEE I HEE S N7z DB I TreeBlockInfo 7 7
ADNEHAEH S, GPUMIZaE—INn5.

431 FREIOEST 2EHE DL

FEFH 2 MA VT THE L CRAS 2012, RETHPAWKF2EEIE5. Tz &R EaRER
FTMHETE D720, (1) LOMPWHANMEZRA SNDS, 2) LG TRMER%E - JENED
AEIZN U THIAPA WK 24582 28 TR TH720 OFEEE T, REEMEIIZAS, Lo kMi%
= L AR TAR WP THEBTE 5.
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Class BufPool<real> LeafBlock<real, BLOCK_SIZE >
d_pool[0] BLOCK_SIZE =4 BLOCK_SIZE =5
LTI TPl T]
i
d_pool[1] z
LTI TTTTTTIT}e
Structure 5
£
d_pool[2] 2 o o o o
d o o [ o
mem_used_ mem_size -
template<typename T> template<typename T, int N>
class BufPool{ class LeafBlock{
public: public:
// member variables __host__ __device__
unsigned int num_quantity_; CellLeafBlock& operator=( const CellLeafBlock& new_block ){
unsigned int num_stagg_;
unsigned int num_workspace_; for( int j = 0; j <N ; ++j )
unsigned int num_use_temp_; for( int i = 0; i <N ; ++1i ){
unsigned int mem_size_; const int index = i + N %( j );
Members unsigned int mem_used_; data_[index] = new_block.data_[index];
unsigned int extend_size_; }
bool is_fragment_;
return xthis;
T **h_pool_; B
T xh_defrag_pool_; T data_[N * NJ;
T *xd_pool_; H
T *xd_temp_pool_;// for keeping previous data
T *xd_work_pool_;// for intermediate results
b

Fig.4.10: C++ class implementations for buffer pool and block data structure

Class TreeBlockInfo

TreeBlockInfo[ ];
stuewre | [ [ [ [ [T T T[] []]

class TreeBlockInfo{
public:
int block_id_;
int halo_block_id_;
Members int level_;
unsigned int child_id_;// to determine the location
real3 dh_;
real3 axis_min_;
int neighbour_id_[4]1[41;// safety
int neighbour_level_diff_[4];

Fig.4.11: C++ class implementations for block information

AWZETIE, FEAHIEEEREE S U COME % FFD Level Set B w &M LIHEIZ W 5. FEARIIZIX
SUBSTE D Level Set B8 yr 2 AW %723, Yk z &0 N2 5HH 5568 13WIKD Level Set B y,p;
LEE5LETF v I35, MBI TOREANEND, MIMMEINAZLRADHSPUHRD SN
T2 RKLV AN e AR TH B L ST 5.

min (|Y,|) < V3 X dhyt1 X b, (4.4)

ZZT, migHBV =70V =T id ZRL, nlZV =7 m DL X)L, bid) =7 DD UDKFETH
5. K@D IZEIMAMEITDVT, nypgy =3 LKE LT Fig. 4.12 & 70 v ZIZHERIZ id 221,
fiRD7DIZ 2D /) — P v X —1Zff 5 SHRMBARPER I N T WS 5E TH T 5. Fig. 4.12
DIFE TR UEEHDOEZ X 2RIETIE V2 X dhyey xb 7293, 3 WOTHINZIE V3 X dhyyy x b & 725 85I
FETS. MOFMHIEY —7HEAMERL, BOBRIEIE A2 R, Mok nTtnivir—h )/ —
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Fig.4.12: Mesh refinement based on signed distance function

RIZYz250) —7 0 I3 HE2EATWS OIS 2MZRK @44) ZilizdoTHabEn, V—7 1234
DEREING. n=1<npg THHOTHIDIEMEE N, REZ2E58) -7 1 EHPORHOKRE X
EEZNE, V=723 13AEN 44) 273 OTHS I D, MiofkIhvn=2¢7%b, REE2E
BY—7 5,6 1S MR ER 2L, V—7 7.8 ERER2H 2T, V—7 9 IRER 2SR
WO THIMMEI NN, o TL RV n=3 TOMMEIN/M 11X Fig. 412 D ED X 512725, L
L, V—=73&23242728 DIV ARVENR2 U EDVWTWEDT2LINT VY VI IZHDEY -7
3IFMOMEE NS, RIZn=4 $THOMLEIT> 2L %2E X5 L, 13,14,15,16,17,19 S X 4, f5
b0 RS Z LI RERICIN - 72D W E R ER S NS Z e Dibhb.

432 XEY) - T ERBEEEZR WL CPU/GPU LD X E ) B

V=7 IZRIE N TV AYBEHEEICNE L R TROAEVIEAEY - VDT — X2 R -
T 1 IRIEREFIRIZ GPU DT XA ZAAE Y & UTREFENT WS, HMEXE S LY a2 R/ ET 5
72812, Structure of Array O 7 — X kG2 T 5. SR _MHREHETHREIC#EAET 5 AMR #E%2 8 A
T556, —MICKEATEITRRE EHIBBIL, KEW - G - 2z rE S 72O ofianhs L O
KAEDBHE AT S, ST UL T =X 2R ET 220D AT ) BRBRELRD, HALTIEA
TVDHIBRT 52 21245728, 71— 7705 % U754 121% cudaMalloc BI%( cudaFree BE# % 4
FIPOHTZ & &%, GPUTIEAEY DT RUANEE SN T WS 728, [ A E ) OG- Rz
7725 Z IR TH S, £ZT, HoPrUDY —TEHIDEREY A XL D KEDIZTHERI N
AEY - FT—VZHEL, Mo HAMEDOBED AT ) O - fFRIFE 2 K2 HK S 5. Fig. 4.13
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Coarsen

Device memory pool Dev1ce memory pool

41\214567)«1\0 0|234 567

Reﬂne Defragmentatlon
Device memory pool Devwe memory pool

nv O RO1023 45 u|2345678)10

Fig.4.13: Adaptation and defragmentation of tree-based AMR and memory pool

IZRT & DT, BFOMARADITONIEICIEHHAL Tz 4 D07 ) — 72567 2E5RO 7 — &
DHEFEEH ) —T7HD ATV L, TOMD 3 DEfHibRVWAEYV LTI I/ %23T5. fMio
{LDOBIEF 7 BB I NS F) — 7 XA OB AIEML, B/ — REFEHLAEVWES> 75 27%3T5.
D& EEEITO L, ATRVUDNHEBWIREARZDT, a—RNRTTF I I AV TF—2a vy TV,
AEYARBEET D, AT OHER - REUXESPROBRBD, EBRICHERLTVWIAEVROH S —E
DEELAE L 725 252170, HWIZRDITAEY 2HEHET 5.

433 GPU_LDRFVUIEE

BEAL X N R R 2R DI AT VU VEENBE L 725 H, AMR TR — 7 #A T
ﬂ&t@%%%@%@g%-&#ﬁ%é%fhétw i S IR — 7 OB E L 125
, BEEEY) — T ADBEENRBEE RS, KFEETIE, 42 2XD) —THIZEEN ST ME% CUDA
block H7z b O thread éﬂu’fﬂbﬁ Y — 745> D CUDA block % #%&E L CTH— 1 IVEBERITS. #
\7% block I CUDA DEDH S EFRIZEL R WY gridDim.x O ARSI ER L E NG, grid i1
WIEIRIZY — 7 D& F-H 1 XL [[f£D CUDA block BEEINTWVWA IS RliEEL TS, T4bs, i
B2 71 — 2 VBB O S 2 — FIZBLF D L 5 1271 5.

/* Number of cells on one side */
#define CELL_N 4

void func( ...,

const unsigned int array_length /* number of leaf array elements */ ){

const dim3 thread ( CELL_N, CELL_N );
const dim3 block ( array_length );
some_kernel <<< block, thread >>> ( ... );

}

H—F VBN TAT Y VIV ENBEL 2 5545121%, £3 Fig. 414 2R T XS ICATF vV IVE
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A neighbor’s leaf
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1
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copy
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Fig.4.14: A extended stencils of a leaf including halo region on shared memory

BT ME L 725 53 D& 1 5853 D shared memory % HE$ 5. WENO3 XfEE TIX 2 pibE TSl
NEAENELRDHZDT, TITEAS2 DV —7HKTF+HALO V=72 LT22% L7 8 25,
Fig. 414 1O A FIE, V=TDTFNAADZ O =NV AT RS EEIY—F 5. Fig. 4.14 O
HOAERETRT x— /y— HADAT VY IVSBTHE L 725 HALO HESIEBEY — 7 D 7a—NL 2
EUDOHEIN, LNVEDRDDYEITIE 4.2 TEH L 22171 5. CUDA block () —7HD
T8 4°threads 2 %473 5D T, 1 DD thread B —2DHTDED I ¥ —, #HHEMCD 1 O,
HAREO 1 JROKEZITS. LEOFIETHE X N7z shared memory LDEZHWTHL Y —T7 DA
TV VNVBRIATERET 5.

LV —TRULERIGEFEISEENLWE, ARy H— KT CHMIENEZ HET 2821,
fii 3.5.3 THIFA L 72 & S ITHEE S 1] & 572 2 K[ OWMEFHRIZBE W TRIO F RO IVHMNIERE S Nz
Phase field 250 % FI\\ 2 B E 23 5 (fi 3.5.3 1 Fig. 3.2b 20). TNLATIEROSIHE BT L L
FIENHEZ 5720, GRENBMDOZOIIROSIEZET, HO2UDEILVFLNS /) — Fdud BIZE%
ﬁ%bfﬁ%,N%H%@E®@%@%%VT%%T6.

434 wILHLHDL/— RROLADFHRE

MMEIS ST > VIV &8 S NTHIIT 2R8MEIE N TV VY VORI E TR L 25RO D) — 75
ML, AREA-FNVEFINICH SR LOEILVFLTERZRINENS / — RO %
115, BlZIE 7 — R TES X N7z Phase field 28 ¢ 2 SEHR I W A MMERE u 2 VWi, Flzix
%353Tﬁ%bfhk%ﬁmﬁﬁ®%ﬁﬁ6ﬂb$®M%w%%%¢%ﬁ%%ﬁ—inT%w¢b
2o DRI %ELTS DT L, HATZ /) — FHMI RS Wiz EEHAN 5.

