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AxkmyanbHocmb uccriedoeaHusi cesisaHa ¢ pacmywum uHmepecom Kk 0obbie yeegodopodos Ha OHe Mupoeoeo okeaHa. [lpu amom
MHO20KPamHO yeesuyueaemes onacHoCmb agapuliHo2o pasnuea Heghmenpodykmoe 6 800y. Pasfugbl Hepmu Ha nnamepopmax Ixtoc-1 u
Deepwater Horizon 8 MekcukaHckom 3anuge npodeMoHCMpuUposasu HeaomosHOCMb COBPEMEHHbIX Memodos K bbicmpoll nukgudayuu
asapuliHbIx ymeyek. B cesisu ¢ amum cywecmsyem Heobxodumocms 6 uccrnedogaHuu 3amonseHHbIx cmpyl, COCMOSAWUX U3 cMecu ye-
n1esodopodos (Hegpmu u 2a3a). Kpome amozo, npu 2my6oKko800HbIX pa3nugax MHO20(ha3Hol cMecu Heghmu U NONYMHbIX 2a308 Mo2ym
0bpa308bi8aMbCs Kpucmannoaudpamsl, KOmopble Mo2ym enusime Ha OUHaMUKy pacnpocmpaHeHusi amux ebi6pocos. oamomy usyde-
Hue QUHaMUKU pacnpocmpaHeHust cmpyu ¢ y4emom audpamoobpa3osaHusi N038oIUM cokpamume 8peMs UK8UOayuU 803MOXHbIX yme-
yek. B daHHol pabome paccmampusaemcsi MameMamuyeckas Modenb hopMUPOBaHUS 3amONnIeHHOU MHO20(ha3HoU cmpyu ¢ y4yemom
2udpamoobpa3osaHust NPU PasnuUYHbIX HayarbHbIX YCIo8USX.

Lenb: uccnedosams hopmuposaHue 3amonsneHHol Cmpyu 8 3a8UCUMOCMU OM HavarbHbIX ycroeull.

06BekmbI: MHO20(hasHas cmpysi y2neeo00podos; KOMNOHEHMbI CMpyU: Heghmb, 2a3, 800a; KOMNO3UMHbIE NY3bIPbKU, NOKPbIMbIE 2uo-
pamHoli 060104KOU; Xapakmep pacnpocmpaHeHust cmpyiH020 meyeHust, npouecc eudpamoobpa3oeaHus.

Memodsb1. [lns onucaHusi npoyecca pacnpocmpaHeHusi 3amonsiesHol cmpyu ucnonb3yemcsi uHmeepanbHblil Jlagparxesbili Memoo
KOHMPObHO20 06beMa, coenlacHo komopomy cmpysi npedcmaensiemcs 8 sude nocredogameibHOCMU 37IEMEHMapHbIX 06bEMO8, Kax-
Oblli U3 KOMOPBIX Xapakmepuayemcs NUHEelHbIMU pa3mepamu U menoghusuYecKUMU Xapakmepucmukamu. PacnpocmpaHeHue 3amon-
neHHoll cmpyu paccmampugaemcs 0515t 21y60K0800HbIX Pa3nueos Ha OHe OKeaHa, Ymo coomeemcmeyem ciyyato, koeda Ha NOBEPXHO-
CMU Ny3bIpbKO8 HayuHalom 0bpasosbieamsCs 2udpamHble 060M0YKU U 2a308bIli Ny3bipek npespawjaemes 8 2udpammbit. s onucaHus
npouecca eudpamoobpasogaHusi & pabome npuHsima npedesnibHasi cxema, CoenacHo komopol eudpamoobpasgaHue nuMuUmMupyemes
Oughchysueli 2a3a yepe3 2udpamHyto 06004KY.

