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AnHoTanms. B paboTe co3mana Moaens cxo/a JJaBUHHOTo oToka B makete OpenFOAM, rae
JIaBMHA CMOJIENIMPOBaHa KaK ABYX(a3HbIH TypOyIeHTHBII MOTOK (CHET - BO3IYyX). 3a OCHOBY
ObLI B3ST YHCIEHHBIH METOX JUI peIIeHMS 3ajad JABIDKCHUS JABYX(as3HBIX Cpel ¢
MOBEPXHOCTBIO paszziena - Mmeron mnepeHoca o0wémuoi momu (VOF). JlanHbli anroputm
peanuzoBal B pemarene InterFoam, koTopslii n GbUT HcHONB30BaH B padoTe. Vcronp3oBanachk
K — & mozmens TypOyneHTHOCTH. B Mozenu cHer ObLT MpeACTaBIeH KaK HEJIMHEHHO Bs3Kas
KHIKOCTh, OIMCBIBAEMas PEOJOTHUECKUMH COOTHOIIEHUsMH Xepuiens-bankm. Bosmgyx
MIPEICTaBIAET COOO0M BA3KYIO HBIOTOHOBCKYIO Cpemy. [t ommcaHus MOJEIH MCHONb3yIOTCS
ocpenHéHHbIE 10 PeitHonmpacy ypaBHeHHs HaBbe-CTOKca, peoioTHYecKHe COOTHOLICHUS, a
TaloKe ypaBHEHUS Ul TypOyJIEHTHON KMHETHYSCKOHW sHepruu u muccumanuu. IloctpoeHa
pacuérHast 001aCTh JIABUHHOTO odyara Homep 22 ropsl FOxcnop XuOHHCKHX TOp Ha OCHOBE
midposoit monenu penseda popmara ASCII GRID. B3sThl KapThl 30HBI 3apOKACHUS U 30HBI
oTyiokeHuil 129-0if 1aBUHBI, IIyOWHA CHEXXHOTO TIOKPOBA B 30HE 3apOoXIeHUs coctaBuia 1,5
METpa, PACCUUTAH MOTOK, BO3HHUKAIOIIUNA B 30HE 3apOXKICHHS, U CPABHUBAETCS MOJEIbHAs
30HA OTJIOKEHUsSI C HATYPHBIMU JaHHBIMU. TaKke CMOJIETMPOBAHO IBUKEHHNE CHETO-IIBLIEBOTO
obnaka. [lomydeHsl pacmpeneneHus] CKOPOCTEH, DaBJIeHUS U OOBEMHON JONMM CHEra BO BCE
MOMEHTHI BpeMeHH, (hopMa JIJaBUHHBIX OTJIOKeHHH. CpeqHssi CKOpOCTh MOTOKA cocTaBmia 44,8
M/C, 4YTO ONM3KO K JCHCTBHUTENBHBIM CKOPOCTSM JABWKCHUS JIaBHH B IAaHHOM oOdare.
MakcumManbpHast CKOPOCTh JJABUHHOTO IOTOKA (BKIJIIOYAs CHETO-TIBIIIEBOE 00JIaK0) cocTaBmIa 78
M/c. JlaHHBIE pe3yNabTAThl MO3BOJAIOT ONTHMAIBHO IPOEKTHPOBATH IPOTHUBOJIABHHHEIC
COOPY’KCHHUS U ONPEEIIATh JABUHOONACHBIE TEPPUTOPUH.

