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Eauzaposa T.I., UBanoB A.B.
MeTtoa peryjasipu3anuu JJs1 YUCJIEHHOT0 MOAeJTUPOBAHUS NEPEHOCA IPUMeECH
B MeJIKOH BoJe

OnucaH HOBBIM METOJ PEIICHUS ypaBHEHUS NEpEeHOca MACCUBHOIO CKajsipa B
paMKax ypaBHEHHM THIAPOAMHAMHUKU B MPUOIMIKEHUH MEIKOW BOJBI. MeTom OIM30K
[0 CBOCU CTPYKTYpE K MOCTPOCHHBIM paHEE KBA3UTa30JIMHAMUYECKAMU aJIrOpUTMaM
JUIS YUCJIEHHOTO MOJICTIMPOBAHMS TEUEHUN CKUMAeMoro rasa. [IpuBeneHsl perynspu-
30BaHHBIE YPABHEHHUS U ITOCTPOEHHBIE HA UX OCHOBE PA3HOCTHBIE CXEMBbI, B TOM YHCIIC
Y JUTA TEYEHUN ¢ HICTOYHUKOM MpUMeECH. PaccMOTpEHBI THITMYHBIE OJTHOMEPHBIE U JIBY-
MEpHBIE TECTOBBIE 3a7aud. B 3akiroueHur J1aHo 000OIIeHHE TMOCTPOSHHOIO MOaX0/a
JUTSl YUCIICHHOTO MOJEIMPOBAHHUS TIEPEHOCA MACCHBHOTO CKaJsipa B paMKax MPHOIIH-
JKEHUS BS3KOU HECKUMAeMOU JKUIIKOCTH.

KiioueBble cjioBa: ypaBHEHHS] MEJIKOW BOJABI, IEPEHOC MPUMECH, PETYIISIPU30-
BaHHbBIC YPaBHCHHMS, METOJI KOHEUHOTO 00beMa, UCTOYHHK.

Tatiana Gennadyevna Elizarova, Aleksandr Vladimirovich Ivanov
Regularization method for numerical modelling of transport of pollutant
in shallow water

A new method for solving the passive scalar transport equation in the framework
of hydrodynamic equations in the shallow water approximation is described. The
method is similar in structure to the previously constructed quasi-gas-dynamic algo-
rithm for the numerical simulation of compressible gas flows. Regularized equations
and difference schemes based on them, including those for flows with an impurity
source, are presented. Typical one-dimensional and two-dimensional test problems
are considered. In conclusion, a generalization of the constructed approach for the
numerical simulation of the passive scalar transport in the framework of the viscous
incompressible fluid approximation is given.

Key words: shallow water equations, transport of pollutant, regularized equa-
tions, finite-volume method, source term.

PaGora BeimonHeHa mpu noaaep:xkke Poccuiickoro ponaa GpyHmaMeHTalIbHBIX UC-
caenoBaHui, mpoekt 19-01-00262.



BBenenue

3aaud YMCIEHHOTO MOJEIUPOBAHUS PACIPOCTPAHEHUS MPUMECHU UMEIOT OO0JIb-
110€ MPUKIIAIHOE 3HAYEHUE, B YACTHOCTHU, B CBS3M C IpoOIeMaMu 3arpsi3HEHUSI OKpY-
xarouieil cpeapl. OTHUM U3 MOJIXOJOB JJIsi UCCIIEJOBAHMS JAHHOUM MpoOieMbl SBIs-
eTCs MCHOJIb30BaHUE MpuoONMkeHust Menakol Boasl (MB). PaspaboTka adpdexkruBHOrO
Y TOYHOTO YUCJIEHHOTO aJrOpUTMAa Ui 3TOM MOJENU MPEACTABIAET COOON CIOKHYIO
3amaqy. Jleno B TOM, YTO MpPHU YMUCICHHOM MOJICTUPOBAHUU MEPEHOCa MPUMECH WM
JPYroro NacCMBHOIO CKaJisipa — HAIPUMEP, COJIEHOCTU WM TEMIIEPATyphl, YUCIECHHOE
pelIeHNE YpaBHEHUs IEPEHOCA CTAHOBUTCS IJIOXO YCTOMYUBBIM. JTO OCOOEHHO CHJIb-
HO TIPOSBIISIETCA TpU Maiblx koddduimentax mupdysun ckamsgpa. OIHUM U3 YacTO
UCIOJIb3YEMBIX CIIOCOOOB pEIIeHUs ATON MPOOJIEMBI SBISETCS NPUMEHEHHUE CIelua-
JU3UPOBAHHOTO OTAEJIBHOTO aJropuTMa Jijisl pelieHus ypaBHeHus nepeHoca. [locnen-
HEe JIeaeT YUCICHHOE PEUIEHUE CUCTEMBl YPaBHEHUN TMAPOJAMHAMUKHA U YPAaBHEHHUS
NepeHOCa HEOTHOPOIHBIM.

ABTOpaM yaajnoch MOCTPOUTH OAHOPOJHBIN aJrOPUTM ISl MOAEIIMPOBAHUS YpPaB-
HEHUW TUJIPOJMHAMHUKH COBMECTHO C YPaBHEHHMEM IE€pPEHOCA MAaCCUBHOIO CcKajsipa my-
TEM PAacCMOTPEHHUS ITOW CUCTEMBI YPaBHEHHUI KaK LIEJIOT0 U MOCTPOCHHUS PETYIsipHU3a-
TOpa AJIl CUCTEMbI TMIPOJMHAMUKH U ypaBHEHHUs IepeHoca B uenoM. [Ipumep Takoii
peryisipu3alyy 1 MepBble TECTOBBIE PacueThl MPUBEICHBI B JAHHOM padoTe.

[TocTpoeHnI0 YHCIEHHBIX METOJOB JUIsl PELICHHs 3aJaud MOIEIMPOBAHUS pac-
MIPOCTPAHECHUSI MPUMECH B MEJKON BOJE IMOCBAIICEHO MHOro padot: [1]-[11]. Yame
BCETO MCIOJIB3YOTCA METoAbl Thna Pumana mnu ['0nyHOBa, MOCTPOEHHBIE B paMKax
METO/Ia KOHEYHOTO0 00beMa, KUHETUUECKHE WIIH PEJIAKCAIMOHHBIE CXEMBI.

JlJis TeCTUPOBAHUSI YUCICHHBIX aJITOPUTMOB PACCMATPUBAIOTCS CHEIU(PUYECKUE
3a/laud, IpPUMEpPbl KOTOPBIX NpUBEIEHbI B pazfenax 2 u 3. [ ogHOMEpHBIX Teye-
HUW paccMaTpHUBAINCh: 3ajlaya O paclpOCTPAaHEHUU NMPUMECH TEUCHUEM HaJ HEPOB-
HbIM JTHOM [ 1]; Ki1accuyeckas 3ajada o pacnajae paspeiBa [1, 3, 4]; 3agaua Pumana c
pasoeraronienicst XUAKOCThI0 [3]. B mocneaHelt TOYHBIM pelieHueM JjIsi KOHIIEHTpa-
LU SBIISIETCS CTALIMOHAPHOE PACIpEAEIICHUE (YTO JOCTATOYHO CIIOKHO JTOCTHUIaeTCs
B HEKOTOPBIX YMCJICHHBIX alrOpUTMax), a Takxke oOpasyercs "cyxas 30Ha".