Pe3ynbmamsI. [JononHeHa Mamemamuyeckasi MoOeb meyeHus MHo20gha3HoU 3amonneHHol cmpyu ¢ yyémom obpasogaHus udpama
Ha nogepxHOCMU Ny3bipbkoe. [lonyyeHbl 3a8UCUMOCMU MEeNIohU3UYECKUX Xapakmepucmuk 3amoniesHol cmpyu om 8epmuKanbHOl
KoopAuHambI, Mpaekmopusi pacnpocmpaHeHust cmpyu. Lns nysbiobkos Memara, Komopble noKpbigaomces 2udpamHoll 060/104Kod, npu-
MEHEHO ypasHeHUe cocCmosiHus Ofisi pearbHbIX 2a308. B pesynbmame pacyemos nomyyeHs! 3agucumocmu paduycos 2a3ogoli U audpam-
HOU cOCMaBSIOWUX KOMNO3UMHO20 Ny3bipbka U €20 NOMHOCMU om 8epmukanbHol KoopduHamsl. YcmaHogneHo, ymo paduyc aud-
pamHoli cocmaensitowiell nysbipbka ybbisaem 0n1s criydas, koeda nosedeHue 2a3a ONUChIeaemcs ypasHeHUEM coCmosiHus Onsi udearb-
HO20 2a3a, U pacmem 011 Cilyyasi NPUMEHEHUS ypagHeHUs1 COCMOsHUS Ofisi pearbHO20 2asa.

Knroyesnbie cnosa:
3amonneHHasi cmpys, MHO20¢ha3Has cmpys, audpam, MemaH, Hechme, pa3nue yaregodopodos,
Heghmb, MemMod KOHMPONbHO20 06beMa, ypasHeHUe COCMOSHUS 2a3a.

BBeaeHue

B cBsi3u ¢ ymeHblIeHHEM 00BEMOB JO0OBIYH YTIEBO-
J0pOJOB, pa3paboTKa KOTOPBIX MOXKET IPOM3BOAUTBCS
TPAUIHOHHBIM 00pa3oM, YBETIUMBACTCS HHTEpPEC HC-
cieoBaTeNel K HOBBIM CTIoco0aM JOOBIYM, pa3BeIKH H
OIICHKH 3aI1acoB MPHUPOIHBIX pecypcos [1, 2]. MHTeHCHB-
Has pa3paboTka HETAHBIX M Ta30BBIX MECTOPOXICHUIHA
Ha menbpe MOXET NPHBOJUTH K SKOJOTHYCCKHM KaTa-
ctpodaM. HedrsHple pa3nuBel B MEKCHKAHCKOM 3aiBe
Ha HedremobpBatomux miathopmax Ixtoc-1 u Deep-
water Horizon otHocsIT K HanboNee KPYIHBIM Pa3inBaM
HeTH 3a BClo uctopuio [3, 4]. Takoro poaa pasiuBbl
HPEJCTaBIIOT CEPbE3HYI0 NPOOIEMY B CBSI3H C yBENHYE-
HHEM 00beMOB 100BIUM HedTH U3 Hexp MupoBOro okea-
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Ha, a TaKXKe OTCYTCTBMEM OBICTPOTO M KayeCTBEHHOTO
crocoba ycrpaHeHus yreuku. [lomumo pazpaboTku crio-
co0a JIOKamM3aluy pasinBa HeTH TaKKe HEMAalOBax-
HYIO POJIb UIPAET MCCIe0BaHHe 0COOCHHOCTEH pacmpo-
CTpaHEHHs YIIEBOAOPOIOB, TEUCHHE KOTOPHIX MPOUCXO-
JUT B BUJE 3atoruieHHou crpyu [5—11]. IIpu coBmMecTHOM
TCUCHUU He(l)TI/I " rasa n3 CKBAXKHWHbBI 6y]ICM FOBOpI/ITL 0
MHOTO(a3HBIX 3aTOMIIEHHBIX CTPYSX, a B CIy4ae, Koraa
U3 UCTOYHHKA TIOCTYMAIOT TOJIbKO He(Th MIM Ta3, — 00
OMHO(A3HBIX 3aTOMICHHBIX CTPYAX.

