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O IIPUMEHEHUW AJITOPUTMA PISO B 3AJAYAX JUHAMUKN
MOJIEKYJIAPHO HECMEIINBARKIINXCHA 2KNJKOCTEN

C. B. duesuu, B. B. Kypynun, /1. II. Py6mosa
(OTVII "POAL-BHUUDD", r. Capo Huzkeropockoit obmacrn)

PaccmarpuBaloTcs HEKOTOPBIE BADHAHTHI KOHETHO-0O'HEMHOM Pean3aluu U3BECTHOTO aJl-
ropurMma PISO Ha 3iimepoBoii COBMEIEHHO CeTKe B MPUMEHEHU! K 3aa9aM IAHAMUKH MO-
JIEKYJIAPHO HECMENTUBAONINXCA KUAKOCTeH. [[puBOAATCS pe3ynbTaThl CDABHUTEIBHBIX PaC-
YETOB THUIOBBIX 331249 [0 OJHOCKOPOCTHON MOJIEIH, PEAJIM30BAHHON B MAKETe IIPUKJIAIHBIX
nporpamm JIOT'OC. Ha ocHOBaHUU IIOTy4YEHHBIX Pe3yabTATOB JEJIAETCA BBIBOJ O Hambojee
IPUEMJIEMOM JJI PACCMATPUBAEMOr0 KJIacCa 3aad BapUAHTE AJITOPUTMA.

Karouesvie ca06a: HECMENIUBAIONIMECS YKUAKOCTH, OJHOCKOPOCTHAS MOJE]b, YHUCIECHHOE
MoOJIeTMpOBaHue, KoOHTakTHad rpanumna, PISO, JIOT'OC.

Brenenue

B coBpemeHHOI BBIYUCIUTETBHON THAPOMEXAHMU-
K€ HINPOKO NPUMEHAIOTCA PA3JINIHBIC AJTOPUTMBI
pacliellyieHud, Cpefu KOTOPBIX 3aCJIyKeHHOIl Io-
MyJIIPHOCTBIO mosb3yerca airopurm PISO [1—6].
B opurunasnproit pabore [1| npexcrasien Gesbrre-
PATHUBHBIN AJITOPUTM, XOPOIIO 3aPEKOMEHI0BABIINH
cebsd pu IUCIEHHOM MOJEIUPOBAHUU TE€UEHUH OI-
HOpozHBIX cpex (cMm. Ttakxke [2, 5, 6]). Xapak-
TepHO# 4YepTOil MAaHHOTO AaJropuTMa, KaK U Jpy-
rux SIMPLE-nonobusix anropurmos [2, 5, 6], aB-
JIAE€TCA COBMECTHAA AIIMIPOKCHMAIUA ABYX YypPaBHE-
HII Pa3HOTO MOPAKA 110 IPOU3BOIHBIM JABICHHL .
[Ipu wHasmawm B cpesie KOHTAKTHBIX PAa3PbIBOB, 9TO
COOTBETCTBYeT CUCTeMe MOJIEKYJIAPHO HecMellnBa-
IOIUXCA KHUIKOCTeH, TaKoe pa3jiudnue IPUBOIUT K
BO3MYIIEHUIO YMCJIEHHOTO DeIleHus.

XapakTepHBIM IPUMEPOM dABJIIETCA 3aJada O
PUJIPOCTATHYECKOM PABHOBECUU CUCTEMBI 8030YT—
600a B TI0JIe CHJIBI TAXKECTH. B maHHON 3ajade Io-
Jle TaBJIeHHWd, mojIydaeMoe m3 ypaBHeHma llyacco-
Ha, Oymer CriiakKmBaTh W3JI0M HA KOHTAKTHOH rpa-
HUIe, COOTBETCTBYIONIUN I'IIPOCTATHIECKOMY PaB-
HOBECHIO II0 YPaBHEHUIO JBUKEHUHA, U IPUBOAUTH K
BO3MYIIEHUIO IIOJIA CKOPOCTH B OKPECTHOCTH KOH-
TAaKTHOW T'paHUNBI. Pe3ynbTaThl, mosydaeMble IPU

"Mumerorcss B Bumy ypaBHenms mpmkerms u Ilyaccoma,
BKJIIOYAIONIE COOTBETCTBEHHO IIePBble I BTOPbIE IIPOU3BOJ-
HBIE JABJICHUL.

YUCJIEHHOM PEIIEeHUY TMOMO0HBIX 3829 C UCIOIb30-
BaunueMm PISO-anropurma, 6yayT pa3nudarscd B 3a-
BHCHMOCTH OT BBIODAHHOMN JIJIMHBI KOPPEKTOPA.

