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IIpeaucinosue

Moe 3HaKOMCTBO ¢ Pob6eprom MckaHmepoBuyeM HauyajoCh Iocie ero u3dopanus B 1991 r.
akagemukoMm PAH. Mbl paboTaiy 1o pa3HbIM CIelMaabHOCTSIM, U S MaJIo pa3bMparoch B MpPo-
(deccroHaMbHBIX TOHKOCTSX MEXaHUKM. . .

[TocTeneHHO MbI COMMKATMCH U JTyUlile TOHUMAaJIY APYT Apyra. MHe CTaHOBMJIACh BCE TTOHSIT-
Hee ero rpakJaHcKas Io3uIysl, OTHOIIIeHe K 9KOHOMMKE U CyIb0aM CTpaHbl, K TEXHOJIOTMYe-
CKOJi CTPYKTYype MPOU3BOACTBA U reonoantuke. P.U. HurmaTyanH okasancss pa3HOCTOPOHHUM
Y4eHbIM, KPYITHBIM METOA0JIOTOM, YMEIUMM IIPUMEHSTh MeTOH, MTO3HAHMS K pa3HbIM HayKaM.
OH o61aaeT KoI0CcCaabHbIM YyBCTBOM OTBETCTBEHHOCTH, KOTOPOe [1J151 HETO He JIO3YHT, a CiJIa,
ompefensoilas 06beKTUBHYIO JIOTMKY 001[eCTBEHHOTO ITporpecca.

OTu u gpyrue, onucaHHble Aajee COObITHS, TO3BOIMIM MHE Cle/laTh BbIBOA, O TOM, UTO B
nuue akageMuka P.V. HurmarynnHa Mbl BUAMM SHIUKIIONIEAMCTa HOBOTO BpeMeHu. OH SIpKuii
[IpeaCTaBUTENb CTO/Ib PeKO BCTPevarllecsl CerogHs POCCUINCKON UHTEeUIUTeHIUN. YBaxKe-
HJE K IIPOTrpeccy 1 JIIo60Bb K POJIMHE JIUIIb IMTOAYEPKUBAIOT €r0 3HAYMMOCTb ¥ KaK YUYEHOT0, U
KaK JIMYHOCTH.

MHe MHOTO pa3 MPUXOAMUIOCH ObIBaTh B Y(pe, B TOM Ulc/ie COBepLIaTh TYPUCTUUECKYIO TTO-
e3]IKy Ha TeIIoXofe CO CBOMMM BHyYKaMu. Y MeHs ObIJIO M OCTaeTCss MHOTO Jpy3eii B baiii-
Kkupun. [To6wIBas ST TaM U 10 npuriamieHuio Pobepra MckanaepoBuya, KOraa OH BO3IJIABIISIT
Axanemuio Hayk Peciybnuku BanikoprocTtas u Ybumckuit HayuHsblit ieHTp PAH. MHe nmokasa-
JI MHOTO MHTepecHOro. Beictynui g u niepen yueHsiMu YHIL PAH 1 AH Pb. MHoro ¢ TpeBoroii
roBopui o Poccun, 06 OTCYTCTBUM Y Hee JOJITOCPOYHOV CTpaTeruu, O pacCi0oeHUM TpaskgaH Ha
60raThIX ¥ 6egHBIX, O AeIMIbHOM Ko3bduIlMeHTe pacipeaeseHns T0X0I0B, 0 JoJjie 3apaboT-
HOI1 Tu1aThl B 06beme BBII, o mporpeccBHOM 06JIOSK€HMM HAJIOTOM JT0XOI0B (hM3MUeCKIX JINII.

9To 6bLIO O6IIEeHME C BhIAAIONIMMMCS YUeHbIMM Ballikupuy, OTBEThI Ha X MHOTOUMC/IEH-
Hble BOIMPOChl. AKageMuk P.Y. HUrmaTynuH yloBu/I CyTb ITpO6aeMbl 1 TIOTOM Harucal Mpo-
(deccroHanmbHYyI0 paboTy 1Mo 3KoHOMMKe Poccun. 3aech ckasanach ero cujia OBJIaJeHus MeTo-
IOJIOTMel HayYyHOTO aHa/IM3a, MMeIoleli OUeHb MHOTO OOIIIero B aHaIM3€e COLMAIbHbIX U TeX-
HUYEeCKUX MpobsieM, a Takke yke Ha3BaHHOe BbIllle UyBCTBe COI[MATbHOI OTBETCTBEHHOCTH.

B 2003 r. Pobept VMckaHaepoBuY OMyOJMKOBAI B KypHasie «BOIpockl SKOHOMUKM» N2 3
MIPYHIIUIIMAIBHYIO CTaThi0 «O0 OITMMAaIbHOM [I0JIe TOCYyIapCTBEHHBIX pacxoaoB B BBII u Tem-
rax 3KOHOMMYecKoro pocta». OHa 6blJla OTBETOM Ha BBIIIEAIIYI0O paHee B TOM 3Ke KypHasie
CTaThl0 TTOMOIIHMKA [Ipe3ugeHTa Poccun 1o 3KOHOMMUYECKMM BoTipocaMm A. MytapuoHOBA U
ero coaBTopa H. [InBoBapoBoii1 «<Pa3zmMepsl rocyaapcTBa M SKOHOMUUECKUIT pOCT». ITO ObLI [10-
CTaTOYHO MYKECTBEHHbIN IIar, MOCKOIbKY COBETHMK JJISI TOTO M CYIIEeCTBYET, YTOObI BAUSIThH
Ha no3unuio B.B. [IyTuHa ¥ mpyMHMMaeMbie UM pelieHus. ITO BAMSHUE CYLIECTBYET U A0 CUX
Top. . .
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B cratbe P.M. HurmartynnuHa oTmeuaeTcsl, UTO B KaueCTBe eIMHCTBEHHOTO CI10C00a MOBbI-
LIeHWSI TEMITOB SKOHOMMYECKOro pocTta A. MyiaprMoHOB € COaBTOPOM IpefJjiararoT CYLeCTBeH-
HOe COKpalleHye rocyIapCcTBeHHbIX pacxomoB. Takoe mookeHMe ommnb0yHO. TeMITbl 9KOHO-
MMUYECKOro pocTa ecTb QyHKIIMS MHOTUX MepeMeHHbIX U (hakTopoB. HekKoTophle 13 HUX Jdaxke
HeJIb3SI BBIPAa3UTh UMCIEHHO, B YaCTHOCTY YPOBEHD YECTHOCTY B OM3HECE U B rOCYIapCTBEHHbBIX
opraHax, HallMOHaJ/IbHble TpaaAuLINM, 6epexxINBOCTb, CAMOUYBCTBIME HALIUM ¥ MHOTOE Apyroe.
«Tako¥t dhopmanbHbIN U YIPOIIEeHHbIN aHa/IN3 QYHKLIMM MHOTUX TIepeMeHHbIX IIPY Bapualun
OIIHOJ TTepeMeHHO 6e3 KOHTPOJIS U yueTa M3MeHeHMsT OCTaJbHBIX IIepeMeHHbIX U (PaKTOpOB
He II03BOJISIeT BbISIBJISTh 3aKOHOMEPHOCTHU. JTO CTaHAapTHas IpobieMa Ipu 06paboTKe JaH-
HbBIX (9KCIIEPUMEHTOB) BO BCEX HAYKaX».

OH oTMeuaeT 1 KOHKpeTHbIE TPOCYEThl B KPUTUKYEeMOI UM cTaTbe. [IpyuemM peub uaeT He O
HEKOM «abCTpaKTHOM» TOCYAAPCTBE, a 0 peanusx coBpeMeHHOM Poccun. I[TommepskuBast mo3u-
LU0 BeOyluX POCCUMCKUX IKOHOMUCTOB, P.M. HurmaTy/ivH BbICTyIIaeT 3a MOBBILIEHWE IO
oraThl Tpyaa o 50%, a morom u 10 60% B 06beme BBII.

[eticTBUTENbHO, HM3KAas 3apab0oTHAs IU1aTa — IJIaBHbIV TOPMO3 HAyUHO-TEXHUYECKOTO ITPOo-
rpecca. OHa OpMeHTUPYeT Ha MCIO0JIb30BaHMe IPUMUTUBHOTO HU3KOKBATMPUIIMPOBAHHOTO TPY-
Ila ¥ TIPOTMBOPEUYMT KypCy Ha MHHOBAIIMOHHOE pa3BUTHE S3KOHOMUKM.

Yrto kacaetcs Poccuu, To B Helt 3HAUUTeNbHASA OO IIPUPOLSHOM PEHTHI BMeCTO TOTO, UTO-
OBI MATY HA Pa3BUTHE TTPOU3BOIUTEIBHBIX CUJI, IPYICBAMBAETCS COBPEMEHHBIMM OJIUrapXaMu,
KOTOpbIE BCE 3TO TPATIT Ha IIpeMeThl POCKOIIN WX BBIBO3SIT 3a pyoex. 1 manee P.M. Hur-
MaTyJIuH ruiieT: «CerogHs B KOHKYPEHTHOV 60pbOe Ha MMPOBOM pbiHKe Poccus MMmeeT 1aHC
3aBO€BaTh JOCTOTHOE MeCTO TOJIbKO B CEKTOPE BbICOKOTEXHOJIOTMUHOM MPOAYKIIUY C 6OJbILION
IloJIeil MHTeJJIeKTyaIbHbIX 3aTpaT». EC/iM OHa 3TOro He chernaer, TO «IIoTepseT U aHC Ha BXO[,
Ha MMPOBOJ PBIHOK, U CTATyC BEJIMKOI IepsKaBbl, M CBOV MIPUBBIYHbBIN YPOBEHb XKMU3HU, U CBOIO
UVBUIN3ALUIO».

CeromHs 3TO Tak ke BepHO, Kak ¥ ceMb JieT Ha3ajl, Korga 6bia HamucaHa ctaThbsi! [lanee
P.J. HurmaTynuH yTBepskaaeT: «CBoeobpasye MHOTOOOpAa3HbIX CBSI3ei U YCIOBUIA OTIpeaesnsi-
eT 1 KaXI0i CTpaHbl CBOI ONTUMAIbHYIO IOJII0 TOCYAAapCTBEHHBIX pacxonoB B BBIIL. VHu-
BepCaJIbHBIX pelleHnii 30ech HeT. KctaTu, B ceBepHbIX cTpaHax (Kanama, Hopserus, IllBenus,
OuHASHAMS) OHA Bcerna Bbicoka». B 2007 r. BTOpbIM M3aaHMeM Bblllia KHMUra «Kak o6ycTponuThb
3KOHOMMKY U BJIaCTbh Poccuu: aHa/in3 MHXeHepa U MaTemMaTuKar». B Heil ckazaHo, 4TO y HacC B
CTpaHe MO-TIpeXXHEeMY BJIACThb «BCE 3HAET cama, He OTIMPAEeTCsl Ha HAy4YHbIN aHan3, He 0CO3Ha-
eT ¥ UTHOPUPYET 3aKOHbI SKOHOMMKM, IIpeHeOperaeT MHEHMEM CIIeIMaIUCTOB». [Io3TOMY B
Poccumt (M 9TO cKa3aHO JOCTATOUYHO JKECTKO) «HY’KHO CMEHUTb KypC ¥ HAaUMHATh CO371aBaTh HO-
BBl S KOHOMUYECKUI U TOCYAaPCTBEHHBIN MOPSAO0K. A 3TO 3HAUNUT, YTO B PYKOBOZCTBE HYKHBI
HOBbBIE JIIOAWM: C COBpeMEeHHbIM MUPOBO33peHreM, ONMPAIIMeCcs Ta HAyKy, 3HAIOLe OCHOBDI
COBpeMEeHHO 3KOHOMUKI».

MbI BcTpeuaniich ¢ Po6eprom VickaHaepoBuyeM Ha MHOTUX COOpaHMSIX M 00CYKIEHUSIX, T
sl HeM3MeHHO 3amMeyasl MIMPOTY ero MblIlJIeHus U mpodeccoHaibHOe 3HaHue mpobieM. Bbi-
JIM MBI ¥ Ha OOCYKIeHUM TIPobJieM COBPEMEHHOTO S5KOHOMMUECKOTO Kpu3uca, MpOoBOIMMOM
Ha KpPyIJIOM cTojie 1o pyKoBonacTBoMm I0. M. JIyskkoBa. B IMcKyccum BeICTyaii B OCHOBHOM
9KOHOMMUCTBI. Ho motom P.M. HurmaTynmH BBICTYIIMII KaK «TeXHapb», pacckasai o pyHIaMeH-
TQJIbHBIX IPUUYMHAX, 3aJI0KEHHBIX B Pa3BUTUM MIPOU3BOAUTENbHBIX CUJI. Ero peub okasanach
BecbMa 3aMeTHBIM SIBJIeHMEM U, 51 ObI CKa3aJl, Ipu3eMIeHHbIM K peasbHO CUTyalluy B CTpaHe.
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3a MHOTrMe rofibl Halllero 3HaKoMcTBa PobepT VMckaHaepoBMY y3HaI, UTO 51 He TOJIbKO Iica-
TeJb, HO ¥ UYMTaTeNb. [I03TOMY OH pery/aspHO IIpuchlJiaeT MHe CBoM ITyonukauuu. U s neiicTBu-
TebHO UMTAal0: U TpodeccroHaabHble PabOThI IO ATOMHO 9HEpPreTUKe, M MHOTOUMCIEHHbBIE
BOCITOMMHAHMS O CBO€J ceMbe U OIM3KUX JIIOISIX. DTO YAMBUTEbHO KMBbIe, 00pa3Hble paccKa-
3bI, KOTOPbIE PACKPBIBAIOT AYIIY aBTOPA, OYASIT BOCIIOMMHAHMS M COTIOCTaB/IeHMs. MHe ToxXe
IOOCTaBUJIO OOJBIITYI0 PALOCTh U MOTPeOOBaI0 HEMAJIOTO TPYyAa HamucaTbh KHUTY «Mosl pozo-
CJIOBHAs», rOe 4 npodiennin (1o peBU3CKMM CKa3KaM) CeMbl0 CBOMX IpenkoB ¢ KoHIa XVIII
BeKa [0 HalllUX JHEei.

3aBTpalHuii f1eHb Poccum Hepa3pbhIBHO CBSI3aH C MMEHAMM BBIJAIOINXCS AesaTesei cTpa-
HBI, ee KPYITHbIX YUYEeHbIX, Mogo0HbIX P.J. Hurmatynmay, a Takke ¢ TéM, UTO MAyIIee UM Ha
CMeHY TOoKoJieHMe OyneT yMHee cTtapiunx. ToabKo TOr[a B CTpaHe OyneT He perpecc, a Mpo-
rpecc.

Jleounn UBaHoBuu AGaJIKUH
akagemMmuk PAH
(V3 kHUTU «YUyeHbIii HaIllero BpeMeH! IJla3aMiu COBpEMEeHHUKOB», cTp. 195-197)
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(aemopckoe npeducnosue)

[IpencraBiaeHHbIe B 3TOM I00MIefIHOM COOpHMKE MOM HayuyHble CTaTby OTOOpaHbI MHOIA.
OHM pacrionokeHbl B XPOHOJIOIMYECKOM ITOPSIIKE U He TIpeACTaB/IeHbl B MOMX KHUTrax «OCHO-
Bbl MEXaHMKM reTeporeHHbIX cpen» (1978) u nByxToMHMKe «IMHaMMKa MHOTO(asHbIX cpen»
(1987), xotopslit 6611 epeBeneH B CIIA. Bce onn onmy6nmkoBaHbl ¢ 1965 1o 2005 rogbl 1 He
Tpe/ICTaBIeHbI HA OTKPBITHIX MTOJIKAX 610MoTeK. OHM B OMOIMOTEUHBIX apXMUBax. XOTSI OHU He
CTIN CAaMBIMU LUUTUPYEMBIMM, HO OHU CTAJI UMITYJIbCOM [IJISI OCJIEAYIOIINX MOUX C MOUMM
60J1ee MOJIOABIMM KOJIJIETaMM ITyO/muKaluii. Bce oro6paHHbIe ITyoaMKaluy 3aHMMaT 0coboe
MeCTO B «MO€il UCTOPUN».

Cratbu [1, 2] — Mou nepBble MyOAMUKALIMY, M OHU TIPEACTAB/SIOT MOU CTyJleHueckue pabo-
Thl — KyPCOBYIO, TIpe[iCTaB/JIeHHYI0 B 1964 I., U AUIIJIOMHYIO, TIpe[icTaB/JeHHy0 B 1965 T., Ha
mexmate MI'Y um. M.B. JlomoHocoBa. KcraTtu, most nuriomHast pabora B MBTY um. Bayma-
Ha (1963) 6bp11a MOCBSIIIeHA aBMALIMOHHOMY JIBUTaTe 0 C aTOMHBIM peakTopom. KoHeuHo, 3Ta
pa3paboTKa He MOI/Ia ObITh IIPeAMeTOM JIs1 ITyOIMKalUM B TO BpeMsl.

Cratps [10] nocBsilleHa TEIIOBOI aHOMaauUM ropsl SIHTaHTay ¥ HamucaHa ¢ yPUMCKUMU
reoJIoraMu.

Cratbs [12] mocBsIeHa BaskHOV TpobyieMe 9KOHOMMUEeCKO Teopuu, B KOTOPOJ IO BEPTHY-
Ta KpUTHUKe IIPOrpaMMHas CTaThbsl COBeTHMKA [Ipe3nagenHTa PO. OTa cTaThs MOTyUMnsIa BbICOKYIO
oneHKy akageMukoB JI.W. A6ankuna u /I.C. JIbBOBa.

Bce octanbHbIe ITyOIMKaLM I00M/I€ITHOTO COOPHMKA CBSI3aHbI C MEXAHUKOI U TeTiopu3u-
KOJi MHOTO(a3HbBIX Cpe/I.

Ocoboe MecTO cpeayt HUX 3aHMMaeT CTaThs [7], KoTopas SIBJIseTCsl TeKCTOM 1-0ii (M eqyuH-
CTBEHHOJ) JTeKUyM Ha OTKpbITUM II MexxnyHapomgHoi KoHdepeHIIuM Mo MHOTo¢asHbIM ITOTO-
kaM B Kuoto (SImoHmust, 2005). IToyeTHOe TpaBo /IS TaKOi JIeKIMM ObLIO MPefoCTaBIeHO MHe
criela/ibHbIM pellieHeM oprkoMmuTeTa. Ee ciyanu okoso 1000 yesioBeK, cpefiyt KOTOPBIX ObI-
JI/ YIeHbI MPaBUTEIbCTBA SIMOHNUNA.
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Reecrtiuk
MOCKOBCKOTO YHUBEPCUTETA

P Ne 1— 1965 _—e

P. . HUTMATYJHH

MNJIOCKHH CHJIbHBIN B3PbIB HA TPAHULLE ABYX U EAJIbHBIX
KAJIOPHYECKH COBEPLIIEHHDBIX T'A30B

Ilycts B npaBOM MOJyNpOCTPAHCTBE HAXOAMTCS raz 1, a B JeBoM —
ras 2. B miockocTH, pasgensiolieii rasbl, MPOUCXOLUT B3DPBIB, TO €CTb BhI-
Jeasiercst 3Heprust Ey.

Pemenue nileM B BHAe ABYX YAapHBIX BOJIH, HAYIIMX BNPaBO U BJeBO
NpH CJeAyIOIHX OOBIYHBIX JONMYLIEHHSX:

1) sHeprus B3pbeIBa BBILEJNSETCS MTHOBEHHO;

2) B3pbIB IVIOCKHH, TOUEUHHIH;

3) B3pBHIB CHJIbHBIH, TO €CTh 3HAUYeHHEM 00eux MdaBjieHHH B 060oux mo-
KOSILUMXCS I'a3aX MOXHO NpeHeOpeub IO CPABHEHHIO C AABJEHHEM B BO3MY-
IleHHOH cpeJe;

4) nBuxkeHue aauabaTHyeckoe (COXpaHsSeTCs SHTPOMHS B YaCTHIE).

B pesysbTate 3THX HONMyllleHHi ABHXKeHHe OYIeT ONPeNeNsiTbCA CAeAyIo-
IIHMH MapaMeTpaMHu:

an P11 P21> Y1» Yz’ r, t: (1)

rae pi1 4 P2 — HayaJbHblEe NMJIOTHOCTH COOTBETCTBEHHO IIPABOTO M  JIEBOTO
rasoB *, y, u y; — nokKasare;ju aauabaTbl COOTBETCTBEHHO NPABOro H JeBO-
ro rasoB, r — paccTOsTHHe 0 MecTa B3phIBa, ! — BpeMs.

M3 aHanu3a pa3MepHOCTEN CJelyeT, YTO ABHXXEHHE B 3TOH MOCTAHOBKE

6yneT aBTOMOJEJbHBIM C €IMHCTBEHHBIM He3aBHCHMBIM Ge3pa3MepHHIM Ile-
PEMEHHBIM

L
M-r(z)" §

Hns npuBeneHns 3afaun kK 6ojlee CHMMETPHUYHOMY BHIY BBEIeM  aHa-
JIOTHYHOe TepeMeHHOe (paBHOe II ¢ TOYHOCTBIO N0 NOCTOSSHHOIO COMHOXKH-
TeJst, CBoero JJs Kaxjaoro raza 1 u 2):

* fij npu i=1 oTHOCATCA K MPaBOMY rasy, a i=2 COOTBETCTBEHHO K JeBoMmy; j=1 oT-
HOCHTCSI K HEBO3MYLUEHHOMY rasy, a. j=2 IloKasblBaeT, uTo 3HaueHue [ Gepercsi Ha yAap-
HOM BOJIHe.

6* 83
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1

r-< fu > IJIs1 TIPaBOTO rasa,
A= 1 )

3
r- (—Pil—> J/IS1 JIEBOTO Fasa.

Eot?

3uauenus E, u E; BriGepem mosnHee. Kax yXe ykasbiBaJoCh, pelIeHHe
MileM B BHIE JABYX YAapHBIX BOJH, MAYIIHX B PasHble CTOPOHBI, JJIsi Yero
6y,ueM CTHIKOBATb HA4 KOHTAKTHOH MOBEPXHOCTH (IIOBEPXHOCTH, pasfiessiio-
e rassl) pellleHus, MoJyuerHbIe JI. 1. CemoBbIM [AJ51 aHaJOTHYHOW, HO
CUMMETPHUHOH 3agaun (CM. [1] 2]).

V3 anannsa pasmMepHOCTEH MMeeM C/IelyIOLIe 3aKOHbI JBUXKEHHS 0Ge-

HX YAApHBIX BOJH:

Eqf2 \ 3
Tag = hgg- ? > '

IAe A2 U Age — TIPOU3BOJIbHbIE MOCTOSIHHBIE.
IMosoxkum Aje=MAoe=1 3a cueT BrIGOpa EI u E,. Takum oGpasow,

om(22)"

C; — cKopoCTb JIBH:KEeHHs yAapHoH BoaHbl (i =1, 2):

. X 3
omtm = 2 (BY T )
dt 3 pi1
W3 ycrosuit Ha CHJBHEIX PaspLIBaX HMeeM (C yyeToM pi1~0)
oL
3 3
Oy = — (ﬂ) + 2 (6)
3(vi+1) \en
i l
o =22 oy, (7
Yi—
2
L Sen ﬂ)% °. (8)
P2 = 5w+ Ve

B kauectBe 6e3pa3MepHBIX NEPEMEHHBIX BO3bMEM OTHOLIEHHSI HCKOMBIX
Gynxunil v, p, p K UX 3HAUEHHSIM Ha COOTBETCTBYIOLIEH yAapHOH BOJIHE:

5-=L' ;:-E_' ;_—_:_E_. (9)

’ ’

[ 4] Pi2 Pi2

KpaTKo us3noXuM xol peweHuss JI. M. CeloBa nNpuMEHHTENBHO K
Halefl 3anxave (cM. [2]).

84
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Ilepexofiss B ypaBHEHHSIX OJHOMEDHOro anAnabaTHYeCKOro ABHIKEHHS
KaJIOPHYECKH COBEpIIEHHOro rasa

o0, 0 1 9

ot +v or + [ or ’

e & .ﬂ =

o7 v +p 0, (10)
B o9y yp O

5 17 + yp- 0

K 6e3pa3MepHbIM IepEeMEeHHbIM, [IOJIYYHM J(BE CHCTeMbl OGBIKHOBEHHBIX AH(-
depeHnnabHbIX yPaBHEHHHA (AJS MPaBOrO M JIEBOTO rasoB):

S witl i Yi—lo v+l o
(v 5 7») pv’ -+ 3 p 1 vp =0,
(5-—lf2i—l x>5'+5z7'=o, (11)

— 1 - ] 1--.
(v——x% 7~>p +Yipv———y‘—;——p=0-

u rpanuuEbe, yeaosua o (1) =1; p(1) =1; p(1) = 1. (12)
Cucrtema ypasHeHui (11) mMeer jBa NepBLHIX HHTErpaJa:
2 v+ 1 __E'_ oA = gVl
()= (13)
S(E _mEl\_gp v+l o
ve (5 —25) por (A — ). (14)

Jenass 3aMeHy nepeMeHHBIX
v=AF (15)
H pemasi CHCTEMY, nonyth

TP o

1
Lt e R
2 vi—1 2vi
2yi B3 \]1314 [ ( w +1 )]553
—F —F , (18
[Y; ( 2Yz >jl [ . ( )
=F3 [ 2 (vl-{-l - :l—ﬂls[ i_ Jﬂi4‘25il
p Py > 5 , (19)
L Swi—4 g _ vi—l 1
{3;1 3(2%____1)! (3;2 2Yt—l’ 61.3 2\’1'_1’ (20)
3P
B = —Ph, By —2
2—wy 2—vy;

ITokaxewm, uto npin A=0 Gyzer v=0. Jlomyctum npotuHoe. Tak Kak
CKODOCTH MeX1y ABYMSI yAapHHIMH BOJHAMH MEHSIOTCS HempephiBHO (Ha

85
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KOHTAKTHOI NOBEPXHOCTH HET CKAa4YKa CKOPOCTH U JlaBJIeHPIH>, a Ha yJXapHbIX
EO.’IHEX CKOPOCTH HMEIOT pa3HbI€ 3HAKHM, TO CYLIECTBYEeT CeueHue Ag, TIE

0=0. Ilo npennosoxenuw, Ag==0, caeqoBaTeJbHO, TaK Kak U=AF, Fy=0.
Ho stomy Fy coorBerctByer (cM. (16) Ag= oo. IToayuunaum npoTuBopeune
TOMY (akrty, 4yTo MexAy ABYMs yAapHbIMH BoaHamu (A<<l) o6si3aTesnbHO
NOJXKHO GHITh CeYeHHe C HYJIeBOH CKOPOCTBIO.

To oGcrosiTenbeTBO, YTO B Hauaje KOOPAMHAT CKOPOCTb PaBHA HYJIO
npu ¢>0, mnokasbiBaeT, urto compsraTth pemenus JI. M. CegoBa MOXHO
TOIbKO B CJIyYae, eCii KOHTAKTHAsl MOBEPXHOCTh HEMOJABHKHA.

Ecnu ee cpenats pBurawiefics, Hanpumep BJeBO, CYUTAs, UYTO OHA
oTolsa OT Hayajga KoopauHaT npu f{=0, Korja nMmeercs OCOGEHHOCTb, TO,
TaK Kak uepe3 ceueHue r=(0 HeT mepeTekaHusl rasa, u6o tam v=0, umeewm,
YTO MEXAY KOHTAaKTHOH INOBEPXHOCThIO M HayaJoM KOOpAHHAT OyAeT Haxo-
IuTbcsl (PUKCHPOBAHHOE, HEHYJeBOe KoJjuuecTBO npasoro rasa. Ho u3 Ha-
YaJbHbIX Pa3MEPHbIX NapaMeTPOB HeJb3sl COCTABHUThb IlapaMeTpa C pasMep-
HOCTbIO MaccChl.

ConpsizxeHne pelieHH#H

Ha XoHTaKTHOH HOBEPXHOCTH, TaK KaK OHA MOXKET [BHTaThCS TOJBKO
BMECTe C YaCTHIAMH, JOJKHbl ObITb HeNpepblBHBl CKOPOCTh H JaBJI€HHE.

HenpepriBHOCTE cKOpocTH yiKe obGecneueHa. 13 ycnoBusi HempepbIBHO-
CTH JaBJIeHHS HMeeM

P (Y1 0)p1z (£) = p (¥, 0)-Pas (). 21
Honcrasnss ciona p;, u3 (8), nomyuum
1 2 1 2
p(\’u 0) .E, 3 P(Ye» 0) E , 29
yi+1 Y2+ 1 bat 2 22)

3 (19)

E(Yn 0) — (Y_iﬂy-—ms( vi +1 >—§_< 2yiw—l )ﬁm—ﬁn. (23)

Yi 2vi

Kpome Toro, sammumem ypaBHeHue Gananca SHEPrHH, YUHTHIBAf, 4TO
BHYTPEHHeil SHeprueli HeBO3MYIIEHHOro ra3a Mo CPaBHEHHUIO C BHYTpEeHHeH
3Heprueil BO3MYIIEHHOrO ra3a MOXHO IpeHeGpeub

r

ol Dol e o

0

[puBoxst 3T0 ypaBHeHHe K 6e3pa3MepibIM IepeMeHHBIM, MOJYYHM

E,—= j (P (v A) + B (Yo M) 2 (v M1 dM -
9(Y1
85 { [P (Ya» M) + b (Yar M) 2 (Ya» M)1dA. (25)
9(Y2 1)
0O503HauuM \
ThLON\2
(B =, (26)
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1
— (v 1)+ (v WP (v W] = a (1), (27)
9(vi — 1)y ‘

3nauenusa a(y) 4 p(@, 0) (cM. [2] m [3]). .
TakuM o3pasoM, AJis ompeieseHuss £, u E, uMeeM CHCTeMy:

(v1) Vo Er— 7 (vs) V pa E2 = 0. ] 28)
a(y1) E1 + a(vs) E; = E,.

OtmetuM, uto Eo;=a(y;) - E; — sHeprus B3pbIBa, ylIeAulas COOTBETCT-
BeHHO BNpaBO H BjieBO. TakuMm 00pa3oM, HaM YAaJoCh ONpeNeNHTh paclpe-
JeseHye SHepruH, yIuenuled BIPaBO M BJEBO.

Jas  BBIAIBJIEHHS OCHOBHBIX 3aKOHOMEDHOCTEHl pacCMOTPUM ciyvai
y1=v2. Toraa

_Eo_1=£1_'=g=_ﬂ_=l/m.
Egy Ey To2 Co P11

DHeprusi B3pplBa NpH y; =Yz pacnpegensiercs o6paTHO NMPOMNOPUHOHAb-
HO KOPHIO KBaJpaTHOMY H3 OTHOILUEHHUS IJIOTHOCTEH.

Orciola MOXKHO HAHTH Npellejbl NDUMEHHMOCTH JaHHOrO  peLIeHHS.
Ecnu, monyctuM, cieBa HaXOAWUTCA ra3 C HAMHOIO MeHbUIEH IJIOTHOCTBIO
10 CPaBHEHHUIO C MpPaBbLIM ra3oM, TO U3 HalIero pelieHHs CjaeAyeT, UTO BIIpa-
BO NoiileT Majasi NoJis 3HepPrHH. B pesysnbraTe uero mJsi npaBoro rasa
MOJKET He BBHIOJIHUTLCS OCHOBHOE JONYyIleHHe CHJAbHOrO B3pbiBa (3HaYeHHEM
JaBJeHUsl B MOKOsIIEMCS ra3e MOXHO NpeHeOpeub MO CPaBHEHHIO C JaBJje-
HHEM B BO3MYIEHHOM rase), TO €CTb IOJYYeHHOE pelleHHe He Gyaer peaJiu-
30BbIBaTh JONYllleHHe, HA OCHOBE KOTOPOro OHO nojydeHo. UYem Gosblie
3Heprusl B3phIBa, TeM AJs1 6oJiee pa3HbIX IIOTHOCTER MOXKHO HCHOJb30BaTh

JaHHOE pelleHHe.
- PaGora BhmosHena mox pykosoxcTsoM npod. X, A. PaxMarysuna.
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R. I. Nigmatulin

A STRONG PLANE EXPLOSION ON THE BOUNDARY OF TWO IDEAL CALORICALLY
PERFECT GASES

The paper presents the solution of the automodel problem of a strong explosion
along the plane dividing two different gases by the method of coupling solutions de-
vised by L. I. Sedov. The plane dividing the gases is shown to be stationary. The energy
distribution ia both directions in assessed.
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CXOOAMMUECA MUJINHIPUIECKAE U COEPHYECRUE JETOHANIWMOHHBIE
BOJIHEI

P. 1. HearMaTyadn

(Mocxsa)

§ 1. PaccmorpuM cheprueckre W OUIMHAPUUECKUE NeTOHAIMOHHEE BONHE!, CXONAIMHECA
COOTBETCTBEHHO K TOYKe WM ¥ OCH cEMMeTpmu. IIpmEmmaeM oOBIYHBIE JOIYINEHMS:

1) feromanWoOHHAs BOJHA — CWJIBbHAsA, T. €. 3HAUCHNMAME [aBI€HAA H BHYTDPeHHEH
SHEPTMH B HEBOBMYIIEHHOH cpefie MOKHO mpeHe6Peus MO CPABHEHMIO ¢ UX 3HAYCHWSME B
BO3MYIIeHHOM Ta3e;

2) mpu TPOXOXKAEHWE yHAapHOH BOJNEHH depe3 BeMeCTBO MTHOBEHHO BHIJENACTCA DHED-
rug Q, m?/cex? (BenmyuHA (Q OTHECEHA K €MHMIE MACCHI);

3) mpomecc B BO3MYHNEHHOH Cpefle — HDOJIUTPONNYECKHIHA ¢ IOKA3aTEIeM 7.

W3 ycnoBuii COXpaHeHAS MACCH, KOJUUeCTBA ABIFKEHUA M BHEPrdH Ha JEeTOHANHOHHOM
ckauke [1,2] mmeem !

v, =PpD, pa=Pp D% p2 = p/(1 —B) (1.1)
p= Al [i—za— a0 4] =22 (1.2)
YpaBHeHNS OTHOMEDHOTO ABHKEHHA rasa B IePeMEHHHX Jiiepa HMeIOT BHF
p%—i—{—pv lg:—*__ 0, 3t+p 6r+v 8r+yp—v—0 (1.3)
aalt) + v 6r +7 ar + Tvpv

3mecs v = 0 B caydYae MIOCKOH, v = 1 — NUAHEApPHUECKOH, Vv = 2 — cdepHIECKOH
CHMMETDHH,
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§ 2. PacemorpuM cayuai, Korfa chepHUeCKHHA MM NWINBAPUICCKHEA (POHT [eToHA-
OAA CXORETCA M3 (GECKOHEYHOCTH IO 3aKOHY

re = ap (—t)" (2.1)

JiBm;KeHEe ONpeNieNsIeTCS IapaMeTPaMu a,, Py, 7y £; Y H V. VI3 aHammsa pasmepHOCTeH
[®] cmemyer, uTo B 9TOH IOCTAaHOBKe [BM:;KeHHE Oy[eT aBTOMONEILHEM C €HHCTBCHHHM He-
8aBUCUMEIM 0e3pasMepHEIM IepeMeHHEM

A= rlry (1) (2.2)

B kauecTBe GezpasmepHEIX (yHKIW BO3bMeM OTHONICHM® WCKOMHX (QyHKnmi v, 0,
p K HX 3HAYEHEAM Ha JeTOHATIMOHHOM (DOHTe

. p . p
== CZ'—: = — nan (—— t)n_l (24)

W3 ycnoBuit Ha neroHammoHHOM ¢pomrTe (1.1), (1.2)
— vy = auPn (—)"7, P2 = po/(1 — B), P2 = 01 az? Br¥(—1)2™ D (2.5)

Hanee GymeM cauraTh, 9TO B Ipomecce cXOxAeHHsa f = const. DTo ycmoBme mccme-
nyerca Emxe. Ilepexoms k GespasmepHEIM mepeMeEHEIM (2.2), (2.3) B ypaBmemuax (1.3),
HONyYnM CHCTeMY TpeX OOHKHOBeHHEIX AufdepeHNUAaNbHNX ypaBHEHHN

o' A4 Po)d+ (1 —PB)n' —8o(n—1)/n=0
8" (A < Bo) 4 Bbw’ 4 vBOw/A = 0 (2.6)
a’ (A 4+ Bo) 4 Bynw’ — 21 (n — 1)/n 4 vBymw/A = 0

C rpaHRYHHMHA YCIOBHAMHA
o (1) = —1, (1) =1, w(1) =1 2.7

O ToM, KaK MOKHO OIPEAeNuTH n, OyJeT PacCCMOTPEHO B § 4.
§ 3. Korma ¢poBT meToHamum CXOAWTCA W3 OECKOHEUHOCTH, /IBIKEHNE ONpeMIeNseTcd
mapamerpamMu Q, py, r, £, 7 H V.
"3 coobpaskeHuil pasMepHOCTeH QPOHT JeTOHATUHE [NOKEH CXONHTHCA C IOCTOSHHON
CKOPOCTBIO 7y = ay (—1), T. €. B ypaBHeHHUH (2.1) Ha/0 HOXOKEATL n = 4, rfe a; ~ V.
OueBmpmo, 4TO B 3TOM ciydae f = const. YpaBmerus (2.6) sanumyrcs B Bupe (mus
n=1)
b0’ A 4-Po) + (1 —B) o' =0
6" (A < Po) - Bdo” <4 vBdw/A = 0 (3.1)
a’ (A 4 Po) 4 Pyno’ + vByro/A = 0
Tpammuene yciaoBEma OGymyT

o (1) = —1, S (1) =1, n(l)=1 (3.2)
OueBHIHO, YTO
n=§" (3.3)
6yzmer maTerpasoM cucTeMsl (3.1) (aHamOrmueH MHTETrpaly M309HTPONHYHOCTH).
MoncraBaaa (3.3) B (3.1), moxyduM cHCTeMy OTHOCHTENbHO 6 M @

8 4Po)o 4y (1 —p818 =0 (3.4)
Péo” 4 (A 4 Po) 8" 4 vBow/A = 0
Paspemas cuctemy (3.4) orHocmTenbHO &’ T @, mMeem

do w381 (1 —B) 6% ds vB376%w (A + Bw)

A T A (A Ro—1B(1—B)81 AT A[5(A+ BoP—1B(L—B) 6']

(3.5)
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160 I pursadnas mamemamura u mexarura. Bun. 1, 1967
Hpome Toro i A+ B
- + Bo
y-229 AT OH

O moxe MHTErpadbHHIX KPUBHX cucTeMsl (3.5) (fmr. 1) mMokHO cKasaTh cremyiompee.
1. Jlypum A = 0 7 ® = 0 ABAAITCA WHTETDANLHEHIMEU KPHBEIMU;
2. Bpons nmEmz A 4 Bo = 0 umeem

aé a6 do v
T?\. an =0, do = 0 (8 = const), an B 3.7)
8 S 3. Booap nuwEmEm o = 0 uMeem
- dé

— ) M =0 6 =20p=rconst (3.8)
\>(_\ /—’ Jlerxo BupeTs, yumTHBasA (3.6) M rpaHmTHNe
A \Z - yeaosuda (3.2),

—Br+1)

—— o S 1= 27 (L —B) (3.9)
A Ha gmanm © = 0 mmeeM ocobyo Touky ¢
N KOOPAMHATOM
e At = 9B (1 — B)5e" L
1 Yaurasag (1.2) m (3.9)
Qur. 1 Ayl = ;—((%T:L)) (3.10)

OTcioma BHUIHO, YTO jjaXke NOA0OPOM O (OTKA3HBAACH OT YCIOBUA qeumena—}ﬂyre)
HeJIB3A CHeNaTh TaK, IT00H 0c00as TOYKA MMeNa KOOPHUHATY Ay > 1.