Ecnu 3aToruieHHas ctpys, copepanias ras, pacrpo-
CTpaHseTCs MPH BBICOKUX JABJICHUAX U HU3KHX TEMIIEpa-
Typax, TO Ha MOBEPXHOCTH IMy3bIPHKOB Ta3a MOTyT o0pa-
30BBIBATBCS THApaTHBIC 000m0uKH. Takum o0pasom,
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BCJIECTBHE TIpolecca TUAPAaTO0Opa3OBaHUS ITy3bIpeK
MOXeET ObITb Ta30BbIM, KOMIIO3UTHBIM (ra3oBO€ PO M
TUApaTHas 000J0YKa) WK HONHOCTHIO ruApaTHIM. [Ipu
TIOJTYYeHUH HMCYEPIBIBAIOIIMX CBEICHUH OTHOCHUTETHHO
pacnpoCcTpaHeH s 3aTOIIEHHBIX CTPYH MOXKHO COKPATUTh
BpEMs U YBEIMYUTh KauecTBO yCTpaHeHus pasiusa. Of-
HUM M3 Hanbosiee MepCIeKTHBHBIX CIOCOO0B YCTPaHEHHUS
YTEUKU SABIAETCS YCTAHOBKA KyIOJa, IpeIHa3HAYeHHOTrO
st cOopa ¥ HAKOIUIEHHS YIJEBOJOPOJOB C LENBIO UX
JaTbHEHNIEro MPOMBIIIIEHHOTO HCToNb30Banus [ 12, 13].
B pabote paccMoTpuM CTpyiiHBIE TEUEHHS, PacIpo-
CTpaHEHHE KOTOPBIX NPOMCXOIUT B YCIOBUSX CTaOMIIb-
HOTO CyIIeCTBOBaHMS THapara. [lo Bcell rimyOmHe pac-
IPOCTPAHEHHUS CTPYH TEPMOOAPHUECKUE YCIOBUS OKPY-
XKaIOIIeH cpelbl COOTBETCTBYIOT YCIOBUAM THAPATOOOpa-
30BaHU, HO HE Pa3NOKeHUs yxke 00pa30BaHHOTO THApATa.

MocTaHoBKa 3agaun

JLIist MOZIeTMPOBAHKS TEUCHHS CTPYH UCTIOIB3YeM HH-
TerpaJbHbINA JlarpamKeBblii METO KOHTPOIBHOTO 00bheMa.
CornacHo 3TOMy METOAY CTpys IPEACTABIACTICA B BHJAC
MOCNIEAOBATENIFHOCTH — [MIMHAPUYECKH  KOHTPOJIBHBIX
o6bemoB (KO). Ha puc. 1 npuBeneHa cxema 3aTomIeHHOH
MHOToasHO! cTpywn. Kaxiplid KOHTpOJNBHBIN 00beM Xa-
paKTepu3yeTcs CIEAYIOIIMA TEIUIOQI3MIECKUMHA TIapa-
METpaMH CTPYH: TEMIIEPaTypoH, IUIOTHOCTBIO, CKOpPO-
CTbI0, KoOpAuHaTamu u T. A. [lycTh Ha 1He Bojoema cy-
IMIECTBYET HEKOTOPHI MCTOYHUK pajuyca Iy, 13 KOTOPOTo
BBITEKAeT cMech He(TH M ra3a. B KadecTBe HavambHBIX
YCTIOBHH M3BECTHBI: HAYaIbHAs TEMIIEPATypa MCTCUCHHS
He(TH ¥ Ta3a, a Takke UX 0ObeMHble pacxombl (Q° u
Qge). Taxxe W3BECTHBI XapaKTEPUCTHKH OKpPYXKaromen
cpenbl: Temieparypa Ty U CKOPOCTb OKpYsKaroueil BOAbl
v,

[Monarag, uro koopauHaTel nentpa KO sBnsiorcs
T€OMETPUYECKIM MECTOM TPACKTOPUM LIEHTpa CTpYyH, a
0CeBast IMHUS CTPYH COBIAJACT C TPACKTOpPHEH IBIKe-
Hust KO, MOXHO paccuuTaTh MapaMeTpsl CTPYH B HENOM.