[Ipu wumciaeHHOM MOIEIWPOBAHWUW NBUYKEHUU CH-
CTeM HECMEIIUBAIONINXCA KUAKOCTEH HCIIONb3Y-
0T, KaK [paBumjio, wreparuBHbiii BapuanT PISO-
anropurMma [3, 4], B KOTOpOM mIary KoppekTopa
COOTBETCTBYET OTDAHWYEHHBIN 3aJaHHOII IOTpell-
HOCTHIO WTEPATUBHBIA mukja. [Ipm 3TOM BO3MOK-
Hbl pa3Hble MOAUMUKAINE AJTOPUTMA, KOTOPHIE,
KaK I[IOKa3bIBAeT BBIYUC/IUTEIbHASA MPAKTHKA, MO-
I'yT IPUBOAWTH HA PACCMATPUBAEMOM KJIACCE 33129
K HECKOJIbKO PA3/IMYaiONIIMCS Pe3yIbTaTaM>.

B mammOil crarhe CpaBHWBAIOTCH YEeTHIPE Bapu-
anTa PISO-anropurma, KOTOpbIE OTIIMIAIOTCS IAPYT
OT Jpyra, BO-IIEPBBIX, MO CIOCOOY KOPPEKIWH IIO-
ToKa (06BEMHOTrO Pacxofa), BO-BTOPHIX, MO CIIOCO0Y
[peJICTaBJIEeHN s KOHBEKTHBHOTO CJIATaeMOr0O B ypaB-
HEHUU ABUKeHusd. [l IpoBemeHusl CpaBHUTENb-
HBIX PACIe€TOB BCE BAPHWAHTHI OBLIN Pean30BAHBI
B PaMKaX OJHOCKOPOCTHOW MOJENIW B IaKeTe IIpO-
rpamm JIOT'OC [7, 8]. YwucnenHoe momenuposa-
HIE TIePeHoCa MACCHBHOTO CKAJIApa’ OCyIIecTBIIs-
noce o rexuomorun M-CICSAM [9, 10]. Paccmar-
PuUBaJIUCh TPU THUIOBBIC 3aa9N: KOJLJIAIC BOOAHOTO

?Kakux-1u60 JAHHBIX 110 DA3BEPHYTOMY CPABHEHIIO BO3-
MoxHBIX Momudpukampii PISO-amropurma Ha paccMmarpusa-
€MOM KJIacCe 33JaY aBTOPAMH IAHHOM CTAThU B HAOCTYIIHBIX
HCTOYHUKAX He 00HAPYKEHO.

5B maHHOM Ciryuae 06HEMHON KOHIIEHTPAIAH KU IKOCTH.
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crosba, KosebaHud KUIKOCTH B cocylde u (POpMU-
POBaHUE TUAPABIUICCKOTO IIPBIZKKA. HOCT&HOBKH
3a4a9 C UCXOAHBIMU NAHHBIMU U PE3YJAbTAThI IOJId
cpaBHerus Gpasuch 3 pabors [3]%.

1. Bapwuantret PISO-anropurma

Kak yxe ormeuanoch Bo BBemenum, masiee Oy-
YT pacCMaTpPUBATHCA BAPHUAHTHI AJITOPUTMA, Pas3-
JIMIAOIInecd CIocobaMu KOPPEKIUH IOTOKA, & TaK-
Ke MpeaCcTaBIeHneM KOHBEKTHBHOIO CJIAraeMoro B
ypaBHEHWU JBUKeHHA. B cjydae OMHOPOMHOU Cpe-
bl OOBIYHO HCIOJIB3YIOT TEKYIIYI0 KOPPEKIIUIO II0-
TOKA C IBHBIM BBIJIEJIEHIEM TIOTOKA C IIPEIBIAYIIETO
BPEMEHHOTO CJIOH:

Ftt = ARF] + S, - H} + By (1)

U IpeacTraBjI€HEe KOHBEKTUBHOI'O C/JIara€MOro B BU-

1e
pv-Vv=V-(pvv) —vV . pv. (2)

B dbopmynax (1), (2) n ganee ucnonb3yoorces caemy-
fomue obo3HadeHud: F, p m v — COOTBETCTBEHHO MO~
TOK (0ObeMHBI PACXO), IIIOTHOCTD W CKOPOCTH; 11,
k, 7 — HOMepa KOPPEKIUH, 'PAHN CETOYHON dIeilKn
U BPEMEHHOIO CJIOS COOTBETCTBEHHO; S — BEKTOp-
wIomaas rpasu cerognoit sueiiku; A = A(F) n
H = H(v, F) — ceTo4nble CKaJIPHbIA U BEKTOPHBII
omepaTopsl; B — ceTodHoe BIWSHUE MOJEH JaBJie-
HUA U MaCCOBOI CHJIBL.