KnioueBble ci10Ba: maBUHOBENCHHE; TypOYIEHTHBIH MOTOK; AByX(as3Has cpena; >KUIKOCTb
Xepens-bankm.
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Jasa nurupoBanusa: Pomanosa .M. TpéxmepHoe MOAENIUPOBAHUE IOTOKOB KUAKOCTU
Xepuens-bankinu Ha ckiione B OpenFOAM. Tpyast CII PAH, tom 29, Bein. 1, 2017 1., cTp.
85-100. DOI: 10.15514/ISPRAS-2017-29(1)-6

1. BeedeHue

CKJIOHOBBIE TIOTOKH, B TOM YHCJI€ JIABUHBI, — PaclpoCTPaHEHHOE SIBJIICHHE B TOpax.
B Poccunm omm Berpewarorcss Ha Kapkaze, B XuOwHax, ropax IIpuOaiikamss,
3abaiikanes, Ha Ypaie, YyKOTKE — CIIOBOM, BCIOAY, Tl yIJIBI MaJeHUs CKIOHOB
6ompmre 15°, n nmeeTcs CHeXHBIH MoKpoB riryouHo#t 30 - 40 cM u Beime. I’ poMaaHbIe
pas3pylIeHus, BbI3bIBaeMble 00BalaMH CHETa, YEJIOBEUECKHE JKEPTBbI, MIJIJIHOHHBIE
yOBITKH, HEBO3MOXKHOCTb TOJJIEPKaTh KPYIJIOroAndHoe OecriepeboifHoe NBIKEHNE
M0 TOPHBIM J0poraM, TpeOyIoT yJensTh OOJbLIOe BHUMaHUE MpodiieMe OOphObI C
JJaBUHaMHU, UCCJICA0BATh U MOJACIIMPOBATH UX. I[J'lﬂ OLCHKH JIABUHHOM OMACHOCTHU npu
W3BICKaHUSAX U CTPOMTENILCTBE B JIABUHOOIIACHBIX paifoHaX HEOOXOANMO ONPEACIIATh
HanOOJNBIIYIO JAIBHOCTH BHIOpOCA JIABUH W BO3MOJKHYIO CHJIYy yZJapa JaBHHHOTO
cHera. J[yist onpeneseHust CHIIbI yiapa TpeOyeTcsl 3HaTh CKOPOCTh JIBH)KEHHS JIABHHBI
(TouHee, e€ PpOHTANTBHON YacTH), a TAKXKE BHICOTY (DPOHTA.

2. Modenb deuxywelicsi cpedbl

JlaBnHa mpencTaBieHa KaKk HEC)KMMAEMbIH TypOyJeHTHBIH ABYX(a3HbIH IMOTOK —
CHeEr W Bo3lyX. Mcnonb3yroTcst ypaBHEHUs, ocpeIHEHHBIE 0 PeitHonbacy. Monens
ONMCHIBAETCS. CUCTEMOW ypaBHEHMH, BKIIOUarolled ypaBHeHus PeliHosbaca,
ypaBHEHHE HEpa3pbIBHOCTH, ypaBHEHHE OOBEMHOW moiu (as3bl, ypaBHEHHE IS
KHHETUYECKON 3HEpPruM TypOYJIEHTHBIX IyJbCAllMi, YpPaBHEHHE IUCCHNALMU U
PEOJIOTHYECKHE COOTHOIIECHUS.
VYpaBuenus PeitHonpaca BRINIAOAT ClieAylomuM oOpa3oM (depTa Han OYyKBOH
03Ha4aeT ocpenHeHune no PeitHonbacy):

9(p;)

at

ap afij
)
ax]' 6x]-

rje T;j - KOMIIOHEHTbI OCPEJHEHHOTO 10 PEHHONBICY TEH30pa BASKUX HANPSIKEHHU:
Tyj = 2uéyj, w=u(lyD,
_ _1foy ouj ol o —~ _
ey = E(a_xj + on) [yl = v2I(e), L(e) = e;jey;.
[anee p BbIpa)kaeTcsi yepe3 KNHEMAaTHYECKY IO BA3KOCTb! u=pv,
a p 1V BBIYHUCIAIOTCS Yepe3 00bEMHYIO OO CHETra o
v =1 = a)Ver + QVsnow,
p =1 = a)pair + APsnow