JUts omucaHus TIpolecca pPacHpOCTPAaHEHHs 3aTOI-
JIEHHOI CTPYH UCTIONb3yeM YpaBHEHHS COXPaHEHHS Macc,
9HEPTHH U UMITYIIbCOB!

dMm
H:prw_pgth’ p:Zaipi ) Zai =1l « :Vki/vk'(l)
d
a(cMT) =¢,T,0.Qu +J,.L=J,C.Ts»
C:ZZicirZi:Mi/M' (2)
d f
E(MU)=UWPWQW—UpghQ ,
d
E(MU):UWPWQW_Upgth’
d

a[(Mvﬁ MO)W+(MQ +Mh)~(w+wb)J=

= wprw_(W+Wb)pgth +
+(pw—p|)7rb2h(aw+ao)g+(pw—pgh)irb2h(ag+ah)g, (3)

Ile HIKHUH MHOEKC | OTHOCHTCS K COOTBETCTBYIOMICH

xomronente B KO (0 — HedTs, g — ras, h — ruapar, w —
. 3.

BO/Ia); @ — 00BbeMHBIE conepxanus; Vi — 00beM, M™; Cj —
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teroemkocts, Jx/(kr K); p — mI0THOCTS, KF/MS, Ji -
MHTEHCHBHOCTH Pacxojia KOMIIOHEHTHI MPH 00pa30BaHUK
ruapara, kr/c; Q, — 0OBEMHBIH pacxoj BOJbI, KOTOpas
TIOCTYIAeT B CTPYIO, M¥/c; Q' — oGbemubiil mOTOK ny-
3BIPHKOB, KOTOpBIA «mokumaer» KO, M3/C; Vih M, N —
00BeM, Macca U KOIMYECTBO My3bIpbkoB B KO; Iyn — pa-
JMYC KOMIIO3MTHOIO Iy3bIPbKa, M; pgh — IUIOTHOCTH
KOMIIO3UTHOTO TYy3bIPbKa, KI/M"; A — INIOTHOCTb YKHAKOH
coctaisiomei B KO, KF/M3; L — rerora (a3oBBIX mepe-
X0710B, JIK/KT; § — YCKOpPEHHUE CHIIBI TSKECTH, MZ/C; u, v,

W — KoMIOHeHTHI ckopocT KO V' ; Uy, Uy, Wiy — KOMITOHEH-
ThI CKOPOCTH TeYEHHS BOJIb, OKpyxatomieit KO V,,, m/c.

y

Puc. 1. Cxema 3amonnieHHot MHO20GA3HOU cmpyu
Fig. 1. Diagram of the multiphase submerged jet

JloTIONMHUM  MOJTYYEeHHYI0 CHCTEMY CIEAYIOIINMHU CO-
OTHOIICHHUSMH:

dz _
dt
Qf=1I" %;rr;h Q. = 27rbhA"\7| -V,

LT (4)
dt dt

J,=G-J,, J,=(1-G)J,, J, =N4xzrij, ()

>

e I~ ook my3bIpbKoB, mokupaommx KO, C’l; Vi
TPOEKIIMS CKOPOCTH TedeHns Bogl V,, Ha Hanpasyenue V |
m/c; A — kO3 UIUEHT BOBJICUSHHS OKPYKAIOMICH BOIBI;
jh — MHTEHCUBHOCTH 00pa30BaHKs IMIpaTa, OTHECCHHAS K
TJIOIIA/IM TIOBEPXHOCTH MYy3bIPbKA, Kr/(M2 c).