Y3 mons MHTErpajbHHX KPHUBHIX (¢ur. 1) BmaHO, 910 M3 TOIKE A = 1, 0 = — 1,8 =
= 1 B 0eCKOHEYHOCTH IO A He yXOJWT HE OfHA WHTErDAJBHAA KpWBas (CKadok Tmma BK
TaeT CKAYOK paspAMeHMA W BBOOMTH TaKO¥ MOMONHATETIBHHHH CKAYOK IA [OMyJeHHA
pPelleHRs HEeIb3f),

TakuM o0pasoM JOKa3aHO, 9TO He CYMECTByeT aBTOMOAEILHOIO PEIIEHAS B CIydae
CXOKMIeHHS NeTOHANHOHHEIX BOJH € NMOCTOSHHON CKOPOCTHIO (nsoam‘ponnqecnuﬁ ciIyuai),
e ecad OTKasaTbeA oT yciaobusa Yemmema—illyre. -

dtor ke pesynbtar monyged JI. II. Jlammay m K. II. CTB.HIOKOBH‘I(—)M g pexmma Yem-
meaa—Hyre ([4]).

Jaa pacxofaIumXcs ke ¢ MOCTOAHHON CKOPOCTHIO AeTOHANMOHHEIX BOJNH PemeHHe Cy-
mecTByeT (kpuBas LAM), Buepseie noxyserHoe fl. B. 3exsmoBmaem ([1,2]).

§ 4. Coobpamenns, pasMepHOCTell He IOMOTAalT B ONpeflefIeHHM 3aKOHA CXOMICHUA
JeToHanmmoHHOro ¢poHTa. Bepmemca K dopmyne (1.2), B KOTOpoi o = 2 COOTBETCTByeT
yrapHo# BoxHe Ges3 BHuenemus dHEprum (Q = 0), ot = 1 COOTBETCTRYeT PeIKHMY IeTOHA-
nun Yenmesa—jHyre, Korja BOIHA HAeT MO XapaKTeDHCTHKe B BO3MYLIEHHOM rase.

B Tex cayuaax, korga D? > Q (BEYTPeHHAA 9HePruUsa BelleCTBA HA [ETOHAHOHHOM
¢ponTe ropasmo Gonbime BLIfleaseMOd XMMHYECKOH DHEPTHH, YTO COOTBETCTBYET [OCTATOU-
HO yCKOpDEHHO# JeTOHANWOHHOH BOJHE), MOKHO IIOJAraTh & = 2 W HCIOIb30BATH ABTOMO-
nenbHOe pemenue I'yraepies—Jlapnay—CramokoBmaa [4].

PaccmorpmM npyro#f KpaitEui cirysa#i ($pusmuecKHm HepeaubHHIH), Korja B IIpoIecce
cxomenna o = 1, T. e. obecneunBaerca pe;xuM YenmmeEa—3Kyre, U JeTOHAIHOHHAA BOXHA
mfeT Mo xapakTepucThre. I sToro HeobxommMo, 4TOOH BEedseMas Ha (poHTe BHEp-
rua Q 6mna mpomopnuonansHa D2 (mim p, u T'5), T. e. Q HOIKHA yBEeIMIMBATHCA IO Mepe
ycKoperra (GpoHTa MeTOHATWM (BHYTPeHHAA SHEPIEA BeleCTBA HA AETOHAIIUOHHOM (pOH-
Te OJHOIO HOpAAKA ¢ BHJENAEMOH XUMWYecKo# sHeprmeit Q).

Ecau, ncnonssysa pemenusa ['ynepmea — Jlammay — CramiokoBu3a, Q He yudTHBaeT-
¢, TO Temeph Q yIreM Kak OH ¢ M3GHITHOM.
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Takmm ofpasoMm, 3aKOH cxomeHHA ¢poETa OGyZeM HCKATh KaK XapaKTePHCTHKY,
Pasfens0IMy0 BO3MYIIEHEYI0 U HEBOSMYWEHHYIO CDEfH.
BocmonbayeMcsi ypaBHeHHAME HeIPeDHBHOIO OJHOMEDHOTO [BUKeHHA B HIepeMeH-
HEIX Jlarpamxa
o%u ap p(1+u,) P p\"¥
P1oie =" 5r » P="1ru/r P—z:<pT> (4.1)

31ect u — cMeIeHHe YACTHOLI. YCIOBUSA HAa JIeTOHANMOHHOW BOMHE B peskume Uem-
meaa — sHyre

D pr+1 pD?
n=_11 k= 1 » P=yq (4.2)
IlepBoe ypaBHeHHe (4.1) IpeficTaBUM B BUje
0%u 0%u
a2 =0 u, w) 5 b(r u, u) (4£.3)

Torfa ypaBHeHMe XaPaKTePUCTHK H yCIOBHA HA HHEX OymyT
dr = 4 a dt, du; = + a du, 4 bdt (4.4)

U3 tpeThero ypaBHeRHA (4.1), HCHOXB3YA BTOPOE U COOTHONIEHHA (4.2), HOTyInM
D2

-ty
P= i) P AT e a e (4.5)
Ilnddepenmupys (4.5) W IOACTABIAA B MepBOe ypaBHeHHe (4.1), momywam
2=kl ) (e o
o Ty +A\T+1) (A4 u,) T (A u/r)Y O
vyD? Uf —u 2D dD
. (4 u) (A u/ryrt T (A4 u,) (4 Fu/r)Y dr (4.6)
CpasrmBada (4.6) u (4.3), momydmm
) Y Y+l D2
a?(r, u, u,):(T_}A,l) At e ) T @t /0" (4.7)
1 1\ vyD? (u,r —u) 2D dD
o) =1 () |Trmyratagye e At/ @
(4.8)

B IpHHATHX B TPEefNON0KeHNAX JTOHATMOHHASA BONHA HJET II0 XaPAKTePUCTH-
Ke, II0O9TOMY
ag (1) =a [r, 0, upa(r)l = D (1) (4.9)
Orciona, yuaurnBas (4.7), HaxopmM
g = —1/(y + 1) (4.10)
N3 (4.8) m (4.10) momydumm

by(r)=0b1r, 0, urz]z—(Yfi)gg—TiiD % (4.11)
Tl XapaKTepHCTHKE, OrPaHMIMBAIONEH MOKOMIMACH ras
Updt - updr = du = 0, nIn Upp + ayUpy = 0 (4.12)
HopcraBiaaa (4.12) B (4.4) m yunTeBas (4.10), uMeeM
F urgdag = bydi (4.13)
Vugrusasn (4.9)—(4.11), 1 (4.4), monyduM, UTO BROTH NMCKOMOH XaPAKTePUCTHRY
3‘%+T‘:1d—:—o (4.14)

11 Tpuxnaguas maremaTnka n MeXaHuKa, Ne i
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Wurerpupys 8T0 ypaBHeHHe ¥ YYUTEIBasg, 9TO CKOPOCTh, HampaBieHHAs K IEHTDY,
cuATaeTCA OTPHUIATENbHOH; MOMYIAM

A vy ) dra A
lDl:Tz—m (ln:m , IR ~-- di '—'rzm'
HHTerpupya mociefnee y‘paBHerme npH yCJIOBHUH, YTO ry = 0 opua ¢t = 0, mMeeM
1 3(r+1)
= =9
= (=0 (» =1 = s+ 5

TaxuMm 00pas3oM, HOIYyYeH 3aKOH CXOKAEHUA NETOHAINOHHOrO POHTA B TaKOM Bu[e,
KOTOpPHI 3afjaBajicA B § 2 M, KpOMe TOTO, OIpefielleHa 3aBUCHMOCTEL IIOKA3aTeJs aBTOMO-
AGNBHOCTA 1 OT y W V.

§ 5. Oopenenus n (y, v), MOKHO THCIeHHO PeIIUThL cHcTeMy (2.6) ¢ DAaBHYHRIMU yCIIO-

BUAMA (2.7), ONHAKO IIPeJBapHATENHHO HEO0-

o, [7 XOfEMO HCCIELOBATH XapaKTep TOUKE A = 1,
O 1|38 . = —1, n = 1, 8§ = 1, xoropas 6yzer oco-
—tr o
! 60if. 9TO TPOHCXOAWT OT TOTO, YTO T'PAHHY-
A HHe YCIOBHSA, HBIAOIMAECA YCIOBHAMHA HA
HeTOHATWOHHON BONHEe, 3afaHLI BIOMH Xapak-
A TEePHCTAK.

7T AT . z

[~

az

&
S
[
"

]

Eg
N 20
2 %
ADO N

Pzo S—
0 ry /R 70

Qumr. 2 Qur. 3

B kawecTBe WLIIOCTpaL¥K Ha (Ur. 2 MPHBENEHO OfHO M3 BO3MOMKHKIX pPEIIeHHH, KO-
TOpOe MONYyI€HO NPH YCIOBUU

dh/do =0 mpmA=1 (& = 1/2) (5.1)

Wsmenenme ycmoBus (5.1) O9eHP Mamo BIMseT HA HHTerPaAbHHE KDHBHE, MOBTOMY
B paboTe He HCCIEROBANCA XapakTep 0coboil TOUKH.

§ 6. CpaBHEM HONyYeHHHH 3aKOH CXOMJCHHA [eTOHANUOHHOTO $POHTA (Jif Kpar-
KOCTH OH 0yJleT HA3HBATHCA «pemieHEeM ¢ Q»), Korfa Q Gepercs SaBHINEHHNM B IPOLECCE
ycKopeEma (0 = 1) W 3aKOH CXOKIeHHA B pemeHuE I'ymepies — Jlammay — Cramioxo-
BUYA, KOIjla Q BOOOIIe He yIATHBAETCH, T. ©. PEIICHHE CTPOTO COPABEUIEBO TOIHKO HPH
Q=0 (@ = 2). B HefCTBATeNBHOCTH] e BeIMIEHA O, H3MEHHETCA B HPOMECCe CXOMKICHAA X
1 <a 2. Cornx e Ho3UNui MOKHO CPAaBEMTH Pe3yNBTATH § 5 (DacIpelexeHHs v, » o
8a ¢porrom) ¢ pemenueMm I'ymepnes — Jlammay — CraHIOKOBHYA.
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IToxrasaTeab aBTOMOIENLHOCTH 1 JIA pemeHnsa ¢ Q u pemernA I'ymepiaesa — Jlagmay —
CraHIOKOBHYa B ciydae MUIKHAPHIECKOH cmMMerpuu (v = 1) mpum y = 1.4 pasem 0.838,
coraracHe (4.15) u 0.834, cornacuo [4], a mpn y = 3 pasen coorsercTBeEHO 0.800 1 0.810,
ABayorugEo B ciyIae cpepmueckodl cmmmerpmm (v = 2) mpm y = 1.4 n pasEo 0.720 m
0.717 n opu y = 3 coorBerctBeHHO 0.667 ™ 0.638.

W3 sTHX JaBHHIX BHJHO, 9TO Da3HAINA (BHIKA) MEKAY IOKA3aTeNAMH aBTOMOMEIbHO=
CTH (3aKOHAMH CXOKIeHmA) pemennd I'yaepaea—Jlangay — CraHIOKOBHYA U TOXYYIeHHOTO
pemeEHa ¢ Q (T. e. 30HA, B KOTOPOM HAXOAWTCA HCTHHHLIM Cpe[HUA 3aKOH CXOMACHHA)
JOCTAaTOYHO Masia (0COGeHHO MIA ciydas NUARHAPHYeCKo# cummerpma v = 1). Tarum 06-
Pa3oM, eCIM BHJeNAeMadA XHMHYecKad 5Heprusa Q naske OyneT yBeJWUHBATHCA K IEHTPY
110 BaKOHY 1/r§m, 9TO NPAaKTHYeCKH MAJio BAWAET Ha 3aKOH CXOKIEHHA. A Hajmdme TONb=
KO pocTogHHOro Q Ha ¢poHTe TeM Goiee MONKHO MAJIO BIAWATH HA 3HA4YeHHEe n B 3aKOHE
CXOICHUA Iy = an (—I)™

Ha 3aK0H CXOXJIeHHA [eTOHAIIMOHHOTO POHTA CHIBHO BIHSAET TeOMeTPHA (V), cla=
6ee cpema y ® caabo BIWAET BHAENEGHNe XWUMHIECKOH DHePrmMH Ha (POHTe BOIHH;  om-
penesisieT 3HaYeHWUE a, M 3HAUEHHUe v, p, P Ha AeroHanuoHHOM ¢porre (1.1) m (2.1).

T3 Bcero ckasaEHOIO HpPeJCTABIAAETCS BO3MOKHBRIM CIefylOmMui MDOAXON K yiKe He
aBTOMOZIEILHOH 3afiage O CXOKIEeHHHM [eTOHAIIMOHHOrO (pPUHTA, HHUNWHPOBAHHOTO HA
KaKOM-TO HaYaJIbHOM pajayce R, HAaYaBIIEro CBOe [BIIKEHHe CO CKOPOCTHI UemMeHa—
Hyre

Dh=2(y—1)(v+1) Q (6.1)

Beps IuIs cOOTBETCTBYIOMEro y U v HOKasaTeldb n WIH m U3 (4.15) (B § 4 aBTOMOMENb=
HOCTH He HCIOJIH30Bajiach), MMeeM CIeNyIOMNE 3aKOH ABHKEHHA (POHTA:

BB e

IlogcraBiasAas mociefuee BHpaskemwe B (1.2) m mcmomsdya (1.1), mocaepmoBaTeabHO

MO yIrM
ry \ 2M72
a=1+[1-(F) "]

R 2

k3 RA\" P2 _ __>m P Y
vgo_a<ra) ’ on_a( 2 ’ po ~ T— (¢ —1) G

3MeCh Vg, P20, Pao — SHAUEHHSI COOTBETCTBYKIINX BEJIHINH B DPeKEMe JeTOHAHH
Yenmena—jHyre g 3ajagroro Q. Pesyabrars i y = 3, v = 1 npusefiens Ha ¢umr. 3.

Aprop GmaromapuTr X. A. PaxmaTynmea 3a pyKOBOJICTBO M IeHHEIE COBETH, & TaKiKe
K. H. Kosopesosa, B. B. Kyrcesro, H. A, Tanunkux, K. II. Cramoxosmaa u fI. M. Hasxe
JlaH 3a IOoJesHoe o0CysKieHHe

ocrymmaa 30 VII 1966
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MOJEJIb NABUKEHUA W YIAPHBIE BOJHBI B JIBYX®A3HBIX
TBEPJABIX TEJIAX C ®A30BBIMHU ITEPEXOJIAMMI

P. H. Huemamyaun
(Mocksa)

PaccmaTpuBaercs OFHOCKOPOCTHAA W OZHOTeMIepaTypHAsA MoJenb ABWKeHUus gByx{as-
HOTO TBEPJIOr0 Tela, B KOTOPOM Kaxad (asa saHUMaeT HEKOTOPYIO YacTh oObeMa. Hcemeno-
BaHUE BeIeTCs B JarpaH/KeBHX IePEMEHHHIX, UTO IIPEJICTABIAET O PeleIeHHkE MPEHMYMIecT-
Ba OPY PEINCHUN OfHOMEepPHHX HeCTANNOHAPHHX 3afad. TeH30p HANPSIKeHAHA IIA CMECH Pas-
llaTaeTcA Ha ABe YacTH — THApPOCTaTHYecKoe [JaBlieHue, obmee Aid obenx (a3, CBA3aHHOE
¢ TPEXWIEHHKM ypaBHEHHEM COCTOSHHA, U JEeBHATOP, KOTODHIX H3MEHsAeTCS YIPYro A0 Ol-
PefleIeHHOTO 3HAYEHWs, HOCHEe KOTOPOTO OCTAeTCA IOCTOAHHHM. IIpemnoskeHo HeKOoTOpoe
COOTHOIIEHHEe AIA KHHETHKN (a30BHIX IPeBpaleHHil, OIpefelseMoe XapaKTepHHM BpeMe-
HeM peaKIuHu.

Jlamee pemaercs 3agada 0 HeCTAMOHAPHOM OJHOMEDHOM [ABIDKEHNN MeTaJia (Kemreso),
HOBHHKAMIIETo B peayJIbTare yaapa INIAcTHHEL 0 MAIeHs. Da3onke npespamenns (Fe*2Fet)
3a BONHOM W MX XapaKTepHOe BPeMsA CYIeCTBEHHO BIMAIOT HA 3aTyXaHWEe BOSMYOIEHUA H
Ha BeIWYMHY 30HH, B KOTODOH# 3TH IIePeXOjH IPOXONWIH HOJHOCTHIO. IlpensoskeH Meroq
onpeneneHnss KosfdruuenTa B COOTHOIIEHWHU s CKopoctd (HasoBoro mepexoga mo 0CTa-
TOYHOMY 3¢deKTy (yupodHeHNe) HOCHe COYAAPEHHUS.

1. PaccMoTpuM B JarpaH;KeBHIX KOODAWHATAX 7 ABWKeHHE NBYXQPasHol
CILIIOTIHON CPelH, B KOTOPOH KaskAas asa XapaKTePU3yercs CBOEH MCTUHHOM
ILIOTHOCTBIO p ;° W 00'BeMHEIM cofieprkanmeM ~; (i = 1, 2), mpudem

o 4 ap = 1 (1.1)

Ilycrs cropoCTH, a COOTBETCTBEHHO, W IepeMemeHus ofeux a3 coBmaga-
10T. Brpjexnm MaTepuaasHEA 06beM V, orpaHNYeHHHI MaTepHANBLHON MOBepX-
HocThI0 2. PaccMaTpuBas €ro cocTosgHHe B MOMeHTH T = Q0 m T = ¢ mpm oT-
CYTCTBUN BHEIIHNX O0BEMHHIX CHJI, MOKHO 3ai¥CaTh WHTErPajbHEE ypaBHe-
HUA COXPaHEeHUsS MacC mepBoil m BTOpoi (as

Cowmav =§[our 01, T 0 10 vaxlay (12)

LI Dy

v v
VoV =S [our. 010 )= (Tia(r, 1) I (r, vy |av
A4 v 0

Wrnerc 1 n 2 BEN3Y OTHOCHTCS COOTBETCTBEHHO K TIEPBOM W BTOPOi dasam;
ubyerc 0 BEMSY OTHOCHTCA K Ha9aJdbHOMY cocrosnmio mpm T = 0; J;, — cKo-
pocTh (a30BOro Hmepexofa, PaBHAS MacCe, mepelIefiledl W3 HepBOH QasH BoO
BTOPYI (MIE HaoGOpOT ¢ 06GpPATHEIM 3HAKOM) B eflmHWIE 00beMa CMECH 3a efh-
gumy BpeMenw; I (r, {) — cTemeHL pacHIVpeHHA CpefEl MIIH AKOOHAH IIpeobpa-
30BAHWS OT JUIEPOBHIX K NarPaH;KeBEHIM KOOPAMHATAM; o; — CPefHAA ILIOT-
HOCTh I-it (ass

P1 =p1°0, P2 = P2t (1.3)
CruapguBas ypapHenus (1.2), uMeeM ypaBHeHHe COXPaHEHHS MACCH CMeCH
Veaav =\ o, )T AV (o =p1+ o) (1.4)

4 v

(P—ILIOTHOCTL CMeCcH)
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B pamrax omHOCKOPOCTHO! M OTHOTEMIOEpPATYPHOH MOZENH TOCTATOTHO
paccMOTPeTh TOJBKO YPABHEHUs NBWKEHNA W HEPIUM Bcell cMecH

1

t
Voo v (r, 1) — vo 1@V = 5,00 D v (1.5)
v 0

t
S [(916’1 =+ P2€a) I — (P10€10 + P20€20) + Po @J dV = SS 6, vd Z dt

v [\

30eck Vv — CKOPOCTH CpPeNsl, ¢; — yOedbHas BHYTPEHHAA DHEDPTHA i-I

dasel, ¢° — Tensop HampsoeHua Jlarpamma ['] B paccmarpmBaeMmoit cpepe.

Ucnonrsysa reopemy I'aycca — Octporpapgcroro, mudpdepernmupysa (1.2)

u (1.5) mo £, MOKHO HOJLYIHTH HOCTE HEKOTOPHX Opeo0pas3oBaHuil CleAYOMY0
cucreMy pauddepeHOUANbHEIX ypPAaBHEHUH:

Lo Oo o O o g

J.—0 P00, 0L Py _ 0 (16
p at TR 8 at ] p ER \

o I T p e

v Po a2 de RN /o
Po 7 = V.s°, T[Ply‘l—()zw-—i—r(ez—ﬁfflz]'—"\0 Vv

»

%

2. JlansHelimee paccMOTpeHHE KOLKHO OBITh CBA3AHO C TePMOIMHAMUYECKH-
MH U MeXaHWYeCKVMHE CBOHMCTBAMH MCCJIeIyeMOM cpempl. JiljiepoB TEH30P Ha-
OPsKeHnE 0! M0o;KHO IpeJCcTaBHThL B BHle CYMMH H30TPOIHON U {eBHATOPHOM
gacrei

Ghl = — pdr | tht (2.1)

Suauenme p OyneM 6paTh U3 ypaBHEHHI COCTOSAHN:A, moxaras, 910 06e dassl
UMEI0OT OfMHAKOBOE aBIICHUE

p=pi (s’ T) =p2lps T) (2.2)
HeBrHaTop HaOpsAmKeHWH A CMeCH IPUMEM PABHEIM
Tkl = altlkl ‘I— 0621727‘1 (2.3)

IIpmuem pmeBmarop Hampsumenmit i-it dassl T;% mosaraeM H3MEHMIOMUMCS
YIPYTO A0 mpefea TeKydecTdn T*;, MOCHe KOTOPOTO OH J[O0JKEH COXDAHATH IO-
CTOsIHHOE 3HadYeHMe. TOorfa MOIKHO 3almcarh clefyloliee ypaBHeHHe [id CO-
CTABJIAKNMNUX [eBHATOPA B TJIABHHX 0CAX

. 1 dp )\ & . 2.4
w1 g ) @S (2.4)
rae g;¥ — teH30p cropocreil gedopmanuit. OTMeTHM, YTO IPH YAAPHOM HATPY-
SKeHHH [0 JaBJeHHH IOpsAfKa COTeH KMiuoGap [AeBHATOp, HeCMOTPA Ha ero
MaJIOCTh IO CPABHEHHIO ¢ THAPOCTATHYECKIM JABJICHUEM, MOYKET OKas3aTh BJIMs-
HHe HA 3aTyXaHWe BO3MYIeHHA,

3mech He OYAYT PACCMATPHBATHCA BOMPOCH, CBABAHHHIE ¢ NCIIOJIb30BAHMEM
JarpaH/keBa TeH30pa HAUpsIKEHUIl, TaK KaK HOJydYeHHbe yPaBHEHHA HIUKE
Oy@yT OpHMEHEHBl JJI pemeHNs OJHOMEPHHX HeCTaNWoHADHHIX 33734, I[e
YKasaHHHeE BONPOCH He LPEXCTABISAIOT 3aTPyIHEHWIA.

YaensHYI0 BHYTPEHHIOK DHEPTHI0 U JaBJeHMe TBePIOTO WK JKHUTKOTO Be-
MecTBa OGHYHO IPEICTaBIAT B BIUfie CYMMEL TPeX COCTaBIAMUX [2-%], KOTO-
DPHE COOTBeTCTBEHHO OLMCHIBAeT YUHPYTrue CBOMCTBA XOJNOJHOI'0 Tela, FapMOHH-
decKHe KojeGaHWSA aTOMOB B pelIeTKe W TEILIOBOe BO30Y:KIeHHe 9JIeKTPOHOB
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BMeCTe ¢ aHrapMOHUMIECKMMHE s>ddeKTaMn KoleGaHWA aTOMOB

e(0> T)=ep+er+ea p° I)=py~+pr+ Pea
e° ‘

P ° (e] o [} dB
ep = S —’;ifi—)dp (pp(p )=p 275%) (2.5)
Poo

er=cT, pr=7(°)0%r, €a=DB()T%  pea=T(0°) 0%

3mecs v (p°) — xooddumuent I'pooraiizena (114 rapMOHNIECKUX Kodelanuit
-ATOMOB), ¢ = const — TemI0eMKOCTh aToMoB, I' (0°) — aHamor kKoaddunuenra
I'proraitsena, CBA3aHALIA ¢ aHTapMOHAYECKUMHA 30QeKTaMn 1 BO3OYIKIEHMEM
siexrporoB. MyHKIUA pp (p°), or Koropoir sasmesaT B (p°), I' (p°) u vy (p°)
ompepenserca u3 sKenepuMedta. B [4] gus onpesesnenns ypaBHeHU COCTOAHMA
MeTaJUIOB W MOHHLIX KPUCTAJIOB MCIOIb3yeTcd ¥ paspabarThBaercs Tak Ha3h-
BaeMbIil MeTOJ TOTeHIMANI0B, OYeHb YHXOOHHN s npuMeHeHWH. lloTeHmuanb-
HBEIe COCTABIAIIIME A BHYTPEHHEN DHEPIMM W NABICHUS MMEIOT BUJ

ep(p°) = 3Ab7 exp b (1 — z's) — 3Ka~ls (£ =po°/p°)
Pp (0°) = Aa~"lsexpb (1 — a'h) — Kz~ (2.6)

3necs 4, K, b, p," — duxcnpoBaHHEE A KAKIOTO METAJIa WA KamKgoi
ero ¢assl Benmauas. [{1sa kosddumnuenra ['poHaiizeHa MOKHO IPUHATDH JIWHEH-
HY!0 amIpOKCHMAIMIO :

oy __ o o
Y (%) = o —Bp°/po 2.7
cIpaBe/JIMBYIO JJIA MHOTAX METAJLIOB M UX (§as B LOBOJIBHO NIIPOKOM [HAaTa30He
OJIOTHOCTEH.
IIpubamxenne TOCTOSHEOR TEIIOEMKOCTH [JIA 7 CYMECTBEHHO YMEHBINAeT
00'5eM BEIIUCJIEHAN U B TO jKe BPeMs MMeeT TOCTATOYHYIO TogHOCTH mpu I ™> 0,

rae 6 — meGaeBckasd TeMuepaTrypa BemecTBa, U JJA 3a74ad, CBA3aHHEIX ¢ yAap-
HHEIM Harpy;KeHWeM, BIOJHE OIPaBIaHO.

Ta gacTs BHyTpeHHE! »HepPrué, KOoTopas CBA3aHA C KBAaJpPaToOM TeMIepaTty-
PHL, CTAHOBUTCA CYMECTBEHHOM, KOTJa AaBJeHNMe B YIAPHOX BOJIHE IPeBHIIAeT

1 mbap (T > 10000° K). Vmerorca pasamunasie To4KE 3peHus [>-4] Ha Berame-
JOHUE €oq W Peg.

BosMoskaOCTS $a30BEIX IEPEXOM0B HPUBOJUT K HEOOGXOAMMOCTH COTJIACO-
BaHMS YPABHEHMIT COCTOSHUA (Pa3 [Js BEYTPEHHNX SHEPIHil, 9T00B IPABMIBHO
y9ecTb DHepreTHIeCKKe Iepexosl. BeefeM omepaTop

Ei(p®s T) = epi (0:°) + &;T + B; (p;°)T* (2.8)
Torma HOPMEUDPOBAaHHEE yDABHEHWA JJIA BHYTPEHHWX DHEPTHH $as MOKHO
BamucaTh B BUIE

€ (Pios T) = El (p1°» T) -+ €o1» € (pzow T) = EZ (ona T) + €o2 (2'9)
(€01 = const, egy = E; (0150°y To) + L (Ts) — Ez (p2so» To) + €01 = const)

IpudeM IIOTHOCTH (a3 Ha IMANM HACHIEHWS p;s° M 0s° OIPEIeNANTCH U3
YpaBHEHUH

P1 (Plsoov To) = ps (T), P2 (paso”s To) = ps (Ty) (2.10)

rae ps (T) — maBaeame $asoBoro mepexofa WM JWHAA PaBHOBeCHA ABYX das,
a p; UMe0T BUJ

Pilosy T) = ppi (0:°) + vi 0:N)p:i’eiT + B; (0:°) (p)p " T? (2.11)
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IIpu msBecTHEIX ypaBHeHWAX cocTosiHUA (a3 (2.11) u IMEWE HacHIMEHUS
Pps (1), mexopa us ypasEerns Huaneiipora — Haaysuyca, MosKHO oIpemeinTs

()= p1 _91—1) (T %—ps> (2.12)

Boobme rosopsa, ¢ymrmma ps () = \

Ay /4,
ypaBEeEHsa cocroaausa ¢as (2.9) u (2.11) me ——=
ABNANTCA HEe3aBHCHMBIME ¥ OHH JOJIKEEl \
-OBITH COTJIACOBAHHL, 9TOOH Ha BCEH KPHBOiL
HAaCHIMEHENA BHIIOJHAIOCH cooTHOmeRme Hita- B\ 4V \4
neiipora — Hnaysmyca. A

Hruretnra $asoBHX Iepexoj[0B B TBEPIBIX
TeJaX OPH BHICOKHX AABIEHUAX WCCIEJOBAHA

He [J0CTAaTOYHO nonpoﬁHo ¢ KOIMYeCTBeHHOM \ \4

‘To4KM 3peEmMsA. IloaTomy menecoo0pasHO B
Ka4ecTBe IePBOr0 UPHGIWKEHHS HCXONUTH
#3 o0Iero moioyKeHns TOPMOHEAMIKY HE00- 7
paTHMMEIX mpomeccos. llpeasapurTenbHO pa-
306bpeM J;; Ha [Ba CJIATaeMBIX

Ji2 = j12—ju (2.13)

KaJKl0e M3 KOTOPHIX MOKeT OBITh TOJIBKO HEOTPHIATeNbHHIM (jip > O, j > 0),
npuIeM OJHO M3 HUX B Kayrpioii Touke oOssarensHo paBHO 0. Ecim dasosrx
mepexof{0B HEeT, TO j13 = jg; = 0. [amee j;; 6yAer maBaTh CKOPOCTH Hepexona
73 mepBoi Gass BO BTOPYIO, a jo; — M3 BTOPO# ¢ass B mepsyw. Bymem cum-
TaTh, 970 $asoBHil nepexoy (Fanpumep 1 — 2, ecan o, >> 0) maer Tem GricTpee,
geM GoJjblle TePMOAMHAMHYECKHI IOTeHIHAJ BemecTBa B IepBoii (ase mpe-
BHIOIaeT TePMOAMHAMAYECKHI IOTEHIMAJ BEIMecTBa BO BTOPOH ase mpH Tex sxe
AaBJeHUN ¥ TeMIepaType (aHAJOTHYHO U Ajd mepexofa 2 — 1, ecam p, > 0),

T. e.
jiz = Fya Loy (P, T) — @3 (p, T)] ‘(91 >0, @1 > @),
jiz=0 (n=0mm Q:<<P) (2.14)

jao = Foy Lo (P, T) — ¢y (P, T)] (o2 > 0, @2 > @),
jou =0 (p2=0 mam ¢, << Q1)

@ur. 1

3aMeTuM, 4TO
¢ (ps (1), T) = @2 (ps (1), T) (2.15)

Paccmorpum pV-gmarpammy (dpmr. 1), rHe HaHeCeHH W30TePME, COOTBET-
crByOmue nepBoii dase OK,4, n Bropoii pase ByK,4,, oTHOCAMUECT K OTHOA
TeMueparype. ’

Bpons maorepmer mmeeM d¢ = Vdp (p = e + pV — Ts, rne s — sHTpO-
ousg, V — ymeasHHIE o6bem). Orciofa BUAHO, 9TO PasHOCTh TEPMOJMHAMHAYE-
CKUX IOTeHOUANOB B Toukax 4, u Ay, a raxsxe B; m B, paBHA COOTBETCTBEHHO
anomany K,K,4,A, v K,K,B,B, naun

¢ (41) — @ (42) = (p — P)AV, @ (By) — @ (By) = (ps — P)AV
Torma coorsomenusa (2.13) npumyr BmA
fiz = Fi2AV (p — ps) (p1 >0, p > ps)
jiz =0 (o1 = 0 mum p < ps) (2.16)
jau = Fou AV (ps — p) (p2 >0, ps > p)
ju=0 (o =0 mmm p, < p)
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Hcxons u3 XapaKTepHOTO BPeMEHHU WIEPeXofa, MOKHO OIEHUTH BeJIHYUHEI
KoadpdunuenToB Fip, m Fy . OrMeruM, 9T0 aHAJOTHIHOE PACCMOTPeHKe AJA KU-
HeTuEM ($as30BHX OePexXofoB NPUMEHUTEIBHO K NAPOKHAKOCTHHIM CMeCsIM
nposeneno B pabore [°].

3. 3anumem cucremy muddepennmanbEX ypaBHeHmi (1.6) aaa ommEoMmep-
HOTO IJIOCKOTO ABWKeHus (v, = v (r), v, = v; = 0), Depexoisa K nepeMeHBHM
o1y p2s v, T,p, T, r, rae r — IarpamxeBa KoODAWHATA B HANPABICHHM
IBmxeHus. Ilpm sToM ydrem, 9TO

oI/ ot = ov/or - 3.1

a COCTABJIAIOIMME JarpaH;keBa 0° W ditepoBa ¢ TEH30POB HAUNPAKeHUIl cBA-
BaHE MeKAY c000H CIeAyMUMHA COOTHOMEHUSMMT:

o°ll = gli, p 0% = p¢°% = p (g% = p (0% (3.2)

Torga cucrema (1.6) upmmer BuQ

B A . L N N L B
p ot ' p o 1T po @r P
1—a dp®  p° 03 . P2 Ov J1
p at p a9t 2 po Or p
a ‘om® , . 0p° oT — B — st gy ‘. Ny J
8L 5 T sy T B3 5 = U8 = o G — (G T ey
p1 9pa oT 0 v 1 951 (3.3
aq1 3t + 42 "% —I_ 43 5, — Vo Gi ZE or
3mech
Pl /aEl\ o o P2 /aEZ\
a ’ ’ = ’ = —— 3
a1 P2y @ T) CGor o as (0”5 027 & T) b\ 9T
6E1 ,6]71‘
as3 {01 02°, o, T)— - (aT /‘° (a ) a1 (P12 T):(OPIQ)T
a 1 1] \
an(e, T)=—(35), auleds o7 1) —(i) — (). 6o

YerBepTHOE ypamBHeHEEe (3.3) WoayueHO mocie muPepeHIUPOBAHUA WO {
ypaBueHus (2.2) (paseHcrBo pmaeieHuil ¢asz). CriageiBas mepBEHE NBA yPaB-
HeHMA (3.3), UonTydaeM ypaBHeHWE HEPA3PHBHOCTH CMOCH

Lo p 0o (3.5)

Jus paccMarpuBaeMoro ciyias ypasHeHue (2.4) OTHOCHTEILHO COCTABIAIO-
meit mesuaropa T;! ¢ ygerom (3.5) ummeer BHT

o1t 4 p Oy
= W (ST (3.6)

Cucrema (3.3) coBmectHO ¢ (3.4), (2.1), (3.6) mpu 3ajaHHBIX YpaBHEHUAX
cocrofgEmA ¢as (2.9), (2.11), nmemm pasHoBecus das ps (7) u Kod>dPumueH-
T0B Fiy m Fy B ypaBHeHHAX KHHeTHRH $asoBHX mepexomos (2.16) asaserca
BAMKHYTONl B 00JNACTH HENPEPHBHOTO [ABIKEHHA ABYX(PA3HOTO CKUMAEMOTO
TBepmoro rexa. OTMeTHM, 4TO B ClIyiae OTCYTCTBHA ommoi um3 das (@ = 0
man o = 1) cuerema (3.3) aBTOMaTHYECKM TWEPEXOAMT B CHCTeMY ypaBHEHHIT
ABIDKEHNsSI COOTBETCTBYOMEH ofHo(a3HOM Cpemrl.
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B paMKax onmcaHHOH MOJENH paccMOTpPeHa 3a/iaya O INIOCKOM yiape IIACTHHBL TOJIMIH~
Ho#l I; (ynapHZK), nMeomeil GecKOHeuHBe PasMepH B HAIPABICHWH, IEPHeHIHUKYIADHOM
K IBIKEHHIO, 0 IOAYIPOCTPAHCTBO MM CJIOH TONMMUHH [ — I; (MULIeHb, HAXOAMASCS CIpa-
Ba). IlycTs caeBa or ToukM r = ( ¥ cIpaBa OT TOYKH r = [ M3BeCTHHl HANPsKeHUsA (rpa-
HUYHBIE YCJIOBU)

o't (0,8 =0 (1), oM (1) =0y() 3.7

B mpocteitmeM caydae o, (t) = o; (t) = 0. IIpu ¢ = 0 n3BecTHO HEBO3MYMEHHOE CO-
CTOsiHNe (HauaJbHbIE YCJIOBHUA) CHCTEMB ‘

Ploo, p20°7 %y = j: T"): TOH =0
a TaKmke

% (N=2 0<r<<h), 20)=0 GLi<r<)) 3.8)

JaA pelleHNA DOCTABIEeHHON 3afady MCIOJB30BAJCA TAK HA3BIBAEMEIH MeETO[ MPSIMEIX
WM METOR JacTHI ¢ IIpHMeHeHNeM ICeBIOBSI3KOCTH.

Juasa pacuera yupyro-miacTUdecKUX TeUEHUIH B DHJIEPOBHX MepPEeMEeHHEX 9TOT METOJ C CO-
OTBETCTBYIOIIMMH CCELIKaMH paccMoTpeH B [%].

B cucreMe KoOpAHMEAT (r, t) HA ocu r B 00JacTH TeYEHHSA BO3bBMEM TOUKM ry, 7y, . . .
s Pp_1y Py (o= —r, <Oy ry, = 1+ I — r,_1, rp_1 < l) HIpOBegeM NMpsAMElE r = i
(j=0,1, ..., n), 9T0 COOTBETCTBYeT pPa3CMEHMIO CHCTEMBl HA X MATEPHAJBHHIX YACTHIL.
IIpenmonaras cymecTBOBaHME LOCTATOTHO IJIAJKOTO pelleHnsi, GyAeM OmpenesATh 3HAUYCHHS
HCKOMHX QYHKIHAA B TOUKAX r = rj, a IPOM3BOJHEE IO r 3aMeHNM PA3HOCTHEIMH OTHOIIE-
HUAMA

1oy Ui =2 O ( L“‘, _
Or)i= T a8

l

CH GBSO

r r

3.9)
J+1 Jj-1

IpuYeM TPaHuIHbe YCIA0BHA (3.7) CHOCHM COOTBETCTBEHHO HA r == ry H r = r,. B pesyabra-
TE CHCTeMA IIecTH AuddepeHNAATbHHX yPaBHEHUHE ¢ YacTHHME pou3BogasMu (3.3) u (3.6)
mepeifieT B CHCTeMY 67n OOHIKHOBEHHBIX JudiepeHINanbHENX ypaBHEHHUIL IO BPeMeHH, KOTO-
phle COBMECTHO ¢ HaYaJbHBIMH YCIOBUAME IIpH ¢ = 0 garoT 3agavy Hommu, pemenne KoTopoi

‘Ha 9BM He mpepxcrasasger 0COOHX 3aTpyLHEHNUI.

B Tex caygasnx, KOTAA B 00JIacTH TedeHUST HMEIOTCA y/apHEIE BOJHEL, TO pelleHne 3a/[a1n
ZOMRHO OHTH ¢ PasphIBOM, Ha KOTOPOM MOJKHBEL BHIIOJHATHCA yciaoBus ['orormo. UToGH
HCIIONH30BATh BHIIMCAHHEIA Meroj, NJis TaKuX 3anad, Puxrmaiiep m HeilMaH HpemmoRuan
BBOJHUTD IICEBIOBSA3KOCTh, ¢ YUIETOM KOTOPOI TeH30p HAIPS/KEHHI MMeeT BH[

cl=—p;+ 71 —@; : (3.10)
®; = peag "Cn| L 7Y N —2;<]0), ;=0 (v3,—2;>0)
7 0OBYHO HCHONB3YIT AuHEHHYIO (n = 1, C; =~ 1) u kBagpaTwunyo (n = 2, C, == 2) mceB-
IIOBA3KOCTH.