a — — T
+ E(auiuj +pu' ) =pgi —
J

1 —cHer
a =40 < a <1 — B nepexoJHOM cJioe
0 — BO3AYyX

3LleCI) HHACKC «airy COOTBETCTBYCT BO3AYXY, @ HUHICKC «SNOW)> - CHETY.
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Jnst paznuyHbIX (a3 UCHONB30BaHbl Pa3IMYHbIE PEOJIOTHUECKHE COOTHOIICHHUS, IS
CHera B3fATHl peoJIoTHUecKue cooTHouleHus Xepmemns-baakmu [1, 2], Bo3myx
MIPEJCTABIEH KaK HBIOTOHOBCKAs Cpefia.

HbroroHOBCKast MOZIENb: Mogens Xepuens-banknu:
_ Totkly|"

o k,n = const

T =uy, 4= const T=Uuy, U
3meck T — CIBUTOBOE HATIPSDKEHUE, |Y| - CKOPOCTh CIBHTA.

B cmygae mpocToro COBUTOBOTO TIOTOKAa COOTBETCTBYIOIIUE PEOJOTHUCCKUE
COOTHOILICHVSI UMEIOT BHJ (CM. pHc. 1)

T

Puc. 1. 3asucumocmob c081206020 HANPA*CEHUS OM CKOPOCIU COBUSA 6 NPOCMOM CO8UL080M
nomoxke 05 pazmvix mooeeil cpeo.

Fig. 1. The shear rate dependency of shear stress in a simple shear flow for different
rheological models.

B cumiy BBIOpaHHBIX pPEOJOTHUYSCKUX COOTHOIICHHH KHHEMAaTHYeCKas BS3KOCTHh
BBIYHCIISIETCS TTO-PA3HOMY IS BO3yXa U JJIs CHEra:

—n
To+k|7| )
psnowﬁ’l ’
TIC Vspow, = CONSt 3amaéTes Mpy KATMOPOBKE MOJICITH B COOTBETCTBUY C TAHHBIMHU
HCCIIeyEMO JTaBUHBI.

Vgir = const = 1.48 - 107° m?/cek, Venow = Min (vsnowc,

Heo6X0uMOCTb  BBEJIEHHSI KOHCTAHTBI Vpoy, CBA3AHA C TeM, YTO 3HA4YEHHE
KAHEMaTHYECKON BA3KOCTH CHera MpH Ty # 0, CTpeMuTCS K OECKOHEYHOCTH, KOTZa
|¥] = 0, xak mokaszaHo Ha puc. 2.

B pacuerax 3ajaHa IUIOTHOCTh BO3AYyXa Pgi = 1 Kr/m3. IlapameTphl 1js cHera,
Takue KaK Pspow, K, M, To, OYyIAyT TOHOOpaHBI TpHM KAIMOPOBKE MOIENHA B
COOTBETCTBHMH C HATYPHBIMHU JaHHBIMHU. CKOPOCTH (a3 CUMTAIOTCS OANHAKOBBIMH.
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Y

Vo

Y

Puc. 2. 3asucumocmo s¢pghexmusnoil 6s3K0cmu om cKopocmu coguea 07isi cpedsvl Xepuieisi-
banxnu npun < 1.

Fig. 2. The shear rate dependency of effective viscosity at n < 1.

I[HSI OIMCaHusA MOJCIN UCIIOJIB30BaHbI CJICAYIOIINE YPAaBHEHU.