J = RHULH S L A OEOHHIIL, x,y,z 5 DEHRIE %2 ZFIRINZAT S Z & TRID H D IE ]
2EET S, 2T 2WM0OHEEHHET S, Fig. 415 1R T & 512, SHEDEAMALD 72012 2L Hubs
5/ — Kbz HENY 2K TR RS arrow0,1,2,3 2% 2 5. arrow BLFid 52 DA€Y 25D /) —
RPLDTEREINGERE 20, BAENRHBETIXFREL T > Ty 7 ZEH T arrow0,1,2,3 Ofi% > T
J — RHLOENEIRE I NS, IRIZT Fig. 4.16 D X 5128 ) — 7N TRIVHLOMED & arrow LA AE %
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[&fM9 5. CUDA block & 4’threads 4T L CHEITE N, LILHLDA VFy 7R i jhsaE—h
% arrow fi41& Fig. 4.16 DI TR L 72D & 5 7% arrow FLAIH3%G L, arrow Bd4li 52 OS] F—
RIZDT, J—=RFRHLDA YTy 7 AGFEBEINGZ L IZERT S, I Fig. 417a D X 512, x ikl
D arrow BLFID 2 ¥ =27, WIZy HEIO I —%1F5 (Fig. 4.17b). ZO#EEIZE->T, 5V —
7D/ — FHMZMEP S arrow BRANZENETAB DT, HRIFNIET S/ — FEATHU / — FfLT »
F w7 A4, jIZDWT arrow0,1,2,3 D& IR L CEE T 5.

3UOLDHEBFMT, Fig. 418 1IR3 & 512 8 KD arrow fild %> TEE IS, BE) —7 &
LARIVENRD BIGEI, meme Oz EAL UZBEA I L THEEZHRIT 5. 72721, Phase field
BEDELIIZLNIVEBERTIZE A LA ZFHZROVEBOARZZDEEZITSHEI, AT VHHOD
72D e gl O E RAFT DS 2 WS ICBIEREE TS . B — 7 20k T o854,
Btz ) — 725 O arrow Bis 7 — X O a ¥ —#fEd, Fig. 4.19 D &S IZVRUVERTA— =T v TU
TWARWEIZI =3 N5 arrow B OEN 4 K0 Db, x AAA YTV IRy HAA YTy
JAyrAVWSEE, OS> H x IEAMDOBEN T EZRUZESI—FIZLFDO L5127 5.

// arrow id setting for X+ direction

const int aid[4] = GetArrowId( EDirection::XP ); // Detect direction by EDirection
// aid[4] = {1,3,5,7}

const int index = GetIndex( i, j );

if (1% 2==0%& j %2 ==20){
// SETEY DNIE
for( int s = 0; s<4; s++){
//copy data of arrow[aid[s]] and distance[aid[s]]
}
Yelse if( i % == 1 && j % == 1 ){
//copy data of arrow[aid[0]] and distance[aid [0]]
Yelsed{
int eoid[2];
SetEvenOddArrowId( eoid, aid, i, j, EDirection::XP );
for( int s = 0; s<2 s++ ){
// copy data of arrowl[eoid[s]] and distancel[eoid[s]]

.« ey

distance[] I3 RiFA L DFEEEE RIFET HHESITH 5. HBREIIZ ) — FAUMZEN S 7z arrow Bl DR
B EAMINI %2172, BiEY — 7D L RUPREVWEEIE, Fig. 42012589 & 5102, ooy —
12 A% arrow B DEULE U7 D T, MIGT 2ALED arrow Bilsl 2 2 ¥ —F 3UETRE .
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arrow?2(i,j)

arrow3(i,j)

arrow0(i,j)

arrow 1(i.j)

Fig.4.15: Arrow arrays to convert from cell-centered to node-centered variables
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Fig.4.16: Prolongation from cell-centered to node-centred variables
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(a) x—directional arrow copy (b) y—directional arrow copy

Fig.4.17: Arrow copy for cell-centered to node-centered variables

Fig.4.18: Arrow arrays to convert from cell-centered to node-centered variables for 3D
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Fig.4.19: Arrow copy process at leaf boundary with coarse neighbour for 3D

Fig.4.20: Arrow copy process at leaf boundary with fine neighbour for 3D
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Fig.4.21: Color contour of the initial phase-field variable ¢(r = 0) with AMR method for the single vortex

problem.

44 REWIIVFE—XA Y MNESSORERBEICL 25EER
4.4.1 Single vortex REMRETE

2.13.3 TEtHA L 7z Single vortex (@12 GPU 2O FTERE & U THFE L 72 CPU 22— FiZ k% AMR i
B L, MSFEEIRE RSN LR 2 MDD B [101]. EFIREEIX, Fig. 421 (IZRT L2V —
FD 64X 64FETHLRLOEL, LRVENS LRZETY —T7OMbEITS. RetBETIK, V—7
WIZ4x4 DRTZEELTWS. HIb, H&HMH WK TIXEH BRI 2,048 x 2,048 T2 W7z
LAY 9 5. Fig. 421 110 AB I3EKH & > THE D, REICHALKEFPEZ->TVWEZ D
7%. Fig. 421 FOKFROEAFIXY — 7 DEFHREZR L TH D, AMTHENZSHEIKICIE 4 x4 DR
TMEENTWS. Fig. 42212t =0.0625T 125 1) % Phase field Z2# (/) & Level Set B8O 7 7 —
vy 7 (M) %R, Fig. 422 DLEMOFDOR VT y=0 DEEEHTH D, HRE [y =0.05 I
W7 H B TH 5. Level Set MIBOBEAYILIX 20 25 v 7T LI RKEFHE%E 50 [iT>T\W5. 5
D S EEN T ALE TO Level Set BIBUE T2 kG E D720 D%, ML HEIZFHALTWAS RO T
FHTIRDIEEAN DR\, =T /21281 2 HBRZ Fig. 423 1IR3, (1) 1ZRWHETY —70
BFRRDOAZ R L EMEZRS>TED, (D)o DHT—arX—%25ELTWS. AL ZMEEK AB,CH
DEEIFY — 7 OBEFRERERLTE Y, KAFEICL > THNICKEFARELHEICET > TVWE I b
»%. %7z, Phase field i TIEFHHEINE 2 —EIZRDORNRDME < 728, FITHKEFFHNIT U TIEF IS/ W
MT2EDLUTHEILENTETVS.

t =T (2B 5 IR % AR O FLUH G iR & FIC Fig. 424 10RT. ARIZ I E TOM L FRkIC
U—7%ﬁﬁ%%b1mé TR U R NERS IR Oh R WESICHREOEERA B L TE b, Hm
T E2ED D Z L IZ X o CHFICREBELRBRGTEMIATWS Z b5, FHIEI Fig. 4.24 12
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levelset
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Fig.4.22: Level set function constructed from the phase-field variable(r = 0.06257") with AMR method for

the single vortex problem.

Fig.4.23: (i) Leaf lines adapted nearby the interface and (ii) Color contour of the phase-field variable ¢(r =
T /2) for the single vortex problem.

R LD TBEBEONRTE IR TEZIZETHY, SILVFE—A Y MNEEZHOWEAFHEIZ LS
TaAVN7 S TERELRHRIZES AMR BEOFENTETCVWSE I L 2RIFTEIENTE .

BT BRI & B TRIEE A DRE

AFETLAL 025 S FTLANEEDT A, =00 TAETS Y — 7813 6412 T, &Y —
I Ax4DETEBELTED, BTEBELTIESX5 L5 DTHEMIZEHET % & 160,300 DFE 151
L5, SROTATE, BT 5 Y =7 LOL AVEDR U RHETL BV I 2 5 T
B, FEINDHEHE T AL 109,109 TH 5. & T RBUIBIIR 72 X - TR & iz 21k
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—— ¢ = 0.5 (present)

Exact solution

Fig.4.24: Color contour of the phase-field variable ¢(t = T') with AMR method for the single vortex problem.
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Fig.4.25: Time history of the total mesh number with AMR method for the single vortex problem.

3 %. Fig. 4.25 [T T B ORLE L Z ROERTRL, REMP VK FIETYH K T2 H TR
U725 A O B A FORMTRT. RELHE P WETF2EDE 2L I2 k> T, SHHEFEE2A%E
Y— DT TRE L 586 L I LU TRIEIZK FREZHIETE TWs Z &b 5. Single vortex [
REIX, #2133 MO Fig. 232 TRUERDO L 512, +HRETHREELRWE =T /2 7 & TR H
OEWIHRA L 5. 2O KD ICHMEIE TR MERESBRE L S SRBEIC L, RHLEE 25D
5 FEDIEFICHRNTH Y, BT E2AWE5GE L AR TIHEFITDROE T R R ARG E 2
i EXE25ZeNTER.
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Table4.1: Computational times(CPU time) for AMR mesh and uniform mesh for the single vortex problem.

Mesh CPU time from ¢t = 0 to t = T'(sec)
AMR mesh 9,511.9

Uniform mesh 88,058.4

(2,048 x 2,048)

442 BFREHEIICE 2 EHEEROER

LAV 095 5 F T T4k % 47 - 72 Single vortex RIREIZX U T, FHRMEHRESMAIZE—7 2,048 x
2,088 T E2HW=gE YL, KFETHKR L RBZEIKL 7256 O RREH O L 217 5. Single vortex
METt=00251t=T £ COFHERRZFH U 72K 8% Table 4.1 1ZR9. FHHEICIIHATERZD
A—=/N—3 ¥ a—RTdH5 TSUBAME3.0 I T T\ 5 Intel® Xeon® CPU E5-2680 v4 2.4GHz
ZF\, OpenMP O AL w K128 Tilfifl|F47 L T\ 5. AMR JEDE 1AL D R X L~V 2 [ D
1238 % 7= DKM T BN LI U 72 FHRRF B O KM & 1372 5200 A, AMRIEIZ & > TH— & T2 W/
Bty & AR THE T 58S 1/38.4 IZHIE T\ 5 100 A7y 7 TORMETIE, 21.9 50 @Ed nizn X
NTWa. Fig. 425183 &5, 1=T/212ED< & AMR iE% AW 7256 OIS T 58U, ¥
—MT LU TR 1/6. 8 EEDRK TRl 5. T 1/123 OR300, RIROFHERRH
Tli% 9.26 D @HALZ R L, TR OHIRIC & - TEAERR O KIERHIEEITS Z L BN TE .