OTMeTnM, YTO Hampsi:KeHNe B TOUKE, pas3[endiomell yIapHEAK U MUIIeHb He MOMKeT OHTH

PACTATHUBAIOINM, I[I03TOMY, HAUMHAS ¢ MOMEHTA BPEMEHH I (HOCJIe MPOXOKACHUs yAapHOH
BOJIHEI), KOTJa

ot (I, ty) = —p (I, &) + T (I, 8) = O
no0aBuTCs elme OfHG FPAHMIHOE YCIOBHE
ot (4, 1) =0 (t>n) (3.11)

YTO COOTBETCTBYET HE3aBHCHMOMY /[BIDKEHHI0 MHIICHH M yOAPHAKA (OTXOJ HIN OTCKOK
YAapHHKA). AHAJIOTHYHAA CHTyal:d MOKeT BO3HHKHYTH IOCIe OTKOJA (HApYIIeHWHe CILIOII-
HOCTZ BHYTpH 00pasna). Ho Bompoc 0 Hagasme oTKoJa [7] ABiAeTcA LOBOJLHO CIOKHEIM H B
JaHHOU padoTe He 3aTparwBaeTcA, XOTs MaTeMAaTHUECKN B JaHHOH cXeMe yUeT OTKOJBHEX
ABIEeHUI He MpeNCcTaBIseT 3aTPyLHEHUI.

4. PaccMOTpeHHAs BHIIIE MOJENb M CXeMa pacyeTa MCHOJB30BAJHCH [JISI MCCICMOBAHMIA
HeCTAallMOHAPHOTO [BHKEeHHA, KOTJA MATePHANOM yHAapHHKA N MHLICHA ABISETCA Kele30,
B KOTOPOM 3a YJapHON BOJHOH [OCTATOYHOH HHTEHCHMBHOCTH IIPOMCXONHT NpeBpaIieHAe

Fe* — Fe®, a B pasrpyske Fe® — Fe®. B Hepo3MymMeHHOM COCTOSHHI HMeeTcA TOTLKO Iep-

Basg (Fe®) ¢asa (ag =1, py = 7860 w2 /x3). KoopdunmeHTs! ypaBHEHHI COCTOSHUA
{2.5) — (2.7) umeroT caegyomue 3HaYeHUsA [4]:

gnsa Fe*

A = 9.9743 -10% 6ap, K = 10.1639-10° éap, b = 7.0985
¢ = 4.45-102 w?%/cex®spad, v1 = 2.04—0,36 p1°/ po,
nas Fef

A = 9.4389-10° fap, K = 10.740-10% 6ap, b = 7.7845
¢ = 4.45-10% u? [ cex? 2pad, Vs = 2.45—0,77 p,° / py
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Kpupyio ¢asoBoro pasmoBecus ps (T) mexny Fe”™ m Fe® MoKHO IpefCcTaBHTH B BHAE-
ps (T) = K, [0,0901—0,0152 (T / Ty) + 0.0021 (T ] To)?]
(Ko = 16.953 -10° 6ap, T, = 300° K) (4.1)

9Ta 3aBACAMOCTh COOTBETCTBYT KPUBOHl, KoTOpaa HoadydeHa Kaydmanom [8] B pesyabTa-
Te 06pabOTKHA CTaTHYECKAX M AMHAMIYECKAX SKCHEPHMEHTOB pasjMIHEX aBTOPOB H Ha $azo-
BO# mmarpaMMe jkejle3a, HaXO[AMelicA HIKe HO TeMIepaType TaK HaskKBaeMoil TPOHOH Tod-~
kn (p = 110 x6ap, T = 800° K). HexkoTopHe acHEKTH, CBA3aHHEE C PACCMATPHBAEMEIM:

prme .
PO RN |
S Y f el v

J =~ 7 18 24 rwm

Gur. 2

(asoBLIM IIepexo/IoM B yKellese, paccMoTpensl B [27*] co ccrakamu Ha paGors C.A. HoBuKoBa,.
A.T. UsanmoBa u 1p., A. Borgana, JI. OpkMaHa H p., B KOTOPHX B OCHOBHOM [JIA CTaIlHO-
HapHOTO ¢Iydasd paccMOTpeH psA ocoGeHHOCTell yAApHEX BOJH B TBEDAHX Teldax, Tepms-
ImIx ¢asoBHe IpeBpalleEnsA, B 9aCTHOCTH 06pa30oBaHAE MHOTOBOJIHOBOH CTPYKTYPH H yAAp-

HBIX BOJIH Da3psiKeHNA.
BBJII/I‘I]?[HI:I, XapaxTepusylomue CONpOoTHUBJIEHHE cpeasl TMHAMWIeCKOMY CABITY, IIpmo-

HEMAaJIACh HOKA, 33 HeMMEeHWeM APYIIX JaHHHX, OANHAKOBHME A obeux ¢as
=, = 0,906-108 6ap, 1,;* = T,* = 4.79-10° 6ap.

Ha ¢ur. 2 m 3 B KadecTBe IpEMepPa HOKa3aHH COOTBETCTBEHHO BIIOPH HANPAKEHH
o!! mo B pasIMYHEe MOMEHTH BpeMeHN IPH yAape HIACTUHKON (I; = 3 aa) MHIIEHN CO CKO-
pocTeio vy = 1325 M/cex. Ilpm sToM AiIA KodddumuenToB cKopocredl GasoBHX mepexomoB:

T
“ SR {/”
///
275
Hw\ 2 \ \/
a.50
- / /

I

025 77

@ur. 3

OBLI0 OPUOHATO Fio = Fu3 == 6.45 cex/m?. KpnoBas, coorBercTBywmas ¢ = 1.4 mxcer
(dur. 2), HoMedeHa 6yKBaMH, IpUYeM hg — yOPYTHH HPeIBeCTHHK, gf — CKAY0K, HepeBOfAd-
muil nepsyo ¢asy B HepaBHOBECHOE COCTOAHME (MMeeT KOHEYHYI0 TOJIIUEY M3-34 HCEBRO-

BASKOCTH), ed — 30HA PeJaKCalu HJIM BoJHA ($a30BOT0 IPeBpAEHNsA, Ha KOTOPOH IpoHC-

xonat ¢azoBuii mepexop Fe* — Fe® (ee TonmmHa omnpefensercsa BeXmUMHON Fio) dob —
BOJIHA DaspssKeHHSA, IepPeBOfAmMas BTOPYI0 $asy B HepaBHOBECHOE COCTOSHHE, ba —

BOJHA paspsIKeHHs, Ha KOTOpod mnpomcxopHT nepexof Fe® — Fe® (ecam Fai — oo, ba
IpeBpamaeTcss B CKA4OK PaspsKeHHs); ao — HOCJHeNylomasa BOJHA paspAsKeHHA.
Hanname gepmaropa mpuBOAMT K Gollee paHHEMY Hadady ocialieHHA yAapHOH BOJHH,
9eM B 9MCTO THAPOJHHAMUYECKON MOMENM, TaK KaK YIOpyrad BOJHA PasTPy3KH uMeeT (0Jb-
Iy CKOPOCTh, 9YeM HIACTUYeCKad BOJNHA pasTpy3kH. KoHeuHoe BpeMs, HeoOXomuMoe Misd
¢dasoBoro mepexofa W oOpasyoImascsi MHOTOBOJHOBAA CTPYKTypa yAapHOH BOJHEL TaKKe
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TIPHBOAAT K TOMY, 94TO BOJNHA, HA KOTOPO#l 3aKamHumBaeTcs mepexon Fe* — F€® maummaer
3aTyXaTh CYNeCTBEHHO PAHBbIIe, I€M BTO CIeAyeT U3 IPOCTEHIINX co00paske N, CBA3AHHEX
¢ ynapHoit agmabaroit. KpoMe Toro, B MOMEHT COYLApPeHHAS aMILIATYAA CKAYKA COOTBETCTBYET
YIAPHOMY CiRaTmiO HepBoil dassl, Ha KOTOPOM pealmsyercA Bech Hmepelaj MacCOBOM CKOPO-
¢t (B HaHHOM ciydae v, / 2). Ilo Mepe ynmaXeHHA OT MecTa cOyJapeHHWs aMILIATYAA 3TOLO
CKadYKa CTPEMHATCHA K CBOEMY CTalOHAPHOMY 3HAUeHMIO, KOTfla Ha HeM pealm3yercsd JAMb
gacTh Iepenaga, a ocraidbHasg — Ha BoJHe ($a30BOTO IPeBpAINEHU.

3aMermM, 9T0 eCIH CKOPOCTDh YAApa ¥, NIACTHHOR U3 TOTO yKe MATePHANa W LOCTATOTHOM
TONMUEH IpeBHmaeT 1625 x/cex, To CTPYKTYpa Beeil yNapHO BONHEL CTPEMHUTCS K CTAIMO-
HapHOH KoHQWIrypanwn| 1o MPUXO0Na BOXHH pasrpyskd. Ecam 650 < vy < 1625 x/cex, To
TaKo# cTanmoHApPHOE KOHQWIypam\u He CYIEeCTBYeT, TAK KaK CKAY0K gf mMeeT 0OJBINYI0
CKOPOCTH, 9eM BOJHA ed, HO KayKAasA W3 5THX BOJH CTPEMHATCA K CBOEH CTalMOHAPHON aMILIH-
TyAe K0 IPUXOfa BOJHEL Pa3rPy3KH.

5. Pacuers ¢ pasanYHEIME 3HA9eHASAMHE KoaQdmumenta Fi, mas ckopocta (asoBoro
mepexoma 1 — 2 (cM. (2.16)) moxkaswBaloT, 9T0 I1yOmHEA § 30HE, B KOTOPOil ha30BHe mepexo-
A IPOUCXOIUIH MONHOCTEIO (AB Ha ¢ur. 3), IpH NMpoInNX PaBHHX YCIAOBHAX CYIMECTBEHHO
3aBUCHT OT IPUHEATOTO 3HATEHAA F1p, 2 KpHBaA oLy, (7) (IYEKTHPHAA IAHAA HA GHT. 3) KPYTO

mpeT BBepX m3 TouKd B. 9T0 co3maeT BO3SMOKHOCTE onpefenennsa Fy, mo ocTaTounoMy ddder-
Ty, AJA 96eT0 HY/KHO HOCIe COOTBETCTBYIIEro HKCIepAMEHTA OIPeNelnTh AeHCTBATENbHYIO
ray6uAy 5TON 30HH O.

B ¢BA3W ¢ 5TAM OTMETHM ABIEHUE «YIPOYHEHAA B3PEIBOMY jKelle3a U MaJoyTIepOIHCTOoM
cTamd, KOUfa Hocie NPOXOKAEHMs YLAPHON BOJHHL JOCTATOYHOH HHTEHCHBHOCTH IIPOMCXO-
IWT CYIEeCTBEHHOE yBEJIWICHNe XapaKTepICTHK IPOYHOCTH (HAIPAMEp, TBEPHLOCTH) MATEPHa-
aa [°]. Aganms KPHUBEHIX, TBEPAOCTHA IO IIy(MHE MAMIEHH MOKA3HBAeT, 9TO HPH AOCTATOYHO
GOJNBIIAX CKOPOCTAX yAapa MMeeTcsl TPA 30HH YIPOYHEHHS: NEepBasd — 30Ha CYIMECTBEHHOTO
VIOPOUHEHHA, B KOTOPOH TBEPHOCTH (PAKTHIECKH IOCTOSAHHA IO TIy0mEe; BTOpas — y3Kas
30HA YMEPEHHOT0 YIPOYHEHNs, B KOTOPOH TBEPAOCTE PE3KO Mafaer o riIyGune, 0 TpeTha —
30Ha ci1aforo ympodHeHHs, B KOTOPOH TBEPJOCTh MOCTEIEHHO MOHMKaeTcs Io IiyGHHe.
T'nyGuaa TepBOR 30HE ONpefesaeTcs CKOPOCTHI0 yaapa.

9tn PaKTH [O3BOXAIT NPEANONOKATH, 9TO yHpOUYHeHHe B HEepPBOA W BTOPOH 30HAX

cBazaHo ¢ PasoBuM nepexonom Fe* => Fe®, a B Tperneit 30He — ¢ muactmIeckmmu gedopMa-
UHAMA Ha YAApHOH BOJHe, NaBIEHHE KOTOPOIl yike MeHBbIIe NABIEHHAsA, COOTBETCTBYIONMETO
dazoBomy nepexony. IlpmaeM B mepBoil 30He PazoBHIe MEPEXONE NPOHUCXOAAT IOJHOCTHIO,
a BO BTOPO# — JacTHYHO. B TaxkoM ciydae Ans ompefiesieHAsA IIyOWHEI 30HH AB, 04eBUOHO,
IDOCTATOYHO Ka’KAHIL pas ONpeReasTh Tiay6nay O, 30HH, B KOTOPOIl TBEPHOCTH MOCJE yIPOI-
HEHN:A IOCTOSIHHA, B 3aBACAMOCTH OT CKOPOCTH yNapa W NpH PUKCHPOBAHHOU TOJNIIAHE yIAp-
Hoka. Ecam ypaercs momofpars Takoe smawenme Fi,, 10 § (79) = 6, (v,), To 310 mOpTBEP-
IAT YKAa3aHHYI0 IPUPOAY YUPOYHEHWS, NIPeLIOKeHHOe COOTHOMIEHHE AN KHHeTHKH (aso-
BHIX IIepexofoBs (2.16), a TaxKe macr peadbHOe 3HAUeHHe Fy,.

Hocrymmaa 25 VII 1969
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(2.5) u=nus exp(—T%/T)
n=1—exp (t.—1) /AT 1>1T,, =0 <7, .

3epHUCTOCT, HANMMINE IIpHUMeceil, TepMooOpaboTka — Bce 8TO, He BIMAA HA
ymopyrue coifcTBa MeTalia m mapamerps E, A, W, Ux, b, CymecTBeHHO BIHAET
Ha KMHEeTHYEeCKZHe IIapaMeTpHl IIOBeNeHUd RUCIOKAUU Nw, Nx, M, T+ O depes
HAX Ha MIACTHYECKHEe CBOWCTBA W, B YACTHOCTH, HA CTATHYCCKHH Ipefell TeKy-
9ecTH.g, Ha gmarpamme o (e, ).

3. HKsasmcrarmueckoe OXHOOCHOE HArpy;keHHe KOPOTKOr0 OJHOPOHOIro
crepskaa. PaccMoTpmM ciywail, Korja CKOpoCTH [edOpDMHDOBAHHA He OTeHE

N F
Nt‘
0.75
u
0.5 —+
AN
e’
0.25 —#
| \ Nm
11
g Wil Veg+AN §
/V‘tﬂ 7 2 J ”t-
@mur. 1

BeJIMKH, TAK UTO BEINOJHSAETCS YCIOBHe OFHODOSHOCTH HANpPAMKEHHil BHOIb
crepxHa (KBasmeTarmuHOCTh). IlpmMeM m yeimoBme ofHOpORHOCTH medopmanmit
BJIOJIb CTeP;KHSA, YTO OIPABAAHO TONBKO JUIA JOCTATOYHO KOPOTKUX CTEPIKHEH
(I~d). ' :

3agauM 3aKoH MeOPMUPOBAHAA B BHJIe TOCTOSHHON CKOPOCTH nedopma-
mun & =const. Ucxops ma (1.6), (2.1)—(2.4), sammmenm BaMKHYTYI0 CHCTEMY
YPaBHEHHUII, ONPEJeIAI0NyI0 COCTOSHAe 00pasa Bo BpeMeHN

(3.1) de/dt=const, de?/di=bn,u, c=E (e—4/3e?), 1=0/2
Ny =n; exp(—n:/nx), m=nwtme?, u=us exp(—T%/7)

37ech W fajlee Besjle MHJEKC eMHUNA BHU3Y IIPH G U € ONyIIeH.
HauanbHEIe yenoBua mMeroT BUJ

(3.2) t=0, o=0, e=g?=()

Pemernnsa (3.1), (3.2) cpaBEEBamECH ¢ COOTBETCTBYIINUMHE NAHHHIMI pa-
Gorsr Mapnra m KomnGemna [*°], e mpepcraBmens: pesyasraTst HKCIEPEMEHTOB
IO KBa3UCTATHICCKOMY ONHOOCHOMY CKATHIO KODOTKAX NUJIHHIPAYECKEX 06-
pasnes ¢ auamerpom 9.0 mx m mumHOE 12.7 mm. Marepmanm oGpasmos — mamo-
yritepopmcrag  cranh (amramiickas , Mapka En2A) cumemyiomero cocraBa
G—0.085%, Mn—0,45%, Si—0,05%, S—+0,03%, P—0.013%. s sa pa-
PHAIAA Pa3TUIHBIX BHOB TePM0OGPaGOTKE MCIBITAHUAM HOABEPTAIACH 06pas-
TEL ¢ PaSHBIMH ILIOTHOCTAME 3epHECTOCTH (2=346, 495, 773, 2033 Mm~2; 3ep-
mmcrocTs 2=2033 um™* coorBeTcTBYeT CcpesHeMY pasmepy sepHa 0.025 M)
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Jlns MamoyriepomucTHIX crasieil o sxeesa
(3.3) E=21-10° 6ap, A=1.096-10° 6ap, pn=0.906-10° 6ap
u%x=3.2-10° m/cex, b=2.5-10""mn
Cucrema (3.1), (3.2) moMmMo 5THX IIapaMeTpPOB CONEPIKHT dYeTHIpe KUHE-
THYECKAX DapaMeTpa Rew, Nsk, M, Tx.
W3 yKazaEHBIX 9eThIpeX mapaMeTpoB TPH (7w, M, Tx) OHPECIAIOTCA HEIo-

CPEJICTBEHHO M3 MPAMBIX DKCIEPMMEHTOB II0 PICCJIGJIOB&H]Z[IO MOBEAOHIA THC-
noxarnmii. OfHAKO BBHUIY OTCYTCTBHA 9KC-

IePUMEHTATBHBIX JAHHBIX I OONBIIMH- - ;’; _'{’73
CTBA KOHCTDYKIWOHHBIX W, B 9YACTHOCTH, T, K0ap : :
mecleqyeMbIX B JaHHON pafoTe MaTepma- I

moB (apMKO — Kejne30, MaJoyTIePONUCTAs N ”V

CTaub) BCe UeTHIPe KUHETHIeCKmX mapa- 99 [ e
MeTpa IIOJaTaInCch 3aPaHee HeN3BeCTHBIMA. ° m

Meronnra mx HaXOM[eHHA, CBOAAINAACH MD

K penreHmio o0paTHON 3ajaum, paspabora- <7 T 4911
Ha U ONMCAHA B IL 4. 3Mech OTMETAM UMb, . /ﬂ/

YTO WX HAXOMIEHHE OCYIeCTBIAIOCH, WMC- ,D/E -

XO[lT U3 YCIOBHEA TpOXOEAeHma ojHoit 2/ - 3 o

. f5]
TeopeTHIeCcKoil muarpamMmel ¢(g) mpm He- 20 2 Laae

KOTOPOI cKopocTH HeOopMIpPOBAHIA Tepes

geThIpe, XapaKkTepHble [IA HKCIePHMeH- Qmr. 3

TaJIBHBIX JAaHHBIX Touku. [lomyueHHBle B

pesyiabrare Taxoil 00paboTKYU HKCIePUMEHTAILHEIX JAHHBIX 3HAYCHUA Nk, M, T
LI MasjoyraepofameToil craimm En2A B 3aBUCHMOCTH 0T 3ePHHCTOCTH Z TIpef-
CTaBIeHEI Ha puc. 3 (0 ocw opauHAT OTIOMKEHH Ny - 10~° e ™ m m- 10~ cw™?).
YBennueHne Tx NOPU YBEJIMYEHHU Z COOTBETCTBYET HMOBBIIMEHHIO HPOYHOCTHBIX
CBOICTB Meraiia. 1o, 4T0 mOTyJeHHblE 3HAYCHNA KHHETHYECKUX KOHCTAHT JIO-
JKAaTCA Ha MOHOTOHHBIE KPHBbIe, TOBOPHT B HOJIb3Y IPUHATON MOMEINT.

JHaYeHNA HAYAIBHOH IIOTHOCTH AWCIOKAWIA ONpEelAlich BechMa IpH-
Gnmmennao (n,=10"+10" cx~?), 4ro cBA3aHO ¢ Pas3bpocoM JAHHBIX IO 3HAYE-
HUSM BePXHET0 Ipejiea TeKYyIeCTH Omax (cM. . 4). OTMeTnM, uTo 06pasoBanue
«3y0a TEKydYecTH» U, B YACTHOCTH, Omax IO CYIECTBY CBABAHO C. IIIACTHYCCKON
HEOTHOPOIHOCTHIO W OMPEHeIAeTCA PAIOM MOMOJIHATENbHBIX IIPOMECCOB.

Ha ¢ur. 4 nas sepumcrocTn z2=2033 mm~> mpeAcTaBIeHBl TEOPETHILCKHE
mmarpaMMel ¢ (€) mpm pasimuHEIX CKOPOCTAX Me(OPMUPOBAHES € BMECTE € HKC--
mepuMmenTaIbHEIMA Toukamu [ ], Iasa € >0.1 cex™* coBmamenue BechbMa y/o0B-
IeTBOPATENFHOE W OTKIOHEHHH TEOPETHYECKAX KPUBBIX OT OMBITHBIX NTaHHEIX
He IPEBBINAIT Pasbpoca 5KCIEPEMEHTANBHBIX TOYeK. PacderHas Kpusasd, co-
orsercrayfomasn & =0.02 cex™, 3aHmKeHa II0 CPaBHEHHIO C BKCIIePIMEHTAIE-
HEIMI JIAHHBIMHA. JTOT PesyJIbTaT 3aBBINEHHA CKOPOCTH ITacTHYecKoil medop-
Mauuu W3-3a HCHOIb30BAaHEA ammpokcmManmm (2.4), KoTopas, Kak yiKe yKasbl-.
Banoch (cM. 1. 2 m ¢mr. 3), 3aBHEIIaeT U NPH T, OGAUBKAX K T.. A UMEHHO, TaKHe'
HaUPAKeHANA Peaju3yloTcs IpPH Majlkix cKopocrsax pmedopmammii & ~10-2—
102 cex~'. Ha ¢ur. 4 ma mpmMmepa OyHKTHPOM OpOBefdeHA pacieTHas Kuma-
rpamma o (e) mpu & =0.02 cex~! ¢ mcmomb30BaHMEM YTOYHEHHON 3aBUCHMOCTH
u () B Buge (2.5) upm At=0.5 k6ap. 3amernm, 9TO 1) HEe BIHUAET Ha AUATPAMMY
o(e) mpm ¢>0.1 cer! (Horna peammylotrcﬂ HaHpH}ReHEH cOBHUra, 3aMeTHO
Goxpmme, 4eM T.).

Ha (bnr O TpefCcTaBIeHHEl PACCINTAHHBIE 3aBECAMOCTH o(e) e? (), ni(e),
n,(e) mpu & =0.5 cer* mua cramm En2A ¢ z2=2033 mx~2. Cimomusie TuHAK
CO0TBETCTBYIOT Ny=10" cx™2, a myHKTHpHBIE — nHp=10° cxu~2. BugHo, 410 7Ny
BIHAET JIWIIh HA BeJAWIHHY 3y6a TeKydecTm X He BIMAET Ha OCTANLHYIO YacTh
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i38 Mezanura reepdozo Teaa, M 4, 1974

JHEIOb HA TEOPEeTUIECKOM 3HAUEHUH O3;=Omax U HE BIUAET HA OCTAIBHYIO 9acTh AHArpaMM
ag(e).

A[IEKBATHOCTH MOJeNd 00ecreuInBaeT OHOBHAYHBIA BHIOOD KAHETHYECKHX IapaMeTpoB
yi* W3 yClIoBHA LPOXOKIEHWS OTHON TeopeTHIecKol mmarpaMMel o (g, £°) dyepes BbIfge-
JEHHYI0 CHCTEMY BKCIEPHMEHTANBHBIX TOYEK; XOpOIlee COBHafieHMe (IPH yKasaHHOM Ha-
6ope y;*) Bcex TeopeTWdeCKHX AUarpaMM o (g, &) BO BCEM pPaccCMaTPHBAaeMOM [UAIla30HE
(He TOmBbKO B HeThHIpex TouKax) pedopmammit (0<<e<<0.06) m cxopocreil medopmammit
(10—2<<e’<10 cex™1).

5: ®pont Jlrogepca (kBazmeTaTMyecKasa BoaHA miaactuadoctn). Chopmynu-
POBaHHEIE BHIIE YPaBHEHHS, ONUCHIBAIINE MOBENEHHME CPeEl, OTHOCATCA K
MalIoMy 5JIeMEHTAapHOMY 00BEeMY, COCTOSHEE KOTOPOTO MOJKHO CUMUTATH OJHO-
pouueiM (mokanbabie aud@epeHnaNbEEIe ypaBHeHHA). VX MoskHO Hemocpes-
CTBEHHO NPAMEHATH KO BCEMY KOHEYHOMY 00pasiy, ecil COCTOAHHUE HTOT0 00-
pasma oxHopozHo. Ilpm mensITaHEAX MIXHHEIX 06pasoB U3 MAJOYTICPOAECTOMR
cTanm, HalpEMep Ha pacTamkende ['* ], mX cocToAHME HENB3sA CUMTATH OHO-
PORHEIM, 0 9eM, B JACTHOCTH, CBUIETEIHCTBYET mosiBieHme PpoHTOB Jlomepca.

PaccMoTpuM pacTaiKeHHe JOCTaTOYHO MIMHHOTO 00pasna ‘3 MaloyTiepoimcTof cTa-
M M KaKoro-imbo APyroro MIACTHYHOTO MaTepHaja 3a CYeT JBMKEHMS ero IBYX KOH-
OB B IPOTHBOIOJOKHEIE CTOPOHBI CO CKOPOCTBIO w. PaccMOTpHM, KAK M B I. 3. KBa3HCTA-
THYECKHI cIydai, Korga w<a (T@e a — CKOPOCTH 3BYKa B paccMaTpwBaeMoil cpefe), T. e.
KOTZ]a YCHINA KO BCEM GlleMeHTaM o00pasma y/0BIEeTBODPAIT YCIOBHAM  PaBHOBECHS
o(z, t)=0(2).

Ilpouecc pacrsskenmsa obpaslia BO BPEMEeHH HpH w=const MPOMCXOMAT CIeqyMIIuM
obpazom [!*13]. Brauame mepopMaums O Bcell jUIMHE TPOMCXOMUT YIPYTo W HATPKe-
HHe IO JHHEITHOMY 3aKOHY pacTeT. B HeKOTODHI MOMEHT B 30HAaX Yy KOHIOB o0pasma r=
=:z], T7e IMEITCSA JOKAIbHbIe M30BITKY CHBUIOBBHIX HAUPSIKeHM (M3-32 HANIAYHA B STOX
MecTaxX 3aXBATHIBAIONHX YCTPOMCEB, MAIOIWX MeCTHBIe KOHIEHTPATOPHI), HAYMHAETCH
CKOJb;KeHHE W PA’MHOMKeHHUe [HCIOKAImil, IIPWBOMAIIEe K PAasBATHIO IIACTHYECKHX 8-
dopManuii B 5T0il 30He. YKABAHHEIA 9TAN aHAJIOTHYEH WHUINHPOBAHUIO TOPEHHA B TpyGe
C TOpIOYeil cMeChio 3alaIbHEIM YCTPOHCTBOM. 3a CYET Pa3BUTHA IIacTHIeCKHX JedopMma-
nuii 30HA OKOMO r=-==] JONOJNHHTENBHC Y[IXHAETCST, ITO JAeT HEKOTOPYIO PA3rpysKy 00-
pasma. Horma Bes IIACTAIHOCTE 30HBEL B OKPECTHOCTH Z=:] MCYEPHAETCHA BCJIEICTBUC BLI-
COKOIl IJIOTHOCTH JHCIOKANWi (n: >n.), BCTYHaeT B HUIPY [ONOJHUTEJHHBIA MeXaHH3M
(aBAJOTHYHEI MeXaHM3MY TEeIIONPOBCAHOCTH IPM PACIPOCTPAHEHNH IJIAMCHH) MOMeped-
HOTO CKOJBKEHHA RHUCIOKAUWH (KOTODHIH B I. 2,3 He paccMaTPHWBAICS), IPUBOINAINUAA K’
HepeBIKEeHNI0 TUCIOKANNIA U3 OTHOU TIIOCKOCTH CKOJBMKeHHSA K apyroi [1—3] Bmoas 00-
pasma K cepejuHe, UTO BHIBEIBAeT IepeMelleHwe (DPOHTA IHAcTHYECKHX medopMammit
(PporTa Jliomepca). Ecam obpaser (ero CTpyKTypa, 3epHHCTOCTH, COCTAB W T. A.) OXHO-
pOfieH IO JIHHE, TO €CTeCTBEHHO, YTO0 IPH w=const ycTaHABIWBAeTCHd IIOCTOSHHAA CKO-
pocTh vo ¢dponTa JloKepca M HOCTOSHHOe BO BPeMEHH HAIPsIKEHMe ¢ 10 MOMeHTa, KOTJa
06a ¢poHTa cupaBa U cieBa OPHAYT B cepexuHy odpasua (zx=0), momaBigmommas dacTb
BCeX [MCIOKAIii B HeM Oygmer samepra u HadHeTcsa feopMamusa 3a cYeT YOPOYHEHHS.

B kBasucraTmyecKumx SKCIEPAMEHTAX C PACTAKEHHEM JJIAHHBIX CTepsKHeil
mepexon W3 YyIPYroro B INIACTUYECKOE COCTOAHME KAsKIOTO DIEMEHTa oIpejie-
JAEeTCA MPUXOMOM BOJHBL IIACTHYHOCTH (IPAYEM CKOPOCTH BOJH IIACTHIHO-
CTH CYINEeCTBEHHO MEHBIEe CKOPOCTH 3BYKa m cocTaBiaaionT ~10-'+10 cm/cex).
OpnmHaKoBEIe II0 CBOMCTBAM 3JIEMEHTHI CTEDKHSA, HO DPACIOJIOMKEHHEIe Ha pPas-
HBIX DPACCTOSHHAX OT 3aXBATOB, «JEPIKAT YyOPYro» ONHO W TO jke HANpPAKEHHe
(mpeBrimaromee CTATHIECKAN IPees TeKYIecTH) PasHoe BpeMa. ITO IPOTHBO-
peunT Kax Moxmenu [®], Tak mw Mojenm, MCIONB30BAHHON B HpPeNBIAYIINX TyHK-
Tax. B To jXe BpeMs [WHAMHUYECKHEe OKCHEPHMEHTHI WO IUIOCKOMY YyAapy
(cM. m.6) cBHETENBLCTBYIOT 0 MTHOBEHHOM (II0Cie HATpyKeHHs) Hadale pe-
Jaxcanuu HampspreHmii. Takoe pasimume CBA3aHO ¢ YPOBHEM MAaKCHMAIBHEIX
cBUTOBEIX Hanpsykennit (1=1—2 x6ap) B kBasmcrarmaeckux u (t1=5—8 x6ap)
B IMHAMAYECKUX DKCIEPAMEHTAX. A TaK KaK T OmpejelseT IMOKA3aTeab CTeIeHT
B (opMyie I CKOPOCTH AMCIOKALWI, TO B AWHAMAYECKHX DKCIIEPEMEHTAX
peann3yoTcs Ha HEeCKOJIBKO IOPANKOB GOIbIIAe CKOPOCTH AUCIOKAIMIA, a COOT-
BeTCTBEHHO W CKOPOCTH IiIactmdeckux nedopmanmit. Ho rmasHoe He B pasid-
YUAX CKOPOCTEH MHCIOKANHA, TaK KAK H OpPH HANOPAKEHHAX, CBOICTBEHHEIX
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KBa3UCTATHYCCKAM DKCIEPUMEHTAM, pPelaKcanud HANpPAKeHHH (IIacTAYecKas
nedopmanun), COrIacHO MOJEIH, MCIOIAB30BAHHOK B MPENBIAYIIHX HYHKTaX,
TOIIKHA HAYaThCsl MPAKTAYeCKU OFHQEDPEMEHHO [0 BCeil juimHe crTep:KHA. Bm-
JUMO B KBABHCTATHYECKAX SKCHEPHMEHTAX BHAYUTENBHYI0 POIb WIPAIOT LPH-
MecHBEIe aTOMEI, CO3[aonue aKTHBALMOHHBIE 0aphepH ABIIKEHUIO JUCIOKAIH.
Ilpwm gocraTouHo GONBIINX HANPSKEHASX CABATA, CBOMCTBEHHBIX [UHAMUISCKAM
aKcmepuMenTaM (cM. 1. 6), 9TM aKTUBANUOHHBIC Oapbepsl MPEOJIOICBAIOTCA,
¥ IIPOLecC MAeT COTIAacHO Mopenadm 1.1, 2. A mpm Haupsy/KeHHUAX CJIBUIa, CBOM-
CTBEHHHIX KBA3HCTATHYECKHM DKCIEPAMEHTAM, NPAKTHYECKH BCe AUCIOKANAA
aKTHBAaIWOHHBIe OapbepHl IpeomoxeTh He MoryT. VIckmiogeHme mpeJCcTaBIAIOT
30HBE y 3aXBATOB WM KOHI[EHTPATOPOB HampsyKeHWiT («cmaleie MecTay), Te
pealnmusyloTcsa OOIBIINE CABATOBEIE HANPSKEHUsd, W OPOMCXOMUT IIACTHYECKAS
nedopmanus. VI3 stux 30H 00pasdyercss HOTOK HUCIOKANHN BIOIb CTEPIKHI 3a
cueT MeXaHM3Ma IIOIEePEeYHOTO CKONBKEHUA. ITH [UACIOKANUA yOMPaIoT miyu CHA-
JKAIOT aKTUBANWOHHEIE Oapbephl, T.e. AefCTBYIOT KaK KATAJIHM3aTOPHl WX aK-
TUBHEIe IIEHTPHI, YTO IPUBORAT K BOBIEYCHUIO B ABIKEHHE DOYTH BCEX MMEIO-
IMIXCA JUCAOKANMHA M YCKOPEHHI0 MIACTAYECKOro e)OpMUPOBAHUS COTIACHO
yiKe HCIIONB30BAaHHON MOJENH,

PacecmorpuM ofHY BO3MOKHYI0 IOCTAHOBKY O PACTAMKEHAN WA CHKATHE
JJIREHOTO cTepsKHA (Ww=w(t)) ¢ BOSHUKHOBEHUEM U PACIpPOCTPAHEHNEM BOJHE
oJacTH4eckoi medopManuu mam poHTa Jliogepca Ha ocHoBe Mopennm . 1, 2.
B srom cirywae cmcreMa nuddepeHIUANBHBIX YPABHEHAA ¢ YACTHHIMH IIPOA3-
BONHEIME MMEET BHUT

(5.1) de/dt=0v/dx, dn/di=bmun,—dq/dx
0=FE (e—4e?/3), eP=(n—ny)/m

3gecs B ormume ot (3.1) BO BTOpOM ypaBHeHWE HMeeTCH IOTOK AMCIOKA-
oui BOJb 06pasma g m3-3a ONEPEYHOT0 CKOJBKEHUA, A KOTOPOTO HEe0o0Xo-
AMMO HCIO0JIb30BATH JOIOIHUTEILHEN PU3NIECKUN 3aKOH.

Pons ¢ smecr amasormuHa TEILIONMPOBOMHOCTH BHOJAb ILIAMEHH B TEOPHHE
ropenusa. B ¢BA3:m ¢ HTEM B KauecTBe OJHOr0 W3 BO3MOYKHEIX BaKOHOB A ¢
MOJKHO MCIOJb30BATH 3AaKOH IOTIEPEYHOr0 CKOJbKEHUA MucIokamui mamd@ysm-
OHHOTO THIA

an,
(5.2) q=—1 (o, nt)-ai
xz

rie Y(o, n), em’/cer — vospumuUenT monmepeunHoOro cKOMbMKeHuA (MEpPysmm)
mmcaoKanuii. MosKHO MOKa3aTh, YTO UMEHHO TAKOTO BHUJA 3aKOH [JA ¢, IPHBO-
“AAMIE K puddepeHnuaibHOMy YPaBHEHHIO [YIA 7y ¢ NPOW3BOJHON 10 & BTO-
POTO TOPAIKA, IIO3BOIACT BEIABHTH EAHCTBEHHOE PpEIIeHHmE JUIA CTPYKTYPHI
KBABMCTATHYECKON BOAHBI INIACTUYHOCTA W EJUHCTBEHHOE 3HAYEHHE CKOPOCTH
9TOH BONHBI IpH (PUKCHPOBAHHOM HAIPSKEHUH PACTAeHHsA. B To e Bpems
‘OIpejielleHue MOTOKA JWCIOKATME ¢ B BUJE 3aKoHa (osee HAM3KOTO IMOPAIMKA
THLA ¢~7N; OPUBOAUT K TOMY, YTO CKOPOCTH BOJHEL ILIACTAYHOCTH MOKET GHITH
JI0GEIM YHCIOM. AHANOIMYHbIE CcOOOpaskeHus OBUIM MCIMONB30BAHEL B [**] mus
OIIMCAHIS IIOBEJeHNUS Meiiky B HOJNMEepPHEIX 00pasnax.

HcmonpsyeM yiKe ymoMuHABIIHECH cOoTHOMICHUs (2.2) u (2:4)

n; T
(5.3) nm=ngexp(——), u=u*exp(——->
Ny ko

e k(#) — reomerpmueckmit (pakrop, paBuH 0.5 (UpH OJHOOCHOM HANPKEHHOM €O-
crogHun crep:kHa (cM. (1.6)), modYTm mo Beell IiMHEe 3a HCKINYEHHEM 30H, AJIAHA KOTO-
PHIX HOpAgKA AuMaMeTpa cTep;kHA (y 3aXBaTOB) JIIM B MecTaX WKOHIEHTPAIMH HAIPAMNS~
Huit, rae £>0.5.
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Hoxaago Avagemnu nayk CCCP
1977. Tom 237, N 6

VK 532.529:66.040.3 TAJPOMEXAHHUKA

P. M. HATMATY/JINH, P, T. IIATUEB, B, III, IIATAIIOB,
I. T. BAJIAIBHH, B. B, ®PA3MHOB, B. . HATMATYJIAH

MATEMATHYECKOE MOJEJINPOBAHUE B T'HJIPABJINYECKOM
NPUBJIVREHNN I'A30KUTKOCTHBIX IIOTOKOB C
XUMHNYECKUMU PEARIIMAMHI M AHAJIN3 TIPOIIECCA HATPEBA
HE®TAHOTO CbIPb B TPYBYATBIX IIEYAX

(IIpedcrasaeno akademurom B. B. Crpymunckum 12 V 1977)

B sHepreTure ¥ TEXHOJOIMH YacTO HCHOOIB3YeTCS COBMECTHOe JBUIKeHUE
Tasa 4 MEIKOCTH B 000TrpeBaeMOM mim HeoborpeBaeMoM KaHAJEe CO CKODOCTA-
vz =10 m/cex. Ilpu s3TOM B mIMpOKOM JMamasoHe JaBIeHHH U CKOpoCcTe# pea-
AU3YeTCA AECIEPCHO-KOMBIEBOM PeKUM TeUeHHsS, XapaKTepH3yeMBIH HaludH-
eM KHIKOR INIEHKH Ha CTeHKe M fAApa IOTOKA, MPEefICTABJIAIONIEr0o CMech rasa
U SREIKOX Kamendb. [lJ1A OUeHOK MOKHO CIHTATh, YTO ITOT DPEKUM HMeeT MeCTo
npu 00beMHBIX Ta30cofiepsKanusax, Goapmux ~0,8.