B kauecTBe ABYMEpHBIX TECTOB MCIOJIb30BAIUCH IPUMEPHI, IPUBEICHHBIE B [2].
D70 3a1a4a nMpopbiBa CKMMETPUYHON TUIOTHHBI Ha MJIOCKOM JIHE (paccMaTpHUBAIUCh B
[2, 4]) u 3ama4a 0 pa3pylIeHUU AaMObl HaJl HEPOBHBIM JHOM MPHU HAJIIMYKUUA UCTOUYHHKA,
B3sATas U3 [2].

B nocnennem Tecte pazzaena 3 paccMaTpuBaeTcs ciydail perieHus CUCTEMbI ypaB-
HEHUW TEpeHoca B MEJKOM BOAE MPU HAIMYMM UCTOYHHUKA. 3aa4d C UCTOYHUKOM
OY€Hb BaXKHBI, MOCKOJIBKY IPUMEHSIOTCS JJI MOACIMPOBAHUS, HAI[pUMEp, aBapHil TaH-



KEepPOB B MPHUOPEKHOMN 30HE M PaCIpOCTpPAHEHUS 3arpsA3HEHUN BIOJIL Oepera u mpusie-
rarolley aKkBaTOpUH.

CTOUT OTMETHUTB, UTO CIOKHOCTH, CBSI3aHHBIE C PEIICHUEM YPABHEHHS MEPEHOCA
IMACCUBHOTO CKAJISIpa, MPOSABIISIOTCS KaK B MOJEIIH MEJIKOW BOJBI, TAK U TP PACCMOT-
pPEHUM 3aja4 B MPUOIMKECHUU BSI3KOM HEC)KMMAEMOM KUIKOCTU. ABTOPHI MPOJEMOH-
CTPUPOBAJIA OJHO M3 BO3MOXKHBIX PEIICHUN JaHHOW MpoOJIeMbl HA IPUMEPE ypaBHe-
HUW TUIpoJMHaMUKU B npuOmmbxkenun MB. B 3axitoueHue mokasaH cnoco0 mpume-
HECHUS pEyJSIpU3alldd ISl TIEPEHOCA MACCUBHOTO CKaJApa ISl TUAPOJANHAMUYECKHUX
YPaBHEHHUM, OMUCHIBAIOIINX TEYEHUE BA3KOW HECKUMAEMOU KUIKOCTH.

1. Maremarnueckass MOaIeJab
U BAPUAHTHI PeryJsipu30BaHHbIX YPABHEHUU

3aaya 0 pacnpoCTpaHEHUU NpuMmecu B pamkax MB Moxer ObITh onucaHa ciie-
NOyIOIIE cUCTEMOM ypaBHeHu. HenmocpencTtBenHo ypaBHenuss MB:

g—? + div (hu) = 0, (1)
2
% +div (hu @ u) + v% — —ghVb, )
a TakKe ypaBHEHHE MEPEHOCa, KOTOPOE MOJKHO 3aIliCaTh B JIBYyX BapHaHTaX:
aa—f + div (uC) = div (DVC), (3)
% + div (uCh) = div (DhVC). 4)

Hcnonb3yembie 0003HaueHUs1 mosicHsieT puc. 1. 3mech h(X,t) — TOMIIUHA CIIOS
BOJIbI, OTCUMTHIBacMasi OT JHA, b(X) — ypoBeHb JHA, U(X,t) — BEKTOp pacrpeiere-
HHSI TOPU30HTAIBHBIX CKOPOCTEH, ¢ — YCKOPEHHE CHJIbI TSDKECTH, HAPABICHHOE BHU3
BIIOJb OcH 2, C'(X, t) — QyHKIMS KOHIIEHTpauu npuMecH, D — koabduiment quddy-
3un, £(x,t) = h(x,t) + b(X) — ypOBeHb MOBEPXHOCTH BOJIbI.

VpaBHenue (3) — 3T0O KJIaCCHYECKOE YPaBHCHHUE MEPEHOCa. 31eCh MbI IIPEIIOara-
€M, YTO 3arps3HUTENb ITACCHBEH M HE B3aUMOJCHCTBYET ¢ IOTOKOM. HO B HEKOTOpPBIX
cliy4dasix HeoOXOIUMO YUYHTBIBATh APYTHE SBICHHS, HAPUMED TaKHe KaK OCAXICHHE
¥ 3pO3Hsl, KOTOPbIC B MPUBEICHHBIX YPABHECHHUIX HE PAaCCMATPUBAIOTCS.
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Puc. 1: Cxemarnueckoe n300pakeHHE UCIOIB3YEMBIX 0003HAYECHUM.

VYpaBHeHUE TlepeHOca MacCUBHOTO CKajisgipa B BUjE (4) 4acToO HMCHOJIB3YEeTCS B
3a/1a4ax THAPOJIOTUU U TIO3BOJISIET YUUTHIBATH BEJIUYMHY TaK HA3bIBAEMOTO <GKHBOTO
CEYCHHS», TO €CTh IUIONIaJh CEUCHUsSI MOTOKA, MEPICHIUKYISIPHOTO K HAIPaBICHUIO
ckopocTH. C' — KOHIICHTpAIUS MPUMECH, KOTOpasi MOXKET 33]1aBaThCsl KaK B pa3MEPHOM,
TaK U B Oe3pazMepHoM Bujie. D — koaduiuent nuddy3un npumecH.

[TockonbKy B MpakTUYECKUX pacdyeTax Yalile BCETo MCIOIb3yeTCsl YPaBHEHHUE BU-
na (4), nanee Mbl OyJIeM CTPOUTDH PETYISIPU3ATOP UMEHHO JIJISI HETO.

Kak mpaBuno, koaddunuent nuddyszun D odeHb Mai, TOITOMY MPOCTHIE CXEMbI
JUIsl YpPaBHEHHS TIEPEHOCA OKa3bIBAIOTCSl HEAJEKBAaTHBIMU, YTO YCIOXKHSET YUCICHHOE
MOJICTTMPOBAHUE U TTOJJHUMAET BOMPOC O pa3pabOTKe METOAOB JIJISl PEIIEHHUs dTOU Mpo-
OJIeMBI.

Jliis petieHust 3a1aun ObUIO MIPETIOKEHO MCIIONB30BATh JIBA PEryisiprU3aropa, Imo-
CTPOCHHBIX MO o0mIel cxeMe. PaccMarpuBaeTcst cuctemMa peryisipu30BaHHBIX ypaBHE-
HUN Menkoi Bonbl (nanee PYMB), onucannas B [12]:

% + divjm = 0, )

0 (;“) +div (o @ 1) + vg?hQ — _gh*Vb+ divI], ©6)
B = h— 7div (hu), 7)

Jm =h(u—w), ()

w = % [div (hu @ u) + ghV (b+ h)] 9)

H=7u®[h(u-V)u+ghV (b+ h)] + 71 [ghdiv (hu)]. (10)



K neit nobasnsiercst perymnsipuszaius ypaBHeHUs nepeHoca. Ee MoxkHO mpoBecTu
JBYMSI CITOCOOAMM:

® ICMOJIb3Yys PETYISAPU3ALUIO TOJIBKO M0 u U h;
e ucronb3ys perymspuzanuio no C, u u h.

bynem ctpouts peryisipuzarop st Mojesi MB ¢ mpucoeIMHEHHBIM K HEW ypaB-
HEHUEM IS TIepeHoca nmpuMecH Buaa (4) U UCIoNIb30BaTh perynsipusaiuto s C, u
u h.