443 RT—=VIERETBZHEND 2 RTEE

HKEDP ST BKEAT —VIEHESEL L, ZAT—VORRICH > THENER I NS, HED
M I8 C Y 2 BB 2 BUERT R FIEIC & o TR Z MRS 5 72121k, REEHEIZHEEIZZ < OKT
NRBE L 725, FEMEKHE MR Tk AMR E2HAGLESLZLITL>T, 20& S Rk
ZEDHENZNBMNATS . HHEMEIK 0.16 x 0.04 m 12 Fig. 426 D & 5 Wk SOk ZRIEL, EH
MR E L R U AFZKZ 0.5 m/s TRAIES. KB L CHEAIZIE 20°C DK & 22K 0 PtkfE % v
%. Fig. 427(t =0.0 —0.08 s) & U Fig. 4.28(r = 0.10 — 0.20 s) IZ /R #HEAE RO FfRH1IZ 42 DR TH
BENTVS. 1=0.02s (X TIZ, KOEEHDPLRIRDZETRORMAZ TR S AT — T MITT
% NIRRT > TGRS S 1 5. IRIBELNITIRIEOE S & & AT R[IRISHEIC L > TR
BT 72 0, NS ZRIETAEL B, t =014 s AT TR TMBERICEREL, WU EE BT
5Nd. +=020s TEIEFE L WIRE & M WIKEZ S RN TH 208, FEIZH - Tl WIS 23
HYNER L TWE Z b hb.
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i = =

5 40 mm

e e———

30 mm

160 mm

Fig.4.26: Initial setting of two-dimensional water flow against spoon problem
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_

(a)t=0.00s

(b)t=0.01s

_

(©)t=0.02s

_

d)t=0.04s

(e)t=0.06s

I

(H)r=0.08s

Fig.4.27: Gas-liquid interface profile with leaf lines computed by characteristic method with AMR method

for 2D flow impinging spoon problem
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(@)t=0.10s

(b)t=0.12s

(c)t=0.14s

d)t=0.165s

(e)t=0.18s

(Hr=0.20s

Fig.4.28: Gas-liquid interface profile with leaf lines computed by characteristic method with AMR method

for 2D flow impinging spoon problem(later time)
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Wall : Non-slip

Fig.4.29: Initial setting of three-dimensional water flow against spoon problem

444 RT—VICEETZHRND I RTEE

EBDO AT — VIR T — X S4B U 72 Level Set B% A2 W CEHEZEM ETA T -V 2 RHL, A
T—=VIEET BKOWENGEEITD. AT — VDML 72550 ORIE 2 AREZIZELY, Re = 25500,
Fr=46112EL 2 X5 CYMEE2FAETZ2Z LT, AT —VOFFE L2 X5 IZ#E L7, Fig. 429
IRT & DI, FHEMERIE 1.0° m OF AL LAS D non-slip BEIZPH £ NS itk e § 5. IS L
TEHRPNS AT =Y OhRATIZHITTERZO0.1m, £ 0.025m OKEEZEL, t=0s THHE NS
FHZHEE 2.0 m/s 252 5. WRMICHEBEHZKZ A I E 272012, WMABERSM L UKD LHEibE
SLETOME TR EOIEA 2.0 m/s 7425 &5 ITIRAERSEM %25 X 5. Phase field 28120 LTI
AR VEREZMGTHRABERZMESEEZ N TE LD, FHEEBRNEOKD 707 71 VIZER
NhdL, BRINZaD EHERANTICIE -3, MHEERP»SED S BNLH L5720, WML
UTRELMETD 7 7 A )V &2 ICEHEMEE LR OBRFUTER 5 CHEE L TANS.

FHEIC ko TREoNHE T u 7 7 1)V eV — 7#k% Fig. 4.30, Fig. 431 127 . A7 — UHEZ%EHTIE,
2 GG L FARRIZ KR D TR FHIZP P AAZH OB SE T L, HERIIA T - ORIRIZ
o THENRR I NG, 2ot & T 3 &I VBB CHIEE U, W SR 5 13 H ki % £F
WARRSHULSREILTWS, A7 =V ORRIZENR T AL, M 3R s Z itk -T
RENIEHEZHLTWS. ZOMEFEIAHOEI NI WA T — 2 IBM THEASEMFEEZ AN b7
DI TRE D > DREE B E L T, FHORIAR D 72 D12 B TIRGIEARD SN A3, FHRAEEIZ
B HRMEDEHARBNT < AMR EVEEIZHRNTH 5. ¥—H 7 & IR U 724 5 s HETE O ) R
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I Fig. 4.32 IZR 9@ T, KAPFEMERE G TR 572t =03 s fHETEHE — L L T 6.8%
&, RIEMFRBOHNBIZERI L TWS. &, AMR EHAROKFEEIL, V=78 Near, V—7N
DT E 52 L UT, Mg X5 DHEELTVS

45 ZFERBEFED Navier-Stokes AR Z < FEICAMRZEAZBA L
ATEER

451 BLWIIRANRIKT %4 LARRIERE

MG e UT K< finnd & LEREZ S — K75 X0 AMR %58 U 72#& 7T &, AMR ik
DIV EBGES 5. X ABEGRIEZ K OEBRBZTONTE D [79][102], BUEFIREHEZ < mEnT
W5 [80][24]. AHITIX Hu 512 X2 EBRE &2 A0, HIMIAEIRa=02m, HX n*a=04m%
FHAAEIK 0.8 X 0.2 0.6 x m (2, Fig. 4.33 12" T XD ICHIET 5. P IX 20°C DK EZELKDE D % fH
LU, ARREHE U IXIRD & 512, KEOFROAET R LF -0 RS 5.

U=+/gn*a~2.0m/s, 4.5)

YN Ma=003="0 LB &K SIRET B0, X LMEREO L5 RBLWEE 2 ST TR
O —ERAPIE SN, IYNBBKRELLBREZBANDDH LD T, EEORED KM SEHE I N
BERAT YN 03 2 AR, SHE2HITEIETMa<03 a3 E5HBT5. Zhick->T—
HOWHNFE~ v N L b T xS,

Fig. 434121 =0.185,0.395,0.52s LT 0.99s I2BF 2 RAEX¥E 253, £, F9EMMEMEIC X
%G5 (Fig. 4.34b & Fig. 4.34d) I3 EBEE R L L €, 2ANARREEE 2 X <A TWS. FERIZK
HEt=0s TCHESIETHEET 272D 0IKEHNTE Y, EODEIZ L ZHEZEFRH L TH:
o ZERI & EIFCWd. ZO72ORMEIIMU DR E OMMEIZ L > THTEI 2RO TE D, TORE
THREFEMZOTDRERVPELTVWEHDOEEZONS. I, AT L 12 T TUTFDOL
SIZIERME U 72K E X & KFEAEREE T O M S H ORI % Fig. 4.35 1277

r:t\/g, H= %,
a na (4.6)

X
T=nt, X=-,
a

ZZThiZx=0REMIZBITLHRITCOKEGITHY, I FARTHHTHS. KFHEICI-oTHELGN
IRt E S, ERERE IK—HLTWD., BKMEEZRS L, YIab—Ya vofRidbd»
ICEBRE D RV, B EOBMERER R T UM HE S T WS [80][24]. (YD HDEEIZ L 5
THIHABMETRIED LIZF & EIFonTWnWb72d, TORETHLEEZOLNS. 72, AMR %A
U7 3HRAERIE x = L, BEMEE R ORI SR WEENEZIZECTWE D00, H—KTO5H
TR 7 ANV ELLSBEHLUTED, BAMEB LUCKREGITIRIZLAZEZD RV, DLELD, XLH
HERED & 5 2L WIRNERIZBWT, SEMIEY V=Y ERE R 2 K ERT S22 2, AMR &
ZWAHUAERN TR HOMERE K SHEBT 5 Z A LD SNz,
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©)t=0.24s

Fig.4.30: Gas-liquid interface profile with leaf lines and rendered view computed by characteristic method

with AMR method for 3D flow impinging spoon problem
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©)t=036s

Fig.4.31: Gas-liquid interface profile with leaf lines and rendered view computed by characteristic method

with AMR method for 3D flow impinging spoon problem(later time)
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1.2x10° — ;
Uniform -------
AMR ——

1x10° |

8x10° |

6x10° |

ax10®

Number of mesh points

2x10° |

I .
0 0.05 01 0.2 0.25 03

0.15
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Fig.4.32: The time history of mesh points for the 3D flow impinging spoon problem

L,=06m

o
A
7
W

Fig.4.33: Initial setting of the three-dimensional dam breaking onto a dry floor problem.
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t=0.19s t=0.39s t=0.52s

(a) Experimental results by Hu and Sueyoshi[102]

t=0.19s ' r=039s 1=052s r=0.99s

(b) Simulation results by the weakly compressible scheme on Uniform mesh

—

t=0.19s t=0.39s t=0.52s t=0.99s

(c) Simulation results by the weakly compressible scheme on AMR mesh

t=0.19s t=0.39s t=0.52s t=0.99s

(d) Simulation results by the weakly compressible scheme on AMR mesh with leaf lines on y = L, /2 sliced plane. Each
leaf around four black lines has 43 meshes.