B HacTOosmeM coOOIeHNM M3IOMKEHA MaTeMaTHdecKasd MORENIb THIPOSUHA-
MUYeCKHX ¥ (E3MKO-XMMUYECKHX MPOLECCOB B MHOrOKOMIIOHEHTHBIX JByX(as-
HBIX IIOTOKAX B [UCIEPCHO-KOJBIEBOM DeRUMe TeUeHHs, Korjga IoMEMO ¢aso-
BHIX IIEPEXOMIOB HAYT XMMHUYECKHe PeaKIud, IIOIHOTA IMPOXOKIeHHA KOTODHIX
3aBHCHT He TONBKO OT HArpeBa, HO M OT YHCTO MeXaHWIecKuX PEeKTOB, OI-
pefieis0IuX, HAIpUMep, H3MeHeHNe NABJEHHS M BO3MOKHOCTH HCHOAPeHHA
min KoupeHcamuu. VIMeHHO Takme cuTyammum cunenu(WYHBL JJA PAKA COBpe-
'MEHHBIX MHTEHCHBHHIX H DHEPrOeMKHX XMMHKO-TEXHOJOIMYECKHX HPOIECCOB,
IJIs pacgera KOTOPHIX TpeGyeTcs COBMECTHOE PelleHWe IOJHOM CHCTEeMEI ypas-
HeHHH Macc, MMIYJAbCOB, DHepPruil a3 ¥ KHHETHKH PA3INYHEIX MeREa3HBIX
¥ BEYTPH(A3HBIX IPOIECCOB.

Hampmaa us $as B cMecm rastramnmtmineEka OymeT paccMaTpHBATHCA
_KaK rOMOreHHAsd CMeCh Psjfia KOMIOHeHT, B sxumkux ¢asax mayT XMMAYECKHe
peaxium. BoaMoKHBI Ipomecchl MaccooOMeHa MeKAy QasaMu: HCIapeHme
rasa #3 HHUIOKOCTH, CPBIB M OCa{JleHMe KalleJb. Hpennonaraema, 9TOo Axpo
MOTOKA M IVIEHKA MMEIOT CBOM CKOPOCTH, HO TeMIepaTyphl (a3 COBIAJAIOT,
TAaK KAK B pAcCMaTPHBAEeMBIX HIUKE IIPOIECCaX XapaKTepHBIe IIMHBI BHIPABHH-
BaHHAA TeMIeparyp MeRAy dasamu (Tak e KaK U CKOPOCTell rasa M Kalleib)
BO MHOrO pas MeHbOIe XapaKTePHOro JMHEHAHOro Macmraba samgadm (IIHHBL
Kagana). Hmke wmcmonpsylorca mpepcrasienns, npusefenmsie B ('~*). Ila-
PaMeTpHl, OTHOCAINWECS K rasy, JKANKOA IUIeHKe M KamiaMm, OyaeM CHaGMHKaTh
COOTBETCTBEHHO IIePBHIME HHjeKcaMu BHm3y 1, 2, 3 M HaswBaThL mapaMmerpa-
MU DepBOii, BTOPOii 1 TpeTheii das.

YpaBHeHHs COXPaHEHHA MAaceC, UMOY/IbCOB ()a3 M DHEPIUH CMECH B THJPaB-
JIAYIECKOM IPUONMIKEHHT UMEIOT BUT

dm‘ dmz dm3
_‘__;Zl_l_; 31 __.._-—-J _J .__’ _.—_] _J _J
) 32 21 23 23 31 32
dZ eh ¢ ’ dZ e 1 & dZ @9 en @

dv, dp
*(mi+m3)"zz‘ = (F1+F3)-dz— - f(12)+ (1(21)'*'](23)) (v(21)_vl) + (p;Fﬁpan)g,

dv, dp -
mz dZ =—F2—Ez—+f“2)‘—f+|,(3z) (v(32)~U2)+p2F2g7

1311
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d 3
E{Z‘mﬂ:j}=0, T=T,=T,=T, V=03,
j=1

m;=p,"v;"F; = Jpjo'vj' dF, my;= J.Pfo' (/) d'F, mj;= j o/ v'iy d'F,
_ 5

Fy Fy

F\+F,+F,=F (z), F,=oa(F+F;), m,+m,+m;=m=const,

V"RV, Ven™V(2)RVz, Ve~

37ech m; — IOTOK j-ii a3, j=1, 2, 3; p,°— CpelHAA IIOTHOCTL MaTepHala
j-# Qassel, I —remmeparypa, v;™, U;— CpeHEMAccOBag U CpeIHEPACXOXHAS
cKopocTE (ha3, OPE ITOM paBeHCTBA B MOCIeQHEH CTPOYKE NPHEMIEMHl IIPH
TypOyJAeHTHBIX DEKEMAax, KONa IPouim CKOpocTeRr v; AOCTATOYHO (HAIIOJ-
HeHHEI®»; I;— CpeJiHePacXofHasa dHTaubmusA; F(z) —momepeunoe cedenme Ka-
Hama (pmas.Tpy6sr F=const), F;— 9acTh IONEpPEYHOTO CedeHHs, 3aHATAA j-if
¢azoit; o — 00beMHOe CORep:KaHMe rasa B ANpe IOTOKA; f(12) — CHJIA TPEHUS
Ha IIOBEDXHOCTH pasfela ras —KUJKasd IUIEHKA; [— chia TPeHHA MEmXIy
IIEEKOR W CTeHKOM KaHajka; () — BHEIIHWH NPHTOK TemiIa; J i — MHTEHCHB-
HOCTh Maccoo6MeHa OT i-if K j-it ¢ase; Ui — CKOPOCTH MAacChl, IpeTepHeBaro-
mel mepexon i—j; g — IPOEKIUs BHENIHNX MACCOBBIX CHJ BJOJNb OCH KaHAJIA.
ITycrs rasoBas pasza cocrout m3 nerkoir E (¢ MONeKyIsApHBIM BecoM W~
~100), Tsuxemnoit A (mapsr macia ¢ p~400) m wnepTHOH (maps! Boasl ¢ n=18)
rKommonent. Ilocienmsasa He yuacTByer B (Pa3oBHIX Hepexofax W XHMHYECKAX
peaknmax. Haskmas m3 cocTaBasomux RUAKOA (ashl — MIEHKA X KAIIA — CO--
CTOAT W3 4eTHpeX KOMmOHeHT: A — macia, B — cmomsr, G — acanbrersr, D —
KapOoH/IbI, KOTOPEIE MPeTepHeBal0T XUMIIECKIe NPeBPaINeHns I0 cXeMe

A=2B=Cz=D.
oLl
E E E

ITapamerpsl, orHOcAamueca k xommomenTaM A, B, C, D B mienre (j=2)
7 Kamwiax (j=3), OymyTr cHaGXKaThCsa COOTBETCTBEHHO HMHAEKCAMH j2, j3, j4,.
j 5, a mapaMeTpsl, OTHOCAIUECA K MHEPTHOMY rasy X KoMmoHeHTam E, A B
rasosoii (ase (j=1),— mmmexcamm 10, 11, 12. Torga ypaBHeHES Macc KOM--
HNOH¢HT IPHHAMAIOT BUJ

dm dm dm
dz10= 0, -d_Z“= J(21)1-+](31)h —dz—izzj(zi)z'l'-,(u)z,

dm .

y 2 =—J(ZI)h—](23)k+J(3z)k+F2 E (Kz,lh_Kz,ht)7

Z 1=2 1%k
P 5

m

dZSh =—](31)k_](32)k+](23)h+F3 E (Ka,lh_KS,“) ’

1=2 1k
Mp=guM; ](.’ii)kzgjhl(ji); i1 ]=1, 2, 37 kv l=07 11 ey 5;

31€Ch Mu M g — COOTBETCTBEHHO NOTOK M MaccoBasg KOHIEHTpanma k- KoM—
IOHEEHTH B j-i# (ase; J (i — HHTEHCHBHOCTh MaccomepeHoca k- RoMmoHeH-
TH mpu (asoBom mepexofie j—i; K; m — CKOpocTh 06pazoBaHmA [-if KOMIOHEH-

- 7B W3 k- KOMIIOHEHTH B JKEAKOH ase (j=2 B mieHKe, j=3 B KamIfAX) m3-3a
XAMAIECKOH PeaKnuy.
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ByneM cumrath, 4To ra3oBag (daza — KaJODHIECKH COBepPIIeHHEIH Tras C
yIeTbHLIMA TemnoTaMu napooGpasosarus L, u L, kommonent A u E (k=1, 2).

2 2
P=910R1T, R, = Z guwlly, 1= ZI Ginlin, io=co(T—T,),
h=0

k=0
i“=Ci(T—-T0) +L1, iw:Cz(T—To) +L2, i2=i3=c(T—T0) .

Bce remnodusnueckue mammbie Gpanu us (). Boipamenus mia fge, f, a Tak-
3Ke [UIA MHTEHCHBHOCTH CPHIBA J(23) U oCasKiaeHUs J(s) Opasm B COOTBETCTBHE
¢ (*,%). MecTHBIE COMPOTHBIEHNUS ¥3-3a IOBOPOTOB TPYOBI yYUTHIBAIN BBejle-
HeM TompaBogHoOTo KoadpunmenTa y=>1 B cuie f.

T K A,abyy 1 g U mjcex pyam 5
M3 -
7508 18| 755 6ok mk f-p\
4 fo g
2501 101 38 “& gg’. 0+ . 4
100y
- 028 M Lk
e80f £ 028y, ]
1 ! o ; ; LN
200 400 600  800z,m 200 400 607 800z~
Pamc. 1

Bewo obpasyiommyiocs B UKol fasze KOMIOHEHTY E momaraidm MrHOBEHHO
wenapawmeicsa (g =g:;=0); HHTeHCHBHOCTh NCHAPEHHA TAKeNIOH KOMIO-
HEHTH A NPUHAMAJIH B BUJE

Ji02=0;(p2s—p12), =2, 3,

rae p2(T) m p,— JaBleHHe HACHIeHHsA M IAPHUAILHOE JABIEHEE KOMIIO-
mgentsl A, O, — kubermueckuit mapamerp. OeHKYM IIOKA3HIBAIOT, YTO 3HAYECHAS
@; DOCTATOYHO BEIMKA, dYTOOHI pPEaJM30BHIBANIOCH DPABHOBECHOE HCIApeHHe
{pi2=p2s(T)).

CKopocTh XMMUYECKOH peakiuu 3aJaBajln 3aKOHOM AppeHmyca

Ki,1h=Ki,‘;k exp(—Eu/RT),

e sHaseHus K ;x , saBMCAIIEe 0T KOMIEHTpAIui KOMIOHEHTH B i-it (pase,
u E;; 6panu cormacuo (°).

IlpuBenennsie ypaBHeHma oOpasyior 3aMKHyTyio cucteMy. Ha pme. 1, rme
M;=mjm, npusenens! pesyiabTaTs pacdeToB (KpmBEe) BMecTe ¢ dKCIEPAMEH-
TaJIbHBIMA [AHHBIME (TOYKM), MOTYyYeHHHIMH Ha NEHCTBYIOIEM PEAKIEOHHOM
3MeeBHKe YCTAHOBKH 3aMe/JIeHHOr0 KoKcoBaHWA (y.3.K.) ¢ BHYTPEHHHM [ua-
merpoM Tpy6sr D=0,1 M, o6meii mummoir Z,=850 M u II-0o6pasEEIME mOBOpOTA-
Mu depes Kasjsle ~15 M. PaccMoTper peum ¢ pacxonom cmecr m=10 Kr/cex,
raszocofep:xanneM Ha Bxome M,=m,(0)/m=0,03, naBreEmeM Ha BXOJe D=
=25 Gap m pacmpegeneruem Temronogsoga (Q(z), mokazaHHEEIM Ha puc. la.
YuomuHaBmEicH Ko3Q@UIMEHT MECTHOTO CONPOTHBICHHS W3-32 IOBOPOTOB
TpyOBI WIST JaHHOH KOHCTPYKIUA ObLI HPHHEAT ¥ =1,04 W3 yCIOBHsA COBIAIeHUS
PACYEeTHON M DKCIEePUMEHTATBHOU 3aBucHMOCTH p(z) Ha ogHOM pesxmMe. Cos-
nafieHne TeopeTHIecKnX W HKCHePHMeHTAIbHBIX JAHHEIX JJIA OCTAIHHEIX Iapa-
METPOB — IIePBOE CBHUETEIHCTBO AJeKBATHOCTH MOJeNH. AHaiu3 IOKasajl
YIOBIETBOPUTEIHHOE COBIAJIEHNE TEOPETHYECKAX W DSKCIEPEMEHTANbHBIX JaH-
HBIX # HA JApyrux pesxmmax (mpyrme m, My, po, Q(2)). Takam oGpaszom, moxra-
3aHa BO3MOKHOCTH IIPOBEJCHHS AaJ[eKBAaTHOTO YHCIEHHOTO HKCIEepHMEHTA HA
OCHOBE IIPEJIOKeHHON MOJIeNIH IS N3yIeHUA 1Iporecca B y.3.K.
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P. 1. Hurmaryianxa

PacueTsr moka3sBaloT HaJMYWe (KPU3KMCA BTOPOTO POJiay, XapaKTepH3yeMo-
ro yMeEbIIeHEeM (W3-32 WCIADPEHHA) 10 HyJd B CeYCHUH Z, PACXOfa W TOJ-
IAHGl REJKOA IUIEHKH, YTO JOJIKHO TPHBOJUTL K YXYAIICHHIO TeIIOOTHATH
OT CTeHKH ¥ NOBHIIEHHI0 ee Temmepartyphl. Ilociefnee m sBIseTcAa MpAIAHON
HabmaIofaeMoro mepeskora TpPy0 M IIOCTEIIEHHOTO 3aKOKCOBBIBAHHA («CKIEPO-
3a») IPOXOAHOTO CeYeHMS W3-3a MOMAJAHMA Kaleih HA He3aMUIIeHHYI0 INIeH-
KO#i DAaCKaleHHYI0 CTeHKY TpPyObl. 9TO MOATBEPIKIAETCHA JAHHBIMHA, MMOKAa3bI-
BAIOIUMH, YTO IIEPEKOT M 3aKOKCOBHIBaHME Hambojee XapaKTePHH Ha y4acTKe
2>z, TAe, COIMIACHO pacueTaM, IMOTOK IOJHOCTHIO [UCIEPCHEIA, 0€3 INIeHKH,
OpuYeM IVIeHKa HcYe3aeT HECMOTDs Ha HaJIWdme B CeYeHHH Z. GONBIIOrO0 KO-
amaecrBa Runroit gassr (M,20,7, em. pue. 1a). lemo B Tom, 4TO MOAABIAIO-
IIas 9acTh JKUJKOCTH [[BHKETCS B BAJ(E KAMEIh B A[PE M UMEET CKOPOCTH, MPAK-
THIECKH COBHAJAIOIIYI0 CO CKOPOCThIO rasa (v,~vs~20—50 M/cex). dror 06-
HapY/KeHHBEI B pacuerax (DakT MOATBEepIKIAeTCS COBHAJEHHEM HM3MEpEeHHBIX
3HAUCHWU BpeMeHN IMpeObIBaHUA KUIKON 1 Ta30B0i a3 B Tpy6e.

B 3aBmcEMOCTH OT BHJa MCXOJHOTO CHIPbS C IIOMOLIbI0 YHCIEHHOTO DKCIIE-
PEMEHTa MOKHO HAa#iTH OOTEMAlIbHbIe 3HAYCHHA KOHCTPYKOMOHHBEIX IapaMeT-
pes D, Z, 1 ynpaBagomux napaMmerpoB po, m, My, Q(2).

PaccMoTpeHHEIH B aHHO#E pafoTe METOJ pacdeTa rasoMUIAKOCTHHIX Tede-
HU#i MHOTOKOMIIOHEHTHBIX CMe€CeH C XMMUYECKMMH PEaKIuAMA W TMPOIeccaMm
MaccomepeHoca Ha NpPHMepe TeYeHHd B PEaKIUOHHOM 3MEeBHKe V.3.K. IpuMe-
HUM 7 K TIPOIeccaM TepMHYEeCKOro KpeKdHHra, NMepBUYHOH MeperoHK: HedTm,
nuponu3a HeTempOAyKTOB | T. JI.

Astopmnl BeIpaKatorT OnaromapHocTs akaf. B. B. CrpyMmECKOMY, 9I.-KODP..
AH CCCP B. B. KagapoBy, A. C. diireHcoHy 3a II0Je3HOe OOCYMHIEHHE.

ITocrynmio
30 VI 197T
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1 P. . Huemaryaun, IIMM, T. 34, Ne 6, 1097 (1970). 2 B. H. Huemarysun, Fypa.
OpUKI. MeX. W TexH. ¢ums., Ne 6, 141 (1971). 3 B. H. Huemaryaun, tam ke, Ne 4, 78
(1973). * H. H. Jlopoxos, B. B. Kagapoe, P. . Huemarysun, IIMM, 1. 39, N 3, 485
(1975). 5 Meroper pacuera TemnoH3MUECKEX CBOHMCTB Tra3oB W JKmgKocrTed, M., «Xm-
musy, 1974, € I, I. Baaseun, B. C. Mapremvsanoe u dp., Tp. Bamkupck. H.-U. HH-TA IO
mepepaborke medH, B. 13, 44, Yda (1975).
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HDoxmnans Axanmemuu mnayk CCCP
1986. Tom 286, N° 1

YK 532.593 : 532.584 TMIPOMEXAHHKA

P.A. HHTMATYJIHH, B.A. IIbIXK

YCWIEHHME YIAPHBIX BOJIH
B BOIHOHM CYCNEH3MHM T'IMHUCTBIX YACTHIL

(IIpedcraeaero axademurom I'.I'. Yeprvim 20 XI 1984)

IIpy 3KCHEpUMEHTAIBHOM MCCIIEAOBAHMM PAacNpOCTpaHeHHs YAApHBIX BOJH B BOJ-
HBIX CyCTeH3MAX GeHTOHMTa oGHapyxeH 3¢bdeKT aHOMabHOTO MOBLILIEHHA JABJIEHHA BO
GPpOHTe BONHBI IO CPaBHEHHI0 C MHMIMHMDPYIOUMM 3Ty BONHY ummyinscoM [1]. B cycmen-
3MAX, B KOTOPHIX OCHOBY TBEPHO#t (a3l B BUie YaCTHI] KOJUIOMHOTO pasmepa & ~ 1078
107 M cocraBnfer MMHepal MOHTMOPHIUIOHHT C MACCOBBIM COJIEpXaHHeM ¢ = 6%, OT
OIbITa K OMBITY OTMEYEHO yCWiIeHHe 3Toro 3¢¢ekra mpH MHOFOKPAaTHOM yIapHOM Harpy-
xennmu [2]. TnummcTeie “pacTBOPHI” Ha OCHOBE MOHTMOPHUIOHHTA O6MafaoT MOBbILIEH-
HOH KHMHETHYECKOH YCTOMUMBOCTBIO NIPH HEKOTOPOH KOHLEHTPAlMW YacTUL, B BOJE BBILIE
KPHTHYECKOH, BBIpaXkalolieli CBONCTBO JMCHEPCHOH CHCTEMBbI HE DPAaCCIaMBaTbCA IO BbI-
coTe (Bpemd CeOMMEHTAIMH OLIEHUBAETCS TONAMH) .

B pmanHO# paboTe NpeCTaBIIeHBI KCIEPHMEHTBI C YIapHBIMH BOJIHAMHU B CyCIIeH-
3MH C YaCTHIIAMM OpPYTOTrO OYeHb PACIPOCTPAHEHHOrO KJIaCCa TIMHUCTBIX MMHEPANOB —
KaonmuHMTa. CpaBHUTENBHO KpYymMHble wacTHup 8 ~ 107 M o6pasyioT cycmensuu, o6na-
JIalolTHe HEBBICOKOH KMHETHYECKOH yCTONYMBOCTBIO (CKOPOCTh cemumenTamyu ~ 1076 m/c)
Haxe TMpH GOMNBLIMX KOHIEHTpPAIMAX TBepHo# dasbl B BoIe — NOPAAKA HECKOJIBKHX JECAT-
KOB IIPOLEHTOB.

Ilenplo MCClIeNOBaHMi ABNAECTCA M3yueHHWe 3aKOHOMEDHOCTeH, CBA3aHHBIX C aHO-
MaJIbHBIM “yCWIeHHMeM” @aBleHHWA BO (pPOHTe yHOApHOH BOJHBI, PacIpOCTpaHMIOUICHCA
B TeTEepOTeHHOH CHCTEME, a TaK)Ke BbIABJICHHE BJIMAHHA NPHPOJbI BEIIECTBA OHCIIEPCHOM
(a3bl Ha XapakTep MOBEJIeHHS YIapHO#l BOJIHBI.

1. OnbiTel MpOBeTdEHbl B yaapHO# TpyGe [2], BOMHBI B KOTOpO# CO3[aBaJIuCh 3a
cueT pa3pbiBa AMadparMsl, OTAENAMIIEH HcclenyeMylo ABYyXda3Hyio Cpely OT Kamephl
BbicOKOro faBnenua. Ha cBoGomHyio MOBEPXHOCTh HAXOAALIETOCHA B IOKOE CEMHMETpPO-
BOTO BePTHKAIBHOTO CTOJIGA CMeCH BHE3aMHO NMPHKIIAbIBACTCA CXKMMAIOIIEE YCUIIEHHE —
nasnenHue P, paGouero rasa, aHaJIOrMUHO HeNpepHIBHO AeHCTBYoueMy nopiuHio. ITo cyc-
[EH3MH CBepXy BHU3 PacHpOCTpaHACTCA Majaloilas BOJHA CXATHsA, PH 3TOM BEILECTBO
MexXny (pPOHTOM BONHBI M CBOGOAHON MOBEPXHOCThIO AedOpMUpYETCS M NMpHOOperaeT
HEKOTOPYI0 CKOpPOCTb, HAalpaBlIeHHYI0 K HiDkHeMy Topuy TpyOni. Ha skectkom TOpHE
MPOMCXOUT OTpPaXeHWe BONHBI, (GPOHT MBHXKEICA B NPOTHBOIOIOXHYI CTOPOHY, IO-
TOK BelIeCTBA OCTaHAaBJIMBaeTcs. IIpH BbIXOJe OTPaKEHHOH BOJIHBI CXATHA Ha CBOGO.-
HYI0 TIOBEpXHOCTb MHMAKOCTH oOpasyercsa nafawolias BQIHA pa3pexeHHs, KOTOpas OTpa-
XaeTcA OT HIDKHEro Topua TpyObl, 3aTeM BBIXOAMT Ha CBOOOJIHYI0 IOBEPXHOCTD, Jajee
IMKJI IOBTOPACTCA.

Perucrpauus Impouecca paclpOCTpaHeHMs BOJH OCYIIECTBIIIACH NOCPEACTBOM
MAJIOMHEPIMOHHBIX NpeoGpa3oBaTeneil HaBlICHHsA, PAacNQIOKEHHBIX BHONb TpyObl Ipym-
namu. CHTHanel ¢ OBYX M3MEPHTENIbHBIX JaTUMKOB KaXIOH Ipymmbl GHKCHPOBAIHCh Ha
COOTBETICTBYIOILEM [IBYXJIyUYeBOM OcCUMIIOrpade.

IIpH M3yYeHMM pAaCIpOCTPAaHEHHUA BONH B CYCIEH3HAX TIIMHBI OJJMH 3KCIIEPHMEHT
NpencTaBnan coGoil MOCIEe[OBATENIBHOCTh HECKONMbKHX YHApHBIX HArpykeHui cronba
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P. 1. Hurmaryianxa

Puc, 1. TapHpoBOUHEIE OCUHUIOTPAMMSI M X, f-AMATpPaMMa L85 ——
BOJIH CKaTHA M PaspexeHus k8D /
J 10 13 t,m5
0 I I 1
OMCTIEPCHOM CHCTEMBI. YHapbl B 3KCHEPUMEHTE Clle- /\
OBATM [pYT 3a APYroM uepe3 5—6 MMHYT M Gbutn & A | A\
MHMLMHMPOBaHbI “TIOpIIHEM’ C OJMHAKOBHIM [IaBJie- vimp \

Huem paGouero rasa P, = 2,4 MIla Bo Bcex mpen-
CTaBJICHHBIX B paboTe OMbITaX.

i nomyuenus o6LIeH KapTHHBI [IBHXCHHS
BOJIH BAONb TpyObl HCIONIB30BATIMCH UIHTEIIbHBIE
pasBepTku ocuwuiorpagos ~10 mc. ITo pesynbra-
TaM H3MEpeHUi CTPOWIM BOJIHOBBIE OHArPaMMbl B
IUIOCKOCTH, X — BbICOTa CTONGa CMECH, ¢ — Bpems.
B Havarle ¥ B KOHIE KaX[O# CepHH YIAapHBIX Ha-
IPYXEHHA NMPOBOOWIH TapHPOBOYHBIE OIBITHI B BO-
A€ C Lenbl0 KOHTpONsA paboThl H3MEPHTENIHHOrO
KOMIUIeKca. THIMUHBIA TeCT MOKa3aH Ha puc. 1.
WHTeHcuBHOCTD Mapjatoluied Bomuel Py = P, = 2,4
MIIa, ucxomuoe maBneHue cmecu Py = 0,1 Mlla.
BonHoBas oMarpaMma B KOOpPHAHMHATaxX X,! MOACHA-
eT IpoliecC NMPOXOXIEHHA BOJIH CKATHA (CIDIOLIHAA
XUpHasi NTHHHA) U paspexeHus (wrpuxoas). Oc-
IWUIOrpaMMbl, H300paxkeHHble Ha BepxHe#t ¢oro-
rpadyu, OTBEUAIOT CHTHATaM C [ABYX H3MEpHUTENb-
HbIX [ATYAKOB, OTCTAIOIMX BHM3 0[O MOTOKY OT
macparmMel pUMEpHO Ha 2 M (rpymma A), paccro- »
ApMe Mexny HAaMu Ax = 0,25 M; BEepXHMH JyY — CHTHaI C BEpPXHETO Ibe30jal-
YiKa B Tpynme, a HIKHAA — C HHKHero. TOHKME TOPH3OHT&IbHBIE JIMHHH
Ha X, t-gMarpaMMax 0003HayaloT pacIIOJIOXKEeHHe JAaTYMKOB [aBJIEHUA Ha TpyOe, X UTHHa
COOTBETCTBYeT UIMTEIIBHOCTH pasBepTKH ocuwuiorpada JaHHOH rpymisl. OCupuIorpam-
MBI [aBlIeHHs rpymn gatwkoB B (5 M) u C (7 M) cMeleHB! OPYT OTHOCHTENBHO JApYTa
BIOJIb OCH { Ha MHTEPBAbl, PETMCTPUPYEMBbIe CICHMAIbHBIMH H3MEPMTENIAMH BPEeMEHH
(TOHKHE BEPTUKATIbHBIE JTMHHUK) .

MeneHHbIi cliaf [aBIeHUs Ha HIDKHeil ¢oTorpadmm (rpymmer C) oGbscHAETCS
CTEKaHHEM 3JIEKTPUYECKOro 3apsAfa C JAaTIMKOB Yepe3 BXOOHOE CONpPOTHBIIEHHE COIJIa-
CYIOILIETO AAaTUMK M ocuwuiorpad npemycunurens.

AHaiM3 TeCTOBBIX 3KCIIEPUMEHTOB MOKAa3bIBAaeT, UTO pe3YNbTaThl HAXOMNATCA B
COINIACMM C AaKYCTHYECKMM IpHONIKEHHeM TeopuM YHapHbIX BONH. B uacTtHocTH, M3
X, !-OMarpaMMbl CIIEAyeT, YTO CKOPOCTH MafaloLMX M OTPaXEHHBIX BOJH GIIM3KU K CKO-
pPOCTH 3BYKa B YWMCTOH BOZE.

2. OxcnepuMeHT M3 10 ypapHBIX HarpyXeHHH BOIHOM CYCIIEH3HMM KaOJIMHHTOBOIO
TJIMHOTIOPOILUKA WUIIOCTPUPYET BOJIHOBbIE KAapTHHBI M OCLMJUIOrpaMMbI Ha puc. 2, rue
MOKa3aHbl HayabHbIA ynap, 3aTeM BbIGOPOYHO S-it M 10-if. IHTeHCHMBHOCTb YOapoB, ompe-
pensieMan pgasneHdeM B KBJI moppepxmBanace omuHakoBoii: P, = 2,4 MIla. IlnoTtHOCTB
cmecH po = 1,18 - 103 kr/m3, Ha m, = 25 Kr Bomp! MPUXOOWIOCh Mg = 8,5 KT IIMHOMO-

" : Mg
pOLIIKa, YTO COOTBETCTBYET MaccOBOM KOHUEHTPALMK YacTHIl B Bofe ¢ = ——— - 100 &
~ 259 m, + my
~ 0.

Hanumo kadecTBeHHbie M3MEHEHHS B CTPYKType GpPOHTA BOJIHBI CKAaTHA OT ONBITA
K ombiTy. Hapacraer ammintyna ckauka jgaBnmenus. Tak, mpu mepBoM yaape aMIUTHTYIa
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Puc. 2, OcuMmIOrpaMMEI [aBJIeHHS Y X, f-THarpaMMhl B 3KCIepHMeHTe W3 10 yHapHEIX HarpyskeHu#
BOZIHOM CyCIIeH3UHM KOWIMHHTOBOM IMuHBI (Pe = 2,4 MITa, p, =1,18 * 10° xr/m?, ¢ = 25%, P, = 0,1 MIla)

¢daxTuyeckn paBHa HaBneHuio P; ~ P, = 24 MIla, 3agaBaemomMy “mopumem” u3 KBII.
ITocTeneHHo, Kk YeTBEPpTOMY—NATOMY OINBITY JaBJIEHHe B CKauke BO3pacTaeT B 3—4 pasa
Ha 5—7 MIla BbIlle MHMIMHMPYIOLLIETO, OCTAIOLIETOCA IMOCTOAHHBIM IPH KaXIOM YHAape.
AmMmIMTya cTabHiM3upyeTcs, HO NpPOMCXOOMT obpa3oBaHMe MPOTAXKEHHOM OGNacTH M3-
GbITOYyHOrO NamneHus AP = P — Py gnutenpHOCTbIo AT, Cliefyiomei 3a ckaukoM (puc. 3a).
JT1a obnacTh CO BpeMEHEM peaKCUpyeT OO PaBHOBECHOTO YPOBHA [aBJieHHA P; BOJHEI
B BOJI¢ IIpH OTCYTCTBHMM YAaCTHUL, HHUIMHUPOBAHHOH MMITYJIbCOM TaKOH € MHTEHCHBHOCTH.
Cnag AP po Hyns MHTepIpeTHpyeICsA Ha X, !-IMarpaMMax KaK BOJIHa pa3peXkKeHus, OT-
CTalollias OT CKauKa CXaTus Ha Bpems A7. Ha puc. 36 npuBefieHbl 3KCIIEpHMEHTATIbHbIE
OaHHble pOCTa M3OBITOYHOTO HaBileHHA APy, ,x, @ TaKXKe IIUTENbHOCTH PENaKCaUMOHHOM
30HbI AT B 3aBHCHMOCTH OT HOMEpa yHapa 1, KOTOpble XapaKTepu3yeT ONMCaHHbIH BbILLE
3¢ deKT MpH IeCATHKPATHOM yOapHOM HarpyeHuu 25% CycleH3HM KaOJIHHHTOBOMH ITIHHBI.
31ech Xe npuBeneHbl 3HaueHUss APy ., ¥ AT ms n= 14, 15, 16, 11071y4eHHbIE B aHATIOTHY-
HOM 3KCNIepUMEHTe, MPOBEOEHHOM B CYCNIEH3HMM C MacCOBbIM COMIEPXXaHHMEM TJIMHBI ¢ ~
~33%. C pocTOM KOHUEHTPALMM YacTHI X HoMepa yrapa 7 3¢deKT yCUITHBAETCA.

CnegyeT OTMETHTb, UTO BO BCEX OMBbITaX CKOPOCTH QPOHTA NMAJAOILEH U OTPAXKEH-
HO# BOJIH OJIMHAKOBRI: Dy =D, = 1450 * 50 M/c; OHM GIIM3KH K CKOPOCTH 3BYKa B YHCTOH
Boae. OcuwuIorpaMmsl [aBJIeHMs MOKa3bIBAlOT, YTO XapaKTep OTPAXEHHA BONH CXAaTHA
M pa3peXeHUs KaK OT JKECTKOrO TOpIia, TAK ¥ OT CBOGOIHON MOBEPXHOCTH CMECH OIIM30K
K aKyCTHUECKOMY.
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Puc. 3. Cxema ocumiuiorpammsl (@) , rpadMK H3MEHEHHA MapaMeTpoB AP .y HAT BO GpOHTE BONHH B.
3aBHCHMOCTH OT HoMepa yfapan (¢ = 25%, ¢ = 33%) (6)

MHOrokparHoe BO3€HACTBHE yapHbIMHM BOJITHAMH Ha CYCIIEH3HIO IIPHBOAMT K NOAB-
JIEHHIO B BOJHE M3GBITOYHOrO (OTHOCHTENBHO HHMUMMPYIOILETO HMITYNIbCa) HaBIICHHSA,
CpefHsAs BEeIMYHMHA KOTOPOr0O MOHOTOHHO BO3pacTaeT OT OMNbITA K OMBITY. Y CHJieHMe H36bI-
TOYHOTO [aBJIEHHA XapaKTepH3YeTCA IOCTENEeHHbIM POCTOM aMIUIMTYObI, a TaKXe yBe-
JIMYEHHEM UIMTENIBHOCTH 30HBI NOBBIIEHHOTO JaBieHHsA. HamomemM, uto pamee [2]
aHanoruyHblii 3¢p¢dexT Bo GpoHTe yoapHOH BONHBI Habmionancs B CYCHEeH3UAX, e OCHOBa
OMcnepcHoi ¢asbl MHHEpal MOHTMOPWUIOHMT C MAacCOBOM KOHIEHTpaumed ¢ = 6% u
6 = 107%~10"7 M. OpHaKo B 3THX IKCHEPHMEHTAX POCT AT H CAMOTO [IaBIIEHHA B CKauKe
IIPOMCXOMUT 10 YETBEPTOro y[apa, Aajiee aMIUIMTYa M [THUTEIbHOCTh 30HbI H3GBITOYHOTO
OaBJICHUA CTaOWIH3MPOBAINCh. B ONbITax B CYCHEH3HMM C KaONMHUTOBBIMM YaCTUIAMHU
HachlilleHne” AT HaMeyaeTcsa TONBKO IOCiIe MATHAOLATOrO—LIeCTHaAUAaTOro yaapa IpH
NPaKTHYECKH NTOCTOSTHHON amIutuTyne AP, ..

OTMeTHM ele OfHO OTIMYMe. B KaONMHUTOBOH CycreH3uu ¢ ¢ = 20—30% He3aBu-
CHMO OT HOMéEpa y/apa BO BCEX ONBITaAX C MHMIMMPYIOIIMM HMIynscoM P, = 2,4 MIla,
CKOPOCTh PAacHpOCTPaHEHMs NAJAIOLMX M OTPAKEHHBIX BOJH MOCTOSHHA M NPAKTUYECKHU
He OTJIMYAeTCA OT CKOPOCTH 3BYKa B uMcTO#i Boae — 1450 M/c, oTpaxkeHne BOJIHbI OT KOH-
TaKTHBIX MOBEPXHOCTEH aKyCTHYECKOE. B CycmeH3uM e ¢ YaCTHLaM¥ MOHTMODWJUIOHMTA
yXe NpH KOHUEHTpamuu ¢ = 10—15% B muanazoHe MHMLMMPYIOLMX AaBjieHuit P, = 2—
3 MIla HaGmiomaeTcA SIPKO BBIP@XKEHHAsA HEJTMHEHHOCTb: 3aMe[UICHHE MBHXXEHHMsA (PPOHTA
mapamoomei BoNHbI OO0 450—250 M/c, HeaKyCTHYECKOE OTPAKEHHE OT XKECTKOH CTEHKH
P, /Py = 7—15 co ckopocTbio, GNU3KOH K CKOPOCTH 3ByKa B Bofe D, ~ 1450 m/c (P, u
D; — cooTBeTCTBEHHO HajleHHe H CKOPOCTb GPOHTA O TpaKEHHO# BONHLI) [3] .
HMHCTHTYT MEX8HHKH ITocrymano

MoCKOBCKOro rocyaap CTBEHHOTO YHHBEpPCHTETa 20 XI 1984
uM. M.B. JloMmoHOCOBa
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DRIFT FLUX MODEL AS APPROXIMATION OF TWO
FLUID MODEL FOR TWO PHASE DISPERSED AND
SLUG FLOW IN TUBE

S R.I. NIGMATULIN
Tyumen Institute of Mechanics of Multiphase Systems (TIMMS)
Ufa-Bashkortostan Branch of Russian Academy of Sciences!

The analysis of one-dimensional schematizing for non-steady two-phase
dispersed and slug flow in tube is presented. Quasi-static approximation, when
inertia forces because of the'accelerations of the phases may be neglected, is
considered.

Gas-liquid bubbly and slug vertical upward flows are analyzed. Non-trivial
theoretical equations for slip velocity for these flows are derived.

Juxtaposition of the derived equations for slip velocity with the famous
Zuber-Findlay correlation is presented. The widespread interpretation. of the
coefficients of the Zuber-Findlay correlation as cross correlation coefficients is
criticized. :

The generalization of non-steady drift flux Wallis theory taking into account
influence of wall friction on the bubbly or slug flows for kinematical waves is
considered.

1. Main assumptions
Let consider two phase flow of non-compressible phases?, i.e. with fixed

true densities p; and p; of the phases:

p; = const, ps = const (1.1)

in a pipe with a constant cross section?
A = const. (1.2)

In particular for circular tube with diameter D

A=Y, nD" (1.3)
It will be used averaged volume (cross sectional) concentrations of
phases a; and oy :

(xl :‘i'l‘, a2 -——%2—', 0L1+0L2=1 (A1+A2=A) (14)
where A; is a cross section occupied by ¢-th phase ({ = 1,2) in the section A.
The parameters corresponding to i-th phase will be marked as in (1.1) by
subscripts 7 = 1,2.

Then it will be used averaged volumetric flux densities or superficial
velocities of the phases j; and of the mixture j (total volume flow rate den
sity):

1 The paper was written during the author's visting scholarship at Rensselaer Polytechnic
Institute

2 Generalization for compressible phases is possible.

3 Generalization for smoothly variable crossection of the tube channel is possible
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1, . .
i =;1-fv,-ds (=12, =4 +7, (L5)
A‘

where ! is a longitudinal microvelocity of the i-th phase, fluctuating
because of the relative motion of the phases and because of the turbulence.
The averaged velocities of the phases may be introduced by ratios:
vis;—i, j=oy v +aoyv,. (1.6)
i
It is necessary to take into account that one dimensional approximation

or schematizing will be used and all averaged variables, in particular «;,

v; jJ; (G = 1,2), will be considered as smoothly variable on time t and
longitudinal coordinate x.

Then the dispersed flow will be considered. The carrier phase will be
marked as the first phase (i = 1), the dispersed phase will be marked as the
second phase (i = 2).