[Toctpoenue perynspuszaropa BRINISIAUT cleayromum odpaszom. Ilo anamoruu c
AJTOPUTMOM PETYJIIPU3ALHUH YPABHEHUM Ta30BOM TMHAMUKU U YPABHEHUN MEJIKOU BO-
a6l (MB) Oynem mosaraTh, 94TO B T€UCHHE HEKOTOPOTO MAaJIOTO0 MHTEpBaja BPEMEHHU
(BpeMEHU CIIIAKUBAHUS ~ T) KOHUEHTpALUs U3MEHSIETCs, IPUHUMAasi HOBOE 3HAYCHUE
C*. Jlns ee onpeesieHnus Pa3iokKiuM COOTBETCTBYIONIYIO (DyHKIHIO B psan Teimopa 1o
NIEPBOIO YIECHA I10 T

C*:C’—l—Ta—C,

ot
BBIpa3UM %—? 13 ypaBHeHUs (4), paCKpbIB MPOU3BOIHYIO IO BPEMEHH U TOJCTABUB %
u3 (1), nomyunm:

C*=C—1(u-vO),

3/eCh YUITEHO, 4TO ciaraemoe ¢ 7D mpeHeOpexxumMo Majo no cpaBaeHuto ¢ O(T).
HanomHuM, 4TO Takke MMEET MECTO W BBIPAXKEHHE ISl CKOPOCTU M TOJILIUHBI

CJIO5: P 9
u
t = —, h"=h+4+71—.
u u+rT o + 7 o
Kak Bunno u3 (5):
h*u* =h(u—w).

Torga moy4yuM KOHEUHbBIM BHJ PETYJISIPU30BAHHOTO YPAaBHEHUSI MMEPEHOCA:

h
% + div (j,,C) = div (DAVC + tuh (u-VC)) . (11)
Jliis mepBoro ciydas, 6e3 perynasipusauuu C, MOIyYUM ypaBHEHHE:
oCh
-t div (j,,C) = div (DhVCO) . (12)

Jlnist pacueToB Janee Mbl OyJeM HCIOJb30BaTh OOJIee CIOXKHBIA PEryisipu3aTop
(11), B xoTOpoM OMUMO JT0OABKHU K U U h peryisipusupyercs u konueHtpamus C'.



2. OgHOMepHBbIEe TeYeHUs

Peryssipu3oBaHHOe YpaBHEHHUE )il KOHIEHTPALMU NIPUMECH
B OJJHOMEPHOM CJIy4ae

Cucrema PYMB, 3anucaHHasi i1 TIJIOCKOTO OJJTHOMEPHOTO TEUECHUS, UMEET CJlie-
TYIOIIUNA BU:

Oh  Ojm
N + e 0, (13)
Ohu  9jp,u O [gh? ob  Oll
ot ox +6:1:< ) T T (14)
oCh 0 ,. 0 (,0C
i (5
jm:h(u_w)7 (16)
T |0 (hu2) 0
wﬁl 5 h%(h—l—b) (17)
B ou 0 0 (hu)
I =r7hu [u% t95- (h + b)] + 7gh 5 (18)

JIns 9UCIIEHHOTO pelIeHHs peryispu3oBaHHbIX ypaBHeHHH MB (13)—(18), mo-
T00HO MeTomaM, pa3paOOTaHHBIM JJIsI KBAa3UTa30JMHAMUYECKUX ypaBHeHUM [12], nc-
MIOJIB3YEM SIBHYIO 110 BPEMEHHU PA3HOCTHYIO CXEMY C alllIPOKCUMALMEN BCEX MPOCTPaH-
CTBEHHBIX ITPOM3BOJHBIX IEHTPATBHBIMUA PA3HOCTIMU. 3HAYEHUSI UCKOMBIX TMEPEMEH-
HBIX h(x,t) u u(z,t) 3agaauM B y3J1ax NPOCTPAHCTBEHHOH CETKH i. 3HAYCHHs Iepe-
MEHHBIX B TOJYIENBIX MPOCTPAHCTBEHHBIX TOUKaX i + 1/2 HAXOmATCS Kak CcpeaHee
apuMeTHUEeCKOe 3HAUCHUN B COCEAHUX TOYKAX:

bi + bis Ti + Tit1
bi+1/2 = Ty Ti+1/2 = 9
hi + hi Ui + Uiyl Ci + Cina
hiv172 = T U= T Ciy12 = —
Tivije ((hisiuiy — ho? hiv1 + b1 —hi —b;
; — h; ; 19
Wit1/2 T < Ay + ghiv1)2 Ay (19)



U; — U; hl + bZ - h, — bl
Wiy 12 = Tiv12Uiv172Riv1)2 <Uz'+1/2+1A—3j + g Zx > + (20
hl' U; — hzuz
+Tir1/29hi41)2 = Za: ;
Jmiv1/2 = Niv1y2 (Wiv1/a — Wit1)2) | (21)
hl'ﬂ_l — h¥ Jm i+1/2 _jmz'—l/Q
i Py dm 12, 22
At * Az ’ (22)
Ry phyk N Uit1/2dmit1/2 — Wi1/2Jm.i—1/2 N gh?+1/2 - h?—1/2 )
At Ax 2 Ax
bivig —bicip MWipip — T g0
— —g(h*); :
g(h") Az + Az
CHHIpEHL _ Okpk n Imi+1/2Ci11/2 = Jmyi-1/2Ci-1/2 _ (24)
At Az
1 Cit1 — C; C; —Ci_
= g5 (s (0 i) e (D4t )
35ech moJpa3zyMeBaeTcs, 4To:
h; iv1/2 — Nic12ui—
hE = hy — +1/2Wi+1/2 1/2U 1/2' 25)

Ax

VYCTOMYMBOCTE YUCIICHHOTO aJIrOpUTMa 00ECIIEYMBACTCS cllaraeéMbIMH ¢ KOd(du-
IIUEHTOM peryispusanuu 7. Onpeaenum KodOPUIUEHT perysspu3alui 7 CASTYIOIIIM
obpazom:

T = oaé, (26)

c
rje | — XapakTepHbI pa3Mep MPOCTPAHCTBEHHOM SYEHKM, KOTOPBIM HUCHOIB3YETCS B
YHCIICHHOM aJTOPUTME, HalpuMep, B BHIE | = +/S, TIe S — IUIONIaAb SYEHKH, ¢ =
v/gh — CKOpOCTh pacIpoCTPaHEHHUs JAJIMHHOM BOIHBL, (v — YUCIEHHBIA KOO(QHUIHEHT,
BBIOMPAEMBIN U3 YCIOBUM TOYHOCTH U yCTOWYMBOCTU cueTa. Kak mpaBuno, 0 < a < 1,

U B KaueCTBE 0A30BOr0 3HAUCHHUSI MOXKHO BbIOHpaTh v = ().5.