Fig.4.34: Evolution of water profile for three-dimensional dam breaking problem on a dry floor.
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1 4 Experlment(Mértln Moyce) i
Experiment(Hu Sueyoshi) A ol
Present(AMR) e A
35 | Present(Uniform) - anm
09} am
3 |
(S
[]
L [ ]
osl 25 .
[ ]
T X 2 .
| u
07 15} -
A
[]
1
06}
Experiment (Martin Moyce) [ 05
Present (AMR)
05 Present (Uniform) N - - - N 0 N N N N N
~o 0.5 1 15 2 0 0.5 1 15 2 25 3
T T
(a) Heights of water column (b) Front locations

Fig.4.35: Comparisons of heights of water column and front locations of the weakly compressible solver

with those of the experimental data[79][102].
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452 ENEERNERKT 34 LFRERE
Hi2.142 THHUZMEZREZHWS., Iy NB Ma DFEEIZHWSREFEIZLLTO®EY TH 5.
U=+/g(L)~183m/s. 4.7)

Ma=0.03=Y 2325, x EAMBIFUCEREAKIZIES N, —EBEIEP AR OFEHA IR I K ¥ <
BRBHEZENDHDBI2D, MalRP 03 2RI EHEEZ SIS, K~y BN ZEMRT 5.
ﬁ*%?t,AMR&%E%LK%?%%DT%%ME%E7U774»%Fg436K%?.hﬂms
TIEHPBEEL, t =045 TR EOKEZBEABRDSEPANZHENLI > TVWD. =055 T
WP%’:%%JAE&E#beEﬁ@%EC E22L, t=06s TKIFBEZ EToNTWS., ZDHE, ZHOD
SR WHEIE NS, 2EROFNOMIL, WEOBEAFMEELZ L HEHELTWS., BETITIERL
WREIZGOE LA JIIVABRENEIEZ2LZE LTI 2 AR S TWaEH, AFIETIE AMR &
ZHEAUZGETHLREIFHARETHS. MK T AMREZEA UG REZEKRT 5L, fMrn
WWHREOREEFEZAZNELTWD., ZOMBETIEBEICEERIEF ITELVWRNERD, LAV EEE
RO BRI 2T B EREMED D D, L ARV EGMESE DS EERICEEL2 525, EL1/
IV ZBOLHE AR E T, DITDRNT A= XE K U TRl WRESENIZ(L 5 5720, L
~NOVEMEZEDL AMR IETH T2 B2l B U MR 255 2 L 3R TH 5%, AMR HE#EH I
& o T WK RECTHI A WHRHRGE O 2175 Z L ITI3RIL TV 5
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t=0.6s t=0.6s t=0.6s

(a) Simulation results by the present (b) Simulation results by the weakly (c) Simulation results by the present
weakly compressible scheme on  compressible scheme on AMR  weakly compressible scheme on
Uniform mesh mesh AMR mesh with leaf lines

Fig.4.36: The predicted time evolution of gas-liquid, obtained at 768 x 128 x 384 uniform meshes and AMR

mesh for the dam breaking problem onto wet floor.
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(A) Spherical (B) Ellipsoidal (C) Skirted (D) Dimpled

(a) Simulation results by the weakly compressible scheme on uniform mesh

(A) Spherical (B) Ellipsoidal (C) Skirted (D) Dimpled
(b) Simulation results by the weakly compressible scheme on AMR mesh with leaf lines on y = L, /2 sliced plane. Each
leaf around four black lines has 4> meshes.

Fig.4.37: Computed shape of bubbles by present solver

453 3RTE—-XBLFREE

fi 2.13.4 TR U2 3ot —5J0 ERREZ, FiRERAE O Navier-Stokes A % fiff  FIETH 181
BLOAMR EZEH U728 7T <. FHRESMEIZIZE A LFRRT, 4 32—V O OMAL LY
TEMEL, KRB JOCRE ERHENPSFIRTEIREL 1/ VA E KT 5.

AMR £ % U 72T O &5 Ml W& TiE %2 22— 41 160 X 160 x 400 iIZGbE 5. RFHEIZLAT
OEYFEMLUT, v NBMa=0.03 7 5.

U=+/gL;~0.99m/s, (4.8)

ZITL 3z AADEIRBEEHORI TH 5.

Fig. 437 12 ¢ = 0.5 Fflfi 2 Al U725 D 2R T . KAFEOHERIFE K THB LU AMR ZiEH U
7oAt R & B IEEMME Y VN —TEIR LU 720K [89] DRz K <X TH D, AMR IEDFERIZ
BH—HTO#REZ E<HALTWS., 4 7 —2DKJEV 1 / )V A% Table 4.2 123, &0 LA HED
SHEHINBLRAL A VB IEEMMEY VN—5 K OEREEWMEZETH Y, AMR ke —KT
TEL—HLTW3.



HSHT HIEFED Navier-Stokes HFER % i < FiEIZ AMR iE%2 A U 725 B AR 145

e}

Table4.2: Comparison of Re number of the rising bubble

Grace Annaland Present Present

(experiment) (incompressible) (uniform) (AMR)
(A) Spherical 1.7 1.6 1.5 1.5
(B) Ellipsoidal 4.6 4.3 4.6 4.6
(C) Skirted 20 18 19.2 18.9
(D) Dimpled 1.5 1.7 1.76 1.74

Slip boundary
Open boundary

Wall

Inlet velocity U,

5D Slip boundary
L.=25D

Fig.4.38: Initial setting of liquid jet breakup problem.

4.5.4 Liquid jet break up

AFEDOERBE L OHED X SRBREEDEDIZ, Yy MENWOMEEZMRL . KiaEe LT,
JEREME Y VN =12 X BEFRAEH [103] &, 7 4 VX =i S 7z cumulant LBM 12 & % #15 [12] D3(FEAE
T5. RAFEOFEMAERS KOGFERMIZET 2B E2T\, Z4MES X OFHBESR 2GS 5. L
MEMEY LN —ZHWTSH, BBELIDOEL A IV ZBOKHE MR KRB F vy LY v 7 nfM
BTHO, BETITLEELREEL R PT .

Fig. 438 It B OWIASMF O EX 237, B D = 0.0001 m O MO A EE S E ET— @ fis
Up &5 k512, BHESEIZIRAT S, SHEMRER L, A€V MARNIRO 72O IZFHHEEE 1/4
U7z L X Ly X L = Ly X Ly /2 X L; /2= 25D X 2.5D x 2.5D DA TEHHL, y=L,/2 & z=L./2 Bt
ETRARE 225 & S IR R T, FEEMEE Y VN =% W25 G [103] T TWw5 4
T=AMS—DERBIRL, BB LTS 17228 KR HUE L - WEAE p = 848 kg/m’, p, = 34.5 kg/m?,
W =287x1073Pa-s, U, =197x10"°Pa-s V5. KEEHIHEN 6 =0.03N/m T, FAGEIE
Up=100m/s TH 5.

LRV T 2D 72 AMR 2B U, SMlE iR Ax=D/256 £ 725, MOTRfZRD & 5 (12
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EHT 5. y
oW
=t 4.9)

Fig. 439 IZARFIRIC L > THRONT ¢ =0.5 FHE 2 <. FiA U 72 e 1% Rayleigh-Taylor A%
EWIZEO Y Y a)l—LBREBR>T WS, MAPEDIZONTE K OFEI L S REL, FH
I WHR MG £ TR TE T WA, 1 =13.6 %9 <IZ, H— GPU DA E V{HlR2» S5 H 2kl 5
D TERPSTIZOHEZETLTWA.

BONERERIZOVWT, BFE L L 72H D% Fig. 4.40 1237, SAKRRmEE#TLL &
LHNHENTVWEEDD, MPWVHEEIZIZEVWDEEUTWS. FEEMME Y L N—I1Z & 5858 (Fig. 4.40a) 1
RLMBHEORMAKE N, ZOFRKE UTARAHEFEDEN L EEHANITIRIEZSNE. AF
ETIHRFI Allen-Cahn SFER % fiff < 2 & BUEREYECHI E ML X N7z VOF {H D IEYRLIY 722 #] A3 4 % )
HT2ZenTcETHY, BEHERATINZBREOHHLZ1T > Z & THUAM Kelvin-Helmholtz A~
ZEMZIEIST 28 25 [104], BERRREENHIT LI LN TETVWDIEEZLNDS.

IRIZ Fig. 4.40b & s 2 &, LBM IZ & 2R CTIBGETOBWM L WIRNGHR 2 ZERI 572012
HRBREGTETIE 7 4« VR =2 AWTHE D, HOERHBOEIK L 72> TRl WA EREE DX Eh Tk
WRISDFET 5. KFETIEASGHENOWEAMEDS @O EMIEOFER L UTLBM L TH, FH
EEbvry—JizeohonTsh, GOWERENEEAL, BEOEMEEEZEL B REOMBLL
ALV RMEROLEF R 5.

Z OB FH R B RS © IR FH AR AT T 2 RE O E & IR ITNE <, AMR HEIZ & 16751
BHEIBEh RPN ERTVRIETH S, RFIEICLDEHHEIZ 1 =13.6 T TOFHET Tesla V100 2 1 BV
THI 11 B O 2 B U 7=, FEEMME Y LN — DR IL, 1 = 16 £ TIZ 5760 cores D GPU %
WT 410 B 2392 > T 3 [103] DT, [l U SR GTHEE £ T 0 3 7 R#EIE 5760 x 410 x 13.6/16 = 2007360
£7%%. GPU & CPU DE WY, Fa—= V7 OEMEDREIZL > TEITRBIZENH D Z L 2FEL
T, KAFEPEFICHRNIFETETWE I VD25,
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t*=13.6

~ Mainstream velocity
500 20 0 20 40 6 B0 100 120 140¢

-«

4

Fig.4.39: The predicted time evolution of gas-liquid interface with 7-level AMR method for the liquid jet
breakup problem. Each leaf has 43 meshes and the width of finest mesh equals to Ax = D/256.
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mid0

Eg"!s!!g‘g%

Mainseam vebooty

(a) Incompressible solver on uniform (b) Unfiltered cumulant LBM on uni- (¢) Weakly compressible on AMR grid
mesh[103] form mesh[12]

Fig.4.40: The overall flow structure colored by mainstream velocity at t* = 7.19. (a) is adapted from ref-
erence using incompressible solver on uniform mesh[103](Ax = D/286). (b) is our results(Ax =
D/256).
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I
I

160 mm
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PhaseField

Fig.4.41: Initial setting of the two-dimensional soap bubble forming simulation.

Table4.3: Physical properties of two-dimensional bubble rising problem

pi Pg Hi Hg 8
10459 12 1.77x103 1.8x107° 9.8

455 Ty RYVEFBBED 2 XTEHE

Yy RVEDOHMRE EE, BADEETHIZT I LN TE2REL ELEMRREBRTDH 5.
Yy RV EDPWIRT I O CHRIBIIIEE (0E < 22 0, RIS % K7 D FLHE 2 80% 7 TR 3 2 L ED
HHIHAER O FIET I OHRZHHT 5720121, REICHUTHEFHICEZ OB ERBREL 2D, H
MR e 2. RFRIGMIE?D AMR 2 EATWS 720, FHEICH LU TEMEGELZEID 4T
LEtENARETH B2, ZOMEEMEL.