YpaBHEHUE HEPA3PBIBHOCTH:

ap | A(pwy)

L4200

at + 6xl-
YpaBHeHue 00BEMHOI 101 (hasbl:

da 6(auj) _

at 626']'
B kauectBe mozenu TypOyneHTHOcTH Oepé€rcs K — & Mopenb. YpaBHeHHE s
TypOyJICHTHOI KHHETHYECKOH SHepruu K:

a(pk) , 9(pu;K) @ K 3 (e 0K

= S+ — (B2 ) + Py — pe.

at axj- 6x]' He ax]- 6x]' ch6Xj kK~ P

YpaBHeHUE AJi JUCCUTIALINH E:

a(pe) , 9(puje) € g2 o (u ¢
D08 L DT = G P — pCoy o+ — (222
o T 0 etk =P €2K+axj g 0x;)’
— 7 _ 5, s _2 _ o~ K? I L
—pu' 'y = 2u8; — S pbyK, e =pCi—, Py = —pu’lujgj

[IpuBenénnas BeIIE MOJENH TYPOYJICHTHOCTH CONEPXKHUT NATh KOHCTaHT [1],
KOTOpBIC 3aJIaf0TCS CIEAYIOMMM 00pa3oM:

C, = 0.09; Coy = 1.44; Cpp = 1.92; 0y = 1.0; 0, = 1.3.

3. MpoecpammHoe obecnevyeHue

Monenb TaBHHHOTO TIOTOKA ObLTa mocTpoeHa B makere OpenFOAM.

OpenFOAM (Open Source Field Operation And Manipulation CFD ToolBox) -
OTKpBITasi MHTErpupyemas Iuaropma Uil YHUCICHHOTO MOJEIMPOBAHMS 3aj1ad
MEXaHUKH  CIUIOIIHOM  cpeabl.  Hcmonb3yercs — pewmatens  InterFoam,
MpeaHa3HauYCHHBIN 711 pacyeTa HECTAMOHAPHOTO TEUEHHS IBYX CPE/l, pa3IelIEHHBIX
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rpaHuIlel pa3jieia Wi CBOOOIHON MOBepXHOCThIO. [ HaxoxmeHus (GOpMbI
cBOOOIHOI TTOBEpXHOCTHU ABYX(ha3Hblil anroputM B InterFoam ucnonesyer onun u3
METO/I0B, B KOTOPOM MHTep(eiic He paccMaTpuBaeTcs Kak pe3kas rpaHuia (Meron
3axBara uHTepdeiica). Pacuer nponcxoaur Ha (PUKCUPOBAHHOW CETKE, BKIIIOYAIOIIEH
CBOOOIHYIO ITOBEPXHOCTh. POpMa CBOOOIHOI OBEPXHOCTH OIPENIEIISIETCS pACUETOM
JIOTH 3aIIOTHEHHOCTH KaXJOH SUEHKH BOJIM3HM MOBEPXHOCTH. JTO MOXKHO CIIENIaTh,
pemrast ypaBHEHHE TPAHCIIOPTA JUTS JOJIN STYEHKH, 3aHUMaeMOH )KUAKOH (a3oif; Takon
Metoj Ha3eiBaeTcs "00béM xuakoctr"(Volume-of-Fluid) mmn cxema VOF. Bomee
oIpoOHOE OTMCAHNE NCTIOIH30BAHHOTO PEIIaTeNIss MOKHO HaWTH B [3].

4. O6Bekm modenupoeaHusi

Cxema ‘04aroe B p: r. Ki

Puc. 3. Cxema nasunnvix ouaeog 6 patione 2. Kuposcka.
Fig. 3. Scheme of avalanche sites nearby city Kirovsk
[Tpn momomym mocTpoeHHOH MozeNu OblIa pacCUMTaHa JaBMHA, comenmas B 1965

rogy u3 22-oro jaBuMHHOrO odara ropsl IOkcmop B XwubuHax, BOIM3HM ropona
Kuposck, cm. puc. 3, 4.
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VIMeHHO B JaHHOM oOdvare ObUT MPOM3BENEH MPOPHUIAKTHIECCKHH CITYCK JIABHHBI B
22:00 18 ¢eBpayst 2016 rona. JlaBuna npuoOpena kaTacTpoUUECKHil Xapakrep U
YHECJa XH3HH TPOHX JIIOJeH, B TOM 4YHMCJIE OIHOTO M3 COTPYIHUKOB JIABHHHOM
ciyk0bl. BpUTH 3achllaHbl JKeJe3Hass U aBTOMOOMIIbHAS JIOPOTH, BBIOUTHI CTEKIA B
TPEX OIM3NIEKAINX JOMAX.