YcnoBue yCTOMYMBOCTH UMEET BUJ yciioBUs KypaHTa, rie mar 1o BpeMeHHU Bbl-

oupaercs 1o dhopmyIe:
A
At = f <—x) . 27)
c min

Bce TecToBbie paccueThl paccMaTpUBaIOT 3a/1a4uu, B KoTopbix D = 0.
Taxoke (32 UCKIIIOUEHUEM 3aJ1ad, B KOTOPBIX 3TO OTOBOPEHO) BO BCEX TECTaX HC-
MOJIB3YIOTCSI TPAHUYHBIE YCIOBHUSI CHOCA JIJISl BBICOTHI, CKOPOCTU M KOHIIEHTPAIIUHU:

%
ox

ou

; —_—
right Ox

@
ox

_oh
left Ox

o
left Ox

e

left Oz

right right

3HadyeHue kodddunreHTa 5 Bo Bcex HIDKENepeunciaeHHbIX TecTax: 5 = 0.1 (;iubo
3TO OrOBOPEHO).

B manHOM pasnene mokasaHo, 4TO BBEICHHUE JOMOJHUTEIBHON PEryIspU3alUN 110
C sBnseTcs cymiecTBeHHBIM. be3 Hee Tect 2.1 HEe cuMTaeTCcs BOBCE — Pe3y/bTaThl HE
PUBEACHBI, B TeCTe 2.2 TMOSABISAIOTCS OONbIIHME OCHWIUIAIMN pemenus s C' — 49To
IPOJIEMOHCTPUPOBAHO Ha pHC. 6.

Tect 2.1 — agBeKUMs 3arpsA3HEHUA HAJ HEPOBHBIM THOM
IHocTanoBKa 3agaumn

[Ipumep B3saT u3 [1]. HauanbHble yciioBUs M300pa)k€Hbl Ha puc. 2, 00JacTh:
x € [0, 1]. PaccMarpuBaeTcsi HaualbHbBIH YpOBEHb MOBEpXHOCTH Boabl: &(xz,0) = 1.
3HaueHUE MOTOKa B HavdalbHbIAH MOMeHT Bpemenu (Q(z,0) = h(z,0)u(z,0) = 0.1, a
TaKXe IMOoJaraeTcs 3Ha4YeHHe KOHCTaHThl ¢ = 1. HadanbHOe pacnpeneneHne KOHIEH-
TpalMK OrPAaHUYUBACTCS 00JACTHIO [0.4, 0.5], rne C (::r;, 0) = 1. ®yHK1IMA gHA:

0.25(cos(10m(z — 0.5)) + 1), 0.4 <z < 0.6,

) =V0 £ 0406

IIpennokKeHHbIH aBTOPaMU PETYIAPU3ATOP paboTaeT TOIBKO B 00IACTAX, I7ie €CTh
FpaI[I/IeHTLI CKOpPOCTH U KOHHGHTpaHI/H/I IpUMCCH. 3aMequ0, YTO €CJIN B HaanBHBIﬁ
MOMCHT BO3HHMKACT OCHUIIIAONSA YHUCICHHOI'O PCIICHHUA 34 CUCT HCAKKYpPATHOI'O 3a/a-
HHUS HAYaJBbHBIX YCJ_IOBI/Iﬁ I KOHOCHTpPAauKU, TO JaJICC B 06J_IaCTHX peuICcHuA € II0-
CTOHHHOﬁ KOHHeHTpaHHCﬁ nimn CKOpOCTBI'O 9T OCHHUIIIIAIIMN HEC paSFHaH(I/IBaIOTCSI n
IIEPEHOCATCA TeYeHHEM 0e3 M3MeHeHuit. 1103ToMy 17 aJeKBaTHOrO MOJEIHPOBAHMS
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Tecta TpeOyeTcs akKypaTHOE 3aJlaHie HadyajlbHOTO BO3MYIIeHUs. B maHHOM ciyda-
€T JJI1 3TOr0 MCIOJb3YETCs CIIAKUBAHUE, T.€. KOIJIAa HAYaJIbHbIE 3HAYEHUS IS KOH-
LIEHTpAllMK Ha TPaHUIE pa3pbiBa 3aJalOTCA B TPEX TOYKAX: JIEBAS W IpaBas TPaHULIA
pas3pbiBa U TOYKA MEX]y HUMH KaK MOJIyCyMMa I'PAHUYHBIX 3HAYCHUU, % = 0.5.

1 1
0.8/ 0.8
0.6/ w 067
o =)
el
0.4f 0.4f
0.21 02l
0 0
02 0.2 0.4 0.6 0.8 1 02 0.2 0.4 0.6 0.8 1
X, m X, m
a) b)

Puc. 2: HauvanpHubie ycnoBus. a) Pacnpenenenue koHueHTpauu; b) rpaduk pacrnpe-
JICTICHUS] YPOBHS TIOBEPXHOCTU BOJIbI, CKOPOCTH W HEPOBHOCTH JHA.

Pe3yJ'IbTaTbI MoacJIMpoOBaHuA

Kak numryT B [ 1], MOJIEIbHBIM pELICHUEM JaHHOM 3a/1a4u SIBJISCTCS MepEeMEICHUE
HAYaJIbHOTO BO3MYIIICHUS! KOHIIEHTPAIIMK MTPUMECH BIIPABO MO BPEMEHH C COXPaHECHHU-
eM ero BbIcoThl ' = 1.

Huske Ha puc. 3a npuBefeHsl pesyasrarsl jisi t = 0, 2 u 4. Az = 3.125 x 1074,
a = (.5 B ciIyyae CIOXKHOTO peryispusaropa. PacueTsl ¢ UCIOIb30BAHUEM PETYIISPU-
321U TOJBKO MO % U h OBICTPO PACXOASITCS.

B [1] npuBoauTcs cpaBHeHHe MeToaa koHeuHOTro oObema (FV — Finite-Volume)
U MeTojia yactull koHeuHoro oorema (FVP — Finite-Volume-Particle). [1pu cpaBHennn
pacuera, MOJIy4YeHHOro ¢ nmpuMeHeHueM moxaenu PYMB, u pesynwsratoB [1], BUAHO,
yto PYMB 3nauntensno npeBocxoaut FV u He ycrynaer FVP monenu.

Taxke Ha puc. 3b TpUBENCHBI PE3yNbTaThl IS PA3IMYHBIX 3HAYCHUH Axr mnpu
a = 0.5, § = 0.1. MoXHO yBUJIETh, YTO HAOIIOMACTCS CXOJUMOCTH pPEUICHUS TpU
CTYLLIEHUH CETKH.
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1.5¢ 150
—_—t=0 -3
s, —Ax=125x10
ct=4 -=-Ax=625x10""*
. - IF | ==Ax=3.125x10"
U 05 b © 05
0 'l [ ! [ 0
- ‘ ‘ ‘ ‘ -0. : : : ‘ : |
03,2 0.4 0.6 0.8 1 07 0% o8 oss 09 0% ]
om X, m
a) b)

Puc. 3: Pacnpenenenue KOHUEHTpalMK B ciiydae peryispuzanuu no h, u u C, o =
0.5, 8 = 0.1. a) Jlna pasmuuHbIX MOMeHTOB BpeMmeHu, Az = 3.125 x 1074, a = 0.5;

b) nns paznuuHbx 3HaueHud Az, t = 4

Tecr 2.2 — npopbIB VIOTUHBI HA IVIOCKOM /IHE

ITocTanoBka 3axauu

0.8F

U 0.6r

0.41

0.2r

0 500 1000 1500 2000
X, m

Puc. 4: Pactipenenenne koHneHTpaiuu C' ¥ ypOBHsSI TOBEPXHOCTH BOJIBI £ B HAYaTbHBIH
MOMEHT BPEMEHH.