IRER 1% Fig. 4.41 [OR$EO TH 5. PMEHIZIE Table 4.3 IZRT 20% 27V & ) VIKEH & 25 %
RES 5. REFEIREIEY v R B ORETEEFINRIZE 5T 0=0.02N/m &2 >T\W5d EKE
T % [105]. EAFEH ISR - BEHEIID 22 B8 wiy (v,2) 2 x =0 BEIC A S E 5. REHETIE, AT X
1 N ZZ RIS X, R IR S 2 5.

i) =0 (1 (ngc)z),

i (0) = i (1, 0) 1 )

ac

(4.10)

ZIZT, U=025m/s [3ZMHB L ORHEIZE T SRAMET, yo =0.08 3K 7 XA Ly 0D b FEEE
R=0.008 iZR7 XA AWNDOFETA M=% L 7ZYAEIRIZEDE TRET 5. FATEITREHIIZ
fae = 0.01 s DALERTOm/s 25 U =0.25m/s £ THHI N 5.

O LR)EEDIFT/ AMR £ %2 L T 5472 Phase field 28O 7 —a v 2 =2 ) —T§%
Fig. 442 (2R L, t=5.0s 2B 28 KX % Fig. 443 (2R3, BMEFIEIX 0.0195 mm THHADO > v
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t=02s t=04s t=1.0s t=15s

t=20s t=30s t=40s t=50s

Fig.4.42: The profile of phase-field variables with leaf lines for the two-dimensional soap bubble forming

simulation. Each leaf has 42 meshes.

RYENRITH LT 820 &I D YT & S BfRREICHYS T 5. 1 =5.0s FTIFITH O BIRZ G
THEZLIZEHLTWS., Yy RUEREHE L EIEEL, AHOREEr=0s25t=50s £TT
7.8 fHIZIEIR T 5. Fig. 4.44 12> v Ry E&ie L O L OZEM LI % R~ U, Fig. 4.45 I3ZEMN O L %
B Y VT v UG AED S RDZEDTH S, t~1s £TIE, WRERIZx e y S
REIZMEDEING. x HRADWHRIFHAL T 2RMICE>TRI D, ZOBREIRIC X - CTHRENIX
FIED 252 L, vy HRAOENRI 5. t =1.0s »5DOEIE, vy Ry EEENAAEHALT
BEIMHMEIEITET 2 ETIZHOAL, BIREABRE 5. MALTL 2RMITE S x AHAIZKE W
Pk & RMEN LB ERATIRB L 2D SR L TW . Bl Lo#ES 28895 L, x EARDAE
SIFFITNST L, A e =% L 22U 5 OB IE D, 2070, HEEREE & B Iz
o TWE, REKWIRL Y Yy AU EZ BT 27-DIZ3EEIZZ DR FIABEL LS.
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(a) With leaf lines (b) Without leaf lines

Fig.4.43: Enlarged views of the phase-field profile att = 5.0 s.

Front position
Top position

0.1
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0.02

0 1 2 3 4 5

t

Fig.4.44: Time history of displacement of the front and top position of liquid film.

Front position
Top pgsition

0.1

Gradient of position in time

0 1 2 3 4 5

Fig.4.45: Time history of the gradient of front and top position of liquid film.
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by = I mm—p K

D=8 mm

L. =320 mm

Fig.4.46: Initial setting of the soap bubble forming simulation.

456 Ty RVEEBBED 3 RTHE

RIEI D 2 RoTEtE %2 3 IRGTICHER 9 5. R E X Fig. 4.46 12" 9@ 0 T, HADOKEHRD 72D
IZRKEZODOMHEEZI > TWD. A& FIEIE 0.07825 mm T, KIZFEUMEREOK T2 —ITHWS &
4096 x 2048 x 2048 f& 1B L 72 5. FEIEMEHEIC & > TRERNFEBDWH LG E2MEL T,
0=0.02N/m, 6 =0.00l N/m ® 2 7 —A%58EL, RKERIIZEDHELFAND. Wi ATE ISR
PHZ DA ZFED iy (rt) 2 x=0 @ yz FHITEAT 5. 2 RotitB L FARICER 7 X4 iz KE L T

WD EDITHEZ 5. ,
,
”in(r):U<1_Rz>v

Uin (r,1) = min (uin (r) tL,uin (r)) 4.11)

ac

r1n2) =/ 0=y + (-2

I THRAIE U=025m/s, KT X1 LHENDOHFLERE (ye,z.) = (0.08,0.08), KT XA L DFE
R=0.004 & U, J#FEIE 1, =0.01s & T 5.

O = 0.5 % EFAFEEDO K E X TEfI LZH D% Fig. 4.47(c =0.02N/m) & Fig. 4.48(c =
0.001 N/m) (2R3, Yy RYEIERHE & EICBEL, REOBRENERET 27200 5. KRN
PNZVEHE TSR IEOIZI D ENTE D, KRB VBIEREAEIC G2 28R RE VT &N
Dird. GPUGHE L AMREZEMA T2 Z & CEMBERTZRMIZE DY TEIENTED, 2k
TRt E MR RN K E L, BMIMBERRLEZ 5NE. I 5RIEMGIEITIIELET S Z A
G CIER ORI 288 GPU F2E05kd S50 5.
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t=020s t=022s

Fig.4.47: The predicted time evolution of gas-liquid with 9-level AMR method for the soap bubble forming

simulation, where 6 = 0.02 N/m.

t=040s

Fig.4.48: The predicted time evolution of gas-liquid with 9-level AMR method for the soap bubble forming

simulation, where 6 = 0.001 N/m.
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457 HMELTREAZTEMRT 2KELFEHE

WAkT 2 BT 2 [MABIRICOWTOEE, BMEFHEZEZ <ITbhTW\wsAh, DIM % HW 72
e L T2 IR T 25 EREEIRR SR, ARES TR ZMEGT % DIM TlF, JERIZH
W % 59 5 7 DI BRI E G AR M L 70 B, RFIEEHWT 8 L)L DIF 72 AMR %% ji# 4
U, B D=0.3cm OERDOKIAITN U THEMIE T 307 #7280 Y TTEHHET 5. HMig 1O
BIETH K2 HVEZEE, 1024 x 1024 x 2048 & 712 $ 5. FHEMFE 1.0 x 1.0 x 2.0 cm H1 D
z=1.0cm (ZHIZBE L, PIHAKRIAFULEERE (x,ye,20) = (0.5,0.5,0.5) em (ZEET S . WIPEMHICIEZE
[QE, YYRVIEERE LR 20% 7)) VOKEREZ WS,

AMR DV — 7§t ¢ =05 Sz R Lz, V7 VAT 1 v ZIZa 4L L 2% % Fig. 4.50 12
RY. KW ERE, 1=050ms T THEBEEIER L 225 K@ ERA UK 5. 20, Kiaidiiaks
£ UTRBEL, HOERL, t=0.70 ms TIHEFITHVEIEEZ LK T 5. + =0.80 ms TIZBIRE % HERE
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Time : 060 ms
-

t = 0.60 ms

t =0.60 ms

(a) The gas-liquid interface with leaf lines (b) The visualized results of gas-liquid interface

Fig.4.49: The predicted time evolution of gas-liquid interface with 8-level AMR method for the bubble col-
liding with the liquid surface problem.
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Ti

Time : 080 ms

Time : 090 ms | |
- |

t =0.90 ms

t =0.90 ms

(a) The gas-liquid interface with leaf lines (b) The visualized results of gas-liquid interface

Fig.4.50: The predicted time evolution of gas-liquid interface with 8-level AMR method for the bubble col-

liding with the liquid surface problem (later time).
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Bingham Fluid

Pseudo-plastic Fluid

Shear stress Dilatant Fluid

Newtonian Fluid

Shear rate

Fig.5.1: Shear stress properties of Newtonian and Nonnewtonian fluids

Elasticity =2 '*\' Viscosity
(log scale) X (log scale)

\
Relaxation time Relaxation time

Time (log scale) Time (log scale)

Fig.5.2: Typical time history of viscotiy and elasticity of viscoelastic fluid
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Fig.5.3: Dumbbel model for polymer chain
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Fig.5.4: Initial settings of viscoelastic droplet falling onto a dry floor problem
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(b) Simulation results by the weakly compressible scheme

Fig.5.5: Evolution of profile for three-dimensional viscoelastic droplet falling onto a dry floor problem

1.8 T T T

width of drop D

Present(M1) —+— |
Present(M2) —¢—
SPH: Xuetal.(2012) e
OpenFOAM: Figueiredo et al.(2014) E
MAC: Figueiredo et al.(2014) o
. . Basilisk: Lopez-Herrera et al.(2019) ~ ~
0 1 2 3 4 5
t

Fig.5.6: Time evolution of width of the viscoelastic droplet falling onto a dry floor
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Table5.1: The viscoelastic parameter setting for the bubble colliding with liquid interface problem.

L De

Case Al 10 5
Case A2 10 10
Case A3 10 25
Case BI 2 5
CaseB2 5 5
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t=0.0s t=0.030s t =0.060 s t=0.090 s t=0.120 s t=0.150s
t=0.16s t=0.17s t=0.18s t=020s t=0212s t=023s

Fig.5.7: Phase-field profile for the bubble colliding with the liquid surface and forming liquid film in New-

tonian fluid.
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t=0.030s t=0.090 s t=0.122s t=0.143 s t=0.148 s t=0.160 s

(a) De =5

t=0.030s t =0.090 s t=0.122s t=0.143s t=0.148 s t=0.160 s

(b) De = 10

t=0.030s t=0.090 s t=0.122s t=0.143s t=0.148 s t=0.160 s

(¢c) De =25

Fig.5.8: The effect of De to the phase-field profile for the bubble colliding with the liquid surface and forming
liquid film in FENE-CR viscoelastic fluid.
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t=0.030s t =0.090 s t=0.122s t=0.143s t=0.160 s t=0.170s

(@L=2

t=0.030s t =0.090 s t=0.122s t=0.143s t=0.160 s t=0.170 s

b L=5

Fig.5.9: The effect of L to the phase-field profile for the bubble colliding with the liquid surface and forming
liquid film in FENE-CR viscoelastic fluid.
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5.6 FENE-CR ETI/ILOZBANICL DHBEMHERABTOE &

ARETIE, FENE X ¥ ~)VE TIUVIZHEED R RA DR AR AE B K CBUEEHE FIEIC DWW T
DFHZ RN Tz, KM RAO D EHNEE DL THE T L, BEEICEE T HRE2MME, XKLL
= ROZYMEEMER L 2. WO SRS EII A O FEERENME Y VN — % W 7R e AR G R o G 51
XL B, ERRLIES FE 2 ORPMEEHER R 2 ERIZ—80d 5 2 LD E» D Sz,