Vpasuenus (1)—(5) ucnonb3yrotes 41 pacyera Ter-
no¢usmnueckux napamerpos KO.

YpaBHeHus, onuUChIBalOLME MUTPALIMIO NY3bIpbKa

[IpuBenem cucteMy ypaBHEHHII, ONUCHIBAIOIMX MOJHS-
THE Ta30BOTO TY3BIPbKA, C YYETOM THAPATOOOPA30BAHUS
[14]. CxopocTb my3bIpbKa OMpeIeiM CIETYOIIIM 00pazoM:

V, =KV +K,V, +wk,

3nech Ki=1 u Ky=0 ny1s ciydas, Koraa my3bipek HaXOIuT-
cs BHyTpH KO, 1 3xHavenus Ki=0 u Ky,=1, xorna my3sipex
Haxozutcst BHe KO. Ha puc. 2 cxemaTwyHO mOKa3aH
KOMIIO3UTHBIA TIy3bIpeK. BHawame my3bIpeK Ta30BBHIM,
3aTeM HAYMHAETCS OOpa3OBaHHME THAPATHOH OOONOUYKH
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(BHYTpH — ra30BO€ S7PO), B 3aBEPIICHAN THAPATOOOPa30-
BaHHSI MTy3bIPEK TIOTHOCTBIO TH/IPATHBII.

3anmiemM ypaBHCHHS COXPAHEHHST MAcChl ISl KOMIIO-
3UTHOTO My3bIpbKa [ 14, 15]:

dm,,
dt

=4nrg j,, My, =m,+m,, (6)

rae = 4 3 um =En(r3 —I’3)p — Macca rasa
mg = E Ttrg pg h 3 gh g h

U TUApaTa B KOMIIO3UTHOM Iy3bIpbKe. VIHTEHCHBHOCTBH

HOTpeOICHNS BOIBI jyy ONpPENESeTCs CIeAyIomuM odpa-

30M, cornacHo [14]:

- (1-G)D’p, ]
G (]/rg _]/rgh)rgi
rae D*:Dgpgll Py — TIpUBE/IeHHbIH KOdQduument nuddy-

3un, M°/c. B pabote [16] nmomydeno 3Hauenue D ¢ yue-
TOM 9KCIIEPUMEHTAILHBIX TaHHBIX U3 paboTsi [17].

Puc. 2. Komnosummbtii ny3vipex: [qy — paouyc KOMIOUmMHO20
nyswipbka, Iy — paouyc e2o 2a3060ti cocmasnsiouel

Fig. 2. Composite bubble: ry, — radius of the composite
bubble, ry — radius of its gas component

O6I.I.Ia$[ Macca ra3da B KOMIIO3UTHOM ITy3bIPBKE:
m, +mG=mg, m,= gm’gopgo, ()

rie Mg — Macca Ta3a B KOMIIO3UTHOM ITy3BIDbKE B
HAYaIbHBIH MOMEHT BPEMEHH, Igo — HAYaIbHELA pajuycC
ra30BOro My3BIPbKA; Pyo — HayaIbHas MIOTHOCTh Ta30BO-
IO My3bIpbKa.

Cornacuo (6) u (7) pamuychl ra30BOTO SAPa M KOMIIO-
3UTHOTO My3bIpbKa:

rg_(rgsopgo—rgshth) dy, g, (1 G)
(pg_th)

at ~(1-6)\p, )

JlaBneHre B TONIIC BOIBI OMPEIEIHAM CIEIYIONINM
o0pazom:

p=p,+p.9(h -2),

re Ny — HayanpHas ryONUHA MCTEUCHHUS YIIIEBOJOPOIOB;
Pa — aTMOc(epHOE JaBJIeHHE; Z — KOOPAUHATA KOMIO3UT-
HOTO ITy3bIpbKa.