2. Mass conservation equations
Mass balance equations for the phases without phase transition4, taking
into account non-compressibility of the phases, may be written by the
following:
ooty + da v, 0 oo, + oo, v,
ot ox ’ ot ox

Summarizing these two equations we will have total volume flow rate
integral of non-compressibility

= 0. (2.1)

0 . .
—5\;(0‘1”1 +o,v,)=0, or j=oa;v;+0yv,=jt) (2.2)

3. Momentum conservation equations
Two-fluid or two-velocity model for momentum conservation equations
in one-dimensional approximation for dispersed flow without direct (not
through the carrier phase) interaction (direct contacts, collisions, electro-
magnetic interaction, momentum transfer by random motion of the dispersed
particles) between the dispersed particles (Nigmatulin [1], Lahey [2], Lahey &
Moody [3]) may be presented as following:

o Eljv1 oo,, o
P1og — 2" = —Lax - M3 - Fyy + p1oy g* ( Mio= nf13), (3.1)
E’2v2 d, 0 0 .
o0l = Mo~ Fyo + poaly g%, —t=—+v,—, 1=172)
P2tz — o 12— Fwa T p20p g (dt % Ving )

4 Generalization for phase transition is possible.
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On the left sides there are inertia forces due to acceleration (as
temporal and as spatial (convective)) of the phases in the tube. On the right

sides there are forces due to gradient of stresses o, (including pressures p,

shear stresses t and Reynolds stresses ty, and practically coinciding with
two-phase mixture stress), external interactions between the phases with the
tube wall (Fy; and Fy;), external body forces, in particular, gravitational
forces with the intensity g% in the x-direction, and finally interface force
M,i5. The force M,, includes only some part of the full interface force, that is
the sum of the forces from the dispersed particles (drops) which are fully in
the macroscopic volume. The interface force M;, is determined by averaged
force f,; from the carrier phase per one dispersed particle, multiplied on
number of the dispersed particles n per unit volume. The other part of the
interface force from the intersected particles by the boundary of the

macroscopic volume is included in the stress o,, (see Nigmatulin [1],
Nigmatulin et al [4]. All components of the equation (including Fy;, and Fyyy)
are related for a unit volume of the two phase flow.

In the hydromechanics of turbulent flows stress o,, is usually

determined only by pressure, and influence of the viscosity and turbulence
manifests in the friction forces on the tube wall and on the interface. That is
why it will be assumed

O, = — P (3.2)

For dispersed flow there is a sense to detach the Archimedes force
nf, from the interface force, which is included in the first components in the
right sides of the equations, and F;, may be expressed (Nigmatulin [1],
Batchelor [5], Sedov [6]) as

My, = My + M,, fig = fat fo

dt
where n is number density of the dispersed particles (or drops or bubbles), f,
is an averaged force from the carrier phase per one dispersed particle due to
viscosity (drag force) and added mass. Substituting (3.3) into the first equation
of (3.1) we will have

o dv
MAEan=pla2(~l—l__gx)9 M*Enf* ’ (3'3)

p° El’l_)l_ = ._.QE - - F + pog-’L‘ (34)
1 dt ax * Wi 1 * *
Then the Archimedes force may be rewritten in the form

nfa= —o, %'+ M, — 0Fyy - (3.5)
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Taking into account (3.2) and (3.3) we will have the momentum
equations (3.1) in the following form

. v 0 0
P19 (—ildt—l = “0‘155‘ - oyM, - oy Fy; + py 04 9%, (3.6)
o v op o
P20y dztz BT + oy M, - apFw; — Fyp + ppoy 9= .

Note, that in this form due to detaching Archimedes force from the
interface force, expressing it through the gradient of pressure by formula
(3.5), in the momentum equation for the second (dispersed) phase there is
some part of the external force, acting on the first phase from the wall

(azFWI).

4. Inertia free flow
The main assumption of the drift flux approximation (Wallis [7],
Nigmatulin [1], ) is a neglect by inertia forces as due to temporal accelerations

(p;o; (Ov; / 0t)) and as to spatial accelerations (p;o;v;(0v; / d6x)) compared
with the other forces at the right sides of the equations (3.6). It means also
that in the interface force f, inertial added mass force component is small,
and it is determined only by a drag component. The same is for the forces on
the tube wall (Fy; and Fyyy), which may be determined by quasi-static
approximation.

Estimating the inertial forces due to acceleration and comparing them
with the pressure drop forces we may write the necessary conditions for non
inertia flow:

o, - P; 0Lyp Avg << Ap, ov; pi 0Lig Uy Avp

p?ai V. _A_&
ot to L, "ttt ox L, -

Here a;p and v, are characteristic values of the volume concentrations

P30y << (41)

and velocities; Avy and Ap, are characteristic values of the velocities changing
and pressure drop for the case; t; is a characteristic value of time, when
velocity changing Av, takes place; L, is a characteristic tube length, where

the pressure drop Ap, or velocity changing Av, take place. The drift flux
approximation is applicable for the case, if the estimations (4.1) are valid, ie

P; 0Lyg vy Avg «l, B M.
Ap, L, Ap
Note for the steady flow (t; — ) only the second condition is non-
trivial. Drift flux approximation may be used not only for steady and for non-
steady flows too, but the characteristic time of the non-steadyness t, must be
large enough to satisfy the second equation (4.2).
The Archimedes force for inertia free flow is determined only by the
gravity acceleration.

(4.2)
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Thus the momentum conservation equations for the dispersed flow,
when the second phase is surrounded by the first phase and is acted by
Archimedes force from the first phase, may be written in the quazi-static
view:

-0 gf‘: -oyM, - o Fy + proyg= =0, (4.3)
- _8£ + oM., — o F - F + oo T = =
Oy P OVl Oy W.l w2 pa0ly g 0, (M,, Tl.f,.).

Adding these equations and subtracting them after dividing on a,
and o, correspondingly we have another identical form of these equations:

% — Fyy — Fyy + (p1oy + pa0p)g® =0, (44)

M, — Fyy + (pz — p1)ogg® = 0,

To close the system of equations (2.1), (4.3) it is necessary to write the
equations for the forces M, , Fy;, Fywy through a,, v,, v9, physical properties

of the phases: true densities p; and p,, viscosities of the phases p; and p,,
surface tension 6, and characteristics of the tube: diameter D and roughness
0/D of its internal surface. This is a fundamental problem of using of the
momentum equations that is distinguish mechanistic theory, in particular,
two-fluid model.

5. Interaction forces on the interface surfaces
Interface force between the dispersed (: = 2) and the carrier (i = 1)
phases may be written in the following form

P1|w1=v|(v1—05) 30,
+ = TCGZ C 4 = ’ 51)
d 2 2 47!:0,3 (
3C,,a
M, = nf, = —2=2{v; —v,|(v; — vp)
. 2pijoy v, 2aplc . _ b}
C12 = (Re].27 Ao, Lp12’ P )7 Relz = I l s Lp12 = %’ p = p_z

H1 251 P
Here C,,is a drag coefficient related to one dispersed particle (drop,
bubble) considered as close to spherical by radius a, but taking into account
influence of "collectivness” or finite volume concentration of the dispersed
particles in the mixture unlike one sphere and influence of the shape and size
change because of disintegration or coalescence for the case of drops or
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bubbles. In general C,, may be dependant on Reynolds number Re;,, volume

concentration oy, phase true density ratio p° and Laplace number Lp,,
characterizing influence of the surface tension and viscosity on the drop or
bubble shape change.

The drug coefficient dependence on Reynolds number may be
presented by power function:

Al 1
Ci2= -y ~0 ’
Relz 1- \UZ(GZ)p ’ Lplz)

A = const, 0 <y<lLl
Here w(a,) is a coefficient taking into account influence of
"collectiveness" or finite volume concentration of the dispersed phase in the
mixture unlike one sphere and influence of shape and dimension changing
because of a disintegration or coalescence for the case of drops or bubbles;
the exponent y determines the interfacial force dependence on the slip
velocity:

(5:2)

My = oy K{Z’(az) <oy = vy (v - vy), (5.3)

. 1-
(), = 3AMpl [y oy
Kijy'(ap) .
8a | 2ap; 1-wyy(ap)

There is a sense to emphasize two extreme cases in (5.1): creep flow

(Rejy < 1, C, = 24/Re;y, v =10, A= AV= 24), when the interfacial force is
proportional to the slip velocity and dynamic viscosity of the carrier liquid
and does not depends on the density of the carrier liquid:

9u 1
My, = ay KO (v, - v,), K%Y(a,) = Z£1
12 2 ™2 1 2 12 2 20,2 1“‘1’2(0-2)’
and when the interfacial force is proportional to the square of slip velocity
(Re;p>> 1,7 =1, A= a() C, = A(1) = const) and the density of the carrier
liquid but does not depend on the its viscosity:

(54)

(1) 5
My = o, KPlo, -~ v.|(v; —v,), K _347m 1 )
12 2 +>12 | 1 2|( 1 2) 12( 2) 8a 1“‘112(0‘2)
The wall interaction on the carrier phase by force Fy;, (related per
unit volume) is initiated be shear stress 1y, along the perimeter of the tube
wall and may be presented in the following form:

(5.5)

P1 1’01[% 1
2 I_Wu(az)

- ﬁDth — 4‘CW1
Wiy np? D

. = Cp , (5.6)
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3 pjv; D
C, = C,(Re;, —), Re; = ——.
D D( 1 D) 1 1

Here Cp is drag force coefficient on the tube wall, 6/D is a roughness

of its internal surface, the last multiplier in the expression for 1y,
(determined by coefficient vy, ) takes into account influence of disturbances
because of the dispersed phase on the wall friction force with the carrier
phase. The function yp(o,) as ya(oly) may be different in different diapasons
of Reynolds numbers Re;, Re;, and Laplace number Lp;,. Note that for
practice the most typical is turbulent flow with the square dependence of
wall friction on the carrier phase velocity v;. Then by analogy (5.5), detaching
the dependence on the velocity v; the expression for Fy;; may be rewritten:

2p1 Cp
Fyn = Ky(ag)lvy| v Ky(op) = ’ (5.7)
’ D 1- \Vb(az)
As to the interaction with the wall it seems quite natural from the first

sight to neglect the direct wall interaction on dispersed phase
Fys = 0, (5.8)

supposing that contacts between the dispersed particles and the wall are
absent. Nevertheless for the gas with liquid drops or solid particles flows such
contacts due to collisions and reflections may occur (Fy, # 0) and influence
on the process. But even for bubble up flows the investigations of distribution
of the bubbles in the cross-section shows the anomalously high concentration
of the bubbles not only near the wall (Nakoryakov et al [8], Serizava et al [9,
10], Heringe & Davis [11], Sekoguchi et al [12, 13]), but even on and along the
wall (Fig. 1), where the bubbles contact with the wall and moves along the
wall with the velocity voy, differing from the averaged on the tube cross
section velocity v,. The picture looks as the bubbles, moving on the wall, are
pressed to the wall by a lateral hydrodynamic force from the liquid®. It
means the contacts may initiate the direct force Fy, on the bubbles from the
wall.

But even though the bubbles near the wall don't touch the wall they
are surrounded by the liquid having smaller velocity than averaged velocity
v;. It leads that the wall brakes the near wall bubbles through the near wall
liquid. This situation is analogous to the slug flow.

By analogy with (5.6) it is natural to assume this force is proportional to
the perimeter of the tube and volume concentration of the bubbles and that
is why it may be presented in the view

5 This phenomena is seen explicitely on the movie made by colaborators of Dr. J. Bataille
at the Laboratory of Fluid Mechanics and Acoustics of Central School in Lyon.
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Fypy = op T Dty _ 4097w
2 ¥, nD? D
where K, is a dispersed particle and wall interaction coefficient, and

depending on the volume concentration a,y of the dispersed particles on the
wall, their dimension, velocities of the phases, physical properties of the
phases:

(Twy = Ky vow) - (5.9)

Ky = Ky(Olow, Vaws @, Ky, O). (5.10)

6. Force equilibrium equations for the pressure gradient and for the
slip velocity in dispersed flow.
Adding momentum conservation equations (4.3) for non-inertia force
flow (drift flux flow) we have momentum balance for the two phase mixture
(the first equation (4.4)):

- 2—2— — K |yl v1 = Fyra + (p1oy + pyog) g% = 0, (6.1)

The second momentum equation for relative motion may be derived

from (4.3) dividing the first equation on a,;, the second equation on a, and
subtracting them or taking the second equation(4.4):

F . .
- Kl(;)(o‘z) <oy - v (v - vy) + ”&‘2— + (p; - p3) g== 0. (6.2)
2

Here the equation (5.9) for Fy, was taken into account and for Kg)

only dependency on volume concentration o, is marked, because this
dependency is more important for the consideration. The expression for the
slip velocity from the equation has the following view

(Fypg / Qip) + (o‘i - P )g°’
Ky

One should mark that the slip velocity is not influenced directly by the
external wall friction force (Fy;;) on the first (carrier) phase. External wall
force influence on the slip velocity only through the dispersed phase (Fyyq). It
is important to remember that this slip velocity equation fits only for the
dispersed flows where one of the phase is surrounded by the other and is
acted by Archimedes force from the carrier phase. This slip velocity equation
doesn't fit for the annular flow but may be generalized for a slug flow (see
below).

It is naturally to propose that the force, Fyyy, connected with the
interaction of the wall on the some part of the dispersed particles or bubbles,
contacting with the wall much smaller then the interface force, |M;,| =

o, - v (g - vy) = - (6.3)
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0y K, - vft*l, connected with the carrier phase interaction on the all

dispersed particles (see (3.1) or (4.3)). In this case the first component in the
square bracket term is much smaller than the second component:

Fuwa/as << (o -p3)g (6:4)
Then the slip velocity equation (6.3) may be presented in the simplified
approximation for upward flow ( g* = - g )

1
o __ o _-I-T
Vg -V = {.(El__e_z)_g_}y (1 _ ( FWZ / o2 } (6.5)

Ky v +1)(pi-p3)g
The equations (6.3) (or its simplified version (6.5)) determines the slip

velocity by the physical properties of the phases (p;, p;) and by the

parameters of interphase (Kg), v) and external (g%, Fy 4 /0.) forces.

7. Two-fluid model for the vertical up slug flow
The slug upward vertical flow is characterized by as named "Taylor
bubble" which has the shape of bullet (Fig. 2). Theory and experiment shows
(Dumitriescu [14]) that the head surface of the Taylor bubble is close to
spherical with radius

Ry ~%D. (7.1)
Then down the surface is turned asymptotically to cylindrical
separated from the wall by a liquid film. Down the thickness of the film

smoothly decreases from 8 ~ %D till some fixed value § ~ 8, . The lateral

surface of Taylor bubble Sg; being at the same time by the interface surface
of the film may be wavy. il[acroscopically it may be considered as close to
cylindrical with smoothly variable radius Ry(x)

Ry <Rp@) < (4D -8,), (Ryg~¥%D). (7.2)

Very often the film separating Taylor bubble from the tube wall is thin

and the length Lg of the Taylor bubble is long in compare with the diameter
of the tube:

20 =D -2Rg<<D, Lg >> D. (7.3)
That is why there is the sense to characterize the lateral surface of the

Taylor bubble by the averaged diameter (D;) corresponding to averaged film
thickness (6 f>:

2 (%D) <(D,) <D - 25, 8 < (6f> <¥D. (7.4)
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The Taylor bubbles separated from each other by the liquid layers
which are named as (liquid) slugs. The slugs may have small bubbles. But
here we consider the case when the bubble volume content in the slugs is
negligibly small. The slug is bordering with Taylor bubble by hemispherical
surface S,y and wavy down surface Sgy which by analogy with Sg; may be
considered as plane.

For simplification let us suppose that all Taylor bubbles are identical
and the distances between them are identical too or by other words we
consider periodical slug flow. Having in mind mainly long slugs (Lg >> D) let
us consider one period of the flow or one representative cell (see Fig. 2) with
the volume V and length L bounded by up, S, , and down, S, planes and
cylindrical surface of the tube wall Sy having one Taylor bubble with the
volume V, = Vg

V = Y nD’L,

Vy=Vg=%n(%D)’ + Y% n(D,)*(Ly - D)~ ¥n(DY 'Ly,  (7.5)

S, = Sg= Y, nD?* Sy =nDL.
For the given void fraction a, presented only by Taylor bubble volume

Vg = Vy = o,V the length of the Taylor bubble L, may be presented in the
following view:

(Vo /7) -%(%D) _ 1-d

L, - = = — Oy L, Ry~ %D 7.6
2 - Ky %<D2)2 1-5)7 *2 (Ry = %D) (7.6)
- —  2(d
(0‘2 =ZZ_’ d:__?__2<<1’ 5;@ <<1).
\4 256 L D

The liquid or carrier phase in the cell has three components: the first is
the liquid in the up volume V,, over the Taylor bubble having the averaged
axial velocity vy, the second is in the down volume V,;; under the Taylor
bubble having the averaged velocity v,4 and the third is in the film volume
Vs having the averaged axial velocity vy

Viy = -{,]—"—-J.vi d'v, Vig = VLJ"Ui d'v, vif = VLJ"D{ av. (7.7)
vy dy Iy

!

u

Below it is shown that
V1w = Vids (7.8)

that is why there is a sense to use averaged velocity and length of the liquid
slug

Vi =V, =V  Ly=L-L, V.=V -V, (7.9)
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At that the averaged velocity of the carrier liquid v, and volume

concentration o, together with the volume concentrations of the marked
components are:

Vi Vis Vlf
o. —, Oy = —=>, Ojf = —= 7.10
15y %5, ¥ =y (7.10)
o) = ot oy
L1V + Ol s
” :_]:_jvi gy = 20 ThOf
iy ay

(V = Vl + VZ’ Vl = Vls + Vlf)

Due to periodicity the velocity distributions and corresponding
averaged values on the up section S, and down section S; are the same:

vilg, =vilg (7.11)

The velocity of the Taylor bubble is an averaged velocity of the gas
phase:

v, = ——I—J.vé AV (0 =1-04) (7.12)
\ 2
v,

2
The averaged mass conservation equations for this two fluid model is

the same as (2.1).
Each cross section S(z) of the tube consists of two parts: S;(2) and
S5(2) occupied by liquid and gas correspondingly

S(2) = §,(2) + Sy(2) = const. (7.13)

Then there is a sense to use the surface average velocities on the
sections:

1
oS (z) == jvids, (8y(2) = ¥nD? - S5(2) ). (7.14)
Sl
Sy(z)
It is useful to consider the axial velocity field w' = v| - v, of the fluid

in the coordinate system connected with the Taylor bubble and corresponding
surface averaged axial velocities:

w(2) =Si fwi ds = v{5)- vy, (7.15)
! S,(2)
This relative to the Taylor bubble velocity field in the cell is steady and
corresponds to the non-compressible fluid. Then we have
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J.wi (2)dz = wﬁs) (2) S1(2)= (vis)(z) - vp) S,(2) = const. (7.16)
S,(2)

In particular introducing a specified slip velocity w; > 0, determining
the averaged relative velocity under or above the slug where S,(z) = § =

Y, nD? one may write

@5(2) - vg) Si(2) = - wi S. (7.17)
From this equation it follows v, = v4 that was used in (7.9).

This equation may be used for an expression of the volume averaged
velocity of the liquid:

L L
v, = —I—Jvi av = ijdz Ivids = —l—jdz I(vz +wl)ds.  (7.18)
Vi £ Vi
VA 0 Sz 0 S(2)
Taking into account that the velocity vg = v, is fixed for the cell we
may write:

-]

L L
v1=vB+~—1——Idz Jwids=vB- ——1—J.wi’Sdz = pg - et (7.19)
Vi i oy
0 Si(2) 0
By analogy using (7.16) one may write for the film when the thickness

of the film &(2) is small (20 << D)
Y, nD%w,, = nD 8(2) wiy,

W= Vig- Vg,  Wif(2) = vy - V. (7.20)

Then the expressions for the averaged velocities of the liquid slug

(determined in (7.7) - (7.9)) and varying with the distance averaged velocity

of the liquid in the near wall film (when it is thin) may be presented by the
following

° o D
Vig = V= Wy, Vid2)=vg- wy——. 7.21
1s = VB~ W 1f(2) = vg - wy 5(2) (7.21)
Momentum equation for the inertia free two-phase system follows from
equilibrium equation for the cell

[p(L) - p(O)IS - [tws (L - Ly) +twy Ly InD - [pjat; + pactp]g=SL= 0,
(7.22)

where Ty, and Ty are averaged tangent viscous stresses on the tube wall
corresponding to the slug and film parts of the cell. Dividing this equation on

the volume of the cell V = SL and taking into account that [p(L) - p(0)]/L
corresponds to 0p/0x one may write the equation analogous to (6.1)
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2 _p w1 - [P1oy + paatz]g® = 0

ox
FWI = FWs + FWf s (7.23)
L 4tws L

Equilibrium equation for the gas in the Taylor bubble related to the
unit of the cell volume is determined by equilibrium of interface forces Mj,
on the surface Sg = Sgs+ Sp, + Spy and gravity force

M, + paoag® = 0. (7.24)

The interface force M;, related to the unit of the cell volume V =

%nDZL consists of three components: Archimedes force M,, viscous friction

force M, on the film surface, and drag or aerodynamical force M; on the up,
Sg, , and down, Sgy , interface surfaces of the Taylor bubble; these forces
may be presented in the following view taking into account (7.6):

Mo =My + M,+ M., (7.25)
12 A 8 f

V. dv
M, = - ° 2 (T . 2171 a— °a m,
A P1 Yy (9 7t ) A—p10lag

(1-8)°

2
—_ ° ('Uls —'UB)Z %(DZ) = ° o\2
Ms _ch P 2 % D2L _CBs P (wl) oL
A piwi (D
Cgs = R 113;9. , Reg,= Lkt R et 4 ;< 2> (Ag; = const, yg; = const)

M. = n(Dy)(Ly —Ry)tgs _ 4t  1-d
1-3

o ’
Y =D’L D °
° 2 °
py(vB — Vx) Agy pg(vg —v5)D;y
g = Cpf —————, Cpgf= — , Regs=
f f 2 f Rele‘yB! f Mg

(Aps = const, yg; = const)

The minus sign in the expression for M;and M, corresponds to the up
direction of the x-axis when g* < 0 and M, > 0. In the Archimedes force

expression the absence of inertia forces is taken into account. Then tgf is an
averaged tangent viscous stresses on the surface of the film Sg; determined
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by the velocity of the Taylor bubble vy relatively to the velocity of the liquid
vy on this surface.

The multiplier 1/L (conforming to number of Taylor bubbles per unit
length) in the expression for M, corresponds to the decreasing of the drag

force per unit volume for the longer Taylor bubble and fixed void fraction o,
due to decreasing of the number of Taylor bubbles. At that the friction force
M; must not change very strongly with increasing of the averaged length L
of the Taylor bubbles as the total length of the bubbles will be the same for
fixed void fraction.

It is necessary to keep in mind that interface force M, is determined by
the wake flow near the bottom of the Taylor bubble and interface force M f
may strongly depend on intensity of waves on the near wall film surface that
is determined by Reynolds and Weber numbers of the film:

o4 o 12

Re, = piv1 40 We, = PYIfd
My z

The pressure of the gas into the Taylor bubble is homogeneous because
of the small gas density and viscosity compared with the liquid density and
viscosity. The pressure in the cross section of the flow is homogeneous too. It
means that pressure drop along the film is zero. Then the equilibrium
equation for the film related to the unit volume of the cell may be written by

the following

FWf - MBf + p; OLlf g:B = {. (7.26)

The equations (7.24) and (7.25) give the possibility to derive the simple

equation for slip velocity for the regime when interaction with liquid slug
prevail the interaction with the film and the film is thin:

M,>>M;, 8 <<1 (7.27)
that takes place for regimes far from flooding or from the transition to
annular flow. The force M, may be presented in the view analogical to (5.3):

1+ A ° 1_751
M, = KD(w) "™, (KY) = 2BPLl M 7.28
s Bs( 1) (Kps 2L | Dp; ) (7.28)

Taking into account the last simplifications and the relation vy, - v; =

w; /o, following from (7.19) we have from the equation (7.24) :

1475,

Vo9 — D ° °

K (_2a_1) = o, (p} - p3)g. (7.29)
1

Solving for the slip velocity one may write analogically to (6.5):
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az(pi’ - p;)g 1+,

‘1)2"1)1“_‘(1'a2) (
K

(7.30)

1
o o 1—738 1+YBI
= (1-o0y)|24p09 1"&3* QL(M)
o] )

It is necessary to keep in mind that even for long Taylor bubbles the
near wall film may be not stabilized for essential part of the cell, ie. the

thickness of the film 8(z) along the axis and averaged velocity v142) may be

variable. It means that for long part of the flow stresses Tg; and Ty, may be
variable along the film flow and calculation of the forces Mf and Fy; may
need more detailed consideration with integration of Varlab{e stresses along
the flow. That essentially complicate the theory.

7. Zuber-Findlay drift flux law

Analysis of the experimental results for bubbly and slug upward
vertical flows, attracting mass conservation equation and possible
distributions of the volume concentrations and velocities of the phases in the
cross section of the tube, allowed to Zuber and Findlay [15] to propose the
famous and remarkable correlation for bubbly and slug flow regimes, usually
named as Zuber-Findlay model, which corresponds linear dependency of v,
on j:

vy =CoJ + Vy (8.1)

where the gas phase (dispersed bubbles or slugs) is marked as the second
phase (¢ = 2), Cy and V,; are parameters, which must be determined from the
experiments and whlclzx do mot depend on j and may be considered as
constants for the experimental set. But in general they may smoothly
different for different regimes and diapasons of a,, for different diameters of
the tube, inlet and mixing devices and orientation of the flow relatively
gravitation and physical properties of the phases. In particular, C; is smoothly
decreasing with the increasing of the flow velocities and pressure. The non-
trivial and even surprising sense of the Zuber-Findlay correlation is not only
the formula itself but that the parameters Cy and V,; are practically constant
in some sense.

It is not difficult to express the velocity of the liquid (first) phase using
the Zuber-Findlay correlation (8.1):

Y — i — e Cpi—0o V5. 1—0,C
v, =122 - o h E R R 0j- 2V21 , (8.2)
oy 251 251 oy
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and then using for v, initial expression (8.1) to write the correlation for the
slip velocity through the parameters of the Zuber-Findlay correlation

E+jc0—1aﬁ(l+(co—1)j

0(1 0L1 0{.1 sz
The most principal physical sense of this correlation that for fixed void
fraction oy, the slip or two velocity effect does depend on the total volume flux
j, if Cy # 1, and this dependence is linear. It is very remarkable and non-
trivial result and by author opinion the formula (8.2) may be named as Zuber-
Findlay law for bubbly and slug flows in tube.
What physical processes govern by this phenomena?
It is amazing that beginning from the founder paper of Zuber and
Findlay [13] in dozens of papers and books the coefficient C; was interpreted

V-1 =

). (8.3)

and in detail discussed as a correlation coefficient C; of cross sectional

distribution of the total volume microflux j' = ajv; + a5, and void fraction

’

Oy:

0
1
1

i

> |

1 " ol
Z;[J “ <°‘§ j'> (o)
°° Ty A )@y |7

—Ij’ dA —jag da
A A
A A

j(p' da | (84)
A

For the interpretation they used identities:
v, = v} - afo] - apvg = o (v~ o))
ap i = aj vy — oy (vy ") = oy v - of op(vh - i),

<a'2> = Oly, <j'> =7, <a'2vé> = QlgUs. (8.5)

Then it is not difficult to get from (8.4)

o = %2%2 (oo (v - op))
0 o J
Finally expressing this formula for v, one may write the identity (8.4)
in the following view

(8.6)
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* a.,'l V2, ] of .0 ’

(Vs = <a—1>’ V35 = (v ~ 7') = aj(vs - v})). 8.7
2

This identity looks like Zuber-Findlay equation (8.1) with the

correspondence Cy = C; and Vy; = Vz'j. But in reality only if the specified slip

‘velocity Vy; (determined by the averaging of o (v — v}) ie. connected with
the two velocity or slip velocity effect) does not depend on the total volume

flux j one may write Cy = ‘C‘ and V,; = V,,. " But for Cy # 1 the term Vaj,

connected with the two or shp velocity effect.(ie, vy - v;) does depend on j
(as it was shown .in (8.3), starting from experimental Zuber-Findlay
correlation 1tself) Really, if the averaged value

Dy -y = J’(aﬂh az”z)d'A

depends on j (Cy # 1, see (8.3)) why very close to it the averaged value

J.(alaz'vl alazvz)dA
SIS

*
Vi o 1 [ arate — ool )dA
(ajoyv] — ooy vs)
al alazA

must not depend on j? If one takes into account that Vz"j must depend on j

and if one compares the formula for v, in the form of identity (8.7) with the
experimental linear dependency on j in the form (8.3) one may conclude that

Vz'j depends linearly on j, or the term must be written

Va; = ACy-j + Vy;, ACy#0. (8.8)
where AC; is a constant coefficient. That is why
Cp = Cp+AC), Co=Cp, Vy= Vg (8.9)

By the other words only if Zuber-Findlay experimental parameter C =
1, when two or slip velocity effect does not depend on j (see (8.3)) it is

possible (only possible, but not necessary) that C, coincides with C; and Vy;
coincides with Vy; or to write

Cp=Cp=1, Vy= V. (8.10)

-But not reverse: even if C; = 1, it is possible Cj# 1. The coefficient

C; and specified slip velocity Vz'j are determined by distribution of the
microparameters for one regime characterized by j; and j,. The coefficient C,
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and velocity Vy; correlate in (8.1) three relatively simply measurable averaged
parameters: phase volume fluxes j, , jy (j; + j5 = j) and void fraction oy (v,
= js/0y). For determination C, it is necessary to make the measurement for
many regimes, ie. for different j; and j,. All these three averaged and
measured parameters may be realized by different distributions of the
corresponding microparameters in the cross section A. The coefficient Cj is a
hydraulic coefficient and in the experimental correlation (8.1) it characterizes
the force interaction between the phases and though it depends on

distribution of aj and j' (characterized by Cy), in some sense it has no

common with the correlational kinematical coefficient CS and only in some

cases (Cy = 1) may coincide with Cg = L

Zuber-Findlay correlation and corresponding parameters Cy and V,; are
governed by force interactions.

It is interesting that for mentioned above (before (5.9)) bubbly flows
with the peaks of bubble concentration near the tube wall estimations show

that the correlation coefficient Cg < 1, but for these conditions C; > 1 is
characteristic.

. . . . * .
The interpretation C; as cross sectional correlation parameter C, is
non-correct.

Comparing coefficients Cy and C; it is interesting to notice that for the
determination C it is necessary to measure three macroscopic or averaged
(by the whole cross section) parameters (jy, 7, a,) for a few regimes, but for

determination C; it is necessary to measure the distribution of the
microscopic characteristics, namely: velocities of the both phases (v] and v;)

and volume concentration (a.,) in the cross section but for one regime. At that

the measurement and the sense of a; is not unequivocal because in practice

the ratio of the radius of the dispersed particles to the radius of the tube is
not small. It is seen that the measurements for calculation C; are much easier

than measurements necessary for calculation cross correlation parameter C(; .
It may be seemed all this considerations of differences between C; and

CS not to be essential because Cj equal to values close to unit (Cj = 1 + 1.2)

and only seldom it may reach 1.5 + 1.6. But the slip velocity, what all this
play is making for, is determined just by Cy - 1 and drift flux function V,..
For one-velocity or "homogeneous model" (v; = v;) one has Cy = 1, V,; =
That is why from methodological point of view it is better to use and to
discuss the coefficient Cj; - 1 instead of C,,.
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9. Solution of the reversed problem for determining of interaction
coefficients from the Zuber-Findlay law equation

Comparing the Zuber-Findlay slip velocity equation (8.3) with the
theoretical slip velocity equations (6.5) and (7.30), following from two velocity
momentum balance equations for the inertia free dispersed or slug flow, we
have that influence of the total flux j on the slip velocity (Cy > 1) may be
connected only with two factors: with the external (for the flow) friction
force on the wall Fy,, acting on the dispersed phase, or with the bubble-

liquid friction coefficient Kg)(a,) for dispersed flow or with Taylor bubble -

liquid slug interaction coefficient KJ)(L).

Firstly, increase of j decreases Fyyo due to decrease of fraction of the
bubbles near the tube wall. It may take place due to the turbulence
intensification that tears near wall bubbles to the flow core. Then we may
propose:

szz Fo "'kj

Secondly, increase of j decreases Kg)(a) due to increasing of bubble

diameter 2a. It is possible due to inlet device influence on the forming of the
bubble size.

For the slug flow where there is not contacts between the gas phase
and tube wall (Fy, = 0) only the second factor is actual, namely increase of

total volume flux j decreases Kg’s) (L) due to increasing of Taylor bubble

length L. It is also possible due to inlet device influence on the forming of
the Taylor bubble length.

Effect of the wall interaction with the bubbles and slugs (Fy;) must
decrease with the increasing the diameter of the tube D. It follows by three
reasons:

1. Fy, and Fyy, are related to the unit volume of the mixture

Fyy , Fyp ~ D

2. Increase of D for a fixed flow velocity j or v; must decrease the
concentration of the bubbles on the wall ayy. It is explained by the
decreasing of the cross-sectional velocity gradient ov,/0r ~ v;/D which
initiates the lateral "lift" force, pushing the bubbles to the wall.

An increase of the diameter of the tube D for a fixed flow velocity j
or v; increases Re,; that testifies on an increase of turbulence intensity and
spatial turbulence scale. This must intensify the mixing processes making
the flow more uniform.

It is verified by the recent experiments of Johnson & White [16] with
air-water flows in tube of D = 200 mm. In their experiment there was no
any peak concentration of the bubbles near the wall and at the same time
their measurements gave C, = 1 * 0.02. Though in many experiments
mainly with the smaller diameters Cy = 1.1 + 1.6.
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It is necessary to bear in mind a reasonable remark in Zuber &
Findlay [15] paper that C; may depends on mode of gas injection in the inlet
of the tube.

Experiments and present consideration would be more informative if

together with the measurements of kinematical parameters j;, j, and a, to

make measurements of pressure gradient dp / dx, that allow to determine
external force Fy; + Fyw, on the flow, using equation, and to have
additional and independent information about forces. Formally after making

the information on Op / 0x has to be used for determining coefficient K, in
the formula for the force Fy;.

10. Comparison Zuber-Findlay law correlation with Armand and
Miropolskiy correlations
The first experimental correlation, determining the slip velocity in air-
water gas-liquid flow in tube was Armand [17, 18] correlation, that may be
presented as

oy = 0.833 B, By = 1]2—) (10.1)

It is not difficult to write the sequence of this correlation

ay = 0.833 22%2
J
and present it in the Zuber-Findlay correlation form (7.1) or (7.3)

V9 = Coj 5 CO = 1.2; VZJ = 0. (10.2)

0.2 ,
V-0 = —7
0y
It means that Armand correlation corresponds to the partial case of
Zuber-Findlay law without acting Archimedes force along the flow (g% = 0,
V3; = 0), for instance, for horizontal flow, when for j = 0 we have vy - v; =
0. Comparing this slip velocity equation with the (6.3) for the case g% = 0 one
may to get

2
Bwa =004 kO (10.3)

) 0
Thus for the horizontal flow described by Armand correlation this
dependance on total volume flux j is quadratic as opposed to linear
dependance for up bubbly or slug flow marked after (9.6). Apparently it is
explained that for horizontal flow essential part of the gas flows as a
turbulent gas layer directly contacting with the up part of the tube wall
(without laminar liquid microlayers or thin films) and initiating the friction

force sz-
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Using the experimental data for vertical upward water steam flows (g=
= g = 9,81 m/s?) Miropolskiy [19] proposed more complicated correlation

W,
%=, (10.3)
o v
wom 13500/ pa) _ 13=g/2D/2 A p
0 TRk % |1 ’
Fr/1? Re”® (P1)” Ber
v? °
(Fr= Re = pvD P10L1 V1 +Paligy )
31 P1
where p, = 22,1 MPa is a critical pressure for water, g is gravity

acceleration. This correlation was obtained using the experimental data in the
diapason of mass averaged velocity v = 0,3 + 3,0 m/s and diameter of tube D
= 5 + 35 mm. This correlation explicitly shows the influence of the diameter
of the tube, the density and viscosity of the liquid phase on the slip velocity.

The dependence for not high pressures when (p; <<pj, v = 0,v;) may be
presented:

'U2=—, Vg -V = — —— (10.4)

that corresponds to the coefficients C; = 0, Vy; = W, /o but doesn't
correspond to the linear Zuber-Findlay law Wlth the fixed coefficients
because of the dependency of Vy; on the void fraction ay = 1 - a;. In spite of
the explicit including the grav1ty force acceleration g, the formula apparently
may correspond only for the earth condition (g = 9.81 m/s?) because for the
absence of the gravity (g = 0) it gives vy = W; = 0 that is not confirmed with
the physical sense for the forced up flow. Then the Miropolskiy correlation
(104) (as the Armand correlation (10.2)) doesn't take into account explicitly
the influence of surface tensions. And finally because C, for Miropolskiy
correlation (10.4) is not close to unit it is likely more appropriate for annular
flow (o > 0.8) and there is no sense to use it for the interpretation by the
slip velocity equation (6.3) or (6.5) which is proper only for bubbly or slug
flow i.e. when the gas phase is dispersed phase.

10. Non-steady flows. Kinematical waves
Using the Zuber-Findley law equation (8.2) one may write

0¥y = Coazj + 0‘2V2j s (11.1)
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Substituting this equation to the second equation (2.1) and taking into
account that 7 = j(f) one have the following quasi-linear partial differential
equation for void fraction

oo, oLy
—=< + j'(t, —= =90 11.2
3t J'(t, o) . (11.2)

Y . d
( 7t ap) = Cyit) + aa;(az sz) ).

This equation generalizes the corresponding equation of Wallis drift
flux theory (Wallis [7], Nigmatulin [1]) for taking into account the wall
friction effects on slip velocity. At that the wall friction is manifested only by
the coefficient Cj instead 1 in the expression for j'(f, o). This difference is
not principal for the mathematical procedure to get a solution of the equation,
because the equation is transformed by the transformation of independent
variables

t
2 =z - C, fj(r) dr, t=t. (11.3)
0
and finally has the following view
aaz 60!.2 d
— t cloy) —= =0 c(og) = ——\og Vi) ),

that coincides with corresponding equation for drift flux theory without wall
friction. It means that wall friction influence is easy to take into account.

Summary

1. Drift flux or quasi-static theory is an approximation when inertia
forces because of the accelerations of the phases may be neglected. In this
case momentum equations for the phases are equilibrium equations for
friction and buoyancy interface forces between the carrier and the dispersed
or slug phases together with the friction forces between the phases and the
wall of the tube. For this case slip or relative velocity of the phases v, - v,
may be expressed by simple algebraic equaton using the expressions for the
mentioned friction forces in quasistatic approximation.

2. For the gas-liquid bubbly and slug vertical upward flows the
famous Zuber-Findlay experimental linear law correlating the averaged
velocity of the gas (dispersed or slug) phase v, and total volume flux j takes
place: v, = C; j + V,. Simple analys of this experimental law showed that if
C, > 1, increase of total volume flux j with fixed void fraction o, increases
slip velocity v, - v,.

3. Juxtaposition of the derived theoretical equations for slip velocity
with the Zuber-Findlay equation gives the idea of the physical mechanisms
of the effect of the increasing of slip velocity with the increasing of total
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volume flux for fixed void fraction. For a dispersed flow this is explained by
two mechanisms: 1) by decreasing (due to intensification of turbulence by
increasing j) concentration of the bubbles near the wall which may contact
with wall and slowed down by the wall; 2) by increasing of an averaged
diameter of the bubbles or averaged length of Taylor bubbles with the
increasing j due to the specific influence of the inlet device.