Tect B3aT U3 [3]. B nanHOI1 3a1aue KOHIEHTPALUs IPUMECH, KAK U YPOBEHb JKH/I-
KOCTH, KMEET Pa3phiB B TOUKE 0OpyIIeHUsS 1aMObl, cM. puc. 4, odnacte: x € [0, 2000].
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HavanbHble 3HaYeHUs 3a/a0TCs ciaeayrommm oopasom: (h,u,C') = (1.0,0,0.7),
x € [0,1000]; (h,u,C) = (0.5,0,0.5), = € [1000,2000]. AHATOTHYHO MPEABIAYIIEMY
CIIydaro, 3HAYEHWs IS KOHIICHTPAIMM W BBICOTHI HA TPAHHUIIE pPa3pbiBa 3aJafoTCs B
TpeX TOYKax: JieBas M MpaBasi FPaHuIla pa3pbiBa U TOUKA MEXKy HUMH Kak MOJyCyMMa
IPaHUYHBIX 3HAYCHHUM.

Pe3ynbrarhl MOIEJIUPOBAHMS

UucieHHoe pellieHne TaHHOW 3a7auu ISl & COCTOUT U3 TPEX IUIOCKUX 30H — JIBYX
UCXOIHBIX HEAKTUBHBIX 30H II0 KpasiM M MPOMEKYTOYHOU 30HBI, KOTOPBIE pPa3AeIeHbI
JBYMSI TPOCTBIMU BOJIHAMU: BOJHOM pa3peKeHus, UAYIIEH BIEBO, U yIAPHON BOJIHOM,
UAYIIEN BOPaBO. A CKa4OK KOHLEHTPALMHU MPOCTO MEPEHOCUTCS CO CKOPOCTBHIO IPO-
MEKYTOYHOU TIOCKOW 30HHBI.

3aBUCHUMOCTb YHMCIIEHHOTO PELICHUs OT KO3((PUIIMEHTa peryisipu3auud « Ipe-
ctaBieHa Ha puc. Sa, Ax = 5. [Ipu npubmmxkernu k o = 0.1, HabIIOMaeTCS MOSIBIICHUE
OCHWUISALIMK U MOCIIEAYIONIEe HAPYIIEHUE YCTOMYMBOCTH YUCIEHHOIO perreHus. Jla-
nee a = (0.3.

Ha puc. 5b nemoHcTpupyercsi cXOAMMOCTb pELlICHUs TPU CTYIIEHUH Pa3HOCTHOU
CETKHU.

—a=0.1 Ax=5
0.8 =03 0.8 —Ax=25

--a=05 ---Ax=125
0.75¢ R ' a=07 0.751 ' == Ax=0.625
0.7 : ~ : 0.7 ;

0.651 - O 0.651

0.6 0.6/

0.55¢

0.45 I I I I I ] 0.45 I I I ]
1400 1500 1600 1700 1800 1900 2000 1000 1100 1200 1300 1400
X, m X, m
a) b)

Puc. 5: Pacnpenenenue mnsa t = 240, § = 0.1 perynaspuzamuu 1o h, v u C' a)
npouiib YPOBHS MOBEPXHOCTU JKUJIKOCTU JUJISl PA3IMYHBIX 3HAUCHUI Ko3duureHTa
a, Az = 5; b) KOHIEHTpAIIUY ISl PA3IUIHBIX CTYIIEHUH pa3HOCTHOU ceTkd, o = (.3.

Kak BumHO U3 puc. 6, 6oyiee CIOXKHBIN PEryIspu3aTop ropaso JIydlle CIIaxH-
BaeT ocrwuianui. OgHaKO HAOMIONAeTCsl MPOSIBICHUE OCIIIISAIMA B CaMOM Hadaje
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pacrpocTpaHeHus (BUAMMO MOTOMY YTO UMEET MECTO PE3KUi TpaJueHT KOHIIEHTpa-
II1N).

B [3] npeacTaBieHbl pe3yabTarhl ¢ UCIOJIb30BAHUEM JIBYXCTAIMHHONW IO BPEMEHU
KHHETHYCCKHMI CXEMBI, UMCIOIICH BTOPO# mopsiok TouHocTH, Axr = 20. OHH corya-
CYIOTCS C pacueTaMH, MOJTYYEHHBIMU C IPUMEHEHUEM PEryJISIPU30BAHHBIX YPaBHEHUM.

0.9r Y

0.81 N

ws *
&) [ U S
". 0.7 Y| ".
0.6}
A 0.5 :
0 500 1000 1500 2000 0 500 1000 1500 2000
X, m X, m
a) b)

Puc. 6: PacnpeneneHrne KOHLIEHTPAMM U YPOBHS NMOBEPXHOCTH KUIAKOCTH IS t =

240, Ax =5, a = 0.3, § = 0.1 a) perynsapuzamus no C'; b) peryispusanuu no h, u u
C.

Tecr 2.3 — 3agaya Pumana ¢ pas0deranieiucs KuaKOCTHIO

IlocTanoBKa 3agauu

3amaua B3sta u3 [4]. PaccmarpuBaercs obnacte x € [0, 50]. HauanbHblie ycio-

BUS TIPEJICTABIAIOT COOOM NBe pa3beraroluecss BOJIHBI OT LIEHTPa pas3pbiBa, pacrio-

JIO’)KCHHOI'O B KOOPAHUHATC T — 25 M, CM. pHC. 7. 3HaueHMs cjeBa OT pa3pbiBa:

(h,u,C) = (1,-5,1),x € [0, 25]; 3nayenus cupasa: (h,u,C) = (1,5,0),z € [25,50].
Bpewms pacuera t = 2.5 c.

3nech 3HAUEHUE CKOPOCTU U KOHIEHTpAIMK Ha TPaHHUIIe pa3phbiBa 3a/1aBajioCch B
JIBYX TOYKaXx, T.€. 0€3 MPOMEKYTOYHOTO CTIAKHUBAHUSI.

Pe3y.]'I])TaTbI MoaCJIMpOBaHUuA

B momeHT BpeMenu ¢ = 2.5 ¢ B LIEHTpe 001acTu oOpasyeTcsi Tak Ha3bIBacMas
30Ha "'cyxoro aHa'", mogo0Has 3aa4a yxe Oblia paccMoTpeHa B pamkax PYMB B [13].
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j i u(x,0)
S &(x,0)
| C(x,0)
1 1
oF e e e e e e e e ——————
_1 -
_2—
_3 -
—4t
-5 ‘ ‘ ; ‘ ‘
0 10 20 30 40 50

Puc. 7: HauansHOE pacnpenesieHue CKOpOCTH, KOHLIEHTPALMUA U YPOBHS MOBEPXHOCTH
BOJIBL.

B [4] roBopuTcs, 4TO 111 MTaHHOM 3a7a4d TOYHBIM PELICHHUEM JJIsi pachpesesie-
HUSl KOHIIEHTpauu npuMecu C' SBISETCS CTAIIMOHAPHBIA pa3pbIB, KOTOPHIH B 0OJIb-
IIMHCTBE YHCJICHHBIX CXEM BOCIIPOU3BOJIUTCS OYEHD TPYAOEMKUMHU METONAMMU.