B ciydae cmcTeMbl HECMENIMBAIOIIUAXCH KHIKO-
creii, manpumep B [3]|, ucnomb3dyercss ceeprymas
KOpPPEeKITHs:

Frl=s,-H, + B, H=H+A4v. (3)

C Toukwm 3penus crasgaprHoro PISO-amropurma
IUIs KOJUIOKMPOBAHHBIX IEPEMEHHBIX (COBMEIEH-
HBIX CETOK) TAKOEe CBEPTHIBAHWE OCIA0/IgeT 3alu-
Ty ajgropurMa OT "maxMarHeix" ocumiianuii, oby-
CJIOBJIEHHBIX KOPOTKOBOJIHOBBIMU BO3MYIIEHUSIMHA
HOJIsL JIABJICHUS. DBBIYMCIUTENbHAS TPAKTUKA KE
[OKa3bIBAET, YTO UCIIOJIH30BAHNE KOPPEKIIUU OTO-
ka Tuna (1) BmMecTo (3) mpwm 4UCIEHHOM MOZEIHpPO-
BAHUU JIBUZKEHUIN CHCTEM MOJIEKYJSIPHO HECMEIH-
BAIOIINXCA KUJKOCTEH TPUBOIUT B OJHUX CIYIaTX
K YCKOPEHHIO PacIeToB, B JPYIUX — K YCUJIEHUIO
BO3MYIIEHUI [OJIS CKOPOCTU B OKPECTHOCTHAX KOH-
TAKTHBIX TPAaHWIl. bBosee ycroiiumBoe moOBeIeHME
KOoppekruu (3) B OKPECTHOCTAX KOHTAKTHBIX T'Da-
HUI[ 00YCJIOBJIEHO, IIO-BUUMOMY, YCUJIEHUEM CBS3U

*IIpencrapyennsie B [3] pe3yIHTATH PACIETOB CIMTAIOTCS
[IPABHJIBHBIMU B PACCMATPHUBAEMOM TeMaTHKE.

MKy NMOJIIMHA IOTOKA M JABJIEHHS 33 CUET HPEJ-
nograraiomieiica B (3) CeTOYHOI MATEPIONAIUN CKO-
pocTu v/, HEIOCpPeICTBEHHO CBA3AHHON C COOTBET-
CTBYIOLIAM IDaJUEHTOM JABJICHUS.

[Tomumo npezacrasienns (2) KOHBEKTHBHOIO CJIa-
raeMoro B ypaBHEHUH ABUKEHUS, PACCMATPHBAECTC
TaKKe BADHAHT

pv-Vv =pV . (vv)—pvV .v. (4)

Jlamubrit BApuaHT O0YCJIOBJIEH €CTECTBEHHBIM JKeJIa-
HEEM BBIHECTH DPa3PHIBHYIO (DYHKIHUIO (IIJIOTHOCT)
U3-10J, TPOU3BOJHOM.

Takum obpazom, umeem derwipe BapuanTa PISO-
AJITOPUTMA, PEATU3YIONUX CJIEIYIONe COUeTaAHU

u3 (1)—(4):

— (3), (4) — Bapmasr 1,
- (3), (2) — Bapuanr 2;
— (1), (4) — Bapuanr 3;
— (1), (2) — BapuanT 4.
OrmeruM, gro wucmonb3yemomy B [3] PISO-

AJITOPUTMY COOTBETCTBYET BAPHUAHT 2.

2. Pe3yapraThl pacueToB TUIIOBBIX 33434

ITompobHOe ommcanme paccMaTPUBAEMBIX 3a0ad,
BKJIIOYAOIIEe TIOCTAHOBKM C MCXOMHBIMU JAHHBIMU,
npuseseHo B pabore [3]. [lamee mpuBomgrca pe-
3yJIbTaThl YHUCJICHHOTO MOJE/JINPOBaHUA C HCIOJIb-
3oBaHmeM derhipex BapumaHToB PISO-amropurma,
onucanabix B paszx. 1. Vcmosms3yiorca obo3ma-
geHust: t [c] — Bpems Mozmenupyemoro mporecca;
tm [c] — mamuunrOE Bpemsa pacuera; T [c] — mepmor
KoJIebaHUi OCHOBHON (POPMBI; Umax [M/c| — Makcu-
MaJIbHOE 3HAaTeHme CKopocTH; g [M/c?| — yckopenue
cBOOOITHOrO MaJIeHNd.