4. It is shown inaccuracy of widespread idea, that the coefficient C; is
a correlation coefficient for total volume flux and void fraction distribution in
cross aasection of the tube. It is shown that C; is determined by interface
force interactions (tube wall - near wall bubbles, bubbles - liquid, Taylor
bubble - liquid slug and near wall liquid film). The fact that C, > 1 is
connected with the influence of total volume flux on: 1) the bubble size (or
Taylor bubble length) or 2) on the part of the bubble which may be braked
by the tube wall

5. The Zuber-Findlay law may be used as an additional experimental
information for solving reversed problem: by kinematical experimental data
to determine the friction force laws on interface between the gas, liquid and
the tube wall.

6. The generalization of non-steady drift flux Wallis theory for
kinematical waves connected with taking into account influence of wall
friction on the bubbly or siug flows proved to be very simple.
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ABTOMOAEJIbHAA 3ANAYA O PA3NOXKEHUU TA30OTMAPATOB
B NOPUCTOW CPEAE NPW AENPECCUU N HATPEBE

P. N. HarmaTtynuu, B. WU. Waranos, B. P. CbipTnaxos

NucTuryT Mexanuku muorodasvbix cuctem CO PAH, 625000 Tiomens

Pa.CCManHBa.IOTCﬂ ocobeHHOCTH Pa3JIokKeHHU S I'a3OBRIX TNAPATOB IIPH TENJIOBOM M OelNpeccHu-
OHHOM BO3ME€HCTBUM Ha INOPUCTYIO Cpeny, B NCXOOHOM COCTOAHMH IIOJTHOCTBIO 3allOTHEHHYIO
TBepPABIM 'HOAPAaTOM. yCTaHOBHeHO, 4YTO B BHICOKOIIPpOHHMIIA€MBIX ITOPUCTHIX CpeaaX BO3MOXHO
CylleCTBOBaHHE 30H 06beEMHOTO Pa3IOXkKeHnd, roe ruapaT COCyIlleCcTByeT B PaBHOBECHH C BO-
noi u rasoM. McciremoBankl aBTOMONEIBHEIE 3aIaYM O Pa3JIOKEeHNH THAPAaTOB IIPN OEIIpeCcCUn
" Harpese. Hoxasa}{o, 4YTO CYLIECTBYIOT pelleHus, COrJIaCHO KOTOPRIM pa3JjIO’KeHue THaApaToB
MOXeT INPOUCXOONTH KaK Ha IIOBEPXHOCTH (pa.3OBbIX IlepexonoB, Tak 1 B o6beMHON 06i1acTH.
Hpn‘{eM B IIePBOM CJIy4ae pa3JiIo)KeHHe BO3MOXKHO 6e3 nonBonma Tellsia K cpene M OaXxe C ero
OTTOKOM.

Bonbiioi TeopeTuyeckuil M Npak THIECKUN HHTEPEC K UCCIIENOBAHUIO Fa30rUAPATOB B IOPU-
CTBHIX CpelaxX B HacToslllee BpeMs BBI3BaH TeM, YTO MHOTME T€XHOJOTMYECKHE MPOLECCHI, OCYIIIe-
CTBJISE€MBIE B I'a30BOM, HEPTAHON M XUMUUYECKON IPOMBILIIEHHOCTH, COMMPOBOXMOAIOTCS 0b6pa3o-
BaHUEM Ta30BBLIX T'HIIPATOB; BCTPEYAIOTCH OTJIOXKEHHUS T'MIPATOB MPUPOMHLIX I'a30B B MOPUCTHIX
njacTax. JHAYUTEIbHAS YAaCTh TEOPETUYECKUX M SKCIIEPUMEHTAIbHBIX UCCIENOBAHUM T'a30BhIX
TUOPATOB HallpaBlleHa Ha pa3paboTky 3¢ ¢dek TUBHBIX CIOCOOOB NpemynpexneHus ux obpasoba-
HUS Tpu nobblve, TPaHCIIOPTHPOBKe U nmepepaboTke ra3os.

UccnenoBanue HEKOTOPBHIX aCEKTOB IIPOLECCA PA3IOXKEHUS Ta30TUOPATOB B IIOPUCTOM Cpe-
Iie, TOIHOCTBIO 3allOJIHEHHON THOPATOM B HCXOMHOM COCTOSHHMM, NpoBeleHO B paborax [1-4].
Kpome Toro, xak moka3aHo B [5, 6], pa3iioxeHne runpaToB, He MOJHOCTBIO 3AIOTHAIONINX IIO-
PUCTYIO Cpelly B MCXOOHOM COCTOSHUM, BO3MOXHO B 0OBEMHOM 30He, KOrla TBepObld TuapaT
COCYLIECTBYET C IPOAYKTAaMH Pa3lloXeHUs (ra3 u Bona).

B nanHoit paboTe B paMKaX aBTOMOIEIbHBLIX pellleHNi PacCMAaTPUBAIOTCS OCOGEHHOCTH pas-
JIOXKEHMS F'a30BBIX TUOPATOB IIPU TEIJIOBOM M NENPECCHOHHOM BO3IENCTBUH Ha MOPUCTYIO Cpedy,
B MCXOMHOM COCTOSHHUM IOJIHOCTBIO 3aIIOJIHEHHYIO TBEPABIM T'UIPATOM.

1. PaccMoTpuM GUIbTpallMOHHBIE IPOIECCH B MOPUCTOM cpele, MONHOCTBLIO 3aIOIHEHHOM
CUOpaTOM B UCXOOHOM cocTosHUM. [Ipu onucanuu npoueccos pasnoxeHus 06bIYHO IPUHUMAIOT-
Cs CJIeNyIOLIMe NOMYIIEeHUs: CKeJIET IIOPUCTOM Cpellbl, THIpaT ¥ Booa HECXK MMAEMbI U HETIOIBY X-
HBI, MOPUCTOCTD M MOCTOSHHA, I'a3 KAJOPUUYECKN COBepIIIEHEH:

PS’Pg,P?am = const, Pg = p/RgTa vs = vp = v = 0.

Bnecw p? n v; (t = s, h, |, g) — nnoTHOCTH U ckopocTH da3; p u T — NaBleHNE U TEMIEPaTypa,;
m — nopucTocTh; Ry — ra3oBas IOCTOSHHAS; MHIOEKCH 8, h, | 1 g OTHOCATCS K mapameTpam
IIOPUCTOMN Cpelbl, TUAPATa, XUAKOCTH U ra3a.

Ilns o6beMHBIX comepXkaHuil a3 «, (puc. 1) umeeM

ag =1—m, ap = my, a; = m(l —v)S, ag = m(1 —v)Sy,

as+ap + o1+ oy = 1, Sg+S1=1,
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kg/kqg
0,8-10° F
0,4-10° |
m B
0 m
Puc. 1 Puc. 2
rfe ¥ — TUIPATOHACLIIIEHHOCTD, T. €. IOJS IOPOBOrO obbeMa, 3aHATas TBEPILIM THIPATOM.

Ocranprag yacts 1 — v MOPOBOrO 06BEMA 3aHATa [a30M UM BOMOH, HOJS KOTOPHLIX ONpeNeiseTcs
ra30HACHIIIEHHOCTHIO Sy U BONOHACHIIIEHHOCTHIO ).

Y paBHEHUs COXpaHEHHUs MacC, 3aKoH [{apcu s mponyKToB pa3jioXeHus U ypaBHEHUE NIpHU-
TOKa TeIJla B IJIOCKOONHOMEPHOM NPUbINXEHNN UMeIOT Haubosiee obmnit B B 30He 0OLEMHOIO
pPa3JIOXEHN:

0 0 0
= [m(1 — ’/)Pgsy] + 9z [m(1— ’/)P(g)syvg] = Jy, ot [m(1 - V)P?SI] =J,

ot
0
el ==J, Jy+di=J, Jy=g], Ji=(1-g)J (1.1)
(Ji (1 =1, g) — unTeHcuBHOCTH O6pa3oBaHus -1 (a3sl);
L 2n
m(l — v)Sgvg = —— == (1.2)
’llg v &L

k n — IIPOHNIIAEMOCTHb U IUHaMHU4YE€CKas BA3KOCTH OJIA ra3oBou (a3nl k = 0 s
g Hg p l )

oT 0 oT Op Op 0 0T> Oov
peoy +m(1 —v)pgSycyvg 5 m(1 — I/)Sg(—o:t* + v, 03:) 5 (/\ %% )T lJ ot

(pe = (1 = m)ples + ml(1 - v)(p)Sgcs + o} Sict) + vihenl):

3mech ¢; — yIenbHbIE TEMIOEMKOCTH, Cg — TEMJIOEMKOCTH I'a3a Py MOCTOSHHOM NaBjleHuu, | —
yIenpHas TeIJIOTa pa3loXeHUs TUApaTa, § — MacCOBOE COIepXaHKe ra3a B TUIpaTe.

IazorunpaT ¢ MOPHCTHIM CKelleTOM 0Opa3syeT afCOIIOTHO TBEpIOE Tello, U paclpenelleHne
IaBJIEHNS B HEM MOXET ObITH [IPOM3BOJLHEIM C OIHUM TEPMONMHAMUYECKHM YCJIOBHEM CTa-
6unsHOCTH runpata (p = ps(T)). Ilon npousBobHEIM MaBlleHNeM B THApPATE C IOPUCTEIM CKe-
JIeTOM IOHMMaeTcs J1oboe paclpelelieHne HapSXKeHU (C NEPBBIM MHBAPUAHTOM, ONpeNeNsio-
IUM [aBIIeHUE), YOOBIETBOPSIOIIEE YPABHEHUSIM CTATUKYA, TPAHUYHEIM yCIOBHSM ¥ TepMOLIN-
HaMIYeCKUM YCIIOBUSM CYINEeCTBOBaHUS rasorunpara. B Tpexdasnoit 3oHe (rme ap, o, ag > 0)
TnojlaraeTcs yClloBHe paBHOBECHBIX ¢a3oBeix nepexomoB (T = Ts(p)). Ilpu sTom 3aBuUCHMOCTD
TeMIlepaTypsl $Ha30BOr0 paBHOBECUS OT NABJIEHUs IPUHUMAETCS B BUIE

Ts(p) = Tso + Tx In(p/pso), (1.4)

(1.3)
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rne Tso — TeMmnepaTypa ()a30BOro Iepexona, COOTBETCTBYIOLIas HABIEHUIO Pgo; 1y — OMIIM-
puveckuit napamerp (o6eryno Ty K Tyo). Cornacso ypasuenmio Knaneitpona — Kiaysuyca,
1MeeM

dls Ts (1 1\ 1 g . l1—g

dp L \p P8 % p(p) T A

3nech IIIOTHOCTD ra3a Ha JIMHUM HaChIMIEHMs Ta3ormapara p)(p) = p3(p, Ts(p)) = p/RyTs(p).
YunteBas (1.4), momyunm

T,(p) 1 1\ /1 1 T,
I(p) [g (p" (p) ;"') MV °>] )
gs l Pi Ph p
Oxka3sbiBaeTcs, 1711 pacCMaTpPHBaeMBIX 3a1ay [IEPEMEHHOCTS | HecylecTBeHHa. Tak, B Inana3one
napnennuit p = 5 - 15 MIla nns runpata metana [ = (5-10° £2-10%) IIx/xr.
KosdduimenT npoHnaeMoCTH rasa 3aBUCAT OT OOBEMHOM KOHUEHTPALUY Fa3a (MIH «KH-

BO#» IOPUCTOCTH). DTy 3aBUCHMOCTbH 3a[alUM Ha ocHOBe (hopMynsl Kozenn (cusomnas nunus
Ha pHc. 2)

kg = ko ~ keSy(1—v)®  (m' =y, ke = kom?), (1.5)

(1—m)?
roe m' — «XuBasg» NOPUCTOCTD, NIPUXONSAIIANCA Ha Ta3. alaHue KO3hUIHEeHTa IPOHUIIAEMO-
CTH B TaKOM BHIE IIpenrnoJlaraeT, YTO XapaKTepHble pa3Mephl «XXKUBBIX» IIOp TaKHe Xe, Kak U
LIS TBEPIOro CKejleTa. B IpHUHIHUIE 3Ta 3aBUCHUMOCTDL B 30HE 3apOXIEHUS «XHUBOU» IIOPUCTO-
CTH, Ile OHa MaJla U MOXeT ObIThb IIpelcTaB/ieHa B BUIE Ny3bIPbKOB MJIM OPYTUX HECBA3AHHBLIX
b0 cnabocBA3aHHBIX MUKpPOOOBLEMOB, NOJIXKHA OBITh YyTOYHEHa BBEINEHHEM IpENeIbHOM «KU-
Boli» mopucTocT M/, Huxe kotopoit (0 < m' < m)) npouunaemocTs paBHa HyIO (wrTpuxoBas
JIMHWS Ha puC. 2).

Y4YuTBEIBas, YTO B MCXOMHOM COCTOSHUU IIOPUCTas Cpella MOJTHOCTHLIO 3alI0JIHEHA THAPATOM,
nas Sy u S}, cornacHo [4], nmeem

.t —g)P?,, 5, = Pl = (10- 9)Ph (16)
P P

IIpu pa3noxeHUM TUAPATOB MOTYT BO3HMKATb TPHU 30HBI, B KOTOPLIX COOTBETCTBEHHO MPH-
CYTCTBYIOT TOJIBLKO TBEDPIBLIA I'UApAT, FHOpPAT U IPONYKTHl Pa3jIoXKEHUS U TOJIbKO IMPOMYKThI
pasnoxenus. Ha rpaHunax 3TUX 30H IOJKHBI BBHINOIHATHCS COOTHOIIEHUS, CIENYIOIINE U3 3a-
KOHa COXpaHEeHHUs MacChl U TelJioBoro HajraHca:

[m((1 = v)pgSy(vg — &(5)) — vaPhE(s))] = O; (1.7)
oT _ . dz,
D3] = —tmwabtic) (W)= s — 9o, 2y = L), (1.8)
3mecs (1] — ckavyok mapameTpa i Ha TpaHUIE T(s) MexIy 30HaMu. TeMrepaTypa u naBieHue

Ha 3THUX FPAaHMIAX IOJIAraloTcs HENPEPHIBHLIMA.

2. Ilpn onHOBPEMEHHOM TEINIOBOM M IEIPECCHOHHOM Bo3leicTBUM 4Yepe3 rpanuny (z = 0)
IIOPUCTOR Cpenbl B 3aBUCHMOCTH OT 3Ha4yeHHH TeMmnepaTypbl I, ¥ NaBIEHUS p, Ha TPaHHUIE
MOXHO BBIIEIUTH TpH ciydas. llepBhIif, korna TemmnepaTypa W NaBjleHWe Ha TpaHHIle BBILIE,
geMm Ty u pso (Te > To, pe > Pso), Toe pso — PaBHOBECHOe naBieHue npu TemnepaType Tp. llpu
3TOM IUIS aBTOMONEJILHON 3allaud O BHE3AIIHOM M3MEHEHUM TEMIIEPATYPHI M NABJIEHUS MOXHO
IIOCTPOMTDH JIMIIL pellleHHe C MUBEPXHOCTBHIO (ha3oBoro mepexona. Ilas mByX mpyrux ciydaes
(Te > To, pe < pso ¥ Te < T, pe < Pso) MOXHO IOCTPOUTEL KaK peIlEHHE C MOBEPXHOCTHIO
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$a30BOTO Iepexoma, Tak ¥ (IIPH OlpeleleHHbIX yCIOBAAX Ul IPOHMIIAEMOCTH IOPUCTOMN CPeIlbl)
pellleHHne, colepXkaliee 0b6lacTb ¢ OObEMHBIM Pa3JIoXeHHEM.

AsTomonenbroit nonctanoskoit £ = z/Va(Dt  (alf) = M\/pc) conum cucremy ypapHenuit
(1.1)—(1.8) kx cucTeMe OOBIKHOBEHHEIX MU depeHIralbHbIX Y PaBHEHNI:

—5 IRy = RA)1 = i = T (KR, G2 (=),
—§§+n1{(1—v)5'3—§§ ((1126?+x( )—g‘fl—?T'K(l—u)z(i—?)]— §%>
P=I—)% 9:75,, Rgzg, K:% gozg;’o, (2.1)

Y paBHeHUs B 0OIacTHU, Ille MOPUCTAs Cpela IOJHOCTHIO 3alloJIHeHa TBEPOLIM T'MAPaTOM,
noiyvatooTcs u3 (2.1) npu v = 1, a B obnacTu, rie opucTas cpefa HachllleHa IPONYKTaMHU pas-
noxenus runpata, — npu v = 0. IIpu 3TOM Ha MOBEPXHOCTAX CKavyKa CUIPATOHACHIIIEHHOCTH
rpaHUYHBIE yCIIOBUs, coriacHo (1.6), B aBTOMONENBHBIX KOOPANHATAX IPUMYT BHI

@) =] [ra- ()] = b (R2-1) %)

a Ha rpanuue nopucroi cpensl P = P, © = O, (¢ = 0) n Ha Geckoreynoctn @ = 1 (¢ =
00). CucreMa MHTErpUpoOBalach IPU CIENYIOIMIUX 3HAYEHNUSX [IapaMETPOB CHCTEMBI THAPAT —
nopucras cpema: m = 0,1, To = 283 K, pso = 5,08 MIla, Ty = 10 K, p, = 2,6 - 107% Ila,
pd = 2-10% xr/m3, p% = 0,9-10% kr/m3, p? = 103 kr/m3, pg = 1,8:107° Ha-c, Ay = 2 xr'm/(c3-K),
An = 2,11 krom/(cK), Ay = 0,58 xrm/(c3-K), Ay = 3-1072 xr-m/(c3-K), ¢s = 1000 Ix/(xr-K),
cp = 2500 Ix/(xr-K), ¢ = 4200 HOx/(xr-K), I = 5-10° Ix/xr.

Ha puc. 3,a npencrabneno perlenne, oTBedalollee OXHOBPEMEHHOMY HarpeBy M IENpPECCUU
(Te > To, pe < pso); uHAK 1-3 COOTBETCTBYIOT NPOHMLAEMOCTH CKeneTa kgo = 10713; 10716,

10717 m2. B 3aBUCUMOCTH OT BenMUUHEI kg9 BOIMOXHEI [IBa THNa pemenuit. llepssiii (muans 3)
peanu3yeTcs Iif OOCTATOYHO CNIabof NMPOHMIAEMOCTH, U IJIf HErO TEMIEPATypa Ha IOBEPX-
HOCTH (a30BBIX II€PEXONOB BhILle HAYaJIbHOH TeMIepaTyphl rHapaTa (OTMETHM, YTO B CIlydae
HarpeBa C ONHOBpPEMEHHLIM IOBHIIIEHUEM NaBIIEHAS Ha TPAHUIE [IOPUCTON Cpelbl peleHue 6y-
IeT KadyeCTBEHHO TaKMM Xe). BTopoil peanusyercs miisi HOCTATOYHO BHLICOKOW NMPOHUIIAEMOCTH
(nmuuus 1) ¥ oTiMYaeTCs OT MEPBOTO TeM, YTO TeMIEpaTypa Ha MOBEPXHOCTHU (Ha3oBBIX Iepe-
XOIIOB MEHBbIIIE, YeM MCXONHAas TeMIEpAaTypa CACTEMEI. B maHHOM cilydae pa3iioXeHue rumpaTta
IIPOUCXONUT €Ille U 3a CYET NPUTOKA TeIla M3 CHCTEMBI, HAaXONAIIENCS B 30HE Mepell MOBEPX-
HOCTBIO (a30BHIX IIEPEXONOB B NEPErPETOM COCTOSHUM. OTHU [Ba THUIA PELIEHUNM pa3dessioTcs
HEKOTOPHIM IPOMEXYTOYHBIM (JIMHUS 2), COrJIACHO KOTOPOMY TEMIIEpaTypa B 30HE TBEPIOrO
runpata nocrosHHa. [IITpUXIyHKTUPHBIE JMHUA Ha 3TOM M IMOCIENYIOIUX PUCYHKaX COOTBET-
CTBYIOT PaBHOBECHOMY HaBileHNIO ps(T') B 30HE, 3al0IHEHHON TBEPILIM FUIPATOM, a KPYKKH —
TIOJIOXEHUIO PPOHTa (Pa30BOro mepexomna.

UnTepecHa cuTyauns, npencraBieHHas Ha puc. 3,6, Korfja TeMIepaTypa Ha FpaHHIE HUXE
ucxonHoi Temnepatypsl Tg (Te < Tp, pe < pso). B aTom ciiydae Takke BO3MOXHBI IBa THUNa
pellleHui. PellleHuio nepBoro TUma COOTBETCTBYET JMHUSA | ¢ TEMIEPATYyPHOU «AMOI» BOIU3U
IPAaHUIBI IOPUCTON cpenbl. Takue pelleHns peau3yloTCs IPU JOCTATOYHO BLICOKOM IPOHUIaE-
MOCTH MOPUCTOR CPENbl U XapaKTEPU3YIOTCA TEM, YTO UMEET MECTO NMPUTOK TeIllJla OT IPaHHIIbI



96 P. 1. Hurmaryianxa

P. U. Hurmaryaun, B. Ill. Ilaranos, B. P. Ceiprianos 115
T/T, a T/T, 6
0.99 / /
0,98
X ~ )
N 097
0,98 0.96
P/Py p/P,y ',.,_:', Prld L ==
].5 P'\\ 0,8 - _r’. , l/
3 ™ N ’-, " ’ ‘
s ~ 3."; - 2
-~ | ’_, 2.’_1 ll
1,0 % —iasan 0.6 -P—e< —
2 I -
1 P -7 ! ey
0,5 0.4
0 1 2 £ 0 1 2 3

Puc. 3

K ITIOBEPXHOCTHU (a30BBIX NEPEXONOB, XOTS TeMIlepaTypa Ha I'PaHUIE IOPUCTON Cpedbl HUXKE KC-
XOITHOW. JTO OGCTOSATENBCTBO BHI3BAHO T€M, YTO [IPU PA3JIOXEHUM TUIAPaTa 3a CYeT NeNpPecCuu
(pe < pso) TeMmepaTypa Ha MOBEPXHOCTH (a30BBIX NEPEXONOB yMEHbIIAeTCs ellie GOMbIle N
CTaHOBUTCS HUXKE TeMIlepaTyphl FPaHMIIbl IOPUCTOM cpenbl. Pa3noxeHne B TaHHOM cilydae BbI-
3bIBaE€TCS NPUTOKOM Telljla Kak U3 30HBI MCXOIHOI'O TBEPIOro r'UIpaTa, Tak M OT IrpaHuisl. s
pellleHuil BTOPOro THNa (IMHUA 3), pealn3yomuxcs s cl1aboil IPOHUIIAEMOCTH, «IIeperpeBas
runpaTa, BEI3BAHHOIO JelIpeccueil, XBaTaeT He TOJIbKO Ha pa3lloXeHUe TUApaTa, HO U Ha OTTOK
TeIl1a U3 IOPUCTOR CPeNB K ee rpaHulle (IO «IIEPErPeBOM» 31eCh IOHMMAETCS TOJI0XUTENbHaL
pa3HMIla MeXIy UCXOIHOH! TeMIlepaTypoil U TeMIepaTypoil Ha (pPOHTe pa3joXeHHUs HApATa).
Ilns mpoMeXxyToYHOro pelenus (IUHUS 2) TENIOBOW MOTOK Ha IPAHMIE PaBeH HyIIO. B sToMm
clydae pa3jioXKeHUe IIPOUCXOOUT 3a CYeT Tellsla, OTIaBaeMOro «IeperpeThbIM» T'UIPaTOM.

3. IIns uccrnenyeMoil CUCTEMBl YpaBHEHUN MOXHO NOCTPOUTH pellleHue, coiepkKaliee Tpe-
ThiO (IPOMEXYTOYHYI0) Tpexda3Hyio 06beMHY0 0671aCTh, Ile OMHOBPEMEHHO HAXOMATCA THAPAT
U IPONYKTHI €ro pasnoxeHus. [Ipu 3ToM B obiieM ciiyyae HeOGXOMUMO BBECTH [BE IOBEPXHOCTH

(p)

{ MexnIy Tpexda3HOil 30HOH, I'le IPUCYTCTBYIOT TBEPIbIil

() (
.. T
ruapaT 1M I'a302kKMIKOCTHasl CMECh, U 30HOH 9YUCTOI'O ruipaTa U IIOBEPXHOCTb 6(‘)))

(ba30Boro mepexona: MOBEPXHOCTH ¢

MeXITy 30HOH,
re NpUCYyTCTBYIOT TOJBLKO IPONYKTHI Pa3loXKeHUs, U Tpex(a3Hoi 30HOM.

AT
CucreMa ypaBHeHUi B 5TOM ciiy4ae coBnanaeT ¢ (2.1), mpudeM B obmacTu Ly < €< .fg))

nobapnseTcs ycioBue (a3oBoro paBHoBecus mis runpata (1.4). I'panuynbie ycnoBus 3anuiuem
B cllefyiolieM BHIE:
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s £ = 58’))
() (p)
dP\~ RY €(s) dON*t  /dO\- _ &)
K -v? (5) =( Lk (%) -<—) —0.(1-v) @
(=v) R ) de de ( )7y (
s € = C((;l‘))
- + 0 & rdont  dey- e
Ir(d__P_\ i ‘.,‘+\2/£i£\ :‘./.-f-/ R * l\ (s) /_\ _ /_\\ =0 L‘+ (s) . (‘32)
de) Y 7 \d¢) \R0M ) 2 \d¢) \de) 9

Ecnun MakcuMalibHOEe 3HadeHUE KOS(i)(l)HIIHeHTa IIPOHUIIAEMOCTHU Tra3a kg, peain3yroueecs

npu v = 0, mocTaTo4HO GOINBILIOE U YIOBIETBOPSET YCIOBUIO al?) / a{T) > 2, 1o cucrema ypas-
Henui (2.1) mis 3alaHHBIX 3HaYEHUMIH TeMIIepaTyphbl U NaBjleHUs Ha I'DaHUIE IOPUCTOM Cpelbl
JIONyCKaeT MHOXECTBO PEIIEeHUH, CoIepXKalllee IPOMEXYTOYHYIO TpexdasHyIo 061acTh. JTa Cco-
BOKYIIHOCTH peILIeHUl IPOCTHUPAaETCs OT pelleHHs ¢ OTHOH IIOBEpPXHOCTHIO (pa30oBOro Iepexona

AT NELR
(f(s) = :ks} = f_'(‘;) ). KOrja T'uapaTOHACBIIIEHHOCTh Ha T'DAaHUIE MEHIETCA OT MCXOOHOI'O 3Ha-

yerus vT = 1 mo v~ = 0, mO NpemenbHOrO pelleHus, KOrna Ha nepenHeil rpanune (£ = ﬁg)))

TUIPATOHACKHIIEHHOCTh MEHAETCS OT V' = 1 10 v~ = v, (v > 0). Unaue rosops, nis moboro
3Ha4yeHUs T'UIPaTOHACBLIIIEHHOCTU V™ CO CTOPOHBI Tpexda3HOM 30HBI Ha IOBEPXHOCTU MEXIY
5TOM 30HOH M 06IacThio YucToro runparta (v = 1), ynosnersopsiowero yciosnio 0 < v~ < v,
MOXHO IIOCTPOUTH pellleHNe. [IpnyeM npenenbHas rUAPaTOHACBHIIEHHOCTD Vp, 3aBUCAT OT MakK-
CHMAJILHOTO 3Ha4eHUs Ko duuneHnTa npoHnnaeMocTi kq(v). Illpu v~ > vy, peluenne, Bxonsiuee
B yKa3aHHOE CEMEMCTBO, OTCYTCTBYET, a 3TO, B CBOIO OYepeNlb, O3Ha4YaeT, YTO B ClIy4ae V™ > Um
B Tpexda3Hoil 061acTH NoJsle NaBileHus, KOTopoe, coryiacHo (1.4), oqHO3HAYHO ONpenenseTcs mo-
JieM TeMIlepaTyphl, He CIOCOOHO TPaHCIOPTUPOBATD IPONYKTHI Pa3jIoX€eHUs CUApPaTa (B JaHHOM
city4ae ra3) 4epes nopuctyio cpeny. OTMeTuM, 4TO B 061IIEM IPUHIUII BhIIEIEHNs eINHCTBEHHO-
IO pellleH!s HeU3BeCTeH U TpebyeT nanbHennx uccienoBanuii. COBOKYIHOCTD pelleHuii MOXHO
Cy3UTb, HAIPHUMED, €CIIN JOINYCTUTh, YTO B 30HE 3aPOXIEHUS «XKHBOW» MOPUCTOCTH (KOTIa ru-
IPaTOHACHIIEHHOCTD GIIM3Ka K €QUHMUIE) Ta3 IPENCTABISeT cOBOM CUCTeMY HECBSI3aHHBIX WIIH
MaJIOCBS3aHHBIX MHKpooO6beMoB. Torma ¢uiasTpauus rasa HaudHAETCH, KOTa TUIpPaTOHACKHI-
IIIEHHOCTh CTAHOBUTCS HUXe HEKOTOPOro KpHUTHYeckoro 3HaueHus v = v*. CooTBeTcTByOlIEE
3HaYEHUE «XUBOW» MOPUCTOCTH Gosnblie m), (IITpuxoBas TuHUS Ha puc. 2). Eciu sTa kputnye-
CKas FMOPATOHACHIIIEHHOCTh V* MeHblIle, YeM IpeNeiibHOe 3HAYEHUE Vpy,, TO 06JIACTHIO 3HAUYERHIA
st v~ sBiseTrcs nTpoMexyTok 0 + v*.

Ha puc. 4,a npuBenens! pemenus s kg = 10713 M2, oTBevaomne pa3TMYHBIM 3HAYEHH-
M TUIPATOHACBIIIEHHOCTH v~ . llpenenpHoe 3HaYeHWe I TMOPATOHACKHIIIEHHOCTH Uy, = 0,96.
Kpusble 1-3 cOOTBETCTBYIOT pa3iIMyYHLIM CKadyKaM MUAPATOHACHIIIEHHOCTH Ha I'PaHUIE YaCTH4-
HOTO Pa3iloXeHus, a 4 — pellleHnIo 6e3 y4yeTa TEINIONPOBOIHOCTH, IIOIy4YeHHOMY B [4].

IIpyras BO3MOXHOCTb BBIGOpa IONOITHUTEILHOIO YCIIOBUS COCTOUT B aHAJIM3€ MPAHUYHBLIX
ycnoBuit (3.1) u (3.2); ¢ yuerom pemenus ypasHeHus (2.1) B 30He TBepmoro runpata, IpeHe-
bperas ’R; 110 CPaBHEHHIO C /Xj,,, MOXHO IOJIY4YAThH

1-0f) = 0u(1 = v7)(1 +a® /aD) (). (33)

o o NED
Coortnomenne (3.3) npu GpUKCMPOBaHHON aBTOMOIEILHON KOOpIMHATE £;,; CBA3LIBAET TEM-
II€EPATYPY Ha I'paHUIE YaCTUYHBIX (1)3.30BI)IX IIepeXonoB C TNAPATOHACBIIIEHHOCTBIO Ha 3TOU rpa-

(p)

Hune. {Ipuuem Benuuuna 1 — G)(s) [P HEKOTOPOM 3HAaYeHUU V = VU, UMeeT MUHUMYM, TakK
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v a V9] 6
f 2 3
. 4"'
0.5 05
0 0
W%\ W%\
1,00 1,00
NEsE=a N\
0,98 —Ag—tfoemt 0,98 s
4
0,96 0,96
p/po ’_;- A,‘:- e p/po /',- ’/ ,'/
g . . - I
’ / 1
0.8 ‘rl 0.8 _l. II' [
1 [ i 3
] i/
0.6 s 0.6 { 2/ /
' 4‘ RATH ' . 7/
04 0.4
0 2 4 6 £ 0 2 4 6 £

Puc. 4

gr0 alP) /a(T) = 2. JleBas BeTBB 3aBUCHMOCTH 1 — (-)i: ; oT 1 — v™, o4eBUnHO, NUIIeHa Gusnde-
CKOrO CMBICIIa, TIOCKOJIBbKY 30ech OomblieMy Iepenany TeMIepaTypbl MeXIy HCXOOHOM TeMlie-
paTypoll CHCTeMBbl ¥ TeMIlepaTypod Ha MOBEPXHOCTU YaCTUYHOro ($Ha3oBOro Iepexona COOTBeT-
CTByeT MEeHBIINi Iepena IMaApaTOHAChIeHHOCTH (T. €. 6ojlee MHTEHCUBHBIA TEIIOBOM MOTOK
obecnieunBaeT 6onee cnabuiit $HazoBelil nepexon). Takum o6pas’oM, CymECTByeT MaKCHMAIbHOE
3Ha4YeHWe TUIPATOHACHIIIEHHOCTH Vo, IPA KOTOPOM ellle BO3MOXHBI pellleH’s ¢ OObeMHEBIM pas3-
noxeuneM runpaTta. Haue rosops, B Tpexda3Hoil 30He Bcerna NOMXKHO OBITH a(p) / al) > 2
(v < vpp). ldns cnabompoHuuaeMoil MOPUCTOR Cpensl, KOrIa al?) /a(T) < 2, npu Bcex v BOOG-
e Helb3s INOCTPOUTH pellleHre ¢ 06beMHON 30HOW pa3noxeHus. B sToMm ciaydae cyuecTByetr
€IMHCTBEHHOE pellleHNe, COTIaCHO KOTOPOMY pa3lloxeHue OyneT NPOUCXONUTh Ha MOBEPXHOCTH
(pa3zoBoro mnepexona.

Ha puc. 4,6 npencrasneso pacnpelneieHne napaMeTpoB s IpelesbHbIX pelleHui (korna
V" = um) mpu kg = 10714 4 - 107; 10713 m? (xpusbie 1-3). Bunmo, uTo mpm ymenbiire-
HUM NPOHULIAEMOCTH 30Ha pa3IoXKeHHs TuipaTa CyXaeTcCs, B IIpelelie lepeXols B MOBEPXHOCTH
($Ha30BbIX NIEPEXOIOB.

Pa6ora BoimosHeHa NMpU YacTUYHON GUHAHCOBOH monnepxkke PocCHilCKOro mpaBUTENbLCTBA

(rpanT 96-15-96001).
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TEOJOIus

OU3NYECKASA MPUPOJIA TEILIOBBIX AHOMAJIUU
T'OPBI AHTAHTAY HA 102KHOM YPAIJIE

© 1998 r. Axanemux P. M. Hurmatynun, T. T. Kazannesa, M. A. Kamaneraunos, 10. B. Kazanues

ITocrynmuno 11.06.98 r.

I'opa SIHranTay nmpepcrasisieT coO0H BO3BbIIIEH-
HOCTb, BBITSIHYTYIO C IOT0-3al1ajja Ha CEBEPO-BOCTOK
BIOJIBb NTpaBoro 6epera p. IOpro3anb MexXny nepeBHs-
Mmu Uynnan u UnsraeBo CanaBaTckoro parioHa Pec-
nyonuku bamkoprocraH. B npepenax BepHIIMHHON
JacTU ropbl U3BECTHO NATH IUIOWAIOK, Te U3 HEAp
[IpOCAaYMBAETCs TOPSIYUH nap U rasbl — JjedyeOHast oc-
HOBa BEIMKOJIENHOro Kypopra. HasBanHas ropa
pacnosioxkeHa B 10xHON yacTu IOprozaHo-CelIBHE-
ckoyi Bnagussl IIpegypanbckoro nporuba (puc. 1).
Hcropust BBISICHEHHS] T€HEe3Hca TEeIIOBBIX aHOMATUH
ropsl SlHranray pnmurtcs 6osnee aByx crosetui. Oc-
HOBHbBIE W3BECTHBIEC TMIIOTE3bl CBOOATCA: 1) K mOp-
3eMHOMY MOXKapy OUTYMUHO3HBIX CIAHIEB, BO3HUK-
HIeMy B pe3yJbTaTe yfapa MOJIHUY; 2) K OKHCIEHUIO
OUTYMHUHO3HBIX CIaHIEB C CAMOHArPEBaHUEM U TiIe-
HueM; 3) K XUMHUYECKUM pEakLUsIM C BbIIECICHUEM
Tema (Ipy epexofie 3aKKUCH XKene3a B OKHCH U fP.);
4) K Temy, BO3HUKIIIEMY B pe3ylbTaTe TPEHUS TOp-
HBIX IIOPOJ, B 30HaX cOPOCOB; 5) K TEIIY MarMaTH4e-
CKOro 04ara; 6) K pafluOaKTUBHOMY TEIIY, IOTHUMA-
IolIeMycs ¢ OONBIINX IITyOuH.

AHanu3Upysl COOTBETCTBHE NPEIIOKEHHBIX T'U-
NOTE3 YPOBHIO COBPEMEHHBIX 3HAHUU 1O T'€OJIOTUU
PETHOHA, MBI IPUXOAMM K BBIBOAY, YTO IPECTaBIIE-
HHsI, OCHOBaHHbIE Ha 3K30TC€HHBIX (hakTOpax (Tpu
NepBbIE THIIOTE3bl) UCUEPIaid CBOM BO3MOSKHOCTH.
JocTaTOYHO MOAKPENUTh 3TO 3aKJIIOYEHHE TAaKUMHU
JaHHBIMH, KaK: a) IPUCYTCTBUE aHOMAJIBLHBIX TEMIIe-
PaTypHBIX SIBIICHUIA HE TOJBKO Ha rope SIHraHrtay u
HE TOJIBKO B OCajIkax IEPMH 3TOr'O PErHoHa; 6) npH-
YPOYEHHOCTh 60Jiee MPOrpeToil IMIOCKOCTH TOpPBI
SlaranTay K ropusoHTaM ciaboll o cpefHen obora-
HIEHHOCTH OUTYMUHO3HBIM BEILIECTBOM, a HE K Hau-
Oosiee OOraThIM UM, KaK CI€J0OBAIO ObI OXKUJATh IIPH
9K30reHHOM nopxope. CiefyeT ocTaBUThL 6€3 BHUMA-
HUSI 1 MEXaHU3M pafilOaKTUBHOI'O pa3orpesa B CHILY
MOBOJIBHO HU3KUX 3HAYCHUI pagualyy IOpof U BOA-
HBIX HcTOYHMKOB peruoHa (ot 0.03 go 2 ex. Maxe).
MarMmaTudeckasi ke THIOTe3a HE coracyercs c
aMarMaTHYHOCTBIO BCEX KPaeBbIX NMPOTUOOB MHpA.

Yumckuii Hayunbwiii yenmp Poccuiickoti Axkademuu Hayk

Hucmumym zeonozuu Yhumckozo Hay4HO?20 yermpa
Poccuiickoti Akademuu nayk, Yea

JIns BBISICHEHUS T€HE3Uca TEINI0OAHOMAJU rophl S H-
raHTay HeoOXOJuMO HCIONB30BaTh HE 3aJIEHCTBO-
BaHHbIE paHEE CBEJCHHSA: IIAPbSKHO-HAIBUTOBBIA
CTIJIb TEKTOHHKH OOEMX CTPYKTYpP C Pa3HSIIAMUCS
aMITUTYJaMU TepeMelleHns 10 HafiBUraM (3Hadu-
TenpHO GonbimMe st KapaTayckoro anioxToHa u
MeHbIMHE 1u1si I0pro3aHo-ChIIBUHCKOH BIIAIMHBI);
CyGIIMPOTHOE MPOCTUPAHUE TOJI AOKEMOpHUS U Ma-
neo3ost KapaTtay npu cyOMepuiOHAJIBHOM IManeo-
30Hckux pucnokanuit I0pro3ano-CeIIBUHCKOHR fen-

- \WU-N g
Jo 20 0 20 km

I —

Puc. 1. Texronnueckoe paitornposanue IOxnoro Ypa-
na. IlTpuxnyHKTUpHas JuHHA — rpaHuna PecnyGnuku
Bamxkoprocran; crulomnHas JINHASL — TPAaHUIBI CTPYKTYP-
HbIX 30H: ! — Bocrouno-EBponeiickas minardopma, 2 —
ITpenypanbckuit nporu6: BB — bBenbckas BmajguHa,
I0CsB — IOpro3ano-CoeinBuHCcKast BHaguHa; 3 — Bamkup-
ckuii antuknuHopuit: K — Kaparayckuit aminoxToH, 4 —
3unanpckuil CHHKIMHOPUH, 5 — YpanTtayckasi CTpPYKTypa,
6 — MarHuToropckuii CHUHKJIMHOPHH.