Pesynwrater ans pactipenenenus £ u C' Ha MOMEHT BpeMeHH ¢ = 2.5 ¢., Ax = 0.1,
o = 0.3 npencrapiieHbl Ha puc. 8. Pe3ynbTar COBNAJA€T C TOYHBIM PEIICHUEM IS
TH0OBIX pa3OMEeHul Mo CeTKe.

0.81 0.81

w 0.6 0 0.6
0.4} 0.4}

0.2r 0.2r

0 10 20 30 40 50
X, m

b)

Puc. 8: Pesynwrater pacuera mis t = 2.5 ¢, Ax = 0.1, o = 0.3. a) I'padux pacnpene-
JICHUsI YPOBHS TOBEPXHOCTH BOJBI; b) pacmpeeneHne KOHIIEHTPaIUH.
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3. IlpocTpaHCTBEeHHbIE TEYCHUS

Peryasipu3oBaHHOe ypaBHEHHE JJI1 KOHIEHTPAUN NPUMECH
B IBYMEPHOM cCJIy4yae

JI71 I1oCKOM TEOMETPUM yPAaBHEHHE JJIs1 KOHLIEHTpauuu B cucreme PYMB 3anu-
IeTCS B BUJIE:

oCh  09,.C  97,C
n J i Jmy

ot Oz oy (28)
0 oC oC o (. oC oC
= — o D 2 T - - — D 2 T a_ |-
5 (h&c( + Tui) + Tu uyh8y> + 3y (hay( + TU,) + TU uyhax>
Ero pasHocTHas peanu3aius:
Ch = Ch— (29)

At . . At
Az (Jm/z,j@ﬂ/m - Ji—l/z,jci-l/%) Ay (

At Cit1, — Cij x
X (h¢+1/2,j - JAx LD+ Ti1jaj(ufyy o))+

-y Y
Jij1y2Ciivrja = Ji,j—1/20ivj‘1/2> *

" y h Ci+1/2,j+1/2 - Ci+1/2,j71/2
+ Tit1/2,j%it1/2,j%i11/2,5i4+1/2,5 Ay o

Cij—Ci1; @
—hi1/2,— Az HD A+ Ty (U 25)°) +

Cic1j2j+172 — Ci12,5-1)2
—i-TZe1/2,juf_1/2,j“?_1/2,jhi*1/27j — Ay — "

At - Cijr1—Cij
Ay i,j+1/2 Ay

+

(D + Tz',j+1/2(u?7j+1/2)2)+
Cit1/2,j+172 — Cic12,j+1/2
+ +Ti7j+1/2“ij+1/2uzy,j+1/zhz’,j+1/2 s —

Crj— Coj
_hi,j—l/Q ) Ay d-1 (D + Ti,j_l/g(uzjil/2)2)+

Civi/2,j-1/2 — Cic12,5-1/2
+Ti7j—1/2uij—1/2ug’j71/2hi,j—1/2 Ar .
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Tect 3.1 — 3aga4a npopbIiBa CHMMETPUYHOM 1aMObI HA IJIOCKOM JIHE
IlocTanoBKa 3agauu

Jlannbiii Tect B3AT U3 [2]. Takxke oH paccMarpuBaics B [4].

B manHOM mpumepe paccMmarpuBaeTcs kBaaparHas obnacts [0, 1400] x [0, 1400].
Ha puc. 9 n3o0pakeHbl HAYaJIbHBIE YCIOBHS JJIsl BEICOTHI YPOBHS KUIAKOCTH, CKOPOCTH
U KOHIIeHTpanuu. Bona BeITekaeT uepe3 OTBEpPCTHE, HAXOSIIETOCS MEXKIY KOOpIuHa-
Tamu y = 560 u y = 840; koopaunara cteHku z = 700.

@DyHKIMS, OMMCHIBAIOIIAS HAYaJIbHBIE YCIOBUS JUIsl KOHIIEHTPAIIUN IPUMECH, BbI-
IS TUT CIEAYIOIIMM 00pa3oMm:

—0.0001[(z—650)?+(y—600)?] <y < <<
Cla,y,t = 0) = e , 02700, 0<y <1400,
0.5, 700 <z <1400, 0 <y < 1400.
1400 -
L =1 c=0.5
- u=u=»>0 u=u=»>0
goof X ¥ x y

aa0 |

200 -

L L 1
400

L TR
GO0

L 1 TR
&00 1000 1200 1400 c

|
o 200

: 0 010203040506070809 1

a) b)

Puc. 9: HauanbHoe pacnpeneneHue a) ypoBHsS HOBEPXHOCTH BOJBI M CKOPOCTH;
b) ypoBHSI MOBEPXHOCTU BOJIbI C HAJIOKEHHOW KapTOil pachpeesieHHs] KOHIIEHTPaIU K.

['paHnyHbIE yCIIOBUS HA JUHUAX, COOTBETCTBYomMX © = 0 u x = 1400, craBu-
JIMCh KaK YCIJIOBUS CHOCA:

oh oC ou,, ou,
T =20 ") — 0
on " On " On " On ’
715 BCEX OCTAJIbHBIX CTEHOK CTABMIINChH YCJIOBUSI OTPAKECHMS:
oh oC ou-
—0, 0, u,=0 LZ_p

on on on
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Pe3y.]'leaTI)l MoACJIMpOBaHuA

Pesynsrarer aiist ¢ = 200 npencrasnens! Ha puc. 10 u 11. Koadgdunuentsr o =
0.5, 8 = 0.2. YUucno pazouenuit no cerke: N, = N, = 500, 4TO COOTBETCTBYET:
Ax = Ay = 2.8 M, Takue ke pa30MCHHs CeTKH UCTIONB3YIOTCSA U B [2], [4].

m 1

3 025 04 045 05 055 06 G865 07 075 0.5 0856 15 085 030405060708008

1200

1000

a0

600

400

200

800 1000 1200 1400
X

a) b)

Puc. 10: Pe3synbrarsl pacuera [uisl pacrupeeieHus ypoBHS MOBEPXHOCTH BOJbI. a) B
TPEXMEpPHOM BUJE; b) U30JIMHUN YPOBHS U JIMHUU TOKA.

0.1 0 01 020304050807 08089 01 0 0102030405 08607 0809
1000

a50
00
850
&00
750
=700
650

&00
550

&00
450
400

X

b)

Puc. 11: Pesynprarel pacuera sl pacrupeiesieHus KOHLEHTpaluu npumecu. a) B
TPEXMEPHOM BHUJIC; b) B IJIOCKOCTH.
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B [2] npuBoautcs cpaBHeHune meTtona koHeuHoro oobema (FV — Finite-Volume)
u Meroaa 4dactui koHeuHoro oorema (FVP — Finite-Volume-Particle). Tloatomy na-
Jee pe3yJsibTaThl pacuera ¢ npuMeHenueM PYMB OynyT cpaBHUBATHCS C 3TUMH JBYMsI
MOJIEIISIMH.

Pacuetsr xopomio cornacytorces ¢ [2] u [4]. IIpu ymenbmienun o o 0.2 yBe-
JUYUBAETCA aMIUIUTYJa BUXPEH, UTO COOTBETCTBYET KapTUHE, MPEACTABIECHHON B [2],
[4]. Taxxke u3 puc. 10 BUAHO, YTO pEIIEHUE I TIOBEPXHOCTH KUAKOCTH XOPOIIIO Je-
MOHCTPHUPYET KapTHHY KaK KPYroBOH YIapHOU BOJHBI, TaK U BUXpPEil, 00pa30BaHHBIX
1o o0e CTOpPOHBI OT pa3pbiBa. AHAJIOTUYHO ISl KOHIIEHTpamuu — puc. 11 — MOXHO
HaAOJI0IaTh YETKOE pacmloiokeHne (POHTOB U CTPYKTYp BHYTPHU BHXpEil, Kak u B [2].