VpaBHEHHE MMITYJIBCOB /ISl KOMIIO3UTHOTO ITy3bIPbKa
[14]:
d (Wb (mgh + g, ))
dt

e Mgy U Lgn — Macca IMy3bIpbKa U €ro MPUCOCIHHEHHAs
macca; fa, fr u fc — cuasl Apxumena, Tsbkectr u compo-
THBIICHUS:

=f,—f —f., (8)

4 3 .3 4 2
:gn(rgh —I’g )ph +§Tl:rgpg, l’lgh :§

3
mgh Ttrghpw’

f, :gnr;hpwg f; :gﬁ((r;h — rg3)ph + rg3pg)g,

2
w,
fo = E.!bnrgzh Pus
[apametpsl & u Regy onpenenum crepyomum odpa-
3oMm [18]:
r,.p,W
&, =2 (1+0.0811Re’™), Re, =22,
b uw
CKkopoCTh MUTpamiil KOMIIO3HTHOTO ITy3BIpEKa Wh
onpezneuM u3 (8) ¢ yuerom (6). Temmeparypa KOMIO3UT-
HOTO ITy3bIPbKa paBHA PaBHOBECHOI! TemmepaType [19]:

T, =T, +9|n{ij,

Pro

e Tho — paBHOBeCHas TemIiepatypa ha3oBbIX Mepexo/i0B
JUTA TUIPATa, COOTBETCTBYIOIIETO TABJICHHS Pro.
HonaraeM, YTO KOMIIO3HUTHBIC Hy3HpLKI/I COCTOAT U3
ra30BOro SA7pa ¢ PaJycoM ag ¥ THPaTHON 000M0uKH:
g W g +ﬂ72'(|’3 -1
3 ghpgh _3 gpg 3 gh g ph'
Torna nIOTHOCTH KOMITIO3UTHOTO Ty3bIPbKA C THIPAT-
HOU 000JIOUKOH OTIpEeNeNuTCs CISAYIONIM 00pazoM:

_ o, + (15 = 13) oy .

3
Ion

pgh

B mpenpiymux paboTax, MOCBSIIEHHBIX TPOIECCY Te-
YeHHS 3aTOMIEHHON CTPYH [6], Ta3 MpUHUMAICS HICATTbHBIM:

Py = PRy, ©)

rae Py — AABICHHE; Oy — IUIOTHOCTD; Ty — TEMIepaTypa;
R — ynenbHas ra3oBas OCTOSIHHAS.

VpaBHEHHE COCTOSHHS PEATBHOrO Ta3a, KOTOpOe
IPUMEHMMO IS ONMCAHHMS [OBEIEHHS ra3a Ha OOJbBIINX
rnybuHax, uMmeet ciaeayiomuit Bux [7, 20]:

p,M, =A,Z,RT, (10)

g 99’

rae Zg — koa(duuuent cxumaemoctd. B pabore [21]
SKCIEPUMEHTAIFHO OmHpeeneH Kod(p(HUIUeHT CKuMae-
moctu: Z¢=0,91 ans meTaHa.

PesynbTathbl pacyeToB

HavanbHble mapaMeTpsl CHCTEMBI, HCIIONb30BAHHbBIE
IUTS pacyeToB: paguyc ckBaxuHbI ;=0,1 M, TeMmeparypa

BBITEKAIONIMX YIIeBoaopoos 1:=80 °C 1 okpyskatomeit
Bogb! T,=4 °C, mwioTHOCTH HepTH Po=650 Kr/M”, runpara
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m=910 kr/M® 1 BOBI ~v=1030 KI/M®, KOMIIOHEHTBI CKO-
pOCTH TeueHus OKpyxkatoreit Boasl Uy,=0 m/c, W,,=0 m/c,

u=0 M/c, maBnenme p=15 MIla, Termmoemkoctu HedTH
Co=2090 Ux/(xr K), raza ¢;=2365 Jlx/(xr K), ruapara
€,=2100 JIx/(xr K), Bomer ¢,=4200 JIx/(xr K), paanyc
y3bIpbKa I‘g:1073 M, Mg=16-04 r/mos, L=5-10° Jhx/xr,
D'=5-10" M’/c, R=520 Ji/(xrK), Ry=8,31 [i/(MomK),