807



H36paHHbIe TPYabI

101

Il TPUCYTCTBYIOT JIMTOJOTUYECKH Pa3HOPOJAHBIE
o0pa3oBaHus, OTINYAIOIINECS TPOYHOCTHBIMY CBOY-
cTBaMu U (popMoii Tet.

Kaparayckuil ajJIOXTOH B COBPEMEHHOM BHJE
uMeeT OpMy CKOMIEHHON NPU3MBbI TOIIIUHOR OT 1
mo 5 xm. OH o6pa3oBaH nmoBepxHocThi0 Kaparaycko-
ro Hagsura, AmmHckuM 1 IOpro3anckum caBuramu.

BrimonHeHHOE HaMH CEIICMOTEKTOHMYECKOE Kap-

808 HUT'MATYJIUH u nap.
3 r. SlaranTay 5o 4 19- B :
400 a
3501 é
300+ =
a
250
M

Puc. 2. CxeMaTHYeCKHI TeOJOTHYECKHH pa3pe3 Iropbl
SluranTay. 5 — SIHraHTayCcKMil HA/[BUT.

IO\ " N
\
II \
|
|

5 X
Kaparayckuit
AJUIOXTOH 3

/)

4
7 r. Sluranray fi

\Y
& MecsaryTosckas 7
@ TIaCTHHA

Puc. 3. TexTOHHYECKOE COUYNCHEHUE KapaTayCKoro aj-
M0XTOHAa W MecsAryToOBCKO# NMIACTHHBI (BHJ C ceBepa).
Mc — Mecsaryrosckuit Hagsur; JOk — IOkanukyneBckuii
naysur; Kp — Kaparayckuit nagsur; I0p — IOpro3anckui
CIBHI.

peccud 1 cinoeB JOKeMOpusi bamKkupckoro aHTUKIIM-
Hopwus [1, 2]. [TpoBeeHHBIC HAMH UCCIIEIOBAHUS 110
CTPYKTYPHO! T'€OJIOTUU PErHMOHA NOKa3ajll TaKXe,
9TO Hamboliee BaXKHOM OCOOEHHOCTBIO CTPYKTYPBI
I0pro3ano-ChIIBUHCKON BIIAIMHBI SIBJISIETCH Pa3BUTHE
pernoHaNbHBIX HAIBUTOB. B ee mpepenax feTanbHO
u3ydyenbl MeueTnuHckuii, MecsryroBekuii, IOkammky-
JIEBCKUH U JIpyrue HajIBUTH, MPOCIIEXUBAIOLAecs Ia-
paymienbHO cKiragaatoMmy Ypainy Ha 50-150 xm. imn
BIaJHA pacwWIEHEHa Ha TEKTOHMYECKUE IUIaCTHHBI.
MecsTyTOBCKasl NJIacTHHA, HA FOKHOM OKOHYaHUHN
KOTOpPOW HaxOpuTcs ropa SAHrantay, oOHaxkaeTcs B
BHUJIE MOJIOCHI IIUPUHOH 710 18 KM, IpOCNEKEeHHON Ha
100 kM B 6acceiine pexk IOpro3zanu u Ail B ceBepo-
BOCTOYHOM HampapieHud. OHa OTpaHHMYEHA JBYMs
TOBOJILHO TOJIOTMMU HA[BUTAaMHU BOCTOYHOTO Hajie-
HUsl — MecsarytoBckuM Ha 3anafie u IOkanukynes-
CKMM Ha BOCTOKE, Ha IOre OCJOXHEHa CKOJIaMH
BCTpEYHOTrO TajeHus: (SIHranTayckue QUCIIOKaIny)
(puc. 2), K KOTOPbIM U IPHYPOUYEHBI TEPMOAHOMA-
aun. B morpaHnyHOil 30He SIHTaHTAayCKMX JMCIIOKa-

TOKJIAIBI AKATEMUU HAYK

tupoBanue Kaparayckoil crpykrypsl u IOpro3aHo-
CbUIBHHCKO BIIAIMHBI MOKAa3alo0, YTO TEPPUTOPHA
Ha3BaHHBIX CTPYKTYP B HACTOsIIECE BPEMS CEMCMOAK-
TtBHA. CeficMIYecKasi aKTUBHOCTh COTJIACy€eTCs C 3J1e-
MeHTaMu CTpYKTyphl. [t pporTa KapaTtayckoro an-
JI0XTOHAa M MecAryTOBCKON INIaCTHHBI XapaKTEpPHBI
MOBBINICHHbIE 3HAYEHUSI CEMCMOINYMa, IOCIENOBa-
TEJIBHO CHUXKAIOUINECS K ThIIIOBOM 30HE.

ITposenennoe A.C. Bo60XOBbIM U3y4YEHUE CBSI3U
TEPMOAHOMAJHUHA Ie€OJIOTMYECKOro MpouuIoro u Ha-
CTOSILLIETO CO CTPYKTYpOW PETMOHA BBISBUAJIO, YTO B
reO0JOTHYECKOM TPOIIJIOM JJISI TEPPUTOPUU ObLIU
XapaKTEpHBI NPOSBIIEHNUS BbICOKUX 3HAYECHUH TEIIa,
KaK COBIAJIalOlIME C COBPEMEHHBIMH TEPMOAaHOMa-
JINSIMH, TAK U PACIPOCTPAHCHHBIE 3HAYATEIIBHO IIH-
pe. TennoaHomanuyu cOrIacyroTCss C 3JIEMEHTaMHU
CTPYKTYyp, YTO IIOKa3aHO Ha npumepe Meciaryros-
CKOW TEKTOHMYECKOM IIaCTHHBI.

laHHBIE O CBS3M fepopManuil C COBPEMEHHOMN
CEICMHUYHOCTBIO, C OHOM CTOPOHBI, U C TEIIOAHOMA-
JUASMHA KaK COBPEMEHHBIMH, TaK U T'€OJOTHYECKOTO
MPOIUIOTO — C IPYTOM, MO3BOJISAIOT CYUTATh JOKA3aH-
HOHM TEKTOHMYECKYIO NMPUPOAY TEPMANbHBIX aHOMa-
v Topel SIHra"Tay.

MBI BUgUM, 4TO COBpEMEHHAs reOfluHaMIKa pano-
Ha ropbl SIHraHTay ONpENeNsIeTCs €€ MECTONOIOKe-
HUEM B CJIOXHOM y3Ji€ TEKTOHHYECKOTO B3auMMOfEH-
CTBHSI KOHTPACTHBIX IO COCTaBy ¥ CTPOCHHIO CTPYK-
TYP, @ COBOKYITHOCTb NIPUBEJICHHBIX BbIMIE (PaKTOB U
3aKOHOMEPHOCTEl MOXKET OBbITh OOBSICHEHA I'e€OH-
HAMHYECKON MOJEJIbIO MEHE3MCa TEIUIOBbIX aHOMa-
nuit ropsl AaranTay. CoriacHo 3TON MOJIENH PEsKUM
TOPU30HTAJIILHOTO CXAaTHs 36MHOH KOpPbI B JaHHOM
permoHe peanusyeTcs TEKTOHMYECKHUM B3aMMOJIEi-
creueM Kaparayckoro annoxrona ¢ MecsryToBckoi
mnactuHON  IOpro3aHo-ChIIBHHCKON BHAJAMHBI 110
IOpro3anckomy caBury. 3To B3auMojieiicTBUE BbIpa-
>KaeTcsl JBUKEHMEeM MecsaryToBCKO# IUIACTUHBI U
KapaTayckoil CTpyKTypbl ¢ BOCTOKa Ha 3amaj] ¢ OfJHO-
BPEMEHHBIM BpAIlICHHEM MOCIEJHEX II0 YacoBOH
crpenke (puc. 3). Yron KapaTaycko# ajlsIOXTOHHON
MIPU3MBI BJIABJIMBAETCSl B IOIPAHUYHYIO YacTh Mecsary-
TOBCKOH IJIACTHHBI, CO3[[aBasi BHICOKYIO TEKTOHMYEC-
KYIO Harpy3Ky Ha COIpEJENIbHBbIE TONIIN Iale030s.
B pesynbpraTte HapymaeTcss LEJIOCTHOCTh Ha3BaHHOW
IIACTUHBI M B HEX O0Pa3yrOTCsl TEKTOHNYECKUE CKOJIBI,
NpOu3BOAHbIE IBIKeHNs KapaTayckoro ajiioxTona.

MexaHndeckas npupopja Temia ropsl SlHranray
000CHOBbIBaeTCsl (pU3MYECKUMU pacdeTamMu. Pac-
CMOTPHM TEMIIEPATYpPHBI PEXHM TPH B3aHUMHOM
CKOJIb>KEHUH JIBYX FEOJIOTMYECKMX TEJl Ha OCHOBE CXe-
MBI, TIpEfiCTaBICHHON Ha puc. 4. 31ech N300pasKeHbl
TOM 362

Ne 6 1998
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BEKTOPhI ckopocrer V(z) u temneparyp 7(z), BROJb
OCH Z, HaIIPaBIIEHHON MO HOPMAJIA K MEXXCIIOHHOM MOo-
BepxHocTH. [Ipu atom Hy, — xapakTepHas TOJIIWHA
CIIOs, TE peanu3yloTcs CABUTOBbIE fiehopManiy u3-
3a HEOTHOPOJHOCTH CKOpOCTeH, a Hy — XapakTepHast
TOJIIIWHA 30HBI, I7Ie UMEETCs OBBIIICHHAS TEMIIepa-
Typa. DBOMIONHS IIOJISI TEMIEPATYp ISl MPEICTaB-
JICHHOH 30HBI B paMKax OJHOMEPHO! CXEMBI C y4e-
TOM BBIJIEJIEHHS] TENJIOTHI TpeHusi Q u3-3a paGoThl
BHYTPEHHHX BSI3KMX HAINIPSIKEHUH T, U3-3a CKOPOCTH
COBUTOBBIX iehopMallii e OMUCHIBAeTCS 00O0OIIEH-
HBbIM ypaBHEHHEM Pypre

2
aa—lf+Q, g = 2 )

Z

2
or

3mech A — KO3 @HUIMEHT TEIIONPOBOJHOCTH, P —
IJIOTHOCTb, ¢ — yAEIbHas TEINIOEMKOCTh paccMaTpU-
BAEMOU T'€OJIOTHYECKON CPENIBI.

CKoOpOoCTh COBUTOBBIX fiepopMaIuil MOXET ObITh
OlICHEHA B BUJE

e=V/H,, @)

a BTOpasi IPOU3BOJIHAS TEMIIEPATYPHOTrO NMPOMUIIS B
BUJIE

O’T AT
o Rt (3)
0z H;

AHann3 MOKa3bIBAET, UTO JIJIs1 TEMIEPATYPHOTO U
nedopMalluOHHOTO TOJel ropbl SIHranTay xapak-
TEPHBIMH SIBIITFOTCS CIIENYIOINE BEININHBI:

H=100 M, Hy=1wMm, AT =300 K. “4)

HJISI CI)I/I3I/I‘ICCKI/IX XapaKTEPUCTUK reoJIOTUYECKOR
Cpenbl ObLIH IIPUHSATHI CIEAYIONINE OLCHKN:

A=0.2 krm/c’ - K, p=2- 10° KI‘/M3, 5)
c=10" M*/c* - K; 1~100 6ap = 10’ xr/m- ¢’

OnennM, KakoBa IOJXKHA OBITH CKOPOCTH OTHO-
CHTENILHOTO IBUKEHUS CJIOeB (CKOPOCTH HajiBura) V,
YTOOBI TOJIEPKUBATE CTAI[HOHAPHOCTH TeMIIepa-
TypHOTO noJist (d7/dT = 0), T.e. KOrj[ia CKOpOCTh pac-
CesTHHsI TeIia W3-3a TEeIUIONPOBOJTHOCTU KOMIIEHCH-
poBaach BbIJleJIEHUEM TeTta TpeHus Q:

AP,
PCaz’ -

YuurniBas onieHkY (2) u (3), nMeeM
Vv AT

T[—{— = )\,——2, (6)

v H;

¥ TIOCJIE 3JIEMEHTAPHBIX BBIKIAIOK MOJyYaeM BbIpa-

SKEHUE ISl CKOPOCTHU HajiBura V, o6ecrnednBaroniero

JTOKJIAJTBI AKAJTEMWU HAYK

ToM 362 Ne 6
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z
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W
=
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1061-

Puc. 4. TemnepaTypHBIi pesKUM ropsl SIHraHTay Ipu B3a-
HMMHOM CKOJBXECHHH IBYX F'€OJIOTHYECKUX TEIL.

CTallMOHAPHOCThL TEMIIEPATYPHOI'O MOJIH:
ATH
=l -

T HT

! @)

Jns napaMeTpoB (4) u (5), KOTOpbIE XapaKTEPHbI
1J1s TOpBI SIHraHTay, NONy4YuM (YUuThIBast, 4To 1 rop
V=3-10"¢c)

“V=0.6-10" m/c~2 cm/roq. ®)

Takum o6pazom, IuIst CO3AaHMUS OIS TEMIEPaTyp,
HaOJIONEHHOr0 Ha SlHraHTay, CKOpOCTb HaJBUTa
IOJIKHA OBITH MOPSIIKA 2 CM/TOJI, UTO COTJIACyeTcs C
reojormdeckumn oueHkamu. Ycnonwdysa (1) u (3),
OLICHHM TaKKe CKOPOCTh NOHUXKEHUS TEMIIEpaTyp B
cinydae npekpaimenust Haguranus (V =0, e = 0) u
BbIfleNIeHHs TennoThI Tpenus (Q = 0):

I AT 05107 Kie = 107 Klfion;
ot pc H72-

YTO COOTBETCTBYET BeInuuHe nopsigka 1° 3a 10 ser.

Hrak, 1) TepManbHble aHOMAJIUN TOphI SIHraHTay
AMEIOT TEKTOHUYECKOE IPOUCXOXKICHNUE; 2) T co3pa-
HUS TEMIEPATYPHOU OOCTaHOBKH, UIEHTHYHOM COBpE-
MEHHOIi, CMEIIleHNe TEKTOHUYECKOTO TeNNa MO Haf[BUTY
TOJKHO OCYIIIECTBIIATHCS CO CKOPOCTBIO 2 CM B T'Of.
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A spherically-symmetric problem is considered in which a small gas bubble at the
centre of a spherical flask filled with a compressible liquid is excited by small radial
displacements of the flask wall. The bubble may be compressed, expanded and made
to undergo periodic radial oscillations. Two asymptotic solutions have been found
for the low-Mach-number stage. The first one is an asymptotic solution for the field
far from the bubble, and it corresponds to the linear wave equation. The second
one is an asymptotic solution for the field near the bubble, which corresponds to
the Rayleigh—Plesset equation for an incompressible fluid. For the analytical solution
of the low-Mach-number regime, matching of these asymptotic solutions is done,
yielding a generalization of the Rayleigh—Plesset equation. This generalization takes
into account liquid compressibility and includes ordinary differential equations (one
of which is similar to the well-known Herring equation) and a difference equation
with both lagging and leading time. These asymptotic solutions are used as boundary
conditions for bubble implosion using numerical codes which are based on partial
differential conservation equations. Both inverse and direct problems are considered
in this study. The inverse problem is when the bubble radial motion is given and
the evolution of the flask wall pressure and velocity is to be calculated. The inverse
solution is important if one is to achieve superhigh gas temperatures using non-
periodic forcing (Nigmatulin et al. 1996). In contrast, the direct problem is when the
evolution of the flask wall pressure or velocity is given, and one wants to calculate
the evolution of the bubble radius. Linear and nonlinear periodic bubble oscillations
are analysed analytically. Nonlinear resonant and near-resonant periodic solutions
for the bubble non-harmonic oscillations, which are excited by harmonic pressure
oscillations on the flask wall, are obtained. The applicability of this approach bubble
oscillations in experiments on single-bubble sonoluminescence is discussed.

1. Introduction

Let us consider the spherically-symmetric radial flow of a compressible liquid in a
spherical flask which has a small spherical gas bubble located at the centre (figure
1). The instantaneous radius of the flask is R(¢) and that of the bubble is a(t). Let us
assume that the bubble is very small:

a < R. (1.1)

We further assume that the flask wall is undergoing small-amplitude high-frequency
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Flask

Liquid

FIGURE 1. Schematic of the spherically-symmetric problem of an oscillating gas bubble in a
liquid-filled flask.

spherically-symmetric displacements, 0, where
o(t,R) < R(t). (1.2)

If the pressure disturbances are not large enough to appreciably change the density
of the liquid and the wavelength of the pressure wave in the liquid, 4, is much larger
than the bubble’s radius a, then for the mathematical modelling of the process one
may use the approximation of an incompressible liquid, for which the momentum
equation becomes the well-known Rayleigh—Plesset equation (Rayleigh 1917; Knapp,
Dayly & Hammitt 1970; Nigmatulin 1991):

2 Pa — Px da 20 4,uwa

dw, ,
5 - a = 7. a = - T 5 1 7
dt + 2Wu ,0 H w d[ p pg(a) a a ( 3(1 C)

a

where p, u, o are the density, viscosity and surface tension of the liquid, respectively,
w, and p, are the radial velocity and the pressure of the liquid on the bubble’s
interface, p, is the pressure of the gas in the bubble, and p., is the pressure of the
liquid far from the bubble.

Previously the influence of liquid compressibility on the volume oscillations of a
gas bubble was considered taking into account acoustic radiation damping (Herring
1941; see also Knapp et al. 1970; Nigmatulin 1991), which leads to the well-known
approximate equation

we\ dw, 3 Wa Wo\ Pa —Pe . @ d(pa — Pps)
1—o 22 1= wi=(1 -4 — . 14
< °”c>“ dt+2( “ZC>W“ <+°‘3c> b T pC (14)

This equation looks like the Rayleigh—Plesset equation but it has additional terms:
(a/pC)d(p, — ps)/dt and w,/C, where C is the sound speed in the liquid, and
o;(i = 1,2, 3) are the coefficients (o; ~ 1).

A systematic theory has been presented by Prosperetti & Lezzi (1986) and Lezzi
& Prosperetti (1987) for the radial motion of a spherical bubble in an infinite weakly
compressible liquid. A whole family of equations for bubble oscillations has been
obtained including (1.4) and other authors’ equations as specific cases. All these
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equations are shown to be equivalent as they have the same order of accuracy for
Mach number, M = w,/C. In deriving these equations, the assumption was made
that bubble oscillations did not affect the outer acoustic field pressure at infinity.
Indeed, the fact that the fluid is unbounded permits one to consider the problem of
bubble oscillations separately from the acoustic problem.

The present paper deals with the problem of the oscillations of a gas bubble in
a liquid-filled flask of finite size, in which the flask wall is used to excite the liquid.
As shown, the problem may be reduced to an equation for the evolution of bubble
radius which is similar to the Herring equation. However, instead of the pressure far
from the bubble, p., another pressure, p;, appears, which is the incident pressure.
Significantly, the incident pressure differs both from the pressure at local infinity, p..,
and from the pressure on the flask wall, pg. In fact, it takes into account interacting
waves and must be calculated using a difference differential equation including the
bubble radius, a(t), and the pressure on the flask, pg(t).

2. Problem formulation

The posing of the problem for the spherically-symmetric radial flow (i.e. a radial
velocity field w(t,r)) of a compressible liquid around a spherical bubble includes the
differential equations of mass and momentum, the barotropic equation of state for
pressure p (which only depends on liquid density p), the boundary conditions on
the bubble’s interface (r = a) and on the wall of the flask (r = R), and the initial
conditions at t = 0:

op  d(pw) 2pw

ot or r 0 @D
ow ow  0p
pﬁ—i-pwﬁ%—g =0, (2.2)
p = p(p); (2.3)
r=R: p=prt) or w=wg(t); (2.4)
20 ow da A
r=a: p=ps, W=W, (pa—pg(a)—a—mar, wa—dt=a>, (255)
t=0: a=uay, d=w. (2.6)

The boundary condition at r = R corresponds to interaction with some body (e.g.
a piezoelectric transducer) contacting with the wall of the flask and pr(t) or wg(t)
must be given.

Below it is shown that the space between the bubble’s interface and the internal
surface of the flask consists of three zones:

(1) The far field, or external region, where weak compressibility of the liquid is
essential but convective displacements of the liquid, 6(¢,7), are small (6 < r), and the
nonlinear convective terms in the mass and momentum conservation equations are
negligibly small. In this zone, the motion of the liquid has an acoustic wave character
with finite speed of disturbance propagation determined by a constant sound speed
at the initial state.

(2) The near field of the bubble, or internal region, where the liquid may be consid-
ered incompressible and motion occurs only because of compression and expansion
of the bubble, and nonlinear inertia forces, because of the convective accelerations,
are essential.
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(3) An intermediate zone where both the liquid compressibility and nonlinear inertia
forces, because of the convective accelerations, are essential.
In the first two zones it is possible to obtain asymptotic analytical solutions.

3. External asymptotic solution far from the bubble

In the external zone far from the bubble (r> > a?) convective derivatives of density

and velocity are small.
op op w _ ow

< "o < G-
which follows from the estimations
Lo _whp dp Bp  dw W w .
or AR~ Ot tr’ or g’ Ot t '

RZ
<W~ WR2 s AR=C[R).
r

Here Az and ty are the length and the period of the wave disturbance in the liquid in
the external zone, and wg is a characteristic velocity of the liquid on the flask wall.
We note that tr is the characteristic period of the oscillations of the flask. The ratio
of the nonlinear convective and time derivatives is proportional to the ratio of the
flask displacement (wgrtg) to the length of the flask wave (4g), or the characteristic
Mach number, My, of flask motion:

dp/or ow/or  wtg  R*wgrtg R*wg R?
~ N — | p— — M 1 .
opjat = Vowjor " x 2R ac - vkl (3.3)

which is supposed to be small for » ~ R (i.e. we study the low-Mach-number regime
for small displacements of the flask). Thus one may neglect the nonlinear convective
terms in the momentum and mass conservation equations, (2.1)—(2.3), compared with
the temporal acceleration terms, and these equations for velocity and pressure in the
‘external’ field (ie. r > a, w = w.,, p = p..) reduce to the following linear acoustic

equations:
0 Pex 10 O0Pex dp OPex op
ex Czii 28 Wex C2 _ <Y o = . ex o = 78.‘(.
ot r2 or <r or )’ (dp)o’ Pex =Po= P57 Ve or
(3.4)

Here density, p, and sound speed, C, correspond to an initial state of rest.
The solution to the equation (3.4) is well-known and thus the external asymptotic
solution for the velocity potential can be expressed as

1 r r
Pex =r|:1p1 (t_c) +w2<t+c):|> (35)

where v, and y; characterize the incident and the reflected acoustic waves, respec-
tively.

4. Internal asymptotic solution near the bubble

The internal zone near the bubble has a radius, r = O(a), which is small compared
to the radius of the flask R. In this zone, during the characteristic time of bubble
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compression, t,, the displacements of the liquid are about one bubble radius, w,t, ~
a. For low Mach numbers near the bubble, M, = w,/C < 1, this assumption
corresponds to long waves near the bubble: 4, ~ Ct, > a. In such a case, if the
relative change of the liquid density near the bubble is assumed to be small, then in
the internal zone (w = wy,, @ = @;;) the asymptotic solution of an incompressible
fluid is valid (see also Landau & Lifshitz 1959; Feynman, Leighton & Sands 1964),

thus equation (2.1) yields
¢ <r26"”’”> —0, w, = 20m (4.1)

or or or

The solution of this equation together with the boundary conditions on the bubble
interface (r = a: w=w, =d') is
/2 ! 2

aa aa
Pin = — , Wip = - (42)
r r

The Bernoulli integral in this case includes a component corresponding to a
nonlinear convective inertia force (w?/2), and has the form

a in 2 in
¢+”+%=mm (4.3)

ot 2

This equation in conjunction with equation (4.2) and the boundary condition (2.5)
on the bubble interface (r = a) leads to the Rayleigh—Plesset equation (1.3), where p.,
is the pressure at ‘intermediate infinity’ (r = r,,), which is far from the bubble, and
far from the surface of the flask, i.e. a < r,, < R. Using this integral, one can find
the asymptotic solution for the pressure distribution in the internal zone:

_paay

2 4

This result will be useful in the next section for the matching procedure.

pin = pa— plaa’ + 3(@)) + E(@dy (44)

5. Matching of the asymptotic solutions

To obtain an equation for the radial motion of gas bubbles for a given excitation on
the flask (2.4), and taking into account liquid compressibility, it is necessary that the
asymptotic solutions in the external and internal zones be matched in the intermediate
zone. For the internal asymptotic solution the intermediate zone is at infinity (r — 00),
but for the external asymptotic solutions the intermediate zone is near the centre of
the flask (r — 0). As a matching condition in the intermediate zone the equality
of volumetric flow 4nr’w and pressure p was imposed for the internal and external
asymptotic solutions. Thus the radial coordinate in the asymptotic solution for the
internal zone (r ~ a) should tend to infinity (» — c0) and in the asymptotic solution
for the external zone (r ~ R) it should tend to zero (r — 0):

4757'2\/\),'" ’r—mo = 4TU’2W€X ’ r—0> Din |r—>oo = Dex | r—0- (51)

Taking into account that the volumetric flow for an incompressible fluid depends
only on time:

72‘3(/’71'" — 4na2% =4n0(t) (Q = d*d), (5.2)

4w, = 4n P T
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we may rewrite the first equation in (5.1) as

0pex | _ ,da

2
r or | . a i (5.3)
Thus,
p 0Pl t—— )t =) [ +=|—wi(t—= )+t + =
o |, "\ Tce)T\Te cl”"\"T¢c)T"\"T¢c)]l .,
= —y1(t) — (), (5.4)

where the prime corresponds to the derivative. Then from (5.3), (5.4) the relation
between the incident and reflected waves is

Y1 =—ypy —a’d. (5.5)

Thus from (3.5), (4.2) one has the asymptotic solution for the velocity potential in
the external and internal zones as

CPex=i{%(t-l—é)—lm(t—é)—Q<t—£>}, QDfn:—@- (5.6)

Using (3.4), (5.6), we find the asymptotic solutions for pressure distributions in the
external zone:

_ 0pex _— p| LAY S VY a
Pex = Do —p ot = Do r|:1P2([+C> 1P2<t C> Q(lt C>] (5.7)

Substitution of (4.4) and (5.7) into the second matching condition in (5.1) leads to
the long wave approximation of the equation for bubble oscillations in a compressible
liquid:

" / a 1 ” ”
ad’ + 3d” = % + = [2vio + 0] (5.8)

Here the term Q”(¢)/C is responsible for the influence of bubble oscillations on the
reflected pressure wave.

The pressure on the flask wall (r = R) may be expressed using the external
asymptotic solution (5.7):

i =m— gl (c+g)-w(-¢)-¢(i-g)] e

From equations (1.3) and (5.8) the expression for the pressure, p., at the internal
‘infinity’ (i.e. far from the bubble, but near the centre compared with the radius of
the flask) is

Po=po— & 2040+ Q") (5.10)

Equations (5.8) and (5.9) are the expressions sought in the matching procedure.

6. The system of equations for bubble motion

It is important that (5.8) depends on Q”, having the third derivative of the bubble
radius, a”(t). The dependence of the solution for bubble radius, a(t), on the third
derivative, a”(t), was noted previously by Prosperetti & Lezzi (1986), and Prosperetti
(1994). However, for the low-Mach-number, or long-wave, approximation one may use
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the simple asymptotic solution without the third derivative. Indeed, the components
of (5.8) may be estimated as

aZ
2’

1 2 I\ Cl3
—aa ~ ,
(@d) ~ 5

aa// ~ (a/)2 ~ éQ//(t)

6.1
- (6.1)
and their ratio is determined by a small parameter for the case of the assumed
long-wave, or low-Mach-number regime in the internal zone (see the discussion in
the §4):

~

Q'/Cc Q'"/C a a a

~ ~ ~N — N — Y a 1, 6.2

aa” Q'/a t.C . C ta < (6.2)
Taking into account

Q/

= =ad" +2d% ad +3d*=92 —1d% (6.3)
a

a 2

we may rewrite (5.8), introducing the incident (wave) pressure p;, as

Q/ a/2 Da — D1 Q” 2,0 7z
= = t) = po— — V3. 6.4
» 3 ) +C’ pi(t) = po c (6.4)
Note that the so-called incident pressure p; is the regular (i.e. non-singular) part of
the liquid pressure (5.9), extrapolated to the centre of the bubble.
Suppose that the term Q”(t)/C is small in (6.2). This expression may then be
simplified:

a/2 _
Q/ =a |: + Da 141
2
Differentiating with respect to time, t, one obtains the long-wave and low-Mach-

number approximation for Q”(t)/C:
a’ pa—pz] d  ad

o' T,
C(1+0(sa))—[aa + T4l

Substituting (6.6) into (5.8) and neglecting the values of O(e2) we obtain

a 3 a a\ p.—p1 a d
l—=ad"+>(1—-=)a’=(1+—= — —[pa — p1]- 6.7
O R G L U ) et

For small Mach number (M, = d'/C) the correction terms in the square brackets
of this equation may be neglected.

Finally, the evolution of the radius of the spherical bubble in the centre of a spherical
flask filled with a viscous, weakly compressible, liquid excited by radial displacements
of the flask in the long-wave regime, for low Mach number, is described by the
following system of equations resulting from (5.9), (6.4) and (6.7):

Pa— DI a d

} (14 0)). (6.5)

C E&[Pa —pil. (6.6)

ad" +3a” = +ocale—rl (6.8)
R R R
i =m—g s (c+g)-w(-¢)-2(i-g)] @
2
pil0)=po— Fvi. Q) =d’d. (6.10)

This system of coupled ordinary difference-differential equations (6.8) and (6.9) has
both lagging (retarding) and leading potentials. It is closed by specifying the density
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p, and sound speed C of the liquid. The value of the liquid pressure on the bubble’s
interface, p,, is calculated from the boundary condition on the bubble’s interface
(r = a), where it is necessary to use the surface tension ¢ and viscosity u of the
liquid (see (1.3c)) and an equation of state for the gas bubble p,(a) (in particular, the
polytropic law with an exponent «):

pe = (po +2/a0) (a/ag) > (1 <k <), (6.11)

where y is the adiabatic exponent of the gas.

One of the boundary conditions (2.4) on the flask wall (r = R) determines the
external excitation of the system. The initial conditions are determined by (2.6).

Notice that (6.8) is similar in form to the Herring equation (1.4). However in (6.8)
instead of the liquid pressure at infinity, p., the incident pressure, p;, appears.

It is important to note that the incident pressure, p;, is not the same as p.,, nor the
flask wall pressure pr(t). The incident pressure p;, given by (6.10), takes into account
the convergent waves (given by the function ,(t)) coming to the bubble from the flask.

One might suppose that the incident pressure p; corresponds to the pressure of
the liquid at the centre of the flask when there is no bubble. However, this is true
only for the trivial case when the incident pressure is constant (p; = const), i.e. for
free oscillations. For forced oscillations the incident pressure p; is influenced and
compensated by bubble expansion or compression (note the Q' term in (6.9)). In
particular, for the periodic flask resonance regime the liquid pressure at the centre
of the flask without a bubble may be infinite; however p; is always finite (see §9).
It is important to note that the incident pressure p; is calculated only after solving
the coupled problem, ie. equations (6.8)—(6.10), for interacting flask and bubble
oscillations.

7. Inverse problem

Interestingly, using equations (6.8)—(6.10), it is easy to solve the inverse problem;
that is knowing the evolution of the bubble radius a(t) to calculate the required
evolution of the pressure on the flask wall pg(t). The inverse solution is important if
one is to achieve superhigh gas temperatures using non-periodic forcing (Nigmatulin
et al. 1996). In order to obtain the inverse solution it is necessary to first calculate the
incident pressure p;(t) using the linear (relatively to p;) differential equation (6.8):

dpl C d C C " 3.2
— — —Pp1 = —DPa+ —Pa—pP— 2a”). 1
G gl = qPet PP lad 547 (7.1)
Then for the forcing function ,, there is an integral, following from (6.12):
! C ! / /
w0 =5 [ -, (12)
P Jo

and finally, knowing y(t) and Q'(t) = a’a” + 2(d')*, one may calculate the pressure
on the flask wall pr(t) using the difference equation (6.9).

The ‘semi-inverse’ problem is when, knowing the incident pressure p;(t), the evolu-
tion of the bubble radius a(t) and Q'(t) are calculated solving the differential equation
(6.10). Then the evolution of the pressure distribution, p..(t,r), in the external field,
in particular the evolution of the flask pressure, pr(t) at r = R, is calculated using
(7.2) and (5.7):

t+r/c

paltr=pot o [ i) = pldt + 20— /) (7.3
r t—r/c r
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FIGURE 2. ‘Basketball dribbling’ regime exciting of a gas bubble (a9 = 35um) in water (py = 1
bar, Tp = 300K) in a spherical flask (R = 5cm) for relatively small forcing compression pressure
(pX = 2 bar).

Similarly, the evolution of the pressure in the internal field is calculated using (4.4):

adpi(t)  adp, _paddy
C dt C dt 2
The inverse problem solution was used for calculating the flask’s wall pressure

evolution, pg(t), required to give a coordinated non-periodic resonant ‘basketball
dribbling regime’ (Nigmatulin et al. 1995, 1996; Nigmatulin & Lahey 1995). This

pinltr) = pi(0) + + Laay . (74)
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method of excitation allows the system kinetic energy to be progressively increased by
moderate-amplitude forcing of the flask pressure Apg (see figure 2) due to coordination
between the bubble radius evolution a(t), evolution of pressure at local infinity, p..(t),
and pressure at the flask wall, pg(¢).

8. The direct problem

The direct problem is as follows: knowing the evolution of the flask wall pressure
pr(t) or flask wall velocity wg(t), to calculate the evolution of the bubble radius
a(t). In the general case the solution of the direct problem may be obtained by the
numerical integration of the system of partial differential equations (2.1)—(2.5). The
direct numerical simulation of the process of forming the periodic regime for very
small bubbles (a < R) often requires an enormous quantity of computer time.

For the case of long-wave disturbances and weak compressibility of the liquid,
we may use a much more ‘economical’ analytical approach taking into account the
internal asymptotic solution near the bubble and external asymptotic solution far
from the bubble.

An analytical approach to the direct problem follows after differentiating with
respect to time the equation for the flask wall pressure (6.9):

d R R R
O O

Taking into account that (see (6.10))

C
—p3(t) = me — pol, (8.2)

one obtains a recursion formula for calculating the incident pressure p;:

2 2
P (t + ?) = py (t — g) ?Rp'R(t) — gQ” <t — Ié) . (8.3)

This equation allows one to calculate the values of the incident pressure p; at a
later time (¢t + R/C) by using the same pressure p;, the derivative of the flask pressure
px(t), and the second derivative of Q, at earlier times (i.e. t and t — R/C). As a result
if one knows the evolution of the bubble radius during the time period At = R/C (in
particular it may be the state of rest before excitation began) then the last recurrent
equation determines the incident pressure p; for any later time until the flask pressure
is given.

Using simplified expression (6.6) for Q”, for the long-wave and low-Mach-number
approximation, one may write the recurrent equation for the incident pressure as

R
pr (t + C) = pa + D3, (8.4a)
R\ 2R
e e i 4
pi=nr (1= ¢ )+ porido) (8.4b)

2 /
p==2{[p (a0 + 5 )+ ted) )| &+ £ fintadr—pf| (s

t—R/C

Thus the incident pressure consists of two components. The first, p,, is the pressure
corresponding to an acoustical process in the flask filled with a liquid but without
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FiGUre 3. Excitation of adiabatic (k = y) gas bubble (a9 = 10 um) oscillations in a flask (R = 5cm)
filled with water (po = 1 bar, Tp = 300K) when the flask wall produces sinusoidal pressure
oscillations of amplitude Ap% = 0.25 bar, and frequency, f = f3; = 45kHz. (a) Comparison with the
numerical solution of Moss et al. (1994) given by the dotted line. (b) The first few periods of bubble
oscillations. (¢) The periodic regime which corresponds to the resonant case (k = 3 or f = f3).

a bubble. The second, pg, is the pressure due to reaction on the flask’s wall due to
bubble oscillations.

In Moss et al. (1994) a numerical code for partial differential conservation equations
was used to calculate the bubble’s behaviour not only for the bubble implosion stage
but for the long-wavelength and low-Mach-number stage as well. In this numerical
analysis the asymptotic solution of the incompressible liquid near the bubble was not
used. The direct problem was solved for a sinusoidal pressure change on the flask:

P for <0
pr(t) = { po — Apgsinwt  for t >0, R

where Ap% is the amplitude of pressure on the flask wall, w = 2n f is angular
frequency. The bubble radius a(t) was calculated, but only for the first oscillation
and not for the periodic regime, which takes place only after many oscillations have
washed out the initial condition. Significantly, the periodic regime is what is normally
measured in experiments.

In figure 3 the results of our calculations are presented (solid line). The first
oscillation agrees with the Moss et al. (1994) calculation (dotted line). One can see
that the second oscillation differs essentially from the first, the third differs from the
second and so on. For the isothermal behaviour of the bubble, radius oscillations
practically coincide with those for the adiabatic behaviour, with the exception of the
moments of maximum compression: for the isothermal behaviour the depth of the
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collapse is essentially less. And only after many oscillations (t > w~!) does a periodic
regime take place. This is connected with the inertia of the liquid in the flask, ~ pR>.
In fact, it is the mass of the liquid that delays beginning the periodic regime of
pressure at local infinity, p... The delay of the periodic regime of bubble oscillations
after the beginning the periodic regime for p,, is much smaller because it determined
by the virtual mass of the liquid around the bubble, ~ pa* < pR>.

It follows that the most interesting solution should be for the periodic regime.
However, a direct numerical solution of the initial value problem for the periodic
regime is very time consuming.

It should be noted also that heat transfer phenomena in the bubble are of great
importance. The detailed analysis of the temperature effects in the bubble will be
presented in a separate paper (Nigmatulin, Akhatov & Vakhitova 1999a; Nigmatulin
et al. 1999b). Here we provide some estimations to decide if it is possible to use an
isothermal or adiabatic approximation as the equation of state for the gas bubble.

The gas temperature on the bubble’s interface is practically constant and equal to
the temperature of the liquid, Tj. There is a thermal boundary layer near the interface
where the gas temperature varies from Ty on the interface to the bulk temperature
of the gas T, which is varying with time because of the compression or expansion of
the gas bubble.

A well-known estimation of the transient thermal boundary layer thickness in the
bubble is given by

or' = my/vgst, v =1, /(pgcy). (8.6)

Here v{"), 4, pq, ¢, are temperature diffusivity, heat conduction, density and heat
capacity of the bubble gas, respectively, and d¢ is the characteristic time scale of the
process. The heat conduction coefficient depends on the gas temperature (Vargaftik

1972) as
A T\"
Tgo = (To> (o =~ 0.8). (8.7)
g
Taking into account (6.13) and that
T —3(k—1) -3
= (“) 1<wx<yp), P&= (“) : (8.8)
0 ap Pg0 ap

and neglecting by variation of heat capacity (c, ~ const) one can obtain the following
estimation for the temperature diffusivity coefficient:

(T) 3(1.8—0.8k)
L (") . (8.9)
Y ap

g0

Let us estimate the relative boundary layer thickness 677 /a for the bubble with
equilibrium size ay ~ 10> m oscillating in water (vg) = 10°m?s!) with period
to ~ 1073s. For the low-Mach-number stage (6t ~ t, ~ 107°s, a ~ ayp ~ 107> m,
" ~10~m*s™") the relative boundary layer thickness is dr")/a ~ 1 and therefore
the best approximation is an isothermal one (k =~ 1).