JIRHEHR L UT, Wi CHIEZ S 2 538 ERFIE 21TV, RRMZREBIE NS A — 2 22t
TIRIBEEE) &2 B U7z, Kk 2 ER 45 &0E13, —a— b UMiRAkh %2 ERT5500 e ikl
TEEPH S, ROBRBETREOAENNE Y, EANKENE LS. TOME, BiKiE=a—h>
MR L D B VBB CTHRIET 2 Z 2B Iz, HER ST A —ROMI %2 /RT De % LRI E
B, REFHBOEIZOTNTIED > 22 HITNIED T2 1FCWEL L ETE2D0TIERL, M
PELRENEDN TG VAMBETH B Z EHWRBI NI, IRIZIAD FENE XV RVES L EHPREDE
DIAERTNIA—RLENILTEILT, NSRBI T 2800 % ERIETEHRE2To72. L
DNV EWUNEAGIZ XS 5 FENE N3 OB DML, fEHRE U CHRED g EN 2 K5 R 25
LGNZHEDOD, Za— b UMK E D R SHEIEDET 285 H L 2o 72,

PLEDOFER X b, FENE-CR € 7V & 2R XA OLH 2 M S & 2R 2 o0, W% L&
BT EBDITHRHBITTLIF R DI WT EARBI N, SRR 72 53R C U5 158 0 B A3 FL 0 28
BTiEal, WHTEHEDLEWZOLIZENZ X - THRIEAHEL 2> THIET 27280, KM 2R E R
BIHERFIZ G LR dr o 7208, BEWEIRAED X722 HNTH 255 X REMERIZR V5.
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=

FEFEMERIDIRE - RBEZ2EE L 7-#i%x
FREAEEEEYTTIVIPRDEA

ARETIE, FEEMEA OB - Bz £ L 7zimk SRS K OCRIEEH OB LA ITERT 5~ J
YIAZHPRIIOWTRL, BEBIETIRIIOVWTHEARS, BREEHEZ B TFIEROZ LM 2GR L 72D
L, X7 VTRV EDRETET 502 EERT 5.

6.1 REEMHOWE - BEtsEE Lz HEs

KERNEZ GOLKRB MR RIZIEL S IEI N TV SR, 1F& A EDEERERIRKIE—ET,
HAAW LMK CORBMBHFHUTH o720, BEVN—EORMEEH%ZZE LU CREEIREEZ —F
W RIFAZeULTERWY., Hid55 TRUZEI BRI YRV ERKEZEZATEH, EBRIXAEEEROR)
AT & o TRMEBRNBRBDNEA T2 Z LT MA T, fil ECHREGEEROBENAY —I12ky, w5V
ToWEAHAET S, fi455 CRENEZZERBLTWARWSD, WHWIENEE CTRIENEDHE2RE &<
FE R SRS T2 0 YT H 2 & THFITH VIR Z MR L2 ¥ vy Ry EW IR T % 0k
Y32l —YarTHETAIENTERD, 457 DL RENZ2ELRTHEEIE U 256 1L
MECE->THE->TOVE, WINPIET 5. BIEMR TR SND & 5 72 BRI OB Z € MR B
D7zdIZlE, EBHITHPILD 2HAE D2 BEATIHENDD. ¥ 7 v TR FIKREZ IR T 5
HCHREOBEMARICEE, WL RZENIEDHAMICEHEHES.

FEEMERNE, KICEF BB L T A LT 210 A U EREEER L, 1A LU WIET A
VEEREEEANC KT E S, A R EEEANIE S 50, BUKERSOEMOFFHIZL>TT =4
VOSEEVER, A F A iEMA, mMER SRS T S B, iR oo A U VERmIE AN, s
K & FETEMRI O T OR SR U THEEBD ML 20 5. A A o PR IS VE AN A 43 A3 1 A
MELBWizd, BEORE2ZTIIVREERRFS, ZTOMVPTEIroEELSHHEINTNS.
WE 2 K5 72 N R A M S S MR 0 SRS PERIC & B RAR IR D2k Langmuir € 7L T & <
ETIMALTELZERERIZBEVWTHRINTED [110], BAEMEL L TH, REDEK2EEET,
525 Y A MIZ ST L TOE AR Z NSO [111] X, KW LT O RMmEER Q% L, &
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B TOmXGEREME, XS IAK-RELCORERNM2ZB L - REEHTEZERELTCVWSE
D[112) BB 5. AWFETIE, BAEMETHHREHR 2% < Langmuir €7V TR Z K< RE DA AV
PSS A 2 B %S .

AFETEFL2TOREA A 7 —HWITEIrNTEY, RHADKRERZELI NS, THITHELZFE
ZHWS. REHOREEEFERS F L RE 2B 5 FEIEEREE f ok HERE, Bk - I
B LU - BB R 2 ET UL ZUATFTORTEES.

aaI;+u~VF:DFV2F—|—j5(l;/) (6.1)
Df _ 2 -
E—u-VSf(u-n)(Vs-n)——Vs-(fu)+Dfof—|—] (6.2)

ZZTVy=(I—nen)V CRINDZEHLTOHRT, jIIF & TR S REN#HE2ET
MELTZY —ATHTH 5. AiFFETIE Langmuir DE TV 2 FHWTU TFTOATRE I NS,

J= kagF (flim - f) - kdef (6.3)

ZIT, kaa BBAERELREL, fiim FEAFRE, ke SHIEEHERETH S, K (6.2) % Cartesian JEFR
DY THRT &,

gJ;Jru.f_f(n.Vu.n):Df(vzf_n-VVf-n—xn-Vf)ﬂ (6.4)

X (6.4) 1FFH L TH D LD A% Cartesian JEEERDMAD TEHESE LK TH 57%, AWHZETIEIH
P& % BERIZRBL T % Phase field 2 FHWT WA 728, RENEEHET f EMoP D0 M %2R > TV DHNE
Ndbd., £ZT, MOREMMNTEMNIZA- V=025 X57% fOnM%ElES [113].

af B
SoHS(Wn-Vi=0 (6.5)

22T S(y) BBIBTH S Level Set IO 5 2B TR TH 5. & (6.5 2ME, HED S EHBEOME
EHWTZ ORI EB. /L2 OREEER F 1L TS, WA TSN R
< 72012 SR DA AN = 8% 5 378\ & 5, WO & 4TS 5 [114].
OF
S =S(y)m-VF (6.6)

X (6.6) FEHEM DA THIND.

6.2 BEEITSVIZ3HEDEA

T IR, WBEEPREEEANREIC L o TRERIIZHEIEC TREST SRR
HHAEKIBH X B3RO 20D, FHIRNICN L TREY I VI iA L PRI e H 5.
Tk SRR RIE R EFE D Navier-Stokes AFERZ < 720, REXIZE ST Yy I=ZRIZFEET,
HEVERIOIREAIER T 5~ 7 v A= ROAZEZEET 5. FEGEVERNIIREIZBES 5 Z & TRMH
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RANZM NS E LS 2o, KRN L, SHODFEERITERT EET LT —EDPR L
o THND LD TH DD, FHHIEIER D REICBET S &, BUKMERD 2 KM, BUKMERD 27Kk
MICEfE S, AU ZRE L35, ZTDOBHUKIER D AR ORET XL F—2ZITHD, BK
PR DR FOBET AN X — 22T S, £ U CTHREVEVEHR QLGRS %8 U CH g ClHo
WET R F -3V 5. ZORE, BEIIZIIES FRIES TEU TWEED 2L X -4,
SHHTE VRS (2 & o TEAD2 S BED FEIZIAND, EOPRIFINVF AR LR, RAEDPK
T2 eiz725 [115]. FEIEVER OPRE H 2 W IXHEEIT & 2 RE R RO ZIZEL T D Langmuir
DREHEATEISEKINS.

dﬂ:%P+R”mm<L—f>} (6.7)

o Siim
ZZT, RIFMELKARDLRMAREL T T IFMAEE, op IEFITEMERRED 0 ORFOBHEDOXKR I TH
5. R (6.7) 1368 EEOIEMEORT, Fig. 6.1 TRIND LS5 HEMAEZRL, RETEEFIEED fim
DK & RMEIRIREUE —o WL L, FEFITML WAR L 725, FHROZENDZDIZ, B
NEUTFTORDBPHWLONEZ LEH 5.

mﬁmf]
60 fiim
AL L 72X % Fig. 6.1 IR L TW5 A, FHETEEATREDZ/NE WEIZIBIEEO RNz & EflLTW5
N, FHETEEFRIRED fim (SEWRHZIERIE R e MDA D 5. AL TIFEARRITIZX 6.7) 2HWS
P, BRI IEMERRE IR DWWz & EFHRPALEIT LD Z e 2B <7zoiz, IFD & S IZRMEIRD
FHEF O R EEEFIEE I L TOA ERZZEIT 5.

G(f)::oo[1+—R77mnln<l——Hﬁn(ﬁkjj)} (6.9)

0o Siim

ZIThkRERBAIA=XTHY, AHETIEk=095REZHNS.
SREVEMERNR TG U 72 RE R EWRAEETR P CER I N, CBTDH o 72 R R IR T 75 M
BREORB LD L eHIT, FHOEMAMOREIRBNALIZEEZ2 VDD EY TV T=RPLUTDOA
THAAENS.

(6.8)

Fy=0(f)k+ V0 (f)8r (6.10)

ZZT, Vo= —n®n)V T, O \EHRMELEEEDAEDMHEEFFOEL TV ZEBTH 5. G T IV REK
21 WL D DEFZANDMERIZ EAYSHY, Cahn-Hilliard #10 DIM % FH\ T S 7 MEF S Rk & i\ T
WA [116] Z22FE 12, AHETHWE NI A —X e DEBIZEZELT, UTORZHWS.

5o~ 202 (1-9)2. (6.11)

£

6.3 WIEFEFE

FARGRERIZEE 3 THA L 725 EFED Navier-Stokes HFER 2 7 < . FLE Al o6k HRE% 3 B
3 YKEE Runge-Kutta 1 CHREFIRE D U, Z2RIMIZ DWW TIZBFIHIZ 3 YR WENO A ¥ — 4, ZOfh
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—
Nonlinear
Linear

0.07
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Surface tension
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o
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0.045 |

004 L - L - I - L - L -
1.00x10° 2.00x10° 3.00x10° 4.Q0x10° 5.00x10°
surface concentration

Fig.6.1: Dependence of surface tension on surfactant concentration expressed by Langmuir equation of state

DI 2 KIS LED 2 HT 5.