3agmaua 1. Koumanc BomgHoro croJiba. Ha
puc. 1—4 mpexacTaByieHa SBOJIIONUAA MOJA CKOPOCTHU
¥ KOHTAKTHOW I'DAHUIIBI, IIOJIy9eHHAd IIPU pacdeTe
sroit 3amaun. Ha pmc. 1, 3 MOKHO 3amMeTHTH 4mC-
JIEHHbIe BO3MYIIEHUS KOHTAKTHON TpDAHUIIBI THUIIA
psabu, 00yCIOBIEHHBIE BHIHOCOM IIJIOTHOCTH HW3-TIOZ
npou3BOAHON (4) W mpuBOAAIIUE Ha MO3JHUX CTa-
IUAX K HEKOTOPOMY M3MEHEHUIO PEIIeHUud 110 CPaB-
HEeHUI0 ¢ BapuaHToM 2 (cM. puc. 2), KOTOpbIi cO-
orBercTByeT pedysabraraMm u3 [3]. Takxke 3amerHo
yCKopenue pacderos (cm. puc. 3, 4) npm mcmoab3o-
BaHMU KOppeknuu noroka (1).
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3agauya 2. KojoebaHusa >KUIKOCTH B CO-

HUA NOJd CKOPOCTH W KOHTAKTHOU TrpaHUIsl ¢ 1’ =
cyne. PesymbraTer pacaera 3Toii 3amaun (komneba-
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Sagaga 3.
CKOro mpbXKKAa. JlanHas 3a/a9a pacCINTHIBAIACH
npu g = 1 (puc. 9—12) u g = 0,4548 (puc. 13—
16). Cormacuo pucyHKam [ucjaerHoe (GopMmpoBa-
HIU€ TUIPABINIECKOTO IPBIKKA CYIIECTBEHHO 3aBH-
cuT OT HCHoJIb3yeMoro BapuanTa PISO-anropurma.
Ocobenno 310 3amerro s g = 0,4548 mpu cpasHe-
HUW HAYAIBHBIX cTanuii Ha puc. 13, 14 ¢ HaganbHbI-
mu craauamu Ha puc. 15, 16. Hekoropoe yckoperue
pacdeToB B JAHHOI 3ajadue HAOIIOAAETCH IIPHU WC-
nosb3oBaHuy BapuanTos 1 (cm. puc. 9, 13) u 3 (cm.
puc. 11, 15) PISO-anropurma.

PopMupoBaHUE TUAPABJIAYIE-

[=3,5, Unx=156

2

t =794, Up=1,65

Puc. 9. 3amaua 3, g = 1. Bapmasnr 1, t,, = 8,73

26

>

t =794, Upae= 2,64

Puc. 10. Bagaua 3, g = 1. Bapuasnr 2, t,, = 14,95

3akaoueHne
PaccmoTpensr  geTbipe  BapmaHTa —~ KOHEYHO-
00bEeMHOI peajiu3aluu  W3BECTHOrO — aJITOPUTMA,
PISO ma sitmepoBoil coBMeIIeHHOM CeTKe B IpuMe-
HEHUU K 3aJa9aM JUHAMUKU MOJIEKYJIAPHO HECME-
MIUBAIOIINXCS KUIKOCTeH. BapuanTsl pasamaaror-
cd cocobaMu KOppeKnuu moToka (06beMHOro pac-
XO,I[&) u npeacCraB/JI€eHnd KOHBEKTUBHOT'O CIaracMoro
B ypaBHEHWU JBUKeHHUdA. |[IpuBeIeHBI pe3yabTaThl
CPaBHHTENLHBIX PACYETOB TPEX TUIOBBIX 3aja4 [3]:
KOJLJTAIIC BOASHOTO CTOJIOA, KOJIEOAHNSA KUIKOCTU B

£=9.88, Upn=175

£ =988, Up=2,05
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cocyne u  dopMupoBaHHE
IPBIKKA.

[Tosyuennble pe3yabTaThl MOKA3aJd, UTO UC-
mosp3oBanue Mommdukanuit PISO-amropurma Tu-
na BapuanTos 1, 3, 4 (cm. pasam. 1) B paccmarpu-
BAEMOM KJIACCE 3aJa9d MOXKET MPUBOIUTH, C OTHOMN
CTOPOHBI, K yCKOPEHHIO PACUYeTOB, C IPYTOi, — K HUC-
KaKeHwio pemrennit. Takum oOpaszom, mpeamodTn-
TeJIbHBIM dBJIeTCs BapuaHtT 2 (cM. pasz. 1), coor-
BercrByIomuii omucanuomy B [3] PISO-anropurmy.
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APPLICATION OF THE PISO ALGORITHM TO MOLECULAR-IMMISCIBLE FLUID
DYNAMICS SIMULATIONS / S. V. Yatsevich, V. V. Kurulin, D. P. Rubtsova (FSUE
RFNC-VNIIEF, Sarov, Nizhny Novgorod region).

The paper considers some modifications of the finite-volume implementation of the
known PISO algorithm on Eulerian combined grids as applied to molecular-immiscible fluid
dynamics simulations. Results of comparative benchmark simulations for the one-velocity
model implemented in the LOGOS application package are reported. Based on the results
obtained, the most acceptable algorithm modification for the given class of problems is

identified.

Keywords: immiscible fluids, one-velocity model, numerical simulations, interface, PISO,

LOGOS.