Ha ocHoBe 1udppoBoii pacTpoBoit kKapTel 22-oro JTaBuHHOTO o4ara (opmarta ASCII
GRID 6512 IocTpoeHa pacu€THas 00JIacTh (PHUC. 5), KOTOpas MPEACTABISIET co00M
MIPOCTPAHCTBEHHYIO 00JIaCTh, OrPaHUYEHHYIO CHHU3Y IIOBEPXHOCTHIO CKJIOHA, a
CBEpPXy— MOBEPXHOCTHIO TAKOM k€ ()OPMBI, CIBUHYTOH BBEPX HA 25 METPOB.

W3 nacnopra naBuHbI, comeqmei B 1965r., ObuIn B3STHI ClIEAYIONINE TApaMETPhI:
e  MaKCHMaJbHas TOJIIMHA CJIOSI CHETa B MECTE OTPhIBA JIABHHBI - 1.5 M;
®  CpelHss TOJIIMHA CJI0S CHEra B MeCTe OTpbhIBa JaBUHBI - 0.8 M;
e  MaKCHMaJIbHAs IUIOTHOCTH JIaBUHHBIX OTJIOKEHHH - 320 Kr/M3;
®  CpeAHss IJIOTHOCTH JIABUHHBIX OTIIONKEHUH - 290 kr/m3;
e  MHUHUMAaJIbHAS IFIOTHOCTH JJABUHHBIX OTIOXKEHHH - 260 Kr/M3;
®  COCTOSHHE CHera - CyXOH;

o MaKCHUMaJIbHas TOJIIMHA JIABUHHBIX OTJIOKCHUH - 4 M;

Puc. 4. Domoepagpus nasunnoeo ouaza Ne22 (HUJI cnesicnvix nasun u ceneti)

Fig. 4. Photo of 22 avalanche cite (Research Laboratory of Snow Avalanches and
Debris Flows).

90



Pomanosa JI.11. TpéxmepHoe MOJIeIMpPOBaHHE CX0/1a IABUHHBIX OTOKOB cpeactBamu nakera OpenFOAM. Tpyast UCIT
PAH, tom 29, Beim. 1, 2017 r., c1p.. 85-100.

®  CpeIHss TOJIIMHA JaBUHHBIX OTIOXKEeHH - 0.72 M.

800 1000

400 800

1200

800

700

7500

Puc. 5. Pacuémnas obnracme.

Fig. 5. Computational domain.

5. PacuyémHasi cemka

Pacuér mpou3BoIUIICS HA CETKE U3 siueek B (hopMe MapalUIeICIUICIOB C JINHCHHBIM
pasmepom 5M, cocTosIie u3:

e 206 630 Toyex

e 532 887 rpaneit

e 447 345 BHyTpeHHHUX TpaHei
e 163 372 sueex
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Puc. 6. Cemounvie munuu pacuémuoii obnacmu.

Fig. 6. Mesh grid of computational domain.

6. HayasbHble u 2paHUYHble OaHHbIe

B 3amade 3amaHbl ciIeyromye rpaHUYHBIE YCIIOBUSI.