[IpucyTCTBYIOT HE3HAYUTENBHBIE OCUMUJUISINUN KOHLIEHTPALMHU IPUMECH B MAJIOM
BHUXpE, KOTOpBIE, OIHAKO BCTpevarorcs U B [2] mnsa FV meroma. B cioyuae xe FVP
METOJ]a BUXPb HEECTECTBEHHO CIVIA’KEH, YTO BBI3HIBAET COMHEHMSI C TOUKHU 3peHUs Pu-
3UYE€CKOM KOPPEKTHOCTH PEIICHHUS.

Tecr 3.2 — 3apa4ya o paspyumieHuH 1amMObI HAJl HEPOBHBIM JTHOM NPH
HAJIMYUM UCTOYHHKA

Brmmumem cucremy PYMB BMmecTe ¢ ypaBHEHHEM NIEpPEHOCA NMPU HAJIWYUUA KC-
TOYHUKA ITPUMECH:

o divim =S, (30)

a(aht“> + div (j,, ® u) +v97h2 — _gh* Vb + divII, 31)

a% 4 div (juC) = div (DAVC + ru[(uh - VO) + CS — T.8]) + T.S,  (32)
re:

= h — 7 (div (hu) — S), (33)

Jm =h(u—w), (34)

w = % [div (hu ® u) + ghV (b+ h)], (35)

M =ru®h(u- V)u+ghV (b+h)+ Su]+rI[gh(div(hu) — S)].  (36)

O06o3Hauenus, kak 1 B PYMB: h(x, t) — TOJIIIIMHA CJIOS BOJbI, OTCUMTHIBacMas OT
nHa, b(X) — ypoBeHb JHA, U(X, 1) — BEKTOP pachpene/ieHusi CKOPOCTEH, g — YCKOpEHHUE
CHJIBI TSDKECTH, HAMpPaBICHHOE BHH3 BIOJb och z. C(X,t) — KOHICHTpAIUS pUMe-
cu, D — xoadpdunuent muddysuu, £(x,t) = h(x,t) + b(x) — ypoBeHb MOBEPXHOCTH



19

Bozbl. [IOMHMO 3TOrO B ypaBHEHUH MPHUCYTCTBYIOT: S(X,t) — 0003HAYaET UCTOUHHK
xuakoctu (M/c), u T — 3HaYeHUE KOHIICHTPAIIUW MPUMECH B HCTOYHUKE .S.

Perynsipuzarop (33)—(36) aiist cucremsl ypaBHeHuit (30)—(32) mocTpoeH ¢ yueToM
BKJIFOUEHHOTO B CUCTEMY MCTOYHHKA puMecu. OTHAKO ClIeayeT OTMETUTh, YTO BBEJIe-
HUE MCTOYHUKA B PETyJSIpU3aLMI0, KaK MOKAa3aJld YUCICHHBIE YKCIIEPUMEHTHI, B 3TOM
3a/1a4e He BAUseT Ha pesynapTar. OgHako, Kak nuiyT B [3] u [4], 11 cucTeMbl ypaBHe-
HUN C UCTOYHUKOM MOSIBISIETCSI HEOOXOUMOCTh BBITIOJTHEHUSI HETPUBUAIBHBIX YCIIO-
BU OajaHca M 3aKOHOB COXPaHEHHs, Yero JT0OMBAIOTCS HE Bce cXeMbl. (s oneHku
BIIUSIHUS 3TOTO (DaKTOpa Ha PEIICHHE BO3MOYKHO 00OO0IIEHUE YHEPTETUUSCKOM OIEHKHU
peuenus u3 [14].

ITocranoBka 3aaaun

Tecr B3sT u3 [2]. PaccmarpuBaercst kBaaparHast obmacts: [0, 1400] x [0, 1400] ¢
HaYyaJIbHBIMU YCJIOBUSIMU JIJISl TIIYOMHBI M CKOPOCTEH, MPOAEMOHCTPUPOBAHHBIMH Ha
puc. 12.

I'panuiia 1Byx ob6sactTeil onuchIBaeTCs Claeayrome QyHKIUen:

min (500 + ©550%,000] , 0 <y < 700,

['(y) =
500, 700 < y < 1400.

1400
1200 -

1000 |-

=11

g
I
|
S

800 -

hu_=100 hu_=0

600 - hur =0 huy =

200

. 1 1 1 1 1 1 J
0 200 400 600 800 1000 1200 1400
X

Puc. 12: HavanbHO€e pacnpeneneHre ypoBHs ITOBEPXHOCTH BOABI U ITOTOKOB.
JIHO B 9TOM 3a7aue umeeT GopMy TpPEX PIUIMITUYECKUX TayCCUAHOB:

b(a:,y) 45 6—51(1—800)2—52(31—700)2 + e—ng(x—600)2—n1(y—600)2 + 6—/{2(:5—1000)2—#;1(1/—700)2

Y
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TOC K1 = 10_4, Ko = 1073,
HavanpHoe yciaoBue misa koHneHTpanuu: C' (x, Yy, t = 0) = 0, HO B JaJbHEUIIIEM,
U3-32 HAJINYHUS UCTOYHHKA:

9

S(z,y,t) = 0. 5e—0-5(t=8)?=0.00001 (+y—1300)2-0.0005 (2 —y—100)*

KOHUEHTPALUS IPUMECH B KOTOpoM Ty = 25, OHa BO3pacTaer.
Busyanuzanuio GpyHKIMY AHA U PYHKIIMH HCTOYHUKA MOXHO HAOII0AaTh Ha puc. 13.

R T I _ —
0206 1 14182226 3 343842 - | | ”*t—'.

0 0.06 012 0.18 0.24 0.3 0.36 0.42 0.48

0.5

04k

03k

0.2k

o1’

b)

Puc. 13: a) barumerpus nna; b) pacnpeneneHue QyHKIMNA UCTOUHUKA AJisi ¢ = 8.

Ha rpanunax ctaBuimce yciioBus CHOcCa:

Oh aC du, du,
n- " "am =" " fn

Pe3ynbrarsbl MoaeIUPOBAHNS

Pesynerarel npeacTasiaeHsl 1l BpeMeHH pacueta t = 30 m o = 0.5, § = 0.2.
N, = N, = 500, uro coorBercTByeT: Ar = Ay = 2.8.

B [2] npuBoauTcs cpaBHeHne MeToaa koHeuHoro oobema (FV — Finite-Volume) u
MeTona yactuil koHeuHoro oobema (FVP — Finite-Volume-Particle) gyist pazouenus mo
cetke IV, = N, = 500. ITosToMy nanee pe3ynsrarsl pacyera ¢ npuMeHeHnem PYMB
OyIyT CPaBHUBATHCS C ITUMU JIByMSI MOJEIISIMU.
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105 11 115 12 125 13 135 14 145 15 155 16 165 17

1200
12001

1000 1000 1

800 800

600 6001

400 400 /

2004
200

)
a)

Puc. 14: CpaBHeHue pe3ylIbTaTOB PACUETa U30IUHUMN IS YPOBHS IOBEPXHOCTHU HKH/I-
koctu. a) PYMB; b) [2] (ock x cnBunyta Ha 300, B [2] = € [—300, 1100)).