6.4 MRELETR
6.4.1 Single vortex ¥ EtE

HWEGPEZoNTWS &, FREVEEARERXEPEL SIS I L 2R3 572012, Single
vortex [ % fRWNCSE R & KT 5. NG OFI M X8 3.8.2 LA ULMEEZAVSH, 253
EOHBOOHAMT =1.0 25 5.

3%, A EToORMmEEAEERE ARROAE Dy =103 & UTHE, 7OV o FmiEEHIEE
FEE LRV, MHEE fo=1.0 2L, HFMEEIZT LAVEEZDT, RAKFIEL 1/512 275 &
IIZRET S, AFETHONEZAE 0 7 71 IV 22 E L OFER L & £12 Fig. 6.2 12539, LK%
Mo FREBFHIZRIZE S B LU TWS, RICHE ETOREHERIEE 225 COFHEERL (12
Fig. 6.3 1259, ATFETHE f 2 RIEHEIC A S ETVD 2D, AHMEDEDIZ fxdxo(1—¢) &7
TLUTHRRLTVWS., 2070, AfLO4E FREEEFIRENRE L TWE LSR5 E L
NIRNH, EEEEREZSPRTE T 7V TH 5. Rl ETOREEEFIRE f ONGH E— 2 OfEN
X X0 /NFE AR 72 DY, EVERIIZ —BL T WA Z &2 b, Extension DA% &L AFETE RGN
FIREHEEN TS EEZO5N5.

PRIZV 7 O FETEEFIRE R AERS GO THL. Dp=0.1, k=100, kge =200 £T 5. fim
IBE CEIC R R VDT, PHIREDERE, DXV j=0 DHDEE2 5252 L. &l
WFIElE 1/256 THB. Dy DEZAEYE, D=Ds/Dr =0.1,1.0,10.0 ® 3 @D %357 L TSE
DFER L BT 5. KFHEIZE o TH S NNV 2 OFRETEEFIIERE 2 2% R OFE R & & $ 12 Fig. 6.4
2, S ETORMIGEERTEE % Fig. 6.5 2R3 . Dy ORI AE> TV 2 B K O R EEERTEE 23K
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t=00s

t=025s

t=0.50s

(a) Phase-field profile with leaf lines obtanined by present

solver

0.75

0.25

0.25 0.5 0.75 1

t=00s

0.75

0.25

0.25 0.5 0.75 1

t=025s

0.75

0.25

0.25 0.5 0.75 1

X
t=0.50s

(b) Phase-field profile adapted from reference[117]

Fig.6.2: The phase-field profile for the single vortex problem to validate the interface surfactant transporta-

tion.



178 %6 FEIEMEHRIORE - Witz ZR U 72k R EEE~ 7 Y T R0EA

R 3—

| Surtactaes concemraeine

207

)
1

Surface concentration
1

o
P

Surface concentration

Surface concentration

0.5

t=050s t=0.50s

(a) The results of present solver (b) The results of reference[117]

Fig.6.3: Interface surfactant concentration for the single vortex problem
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Table6.1: Physical properties of 1-Pentanol[118]

kad[m3/( mol- s)] B[ mol/ m3] Siim[ mol/ m?]  kge[s™']
1-pentanol 5.08 21.7 59x107°° 110.236

W > TWAEAZ K< HBELTWS., NV 27 OREEEFEEZ RS, D OEWI XS 5RE T
XA TODMDEVA LIS HEINTWE ZEDbh 5. AFIETIX NIV 2 O FEEERITEE X7k
KRR Z ML HEATOEED 0 2725 LS IHMESNT VWS, ¢ > 0.5 DFHNERNICE BEFR M 22
T2E5%ME%RFE > TW5. RH L TOREEEARES AL, D=0.1 OEEIIEAH LAE TR O
BELAZIZ 7 > TWT, D OIS THABARZES PR > TVWARTFA IS HHEINTWS. M
&Y, Single vortex B D & 512, MELGRGZ 6N, MERPIKELLDLLE LI LEREZELELET
B, RFEFITAEEEREEHL 2 2SR TETVWDI eHFERILND.

S RISl FE )Y Cahn-Hilliard HREADMEANTE 0, fREREH,» SFHHE I W LEMT
VR BBE LRI EY 1 REEE W72 GREADEMIECHINT WS, RFETIEEARNIZIHE
WM AL AR L 728, WMAAIEINS K25 Z 05, FHETERIEE% R 2 Rk T
GG ORMAAMEEZ K E N DIRADTENET, Istep NDFHHEIA NP EWVKEGHEZEATSZ
CIFBRENTH D, AFETEFEEFICHREIEEFREZ 046 SE5 2 L THEEZ AW THWT
W50, RENPPOHEN LD, SEFOFRLDENMELTWEEEZLONS.

6.4.2 SEEURBRPZERT2E—IE

S EMEAEDE GREAB I~ 7 v TR 2 50 MR BRI 2 5] SEIETEHE [116] & <
fEmnsd K570, BERMNNE L, FEEEAMNGIZE2ZRDOEGVE /NI WO KEZEL[ZD K S
IR YRR R PV I 4 2 MREERTE & U TR+ THh L RN D 5. £ 2T, ARHIT I 7 & Vel
EMNG UMY E ERT 2 -SEEFEL, FEME L OBUAGHEOME L KT 5. -V &) —
WIKEWE T % LR T 55D ER%E d =0.35,0.45,0.75 mm & 23 ¥, EFEED» SR E R
T5. BB XUOGMHIEZENETNKE EZLZOEEHAVS. -V X —)LOYEAE L Table 6.1 (23958
H T, 0.69 mol/m? JEA X ¥ 7= KAHT2KIEN EFRT 5. 22T Table 6.1 hDEERE B 13k
FRI ke & WA EFEARI kg Z VT B = % TREBBETHB. FEARIT, d=035,045mm (2
SHUTIH24%x24%x9.6mm 2V, d=0.75mm 2 LTI 3.6x3.6x144mm & L7, EHIEE
g=98m/s> &L, kifi& R non-slip B %, ZAAS L slip BE & U CTHER S %2 52 7-.

Fig. 6.6 (IZfFoNn Pz 7ay U727 7 %257, @RS OERS X OBUHZHHE DR R [111]
LEL—HLTWS., Tz, SREEROHlELTd=045mm 215y HrEEe, REEToR
mEMEAIEE %2 ¢ = 0.1 —0.9 O#PATEM IS L7z D% Fig. 6.7 1ZR37. Rl ETORNGIZE > TR
[ ETORMEEAREIXIRESET A TIRS 20, #ATERTS. v 7 vya=gRick->7T, &k
FHRENE 25 NHTRRmEHPEFL, EHTRERmENL EFHTSE7720, RKARIOKE WL
FHIZwpo THARNIG AN FEET 2 Z LI X0 HFAPEML, LAREOHDVE -6 IN5 [111].
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0.5

D=10.0
D =10.0 (b) The results of reference[117]

(a) The results of present solver

Fig.6.4: Bulk surfactant concentration at t = 0.5 for the single vortex problem with bulk interface coupling
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(a) The results of present solver (b) The results of reference[117]

Fig.6.5: Interface surfactant concentration at ¢ = 0.5 for the single vortex problem with bulk interface cou-

pling
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Experiment(Taf(agi2004) O
Simulation(Takagi2004)
Present

N
&)
T
Il

=
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T
Il

0.5

%03 04 05 06 0.7 08 0.9

Equivalent Diameter[mm]

Fig.6.6: Drag coefficient of rising bubble into 1-pentanol surfactant solution

Fig.6.7: The profile of y—directional velocity and interface surfactant concentration for the bubble rising into

1-pentanol surfactant solution problem



B4R MEEER 183

S RO BAEEIFIL, STEDERIE 2RO EAE L, Hle FRE 2 HfR AR DfRE G T2 W5 Z
T, R EToREEEAEREGRERE STV a R v ECEHEMROTWS. RFELEE RS
% & Extension D & 5 REE2 & £\, L0 EEEICH 2 EAFTE 2 XE, SHdDOERE2%E
TERVREPGEIET B, ATiEE DIM TEEOKALE X 4 - GEREZRTEIMEDDHY, E
BB X OMEEH T2 W BE R L AEOREZ RO Z LRI Nz,
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Table6.2: Physical properties of Triton X-100[119]

kad[m3/(mol- s)] B[ mol/ m?] fiim[ mol/ m?]  kge[s7']
Triton X-100 50 6.6x 1074 29x%x10°° 0.033

Table6.3: The setting of physical properties of surfactant

Fy[mol/m®]  La
Triton X-100  1.0x10™*  0.15
1.0x1073 15
1.0x 1072 15

6.5 WREZEILNDHZE

W U CRafe R 728 0 4T 72012, AMREZBEH U 2 IRIGHEZTS. K2 ELKOY)
PEAE 2 T, 8 5.5 &R Ui & G HEE 2 W, GHEHIE 0.02 x 0.04 m H1IZERE d = 8.0 mm
K3d% (x.,y0) = (1.0,1.0) mm (ZELE L, SJ8iE y=0.02 m (Z3EE LU Z|EICmns» > T EAd 5. Fim
FEMEANE, FOETE MR AR W Triton-X 100[119] 2 W 5. ¥ifE 1% Table 6.2 2R 3@ D TH 5. 4
WDV 7 O SLHTEERIRE Fy 228 U CRcE - BEER 2308 L, BIEANOREZFNS. SmmiE
MHIDOBHEDO L3 S 2R T MRTBMTH ST 7 I 2T La i

Fkaq
ba= kge
TEHE 5. Triton-X 100 1HIBE HEARER & WENZ MR ERBDVNI Wz, -y X —)L & iR
ULTHEWELRTSBEEL IS WHEEZFD. G189 5 La (X Table 6.3 IZ/R O THS. FibETO
REEEAEEIX =0T f=02 0L, FTRRAN IV —ViRRENSTHERP A E L5 THET 5.
MiAZE 7Y —vanKide UG E0HAEIE La=1.5,15D 2 @) THRE21T-7-. ERT 3 57EBKIE
Fig. 6.8 IZRTI Y T, [HRDEIZTL bTHTH 5. Fig. 6.8,Fig. 6.9 TIX 0.1 < ¢ < 0.9 D&%
S Eo S EEEREE cOMILTED, La=152 La=15 ThHT7—"_"—=0L v IW 10 [5FEE R
o TWAERIZEETS., La=15& La=15 TIEKRE L TWARHE ETOREEMERNIZIZ 10 fERED
ZEMOE, LaBIZ X 2MEDMIVEILHEINTWSEZ b0 b. L, ZORED R TIXIEH
WZHEES D F IR TE AR 2 e DT, A (6.7) BX U Fig. 6.1 2R bbb EDITE
R T UZ LD U WEER, AR DI WEDIZY I Yy T=MBEEIFL A ST V2R
Wiz, REZEEIZEAEENEL TV RVWEEZSNS.