Ha HrokHel rpannie pacqéTHON 00JIACTH YCTAaHOBJICHO YCIIOBHE TIPYITHIIAHTIS.
BoxoBble 1 BepXHsisl rpaHUIIbl pacu€THON 001aCTH 3a1aHbl KaK CTaHJapTHBIC yYacTKU
TPaHHMIIBI C YCIIOBHEM NPOTEKAHMs, Ha KOTOPBIX JeHCTBYET aTMOc(epHOe 1aBlICHHE.
Ha puc. 7 3enéHbIM 1BETOM 0003HAuUE€H CJIOW CHETa, JIEKAIINH B 30HE 3apOXKICHUS
naBUHBL, Ipu t = 0 OH MOKOUTCS (l_j = 0 Bcroy). [myOuHa cHera Bo Bcex TOYKax Npu
t = 0 He mpesbimaer 1.5 M. MaTeMaTH4eCKu 3TO BBIPAXkAETCs TaK, YTO MapKepHas
(hyHKIMA @ paBHA | B TeX sYeKax pacyETHON CETKH, T/Ie CHET €CTh, U 0 B OCTaIbHBIX
(a =a(x,y,z)). Takkenput =0: e =0, K =0, y, = 0.

CepblM 11BeTOM Ha pHc. 7 M300pa)keHa peaybHas 30Ha OTJIOXKECHUH HCCIeayeMOH
JIaBHHBI.

30Ha 3apOXKICHUS JIABUHBI W 30HA JIABMHHBIX OTJIOXKEHHH COOTBETCTBYIOT
Ha4aJIbHOMY ¥ KOHEYHOMY 3TallaM PacCMaTpPHBAEMOT0 ITPOIIECCa COOTBETCTBEHHO.

92



Pomanosa JI.11. TpéxmepHoe MOJIeIMpPOBaHHE CX0/1a IABUHHBIX OTOKOB cpeactBamu nakera OpenFOAM. Tpyast UCIT
PAH, tom 29, Beim. 1, 2017 r., c1p.. 85-100.

1000

00 800 800 1200

800

700

2500

1200

1000

Puc. 7. Jlasunnwiil nHOMOK 8 HAYATLHBIL MOMEHT BPEMEHU.

Fig. 7. Avalanche at initial time.

7. Pac4yém

B pesynbrate IUCKpETH3alMM HMCXOAHBIX YPAaBHEHHMH B YACTHBIX ITPOM3BOIHBIX
METOJIOM KOHEYHBIX 00bEMOB OBUIN MOTYUEHBI CHCTEMBI JINHEHHBIX aJIre0panyeckux
YPaBHEHUH, KOTOPBIE PELLAINCH UTEPALIMOHHBIMUA METOIAMHU.

Jnsi pemieHust JAUCKPETH3MPOBAHHBIX ypaBHEHHU aisi oObEMHOW monu dassl o,
TypOyJIEHTHOM KMHETHYeCKON 3Heprun K, muccumanuu € W ypaBHEHHS JABHKEHUS
HCHOJb3YETCs pellaTelb CO CIIIAXUBAHUEM C IOMOLIBI0 MeTona [aycca-3eiaens.
YpaBHeHHE Ha JAaBI€HHE, KOTOPOE MOIYYEHO MpU TOMOIIM YpPaBHEHUS
HEPa3pbIBHOCTH,  PELIACTCS  METOAOM  CONPSDKEHHBIX — [PAJUEHTOB  C
peno0yciaBiInBaTeIeM.
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Pacuértnl MpOnU3BOJWINMCH Ha BBICOKOIPONU3BOAUTECILHOM BBIYUCIUTEILHOM CEPBEPE
HUMCH PAH, coctosiem u3:

e 2 x Xeon E5-2670v1 (Sandy Bridge) 8 cores 2.6 GHz (16 threads)
e 4xchannel DDR3 memory controller

e MEM 256 GB DDR3-1333 ECC

e OS Ubuntu 15.10 64-bit

8. Pesynbmamsi

B mporecce BeluMciaeHui ObUIM TONyYeHHI 3Hauvenus u;(x,y,z,t)i=1,2,3,
a(x,y,zt), p(x,y,2z,t), a TakKe TpaHUIAa JTABUHHOTO IOTOKA, KOTOpas ObuLia
onpezeneHa u3 ycaosust a = 0.1.