=10 K, Th=273 K, pno=2,57 Mlla. Ilpu pacyerax
00BeMHBII pacxol rasa mpuMeM paBHbIM Qq°=1 v, a

00BeMHBIA pacxonq HEQTH I MPOCTOTEI aHAITH3A NOTY-
YeHHBIX pe3y IbTaToB mpumeM Qo =0 M°/c.

|
|
8 — | a
T [
= =
5 5
E 6 I ]
2 2
g | g
E I g
8 di] )
g 2
: |
5 &
2 I 2
2] |
. |
& | L % — T T T
-4 -2 0 2 4

FOpHU30HTaJIbHAA KOOpJAHHATA X, M

Ha puc. 3, a npuBeneHa TpaeKTopus pacHpocTpaHe-
Hus ctpyu. C yBenu4eHueM BepTHKaNbHOW KOOPAMHATHI
IPOUCXOMUT PACIIMPEHHE CTPYH 3a CYET BOBJICUEHUSA
OKpyKatoledl Boisl B cTpyto. Ha puc. 3, 6 mpuBeneHa
3aBHCHMOCTb TEMIEPATYpPhl CTPYH OT BEPTHKAJIBHOH KO-
opauHaTel. C yBeNMYeHHEM BEPTUKAIbHON KOOPAMUHATHI
TEMIIeparypa CTpyH yMmeHbluaercs. Takoil dddekr BoI-
3BaH IIPOLIECCOM BOBJEUEHHUS XOJIOJHOM OKpyXKaromieH
BOJIBI B cTpyto. Ha puc. 3, 6 u ganee myHKTHpHAS YepHas
KpuBas OTHOCUTCS K CIyd4ar, KOTJa MOBEICHHE Ta3a
OIHUCHIBAETCS YPaBHEHHEM COCTOSHHUS HMIEANbHOTO rasa
(cmyqaii 1), a crormiHas KpacHasi KpuBas — JUIs CIydast
peanbHOro Tasa (cnyyaii 2).

Temneparypa, °C

Puc. 3. Tpaexmopus cmpyu (a) u 3a8UcumMocms MeMneEPAmypsvl CMpyu Om 6epPMuUKAIbHOU KOOpOuHamul (0)
Fig. 3. Jet trajectory (a) and jet temperature dependence on vertical coordinate (6)
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Puc. 4. 3asucumocms 2az080ii u cuOPAMHOU COCMABIAIOWUX KOMNOZUMHO20 NY3bIPLKA O 8EPMUKATLHOU KOOPOUHAMbL
Fig. 4. Dependence of gas and hydrate components of a composite bubble on the vertical coordinate

Ha puc. 4 mpencraBieHa 3aBUCHMOCTb Ta30BOd (a) U
THIPATHOH (6) COCTABISIOMIMX KOMITO3UTHOTO TY3BIPBKA OT
BEPTHKAIBLHON KoopauHathl. W3 Tpaduka BUIMM, YTO JIA
cryqast 1 rumparoobpa3oBaHue TIPoTEKaeT ObICTpee, BeIe-
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CTBHUE YETO PajJlyC Ta30BOH COCTABISIOIICH KOMIIO3UTHOTO
TMy3bIphKa YMEHBIAETCs ObICTpee, deM s ciaydas 2. B to
’Ke BpeMs BHMM, YTO PajHyC TMAPATHOW COCTABIISIONICH
yObIBaeT I CITy4ast 1, Ho Bo3pacTaeT Ans ciydast 2.
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Om 8ePMUKANLHOU KOOPOUHAMbL