(6.12)




S HE IR EAN DR E 185

r=00s t=0.030 s t =0.060 s t=0.090s
(@La=15

r=00s t=0.030 s t =0.060 s t=0.090s
(b)La=15

Fig.6.8: Phase-field profile for the bubble colliding started from clean with the liquid surface and forming

liquid film in water solution.
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r=0.12s r=0.15s r=0.18s r=0212s
(@La=15

r=0.12s r=0.15s r=0.18s r=0212s
(b)La=15

Fig.6.9: Phase-field profile for the bubble colliding started from clean with the liquid surface and forming

liquid film in water solution(later time).
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eWT, REEEAIOEEZ L0 AX T 9572012, MR H EToOREFEEAEELZ j=0&

725 EHPRIE DRI ICRE T . VI I KA TR ORERIE I U 7R CE R e e L 2 5.
Fig. 6.10, Fig. 6.11 iZ La=0.15,1.5,15 @ Phase Field 70 7 7 1 VOWZIE%E R . La BWREWVIFE
ERLZEEERAINTVS, SEEREBOREE 2 PIIIEICERE L2 8T, IREVEART VL SRR
BEIEDE, REENREOARAABIZRE Z2IZE > TRWY S Y I3 1AME &, SHBRIETE
BTN 5. LU A TIRRIRENC & > TREVEEAREIME T U, WEO EMN 31T 2 5w i v AR
PENZ £12725 O TEREDE WD SENMIANDREI B FA L, BELEMIHFGFLTVWEEEZS
5. Fig. 6.12 12 0.1 < ¢ < 0.9 OFEEIC B 1F 2 Fm E ORI 53 2 RS ERIEE O S & (T74&
DE ) fim) ZEAFUZEDERT. Fig. 6.121& La T2 IZHh T =LY IUNRL > TV RIZERI N
720 &dd BRI  TRIE R TR ETEMERIDNRAE U, Bi5 CTRENEL TWD. 2 O B
EFEFEMENE Y VN — 12 K B BEEMSEORER & KL< =835 [111]. 2NV 2 OIREIC L U TIRE DEAERE
D 5 T 5 A3 Triton X-100 D & 5 72 2SRV FETEHER T 1 x 1073 mol/m® FEOHRMTH K
W ESHIZFORAEEIGED KO REENELCTWS., BEERBICEHT S, #OHEO R
DO FHIF EFRIED LMY § 5 720 EAEB O BB A U, S im v AR R b & L
LT/NEWEEZ->TWD, RIZ, T T=RBRIZDOWTEET L7202 La= 15 DFFEFERICH L
T, t=025s IZB I PWE LIS LIOTHTOREARPONDPTLREIEI NI -V IZFEL
7% Fig. 6.13 123, W LS KO THOM AT, WD EGTREMELS, Sdfon s
BN 2 I1E EREEERBER ERLTWEZ 2 bh s, ZONMIRENIC & > THREEMEAIA T
ICHEINTVWEEERAOND. ZOREYIZFET S XS ICHREOEMAGIZY T v T WiiwA 4
U, B K 2MEREL ZY M ED, WHEE2LEI T2 LRI TwEEEZSND. £z
X (6.7) S5 L 51T, FETEERIIRESRIFREICED < L RABRIBEEEMETNT 5720, &K
AR R DI N A BIRZEICHES L TWwWE e ERA NS, AEOREM S, G - o RmEiE
KR DFIRE WA 2RO L &, LaBndsmvwe, S Eo S AIRE A A &4 U 5 Kif
BB DA SN KREL 2D, ERELVLTHRWSY T Y T RBRM@ < 2 i & > TR ZE/icHFS T
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t=0.030s t =0.060 s t=0.090 s t=0.120 s t=0.150s t=0.180s

(@) La=0.15

t=0.030s t =0.060 s t =0.090 s t=0.120s t=0.150s t=0.180s

(b)La=1.5

t=0.030s t =0.060 s t =0.090 s t=0.120s t=0.150s t=0.180s

(¢)La=15

Fig.6.10: Phase-field profile for the bubble colliding started from contaminated state with the liquid surface

and forming liquid film in water solution.
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t=021s t=024s t=027s t=0.30s t=033s t=0.36s

(@) La=0.15

t=021s t=024s t=027s t=0.30s t=033s t=0.36s

(b)La=1.5

t=021s t=0.24s t=0.27s t=0.30s t=0.33s t=0.36s

(¢)La=15

Fig.6.11: Phase-field profile for the bubble colliding started from contaminated state with the liquid surface

and forming liquid film in water solution(later time).
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t=0.030s t=0.090 s t=0.150s t=0.200s

(a) La = 0.15
1 =0.030s £=0.090s 1=0.150s 1 =0.200s
(b) La=1.5
| 5i | |
£ =0.030 s £=0.090's t=0.150s t=0.200s
(©) La=15

Fig.6.12: Interface surfactant ratio within 0.1 < ¢ < 0.9 for the bubble colliding from contaminated state
with the liquid surface problem.



S HE IR EAN DR E 191

%501
0.545
094
0535
093
0925
052
0815
091
0505
08
0.895
089
0.885
0.88
0875
087
0,865
0.86
0.855
85a01

t=025s

Intarfoce sufoctant rofio

Fig.6.13: Color adjusted interface surfactant ratio within 0.1 < ¢ < 0.9 for the bubble colliding from con-
taminated state with the liquid surface problem(La = 15).
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FEL DML EALD T D DREIRS B & CREVEEAEE ICET 2R A Z2E» LT, BoyiEz M
WTCHEBENLETEDENE S LD S, 455 THOWZY ¥ RUHBIZH LT 5 Triton-X 100
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PoEEEHD L. REEEAZ A TR WEA L, MA 77256 D Phase field 28707 7 1 )V %
Fig. 6.14(t =0.0s 5 t = 0.080 s) & Fig. 6.15(t = 0.083 s 75 t = 0.166 s) 129", FmEiEMEHIA 72 W
B, ERTAIKMIIERNKE L, K EFBICHE 73 o 2R S 2 S BRI 5. — 5 TR
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X-100 D W5 B EERME (26 U CRIFIEEE 1B W CRIIE I RBO AP KR EL LD, 7 v T=%)
REREHT B Z LA MELD STz, FUGHREEMET, REEEF2RINL 2R EFE2E 5 —Bfian
T (39— 1024 x 2048 1Y4) TV 7-§EH % Fig. 6.16 127 . ERT2KEMRITH O T OMH & 1F
EAEEBD L, BEEZEZROVEBTIIRTZMA LI ITL2BRIZLEAER SN,
ERREN T2 WD & 1 =0.166s TR E TWRIKOHENEZ 59, 1+ =0.4 s PARITIZIZR AR
FEF LD, BEHKEI 657045, EREGFETERBEETLECRIVERT 5720, t=2.0s %
THHE U722, HIEIZZE U CHERE LD B HE R 21572,

U EXD, WEREGHE T, R - K- BEONT VRS HEAADZ L, XT3 VIR EED
REEERI OB RBIEE IZEETH O, WK OB CTHME ETORENRFIREIELS %D X512
A NV o FURTEMERIRE S £ O La BOE < 2 0 2T WARETEER %2 W2 B8R H 5. Fm TR
ENH B K ORARI EERDOREDT-0DI12H, HOEIEE R T 2 7- DD EMRERTEBEEEZ 5.
EIRBERR T, BEAIROMBBEES LY Vv T R2B AT S 22T, ARE X OREIEZ
DILBAE I CTH MR ZE I EE N TELZ L ER LT,
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t=0.0s t=0.030s t =0.050s t =0.060 s t=0.070s t =0.080s

(a) Without surfactant

t=00s t=0.030s t =0.050s t =0.060 s t=0.070 s t =0.080s

(b) With surfactant

Fig.6.14: Phase-field profile for the bubble colliding with the liquid surface and forming liquid film in 20%
gricelyne solution; from t = 0.0 s to = 0.080 s.
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t=0.083s t=0.090 s t=0.100 s t=0.130s t=0.150s t=0.166s

(a) Without surfactant

t=0.083s t=0.090 s t=0.100 s t=0.130s t=0.150s t=0.166 s

(b) With surfactant

Fig.6.15: Phase-field profile for the bubble colliding with the liquid surface and forming liquid film in 20%
gricelyne solution; from  =0.083 stor = 0.166 s.
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t=00s t=0.030s t =0.060s t=0.090s t=0.120s t=0.150s
t=02s t=04s t=0.6s t=1.0s t=1.5s t=20s

Fig.6.16: Phase-field profile for the bubble colliding with the liquid surface and forming liquid film in 20%

gricelyne solution using higher resolution mesh
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FEEMR DRI 5 2 2 B2 NS 12D IZ RS DES W% R TR La $0% 28 2 THTE 12
MroTERTAIEMEHEZIT o7, IR TE<BEERINTVARVREZHRE L -HE, K[IEPHK
HOEES 2 ETIz, FEEERIARE LIZ+2BE LY 59, RERIBEDOARHINE H o 72721
FEEMRNC & 2R LEOFIFIEE AL H SN h o7z, YIS +27ER S hiRETka
EREEETO L, N2 TH 1.0 x 1073 mol/m? ® Triton X-100 % ZRAI L 72 7213 T & FHEFEMES)
EAPEE BN, T VTR & o TRIEPERAL S N, BRI E IR SN 5. FmEMER IR
WO EHTREMERNL, FHTREEMENT S, ERATOKIEIROFIEIIEZ DREZEIZ L > THl
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HEoTWVE, NS0, EHZELRERIFEICIERENH 5. REHEMEEIC L > THREZE/D T
DITIE, ¥ IR EEAFEERZLTE Y, B ETFORE U 7 S o W A i iz
& 2 AR T M ORI IR ALK E W& SIREAZET 2 2 & DPUEEHRIZ & > THER S iz
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Fig.B.1: Staggered grid system.
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