I[TpoBenenbl pacu€Thl CO 3HAYEHUAMHU NAPAMETPOB Pgnow» Vsnow, » To» Ks T IS CHETA
B CJICAYIOIIHNX TUAITa30HaX:

ple/m]  wvlwi/el  Tof, /] Kf, [/ n
200 100 1 107° 2
300 105 0.1 107* 0.5

1072 10 10

Bbruto nmocuutano 108 cimyuaes, 4To 3aHsU10 36 4acOB MAlIMHHOTO BpeMEHHU. bruin
C/IeNaHbl BBIBOJIBI, YTO TapaMeTphl Ty U Vy BIUSIOT HAa JUHAMHMKY IOTOKA, M NPH
TTOJIXOJISIILIEM BBIOOPE IIOTOK HAYMHAET 3aMeIIATHCS Ha CKIIOHE.

CkopocTH TIOTOKa B JJAHHBIX KAJIMOPOBOYHBIX pacuéTax MONy4YHINCh B cpeaHeM 60
M/C, YTO MHOTO JUIs JAHHOW JIaBHHBI. BbUIO HAWICHO, YTO HA BEIMYMHY CKOPOCTH
CYIIECTBEHHO BIIMSET IapaMeTp BS3KOCTH K M IIPOBEICHO JOTOJHHUTEIHHOE
HCCIeJ0BaHNE IO IapameTpy k ¢ ocTambHBIMU 3a()MKCHPOBAHHBIMH TTOAXOAAIINMHU
rapamMeTpamHu, B3SATBIMH M3 MPEIbIAYIINX PacuéToB. PaccunThiBaInCh BapHaHTHI C

k/p =2,3,4,5,6,7,8,9, 10, 50, 100 M? /c, To/p =10 M2%/c?, vy = 10° M?/c, p =
200 kr/m3, n = 0.5. Pacuér ¢ napamerpom k/p = 5M?/c HauboJiee TOUYHO OmMcal
HATYpHbBIC JaHHBIE.

Ha puc. 8 - 11 uzoOpaxeHbl TpaHUIBl JABUHHOTO IMOTOKA W paclpeaeiicHhe
BCJIMYMHBI CKOPOCTHU HA MMOBEPXHOCTHU MMOTOKA B pa3HbI€ MOMECHTLI BDEMCHHU. Ha puc.
12 - 15 uzo0paxeHO pacnpejielieHHe BEIWYMHBI CKOPOCTH HAa BEpXHEW IpaHHMIle
pac4érHoit 00s1acTu B T€ k€ MOMEHTHI BpeMeHH. OHO 0TOOpakaeT pacrpocTpaHeHne
CHETO-TIBIJIEBOTO 00JIaKa.

Ocu X, y — TrOpu3OHTalbHbBIe, OCh z — BepTHKaidbHas. Ha nserHod nerenne U
Magnitude - moxynb ckopoctu, U Magnitude = \Ju? + uj + uZ.
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MOHO BHIETh, YTO B JTaHHOM pacyére MOCJe MOJHON OCTAaHOBKU MOTOKa (hopma
JIABUHHBIX OTJIOXKEHWH, TOJly4eHHas B TPOLecce BBIYMCICHUM, OlM3Ka K HaTypHOU
(opMe JTaBUHHBIX OTII0KeHHH. CpeiHss CKOpOCTh MOTOKa cocTasisieT 44,8 m/c, 4To
OJIM3KO K I€HCTBUTENBEHBIM CKOPOCTSIM JABH)KEHHS JIABUH B IAaHHOM OYare.

MakcumanpHasi CKOpPOCTh JIABUHHOTO TMOTOKA (BKJIIOYAsi CHETO-IIbLIEBOE 00JIaKo)
cocranisier 78 M/c.