0 200 400 600 800 1 0.0(}

b)

T T | L
1000 1200 1400

Ha puc. 14 npuBeneno cpaBHeHue pe3ynsraroB Moaenu PYMB u [2]. Buaso, yto
CTOJIKHOBEHHE MCKPUBICHHOW YIapHOW BOJHBI HAYaJbHOTO pacipe/iesieHus ¢ HEPOB-
HOCTSIMH JHA MPUBOAUT K JOBOJIBHO CIIO)KHBIM BOJIHOBBIM CTPYKTYpaM.

Pesynprarel gyt PYMB 3Bonmonmny n3aMeHeHus KOHIEHTPALMKU ITPUMECH BO Bpe-
MEHH U300pakeHbl Ha pUC. 15 Ha Te )K€ MOMEHTBI BpeMEHH, 4To U B padote [2]. [Toxa-
YepKHeM, 4TO 00a pacdeTa BBINOJIHEHbl HAa OJIMHAKOBBIX NMPOCTPAHCTBEHHBIX CETKaX,
npu 3ToM Metog PYMB umeer nepBbiii NOpsiI0K TOYHOCTH IO IPOCTPAHCTBY, & METOJ
u3 [2] — kKak MUHUMYM BTOpO#l. BusyanbHoe conocrasiieHue pe3ynsraroB PYMB u [2]
MOKa3bIBAECT UX OJIM3KOE COOTBETCTBUE.

Puc. 16 nemoHcTpupyeT pacnpeneyicHue JUHUKA TOKa HA MOMEHTBI BPEMEHU ¢ =
7.5 U t = 22, noka3pIBarollee Mmojae CKoOpocTei, KoTopoe GopMHUpPYET pacmpeneiieHue
MIPUMECH.

Ha puc. 17 u 18 MOXXHO CpaBHUTH pE3yJibTaTbl PACUETOB i1 KOHLECHTpAIMU B
naBymepHoi mpoekimu Ha ocu (Cy). Pe3ynbrar, MonMydeHHBIH ¢ MOMOIIBIO MOJIEIH
PYMB, cpaBuuBaiics ¢ Mmeronamu FV u FVP u3 [2] u HaxoguTcs NpUMEPHO MEXKITY
HUMU.

Taxxe Ha puc. 19 npuBOAUTCS 3aBUCUMOCTD YMCIEHHOTO PEUIEHUS OT CTyIICHUS
cetkd (8 = 0.2, a = 0.5) u usmMenenus napamerpa o (N, = N, = 400, 8 = 0.2).
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Puc. 15: PYMB: U3onuHuu pacnpeneneHuss KOHUEHTPAUUU MPUMECH AJISL Pa3IUYHbIX
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MOMEHTOB BpeMeHH. a) t = 7.5; b) t = 15; ¢) t = 22.5; d) t = 30.
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Puc. 16: JlemoHcTpauusi U30JIMHUI YPOBHS BOABI M JIMHUM TOKa JJi1 MOMEHTOB Bpe-
MeHH a) t = 7.5; b) t = 22.5.
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Puc. 17: PYMB: 2D npoekuus kontenTpauuu npumecu (C(y)) Ha MOMEHT BpEMEHH
t = 30.
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Puc. 18: Pesynbrar u3 [2]: 2D npoekuust koHueHTpaiwu npumecu (C'(y)) Ha MOMEHT
Bpemenu t = 30, nocuntanHas metogamu FV (crnea) u FVP (cnpaga).
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Puc. 19: PYMB: 2D mnpoekuust konuenrpauuu npumecu (C(y)), 5 = 0.2. a) dus
Pa3sIMUHBIX pa3OueHui ceTku, o = (0.5; b) Mg pasnu4HbIX 3HaYeHui o, N, = N, =
400.
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3aKJII0YeHHue

B pabGote BnepBbie MOCTPOEHBI PETYISIPU30BAHHBIC YPAaBHEHUS THAPOIUHAMUKU
COBMECTHO C YPaBHEHHEM JIJIsl IEPEHOCA MACCUBHOIO CKasipa, KOTOPHIM MOXET OBITh,
B YACTHOCTH, KOHILICHTPAIUS IIPUMECH B JKUAKOCTH. B UMCIEHHBIX SKCIEPUMEHTAX HA
npuMepe TeYCHUN B MPHUOTUKEHUN MEJIKOM BOJIBI TTOKA3aHO, YTO HAJUYHE JOTOTHU-
TEJIbHOW peryJsipu3alii B YPAaBHEHUH JIJIS IEPEHOCA CKAJISIPA CYLIECTBEHHO YIIy4YIIaeT
Kaue€CTBO YMCIICHHOTO PEIIEHUS U1 YPAaBHEHUS MEPEHOCA MO0 CPABHEHHUIO C UCIOJb-
30BaHUEM PETYISPU3ALMU TOJBKO JJIsI yPaBHEHUN HEPA3PBIBHOCTU U UMITYJIbCA.

AHAJIOTUYHBIA NPUEM MOXXHO MPUMEHUTh U JUIA pelieHusl ypaBHeHul HaBbe-
CTtokca Jj1s ONHUCaHUsI TEYECHHUSI HEU30TEPMHUUECKONM BSA3KOM HEC)KUMAEMOW KUIKOCTH,
paccMmarpuBas ypaBHEHHUE TEIUIONPOBOAHOCTH KaK YpPaBHEHUE NEPEHOCA NMACCUBHOIO
ckamsipa ¢ koHmeHrpamueid C'. B 3ToM ciiydyae perynspu3oBaHHBIA BU CUCTEMBI 3aITH-
HIETCS KakK:

Viu—w) =0, (37)
1
g—‘;+v.((u—w)®u)—v-z/(Vu+(u)T) ~V-(u@w) =, vptt G8)
0
I'’IC CKOPOCTh:

1
w:T(u-Vu+p—Vp—f), (39)
0
a peryisipu30BaHHbIN BUJ YPABHEHHUS NEPEHOCA MPUMECH:
oC v
E—I—V-((u—W)C)—V-(§VC+Tu(u-VC)) —0. (40)

3nech 5 — ko3hduuent nuddysnn npumMecH, Ui, 1y TEIIONPOBOIHON JKKJI-

KOCTH, KOX(h(UIIMEHT TeMITepaTypOrpOBOJIHOCTH.

OtMeTtumMm, 4TO paHee ypaBHeHHe Buja (40) 3anuchiBaioch 0€3 yueTa cliaraeéMoro
¢ rpaauentoM C' B MpaBOMl 4acTH, YTO MPUBOAMIO K CYIIECTBEHHBIM OCIHUJUIALUIM
pelIeHus B cllydae MajbiX Kod()()HUIIMEHTOB TeMIIepaTypOpOBOAHOCTH.

baarogapHocru

B 3akmtoueHue aBTOpBI BhIpakaroT OnarogapHocTh A.A. 370THUKY 32 KOHCTPYK-
THUBHBIE 3aMEYaHUS N0 MOBOJY BUJA PETYISIPU30BAHHBIX YPABHEHUW U 3a IIOAOTBOP-
HBIC UJEU MO ITOCTAHOBKE HAYAJBHBIX YCIOBHUM B 3aJadax MEPEHOCA.
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