Fig. 5. Dependence of the composite bubble density on the
vertical coordinate

B cB3u ¢ TeM, 4TO HayanmbHas IIOTHOCTH ITY3BIPHKA
BBIUMCIIAETCS JUist 1 cirydas ypaBHeHHeM (9) u 1is 2 ciy-
qasg ypaBHeHHeM (10) M COOTBETCTBEHHO COCTaBIAET
99,25 KT/M 1 109,47 Kr/M3, TO U XapakTep W3MEHEHUS
pagnyca CBs3aH C IUIOTHOCTBIO My3bIphka. CXoxuil 3¢-
¢ext ObLT ycTaHOBIEH B padote [16], B KoTOpoi ObLIH
PacCMOTpPEHEI CIIyYaH MUTPAIMH METAHOBBIX ITy3BIPHKOB
IS pa3NuyuHBIX TiyOuH. B pamkax paboter [10] Obuto
YCTaHOBJIEHO, YTO HayaibHAas MIIOTHOCTb Iy3bIPbKa, KO-
Topast Obna pasnuyHoit Js rayoun 1800, 1600 u 800 M,
TaKke OKa3bIBana BIMSHIE HA POCT WX yOBIBAHHE pajIu-
yca THAPATHOM COCTaBJIArONIEH Mmy3bipbka. Takum obpa-
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EVOLUTION OF OIL AND GAS JET FLOWING THROUGH RUPTURE OF MAIN OIL PIPELINE
(GAS PIPELINE) LOCATED ON BOTTOM OF WATER RESERVOIR
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The relevance of the research is associated with increasing interest in production of hydrocarbons at the bottom of the world ocean. The
risk of accidental spills of oil products into the water increases many times. Oil spills on the Ixtoc-1 platform and Deepwater Horizon in the
Gulf of Mexico demonstrated the unavailability of modern methods to eliminate emergency underwater leaks. In this regard, there is a need
to study the submerged jets consisting of hydrocarbons mixture (oil and gas). In addition, deep-sea spills of a multiphase mixture of oil and
associated gases can produce hydrates, which can affect the dynamics of these emissions. Therefore, the study of the multiphase jets
dynamics in ocean water accompanied by hydrate formation is an urgent and multifaceted task. This study will reduce the time of elimina-
tion of possible leaks. In this work we study a submerged multiphase jet formation taking into account hydrate formation under different
initial conditions.

The main aim of the research is to investigate the formation of a submerged jet depending on the initial conditions.

Objects: multiphase jet of hydrocarbons; components of the jet: oil, gas, water; composite bubbles, covered with a hydrate shell; nature of
jet flow spread, hydrate formation.

Methods. The integral Lagrangian method of the control volume is used to describe the submerged jet propagation. According to this
method, the jet is represented as a sequence of elementary volumes, each of which is characterized by linear dimensions and thermo-
physical characteristics. Submerged jet distribution is considered for deep-sea spills, which corresponds to the case when hydrate shells
begin to form on the surface of the bubbles and the gas bubble turns into a hydrate. The paper adopts a limit scheme, according to which
hydrate formation is limited by the diffusion of gas through the hydrate shell.

Result. The authors have supplemented the mathematical model of multiphase submerged jet flow taking into account the formation of
hydrate on the surface of bubbles. The dependences of the submerged jet thermophysical characteristics on vertical coordinate and the
trajectory of jet propagation are obtained. The equation of state for real gases is applied for methane bubbles, which are covered with a
hydrate shell. As a result of calculations, the dependences of the radius of the gas and hydrate component of the composite bubble and its
density on vertical coordinate are obtained. It is found that the radius of the bubble hydrate component decreases for the case when the
gas is described by the ideal gas state equation and grows for the case of applying the equation of state for real gas.

Key words:
Submerged jet, multiphase jet, hydrate, methane, oil, hydrocarbon spill, oil, control volume method, gas state equation.

The work was performed within the framework of the Ministry of Science and Higher Education of the Russian Federation state
task in the field of scientific activity, publication number FEUR-2020-0004 «Solving urgent problems and researching processes in
petrochemical industries accompanied by flows of multiphase media».
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