9. 3aknro4yeHue

brina co3mana Mopens JaBUHHOTO moToka B makere OpenFOAM, mosBosstomiast
HOJIyYUTh 3HAYEHUS] KOMIIOHEHT CKOPOCTH, JIaBlieHHEe, OOBbEMHYIO JIOJIIO CHEra B
KQXIOH Touke pacuy€THOH o0nacTh B pa3iUuHblE MOMEHTHI BpeMeHH. bblia
paccunTaHa JlaBHHa, comreamas B XubuHax, Ha rope FOxcmop, B 22-0M JIaBUHHOM
oyare. [lo mosy4eHHBIM AaHHBIM OBLIa MOCTPOEHA 30HA JIABUHHBIX OTIIOKEHHH,
IpaHMIBl KOTOpOW OJIM3KM K 3a()MKCHPOBAHHBIM HEMOCPEICTBEHHO MOCJE CXO0Ja
peanbHOM TaBUHBL. BEIYUCICHBI pacipeieIeHus CKOpOCTeil, 00bEMHOM TONTN CHETa U
JIaBJICHUS BO BCE MOMEHTHI BPEMEHH, B YAaCTHOCTH MAaKCHMAJIbHas CKOPOCTh
JIAaBUHHOTO TOTOKA. JIaHHBIE pe3ybTaThl MO3BOJIIOT ONPENEIUTh JIABUHOOIACHYIO
30HY M IOMOTAOT ONTHUMAJIBHO CIIPOEKTHPOBATH 3ALIUTHBIC COOPYKEHUS.

B nmanpHefimeMm IUtaHUpyeTCs pacCUWTaTh 3aJady Ha Ooiee MOIpoOHOH ceTke, a
TaKKe MOCTPOWTH Ul CPaBHEHMS JAHHYIO MOJENb B APYrOM IaKeTe, Harpumep,
INMOST wiu ipu moMoIy COOCTBEHHOTO KOJa.

ABTop 6maronapur npodeccopa MI'Y M.D. OTauT 3a MHOTOUHCIIEHHBIE 00CYKICHUS
monenu, I1.b. Bormanosa, corpymanka ®I'Y ®HI[ HUWCU PAH, 3a momomuis B
OpTaHM3aIMH BEIYMCIUTEILHOTO aJITOPUTMA U €T0 IPOrpaMMHOil peanusarun u FO.I.
CemuBepcroBa, T.I. I'mazoBckyro, A.C. TypuanmHOBY coTpyaHukoB HaydHo-
HCCIEeIOBATENbCKOW JTA0OpPaTOpHHM CHEXHBIX JIaBUH W cenelt [ 'eorpadudeckoro
¢daxynpreta MI'Y 3a mnpenocraBiieHHbIE IaHHBIE M OOCYXAEHHE pe3yJIbTaToB
paboThI.
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Abstract. In this paper, a model of a snow avalanche was created with the help of open source
CFD software OpenFOAM. The avalanche is considered as a turbulent two-phase flow — snow
and air. We take incompressible Herschel-Balkley fluid as a model of snow. Air is a newtonian
fluid. For tracking and locating the free surface we use the volume of fluid (VOF) method. In
calculations we use solver interFoam which is based on the VOF method. The K — ¢ turbulence
model was used. Navier—Stokes equations, rheological ratios, equations for turbulent kinetic
energy and dissipation are used to determine the model. The avalanche occurred at the 22nd
site on the Ukspor mountain was modeled. Computational domain was made using digital
terrain model in ASCII GRID format. The shape of snow deposits area was calculated and
compared with the real data. The velocity field of flow, pressure distribution, the field of
volume snow fraction were obtained for different time instances. The value of the average
velocity of the flow was 44,8 m/s, the value of the maximum velocity of the flow (including
snow-dust cloud) was 78 m/s. These results allow to determine the avalanche hazard area and
help to optimally design the defense systems. In future it is planned to simulate this event using
more detailed grids and realize this model in other software for example INMOST or with own
code to compare the results.
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