For the same bubble (ayp ~ 1073 m) during an implosion, i.e. the large-Mach-number
stage, 6t ~ 107%s, a ~ 107%m, the relative boundary layer thickness is 67" /a < 0.05
and therefore the adiabatic approximation (x &~ y) may be used.
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9. Linear harmonic forced oscillations

A priori it is clear that the problem has two characteristic frequencies. The first
is the circular-flask frequency, wg, determined by the time, tx = 2R/C, for acoustic
wave propagation over the distance 2R from the flask wall to its centre and back; the
second is the circular-bubble free oscillation frequency (i.e. the Minnaert frequency),
Wy

2 c 1 [3x, 3—12
op=2nfr= L =" = = [P ey 22T (9.1)
tr R ag 0 3 agpo

Let us consider the small oscillations of a bubble forced by flask oscillations.
Introducing small disturbances:

Aa=a—ay < ay, Apr=pr—po<po, Apr=pr— Do < Do, 9.2)

and after linearization the equations for these disturbances may be written

d2 d AI)I 1 d
L A+ o, Shatoha=2P0 G p .
17 a+w(""+"C)dt a+w,Aa i pC i p1, (9.3)
2R d 3K,po d
Ap |I+R/C = Ap;‘ —R/C T ?EAPF . C &Aa —R/C G4)

4u p 1 [3K,po
= — , = — 1].
(’7’ pao\ 3k’ 1CTC\ < )

Here it was taken into account, that 1,17¢c < 1.
Let us consider forced steady harmonic oscillations with a given arbitrary frequency
w:

Apr/po = Apr€™',  Api/po = A€, Aajay = A", (9.5)

where A,r, Apr, A, are small relative (non-dimensional) amplitudes of the flask wall
pressure, incident pressure and bubble radius, respectively. We note that the amplitude
of the flask pressure should be given.

Substituting the assumed harmonic solutions (9.5) into (9.3), (9.4) we obtain the
equations for the relative amplitudes:

K, ®?[1 +i(way/C)]
A, =——A4,, K,= a , .
3, oF +iw4(n, + ne)o — w? 0.6)
. [{wR oR wa ioR
Apl Sin <C) = (C> ApR + 3KG’ <TO> CXp (—C> Aa. (97)

Then the response function, which is the ratio of the relative amplitude of the
bubble radius, A,, to the the relative amplitude of the forcing flask pressure, 4,z, may
be presented as a function of the non-dimensional flask frequency, @, related to the
flask resonant frequency, wg:

A, 1 o[l 4 §(d)]

Apr - 3y, sinno + &,n[1 + 6(@)]w exp (—n@)’ ©8)
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FIGURE 4. Amplitude—frequency response functions for harmonic oscillations of the isothermal
(x = 1) bubble (@p = 10pm (w, = 2160kHz), ay = 100um (w, = 206kHz), ay = 500 pum
(w, = 41.03kHz)) in a flask (R = 5cm, wgr = w; = 94.2kHz) filled with water (py = 1 bar).

1=’ tie, —(y+ne)@’

_ w dy R dy nC
w=—, Ea = —, Ep = — = — .
or” R s R \/3iepo/p

Typical amplitude—frequency response functions corresponding to (9.8) are shown
on figure 4 for a flask of radius R = 5cm, which is filled with water. The first flask
resonance frequency (o = 1) corresponds to f; = 15kHz (i.e. w; = 94.2kHz).

For an extremely small bubble, which is small not only compared with the flask
(e« < 1), but even ¢, is small, and bearing in mind that usually n, < 1, e < 1, it
is easy to see that the resonance corresponding to the maximum absolute value of
|Aq/Apr| takes place when sin (m@) ~ 0, or when @ =~ 1,2,3,.... That is, the resonance
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is associated with the flask acoustic resonance, and the bubble does not influence
the value of the resonant frequencies. This means that the ratio of the time of wave
propagation from the flask to the centre and back, 2R/C, to the period of the flask
oscillations, f~!, is an integer number «:

2R/C knC
f_/1=k=1,2,3,... or u):wkz2nfk:n7:kwlg. (9.9)
k

The bubble influences the resonant frequency only when the frequency of the flask
excitation is comparable with the resonant frequency of the bubble, w, (see figure 4
for ap = 100 and 500 um).

It is interesting that away from the bubble resonance zone (Minnaert frequency)
the smaller the bubble the higher the relative response |4,/A,r| (i.e. compare the
curves for ap = 10 and 500 um on figure 4). This effect may be one of the possible
reasons why sonoluminescence has only been observed for very small bubbles (e.g.
ap =4 to 10 um).

It is seen that for frequencies close to the resonant frequencies the amplitude
of the relative bubble radius oscillations, 4,, may be large even for small relative
amplitudes of the flask pressure oscillations, 4,r < 1, because of very large values of
|A4/Apr| (see figure 4). This means that for excitation frequencies close to the resonant
frequencies it is necessary to use nonlinear models when analysing the non-harmonic
response of the bubble radius, Aa, which may take place even for small sinusoidal
oscillations of the pressure on the flask, Apr < po, such as occurs in experiments on
bubble sonoluminescence.

To analyse the influence of the bubble oscillations on the sound field let us consider
the other type of response function, which is the ratio of the relative amplitude of
the incident pressure, 4,;, to the relative amplitude of the forcing flask pressure, A,z:

A wR/C

1
fTZR " sin(wR/C) + (wa/C) exp (—iwR/C)K, (9.10)

It is easy to see that, when ay — 0, the influence of the bubble oscillations on
the dynamics of the fluid vanishes and the response function (9.10) leads to the
well-known solution that corresponds to the standing spherical acoustic wave (see
Landau & Lifshitz 1959):

Ap __oR/C 9.11)
A,r  sin(wR/C)

Here A, is the relative pressure amplitude in the centre of the flask without the
bubble. In the case of flask resonance (see (9.9)) the pressure amplitude is infinite.
However, when aq # 0, the infinite liquid pressure oscillations are compensated by
the bubble oscillations (the denominator in (9.10) is never zero).

10. Nonlinear analysis for the resonant frequencies

For the flask resonance case, when 2R/C = k/f, or o« = wy = knC/R(k =
1,2,3,...), one may write (because of periodicity with period tg = 2R/C)

P (Hﬁ) =p (t—§>. (10.1)
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Then from (8.3) it follows that

2R d 2p d? | R\

—— = —=— ——= 1. 10.2

a0 =E g |2 (t C)_ (102)
After integrating over time one may write

R d [ R\ ]

- _ 1 = i

S ()=o) = 10 (z C)_, (103)

where ¢! is an arbitrary non-dimensional constant.
For the periodic regime excited by the sinusoidal oscillations of the flask wall with
amplitude Apy = A,rpo, at resonant frequency wy = knC/R,

Pr(t) = po(1 + Apg sin (1)) (10.4)
we have
d R . R
a[Q(t)] = pOT {APR sin {wk <t + c)} +1-— c“)}. (10.5)
Keeping in mind that Q(t) = a’d = %(a3)’ one may write after a double integration
of (10.5)
3 RpoA . R R @ ?
A e {—sm {wk <z+ )} +1 +c(3)} 4 =P {Ct—i— (1 —c“))}, (10.6)
3 pw; C p o 2
where we have three arbitrary non-dimensional constants, ¢!V, ¢? and ¢¥). For periodic
solutions it is necessary that 1 — ¢’ = 0 and ¢® = 0, thus
. R 3R*A
a3(t)=a§{1—|—c(3)—sm [wk (t—i—C)]}, al = W/’;Ig;o. (10.7)

3. =alc?, it is necessary that ¢ > 0.
The value of the parameter ¢® should be calculated from the flask radius periodicity
condition.
It is interesting that equation (10.3) for the resonant regime with sinusoidal pressure
excitation on the flask may be rewritten as

R pr(t+R/C) = po
a p '

This equation is valid only for periodic flask pressure oscillations having resonant
frequencies, wy, and it looks similar to the Rayleigh—Plesset equation. However, this
equation has a coefficient 2 instead % in the term with (a’)? and the driving pressure
has the opposite sign. The coefficient (R/a) may be considered as an amplification
factor due to the convergence of the pressure waves from the flask to the surface
of the bubble (i.e. the cumulation effect). It is interesting that the properties of the
gas (y) and the initial conditions (ay and py) are manifested only through the flask
radius or flask velocity periodicity conditions which may be presented as boundary
conditions for (10.8) (also see the discussion of (12.4)—(12.6)).

The solution (10.7) yields a non-trivial and important radius, a., for the maximum
value of the bubble radius, an,,. This radius is a product of ‘large’ flask radius, R,
and a small parameter (Ap%/pC?)"/3, determined by the pressure amplitude on the
flask, Ap%.

It is seen that because a > 0, and a3

ad’ +2(d) = (10.8)
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FIGURE 5. The periodic resonance regime of the isothermal (x = 1) bubble oscillations (ay = 4 pm)
in water (pp = 1 bar, Tp = 300K) in a spherical flask (R = 5cm), when the flask wall produces
pressure sinusoidal oscillations of amplitude, Ap% = 0.005 bar, and frequency, f = f3 = 45kHz.

To have bubble implosion and sonoluminescence in the resonance regime it is
necessary that

3Ap 1/3
Amin K ap K dmax ~ d= = R (thkzpcz> 5 C(3) <1 (10-9)

This means that, for the resonant regime, during an implosion the maximum value
of the bubble radius, ay., does not depend on the initial value of the bubble radius, ay.
Then the maximum radius of the bubble and the compression ratio, feom = a’ ../ afnm,

may be estimated by the formulae a’,, ~ 2al, neom = 2/c®.
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However, the values of the minimum radius of the bubble, a.,;,, and the compression
ratio, #com, calculated here cannot be considered as physically realistic values during
bubble collapse because the implosion period does not satisfy the long-wave and
small-Mach-number approximation. Indeed, the implosion period needs a separate
approach using a suitable numerical code (see §13).

The periodic resonant regime is shown in figure 5. The calculations are given for
the isothermal bubble. For the adiabatic bubble, the peaks of the incident pressure
and the value of the maximum compression at oscillations of the bubble radius will
be considerably less. For their other characteristics, the curves completely coincide.

Let us now consider the problem of periodic resonant oscillations when the dis-
placement, dg, of the flask wall is given as a harmonic resonant oscillation with small
amplitude 6% and resonant frequency wy: ogr = 0% sin (wyt), 0% < R.

For the periodic regime the velocity of the flask wall, calculated by differentiating
equation (5.6) for the velocity potential, ¢,,, yields

Ogwy cos (wit) = %Q <t - Ié) + é {21,0’2 (t— g) + 0 <t— Ig)] . (10.10)

After differentiating this equation with respect to time this equation may be
rewritten as

é[le'z’(t) +0'(1)] = —%Q’(t) — R&%w? sin [wk (r + g)] . (10.11)

Substituting this expression into (5.8) one may write the differential equation for
bubble-radius resonant oscillations excited by flask-wall sinusoidal displacements in
the following form:

ad" +3d” = %, D = Po + pROLw? sin [a)k (t + gﬂ . (10.12)

Here the smallness of the parameter (a/R) was used. That is why the components
entering Q'(t)/R are negligibly small compared with the corresponding components
on the left-hand side of (10.11).

It is interesting that for acoustically resonant harmonic displacement oscillations of
the flask wall periodic radial oscillations of the bubble are described by the Rayleigh—
Plesset equation (for an incompressible liquid) with the pressure ‘far from the bubble’,
Poo» Oscillating harmonically with amplitude ApS, = pRgw} ~ nkAp%.

Here in estimating Ap?, it was taken into account that wi = dgwy is the amplitude
of the velocity on the flask wall and pw{C ~ Ap%. Then coefficient nk determines
the efficiency or amplification factor of the pressure amplitude on the flask Ap% for
the resonance of the kth order. To have bubble implosion and sonoluminescence it is
necessary (but not sufficient) to have Ap® = po, that is

kAp% = Po. (10.13)

11. Kinetic energy evolution for the resonance regime

It is interesting to calculate the kinetic energy of the liquid concentrated near the
bubble, where the velocity distribution is given by (4.2):

L[ 5 5 “wea ? 2 3,32
k= 3 4mr pw- dr =~ 2mp 2 rodr =2mpa’(w,)”. (11.1)
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For the resonant periodic regime equation (10.7) yields

w =a’=a*g 14 ¢® —sin |wy t—i—B .
¢ “dt C
.o, ) R - R
= _Tk {1 + ¢ —sin [wk <t+ C)] } COos [(Dk (H' C)] - (11.2)

Thus the kinetic energy of the liquid, K, may be expressed as
2npaiw} cos? Q R
K = Q= t+—=1]). 11.3
9  {1+4c® —sinQ}!/3 @\t C (11.3)

To calculate the maximum value of the kinetic energy it is necessary to calculate
the derivative with respect to time:

dK _ 2npalw} cos Q[—2sin Q{1 4 ¢ —sin Q} + § cos® Q
dt 9 {14 ¢® —sin Q}4/3 '

Equating this expression to zero, one obtains two equations for optimal values of
K:

(11.4)

cos2 =0, sian—g(l—i-cm)sinQ%—é =0. (11.5)

The first equation and its roots are a trivial solution which corresponds to the
minimum value of the liquid kinetic energy, K = 0. The second equation and its
real root corresponds to the maximum value of K: (sinQ); = 1 + ¢® > 1(sinQ), =
L1+,

Thus the maximum value of the liquid kinetic energy is

dnpalo} 31— e — L)
9 (21 4 cO)}173

It is seen that for bubble implosion, when ¢ < 1, the maximum value of the
kinetic energy does not depend on the constant ¢'® or on the properties of the gas
and initial radius of the bubble aq:

dnpdw?  8.52 (Apy\?
Konax ~ ,09 Lx <pC§> pR3C2. (11.7)

It should be noted that K., is the energy that can be used for compression of the
gas and the liquid at the moment of the maximum compression of the gas bubble.

The characteristic values of the bubble radius a" and the velocity on the interface
w" at the moment of the maximum value of the kinetic energy (sin Q =~ é) are

Kmax =

(11.6)

Ap° 1/3
a" ~093a., w'~—0387a.ap ~ —0.817k!3 (p?;) C. (11.8)

It is interesting to note that for the resonance regime under consideration, the
interface velocity wy at the moment when the bubble radius coincides with the initial

value ay equals
3 12 7 ppo N 1/2
wo ~ —0471wgy | % = —0.260 ( K0 PR ¢, (11.9)
ao ao pC2
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12. Nonlinear analysis for the near-resonant frequencies — small deviation
from resonance

Let us consider periodic oscillations with frequencies close to the resonant fre-
quency:

o=w+Aw, Ao <L w, (w=nkC/R, k=1,2,3--). (12.1)

The periodicity condition implies

) B o t—l—B—k 2n
%) le =1 C 7wk+Aa)
w(“‘”‘"(l a))o((3)
Wy Wy
. R 2rckAw
Wi Wy

, R\ 2nkAw |, R Aw\’
—lp2<t—c>+wkwklp2<t—c)+0<<wk) ) (12.2)

Next, equation (6.9) may be rewritten as

A
pr(t) = po—* {2(15 wwlpé’ (t—§> -0 (t—ﬁ)]
or (12.3)

oy pr(t + R/C) —
Aw I

~

2 W, a

-y (t) = Ao R

o —(ad" 4 2d"%) —

In this case the result depends on a non-dimensional parameter characterizing the
influence of the bubble on the near-resonant oscillations:

This parameter is a product of small (ayp/R) and large (wy/Aw) parameters.
Taking into account (12.3), equation (5.8) may be rewritten in the following form:
Pa—Po @ pr(t+R/C)—py |

" 3 2 // 2 "
Z4d* = - — 2 12.4
aa +2a 5 A ) —l—A R( +2d°)+ — Q (t). (12.4)

The pressure inside the bubble may be greater than the driving pressure (p, — po) ~
wrApr/Aw, thus the first two terms on the right-hand side are dominant terms. If

Sk, (12.5)
w

then the last two terms in (12.4) are small and one can use the approximation that
was used in §6:
2 — « Apr(t+R/C
Y et TS Pr(t+ R/C)
2 I Aw p
Differentiating this expression with respect to time one can derive from (12.4) the
following ordinary differential equation for near-resonant periodic forced oscillations
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of the bubble in the flask:

ad a o\ da , d a oy da 2_ a
(1 C RAw)adt2+<2 2C 2RAw)<dt =\It¢

Pa—Do 1 o R a d o R
X [ . pAwApR <t-|— C)] + oC di [pa—po— AQ)APR <t+ C)] (12.6)
Typical solutions of equation (12.6) are shown on figure 6 for different flask pressure
amplitudes. The figure shows that the oscillations of the bubble radius both for its
adiabatic and isothermal behaviour differ quantitatively, but not qualitatively. The
corresponding curves for the incident pressure and the pressure at local infinity are
given in figure 7. The dependence of an, and an.x on the frequency shift from the
third flask resonance for ap = 4 um and different pressure amplitudes is shown on
figure 8 for the isothermal bubble. The resonant case (Aw = 0) is denoted by the
dark dots. In the vicinity of the flask resonance the curves are given by the dashed
lines and equation (12.6) is not valid.
If should be noted that the near-resonant (Aw < wy) regime, which is described
by (12.6), corresponds to limitation (12.5):
4 B oy (12.7)
R ()%
and is quite different from the exact resonance (Aw = 0, w = wy), described by ana-
lytical solution (10.7). To have the near-resonant regime close to the exact resonance
it is necessary to have extremely small frequency shift:
A0 4 o, (12.8)
Wy R
For single-bubble sonoluminescence experiments with a small bubble (a/R ~ 107%)
the tuning of frequency and other parameters of the system to have exact, or almost
exact, resonant bubble excitation is hardly attainable except when gravity is absent,
since for this case bubble displacement from the centre of the flask is excluded.

13. The peak shock waves emitted by the collapsing bubble

The theory presented in this paper is valid only for relatively slow evolution of
the bubble. During implosion, which comprises only a very small part of the total
period, the approximation of liquid incompressible near the bubble boundary layer is
no longer a good approximation. Estimations and numerical calculations (Lofstedt,
Barber & Putterman 1993; Moss et al. 1994) have shown that during an implosion
the pressure in and near the bubble may be of order 10° bar, the density of the water
may increase by 2 to 3 times, and the interfacial Mach number, M,, may be larger
than unity. This means that for bubble implosion it is necessary to take into account
the nonlinear compressibility of the liquid near the bubble, shock wave formation
and shock interaction both in the liquid and in the gas, convergence of the shock
waves to the centre of the bubble and their cumulation (Wu & Roberts 1993; Moss
et al. 1994). Significantly, shock wave cumulation may generate a superhigh pressure
and temperature near the centre of the bubble. This process must be considered by
a separate numerical (i.e. HYDRO) code based on the partial differential conservation
equations and nonlinear equations of state with plasma and light radiation effects
(Moss et al. 1994).
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FIGURE 6. Excitation of gas bubble (a9 = 4 um) oscillations in a flask (R = Scm) filled with water
(po = 1 bar, Ty = 300K) when the flask wall produces pressure sinusoidal oscillations with the
frequency, f = 46kHz (f =~ f;, Af = 1kHz, Aw = 6.28kHz) and different pressure amplitudes:
(a) Ap% = 0.02 bar, (b) Ap% = 0.03 bar, (c¢) Ap = 0.04 bar. Solid and dashed lines correspond
isothermal (k = 1) and adiabatic (x = 7y) gas, respectively.

Fortunately the numerical code for the implosion period need consider only a
very thin, strongly compressible, liquid boundary layer of thickness ér, = Cdt; ~
10-102 um. On the external surface of this layer, r = a + dr,, the solution presented
in this paper may be used as a boundary condition. Such a strategy can reduce the
time required for numerical calculations by a few orders of magnitude.

The almost ‘catastrophic’ collapse of the bubble during an implosion, induces a
superhigh pressure in the gas bubble, and the rapidly expanding rebound of the bubble
emits extremely short-duration (6t; < 107%s) pressure waves propagating from the
centre of the flask to the wall of the flask during the low-Mach-number stage. These
waves must be considered separately, taking into account the nonlinear compressibility
of the liquid, since the sound speed increases with pressure, which greatly intensifies
attenuation of the shock waves. In contrast, for linear acoustic theory (i.e. linear
compressibility of the liquid) we know that the shock waves attenuate only due to
the spherical divergence.
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FIGURE 7. The same as figure 6 (line ¢) but showing the evolution of the incident pressure
and the pressure at local infinity.

The contribution of nonlinear compressibility to wave attenuation can be under-
stood by considering the nonlinear Boussinesq equation for a simple plane wave
propagating in the x-direction without reflections, with a velocity which is close to
the sound speed, C. The attenuation of the peak of the pressure, pm.x, for a wave
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FiGURe 8. The dependence of an, and apa, on frequency shift from the third flask resonance
(v = w3+ Aw) for ap = 4 um and different pressure amplitudes. (a) Apg = 0.001 bar, (b) Apg = 0.01
bar, (¢) Ap% = 0.02 bar.

having the initial duration, 1°, is given by (Whitham 1974)

max 1 Cc? 1 _d?
Pmax _ Jo=P" p>2pC2 v =

pomax B \ 14 (x//lo)’ .B p?nax’ d 2
Along the direction of wave propagation, products of the amplitude of the wave
and its duration 7 or length A are constant:

(13.1)

PmaxT = PnaxT’>  Pmax/A = Pyax A’ (13.2)

For water having pg,. = 100 bar, and t° = 10~%s, the characteristic length of the

attenuation is A2° = 3mm. This analysis shows that nonlinear compressibility of the

liquid increases the attenuation of the peak waves initiated by the collapsing bubble,
and these peak waves become quite weak before reaching the flask wall.

14. Summary

(i) There are two stages of the bubble’s oscillation process. The first one is a low-
Mach-number stage when the velocity of the bubble’s interface is small compared
with the sound speed in the liquid. The second stage, bubble implosion, is a stage of
very rapid bubble collapse and gas compression, followed by a rebounding expansion.
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During collapse and rebound the velocity of the interface may be comparable to, or
larger than, the local liquid sound speed. Significantly, the low-Mach-number period
takes up almost all the time of the overall process. Moreover, implosion takes place
at, or near, the flask’s acoustic resonant frequency, and takes place in a very short
time (< 1078 ).

(i1) Two asymptotic solutions have been derived which are valid for the low-Mach-
number regime. The first one is an asymptotic solution for the field far from the
bubble, and it corresponds to a linear hyperbolic wave equation of second order. The
second one is an asymptotic solution for the field near the bubble and corresponds
to the Laplace equation for an incompressible fluid.

(iii) The low-Mach-number stage of the forced oscillations of a bubble in a com-
pressible liquid may be described by the Rayleigh—Plesset equation, where the driving
pressure is the pressure at local infinity p,, or the Herring equation, where the driving
pressures is the incident pressure p;. These driving pressures, p.,, and p;, are different
from each other and from the pressure on the flask wall, pr(t). The driving pressures
P and p; may be calculated from the flask-wall pressure evolution pg(t) or from
the flask-wall velocity evolution, wg(t), using ordinary difference-differential equation
having lagging and leading time.

(iv) For the low-Mach-number stage for small gas bubbles (a <1073 m) oscillations

have frequencies of < 10%s~!, which are typical of single-bubble sonoluminescence
experiments, isothermal gas bubble expansion and compression occurs (k = 1).

In contrast, during the implosion stage (5t ~ 107% s) there is transition to adiabatic
compression and expansion of the gas bubble.

During the low-Mach-number stage of gas bubble oscillation in an acoustic field
interfacial heat transfer weakly influences the bubble radius evolution, a(t), but
strongly influences the evolution of gas temperature evolution, T'(t).

(v) The analysis of an initial value problem for initiation of bubble oscillations by
flask excitation reveals a very strong and curious evolution of the oscillations, and
an attempt to obtain the periodic regime using the direct numerical codes based on
partial differential conservation equations is not an effective procedure because one
needs to calculate many evolving oscillations. Fortunately, the periodic process may
be analysed analytically.

(vi) In the case of small harmonic oscillations, the response function, which is
equal to the ratio of the relative amplitude of the bubble radius a to the relative
amplitude of the flask’s forcing pressure pg, depends on the flask frequency w. The
maxima of this function determines the resonance of the bubble oscillations and they
are associated with the acoustic flask resonance (v = wy), when during the time of
pressure wave propagation from the flask to the centre and back an integer number
(k) of oscillations takes place (i.e. 2R/C = 2nk/wy).

It is interesting that away from the bubble’s Minnaert frequency resonance zone the
smaller the bubble the higher the relative response of the bubble to flask excitation.
This effect may be one of the possible reasons why sonoluminescence has only been
observed for very small bubbles (ap = 4 to 10 um).

(vii) For near-resonant frequencies it is necessary to use nonlinear solutions. For
such frequencies the bubble oscillations are not harmonic and implosions may occur
even when oscillations of the flask wall have extremely small amplitudes. This is
explained by the amplification of the convergent acoustic waves initiated by flask
motion.

(viii)) Two near-resonant asymptotic solutions (Aw = w — w; < ;) were found.
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The first one (near the flask’s exact acoustic resonance) corresponds to an extremely
small frequency shift from the flask’s acoustic resonant frequency (Aw/w; < a/R).
For most practical situations this regime is not attainable. Indeed, if one wished to
achieve this resonant regime it would only be possible in a situation in which gravity
is absent, and the bubble does not experience displacement from the centre of the
flask.

The second near-resonant asymptotic solution corresponds to a situation which is
practically attainable: Aw/wy; > a/R.

(ix) The maximum radius of the bubble for the exact resonant periodic regime with
implosion does not depend on the initial radius of the bubble ay and is determined
by (10.7). Interestingly, for a small deviation of the frequency w from the resonant
one wy, the influence of ay may be noticeable.

(x) The amplitude of the pressure at the ‘local infinity’ of the bubble Ap? and the
incident pressure Ap¢ may be much larger than the amplitude of the pressure on the
flask, Ap%. This is due to amplification of the acoustic waves from the flask wall due
to spherical convergence, and this amplification is fully or partly compensated by the
expansion and compression of the bubble. This compensation is especially strong at
resonant frequencies.

(xi) A threshold character is exhibited by either a frequency shift, Ao = v —awy, or a
change in pressure amplitude on the flask’s wall, Ap%, when near resonant excitation.

(xii) For calculation of bubble implosion it is necessary to take into account the
nonlinear compressibility of the liquid, and shock wave formation, but only in a small
sphere within a radius of about ten radii of the bubble (i.e. 10a).

(xiii) The ‘catastrophic’ collapse of the bubble during an implosion causes a super-
high pressure in the gas bubble. The expanding rebound of the bubble and extremely
short time duration associated with this expansion (5t, < 1078 s), causes high-pressure
shocks wave to be emitted, which propagate from the centre of the flask to the wall
of the flask. According to linear acoustic theory this strong shock wave would atten-
uate only due to spherical divergence and would have a high enough amplitude to
strongly shock the flask wall. However, due to nonlinear compressibility of the liquid,
where sound speed increases with the pressure, the attenuation of the shock wave is
very strong, and the shock wave becomes very weak before it reaches the flask wall,
producing only some additional high-frequency ‘noise’.

(xiv) More study of the picosecond processes of shock wave cumulation in the
centre of the bubble and the resultant high gas temperatures is needed. This will
require the use of suitable HYDRO codes and nonlinear equations of state for gas and
liquid.
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P. HUTMATYJIHH,
axademux PAH

OB OIITUMAJIBHOM /10JIE
TFrOCYJZAPCTBEHHbBIX
PACXO/IOB B BBII 1 TEMIIAX
IKOHOMMNYECKOTIO POCTA

B xypnane “Bompockl skoHOMuKH” 6blia OnyGIMKOBaHA CTaThA
A. Wnnapuonosa u H. IIuBoBapoBoit “Pasmepbl rocyiapcTBa 1 5KOHOMHU-
YecKui poct”! ¢ eTaabHBIM OGCYKAECHUEM TOTO, KaK PasMepbl TOCyaap-
crBa (ero gosst B BBII) BausioT Ha TeMIIbl 9KOHOMHYECKOTO POCTA. ABTO-
PbI CTaTbM OTCTaMBAIOT INPABUJIBHBIN Te3uc, uto Poccum Heo6XO0UMO
YCKOpeHHE 9KOHOMHUYECKOTO POCTa, MHaye 110 YPOBHIO KU3HU Mbl HUKOI A
He noronuM gaxe Ilopryranuio, a Kurait nac neperonunt. Taxoii Tesuc sce
YaIe BCTPEYaeTcsl B KOMMeHTapusax o6 skoHommke Poccun. B kauectse
eIMHCTBEHHOTO CHOCO0a MOBBIIIEHHS TEMIIOB 9KOHOMHYECKOTO POCTA aB-
TOPBI IpeJJIaraioT CylleCTBEHHOe COKpallleHHe TOCYIapCTBEHHBIX Pacxo-
JI0B 63 KaKIX-JI160 OTOBOPOK O TOM, IO KAKUM CTAThSIM 3TO HAJ0 AeJaTh.

Cpasy e orMedy, YTo 060CHOBAHUE UMHU JAHHOTO TIOJIOKEHUS OIIU-
60yHO. TeMII 5KOHOMHYECKOTO POCTA eCTh (PYHKIUA MHOTHX II€PEMEHHBIX
u daxTopos. HekoTopbie U3 HUX Ja’ke HEJIb3s1 BHIPA3UTb YUCJICHHO, B
YaCTHOCTH, YPOBEHb YeCTHOCTH B OM3HECE M B TOCYJapCTBEHHBIX OpTa-
HaxX, HallHOHAJIbHbIE TPAAUINK, 6E€PEXITUBOCTD, CAMOYYBCTBUE HAIMH
MHoroe jgpyroe. IlocTpoeHue 3aBuCHMOCTEH SKOHOMWYECKOTO POCTA OT
OZHOIl 4YMCJIOBON TMepeMeHHON (MaKPOIKOHOMHUYECKOIO NapaMerpa) IO
NAHHBIM DA3HBIX CTPaH, XapaKTepU3YIMUXCcs OGOJBIIHIM KOJHUYECTBOM
MaKpOIKOHOMIUYECKIX MAaPAMETPOB U HEYMCJIOBBIX XaPaKTEPUCTHK, BJIM-
AIOMUX Ha 3KOHOMUKY M CYIIECTBEHHO MEXIy COO0W pasmyaionimxcs,
JOJDKHO JaTh U /1aeT OTPOMHBIN pa36poc TOYEK.

OrcyTcTBUE BUAMMOU TEHJEHIIMHM B CTOJb Pa3OpOCAHHOM WM Xao-
TUYHOU COBOKYITHOCTH KCIIEPUMEHTaJbHbIX HaOmomeHuii (Touek) BOBce
He 03HayaeT, YTO PAacCMaTPUBAEMbIi MaKPOIKOHOMUYECKUH TapaMerp He
BJIMsIET Ha TEMII 3KOHOMHYECKOIo pocTa. Takoil ¢popMasbHbBINA U YIIPOIIEH-
HBIIl aHaIM3 (PYHKIUH MHOTHX IEePEMEHHBIX IIPU BapUAIUU OIHON mepe-
MEHHO} 6e3 KOHTDOJISI W yueTa W3MEHEHWS] OCTAJbHBIX MEPEMEHHBIX M
(hakTOpOB HE TO3BOJISET BBIABJSATH 3aKOHOMEPHOCTH. ITO CTaHAApPTHAs
npo6Jema mpu 06paboTKe AaHHBIX (IKCIEPUMEHTOB) BO BCEX HayKax.

'Mnnapuonos A., ITuBoBaposa H. PasMeps! rocygapcTBa U 9KOHOMUYCCKUH POCT. —
Bomnpocer sxonomuku, 2002, Ne 9, ¢. 18—45.
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P. Huemamynrun

Teneppb Heckoabko mogpobuee o ToM, kax A. Wanapuonos u H. IIu-
BOBapoOBa J0Ka3bIBalOT, YTO UMEHHO COKpallleHNe IOCy/TapCTBEHHBIX pac-
XOJI0B fABJSAeTCA (PAKTUYECKU eJUHCTBEHHBIM METOIOM IIOBBILIEHUSI DKO-
HOMMYecKoro pocra. OHM pacrosaraioT 3KCIepUMeHTaIbHbIE TOYKM Ha
Pa3HbIX IJIOCKOCTAX € JBYMS KOOPJAUHATAMU U CTPOSIT KOPPEJSIIMOHHbIE
II0JIsI 1151 IBYX IlepeMeHHbIX. IlepBoil KoopauHaToil (1lepeMenHoit, a6crmc-
COU MJIM APIyMEHTOM) SIBJISIETCS OJMH M3 BaKHEHIINX MaKpPOSKOHOMUYEC-
kux ¢axropos crpansl x; (i =1, 2, ... n). Takumu dpaxropamu (mepemen-
HBIMHU) CJIy’KaT wian rocpacxoabt (i = 1), wan BHyTpenHuii cipoc (i = 2),
unu 6aHkoBckoe kpexutoBanue (i = 3), uau uensr Ha HedTd (i = 4) U
ssiekTpoaHepruio (i = 5), Wi MHBECTHIIMU B OCHOBHOIH Kamutan (i = 5)2.
Bropoii koopaunatoit (0pJuHATOI) SIBJSIETCS TEMIT 9KOHOMIYECKOTO POC-
Ta Y, paccMaTpuBaeMblil Kak TeMil pupocra BBII. DkcmepumenTanbabie
TOYKH HAHOCATCSA AJI BCEX CTPaH, TPYII CTPAaH U OTAEJbHBIX CTPaH 3a
rozipl nocseanero gecatunerns (1992-2001 rr.). Ha xaxaom TakoM rpa-
(buKe UCX0AA U3 MUHUMAJIBHOTO KBAJIPATUYHOTO OTKJIOHEHHS OT HaHeCeH-
HBIX TOYEK CTpouTCst npsiMast (uim mapaGomyeckas) IUMHUSA, “OCpemHSIO-
masa” uam “o6obmaromas” 3KCIEePUMEHTAIbHbIE TOYKH M IPU3BAHHASL
II0OKa3aTh XapaKTep BIMAHMUA OJHOIO U3 YKA3aHHBIX MaKPOIKOHOMUYEC-
K1X (PaKTOPOB X; HA TEMII 9KOHOMHUYIECKOIO POCTA J.

B kavecTBe Mepbl MM XapaKTEePUCTUKH OJHO3HAYHOCTU WJIU Pas-
6poca TOYEK OTHOCHTEJBbHO “ocpemusiomeir” wam “o6obmaiomeit” 1uHINT
UCIIOJIb3YeTCs KO2(PUIMeHT AerepMUHANAN R?, KOTODbIA BbIYMC/IAETCS
KaK eIUHUIla MIHYC CyMMapHO€e OTHOCUTEIbHOE OTKJIOHEHNEe HaOIoqeHui
(3KCIIEepUMEHTATBHBIX TOYEK) OT “OCpPeAHSIoNel” JUHUM U BBLAAETCS
KOMIIBIOTEPOM BMeCTe C “OocpefHsionlel” JTuHUeH.

Jl1 onmKMCcaHHOro NpejCcTaBlIeHNsT QYHKIMH §, KOTOpask MOKET 3aBU-
ceTh OT MHOTHX TepeMeHHbIX x; (1 =1, 2, ... n) , uMeer Mecto cJIeIyronast
MaTeMaTHyecKast meopemd.

1. Ecim pna ogHoro us npejcrasienuit (st ogHOTO U3 rpaduKoB)
y(x;) BesmuuHa Koadduuuenta nerepmunaiuu Bennka (R? > d* = 0,8,
TO ecTb Pa3bpoC TOYEK MaJl), TO MOKHO TOBOPUTD, UTO Takas (popMabHas
CTATUCTUKA BBIABJAET TEHAEHIIIO BJIMSHUS COOTBETCTBYIONIETO MaKPOIKO-
HOMMYECKOTO apryMeHTa X; Ha TeMII 9KOHOMHUYECKOTO POCTA Y He3d8UCUMO
om eapuayuu ocmanrvHolx maxkponapamempos x; (i =1, 2, ... n; i # J),
KOTOpble pa3InyaloTca AJS pasHbIX cTpaH. [[pyruMu cjoBamMu, B 9TOM
cIydae TeMIl 3KOHOMHYECKOTO pocTa (DaKTUYECKH SIBJSICS Obl MPaKTH-
geckn (YHKIME 0HOI mepeMeHHOH y(x;) OT COOTBETCTBYIOMErO MaKPO-
SKOHOMMYECKOTO apryMeHTa X; M IIPAKTHYECKM He 3aBMCeJ ObI OT JPYTHX
MaKPOIKOHOMUYECKUX apryMeHToB x; (i =1, 2, ... my i #7).

2. Eciu Besmmunna koaddunuenta qerepmunanuu Maaa (R? < d,, rae
d« = 0,5, T0 ecTb Pa3époc TOYEK BEJUK), TO BJUSHUE COOTBETCTBYIOUIErO
MaKPOIKOHOMMYECKOTO apryMeHTa X; Ha TeMIT 3KOHOMUYECKOTO POCTa Y He-
OOHO3HAUHO U 3A6UCUT OM 3HAUCHUT BCEX UNU HEKOMOPBIX U3 OCMALLHBIX
Maxposxonomuueckux apeymenmos x; (i = 1, 2, ... n; i # j). Jpyrumu

2B o6cyxaacMoil CTaTbe YTBEPXK/IAETCS OTCYTCTBHE KOPPEJISIIUU MKy HoJei Toc-
pacxonoB x; U 46 IPyruMM 4MCJIOBBIMU IapaMCTPaMH, XapaKTCPH3YIOIMUMU Teorpaduio,
KJIIMAT, IPUPOAIBIC PecypChl, AeMorpadulo, UBepcuUKALUIO HACSTECHUS U aIMUITUCTPA-
TUBHOE JeJelle, CTPYKTYPY SKOHOMUKH, BHEIIHIOIO TOPTOBJIIO.
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O6 onmumanrvroti doae zocydapcmeennbix pacxodos ¢ BBIT u memnax IKOHOMUECKO20 pocmd

CJI0BaMH, B 3TOM CJIy4ae TeMI 3KOHOMHYECKOI0 POCTa ¥ ABJISAETCH (DYHKITU-
eil He oxHOIl mepemenHoit y(x;), a MHOTUX [IePEMEHHbIX, TO €CTb 3aBUCHT U
OT APYTUX MAaKPOIKOHOMHUYECKUX aprymeHToB &; (i =1, 2, ... n; 1 # 7).
Craructudyeckrue pacyerbl, BBINOJHeHHble A. VagapuOHOBBIM U
H. IInBoBapoBoii, He BBIABUIN OJJHO3HAYHOU CBSI3W TEMIIA 3KOHOMIYECKOTO
POCTa 1 KaKOTo-I160 U3 YKA3aHHBIX MAKPOIKOHOMIYIECKUX apryMeHToB. J[s
6oJIbIIell YacTH IMOCTPOeHHbIX perpeccuit (cM. IIpusiokeHne K cTaTbe aBTo-
poB) koaddurment netepmuHaiuy Mas — Menbie 0, 1. Cle0BaTeIbHO, TEMIT
SKOHOMHUYECKOIO POCTa CYHIECTBEHHO 3aBUCHUT OT MHOTUX MaKPOIKOHOMU-
YECKUX [IapaMeTPOB, TO €CTh, KaK OTMEUeHO BBIIIe, ABJIAeTCS (DYHKIIUEN MHO-
I'MX [epeMEeHHBIX (MAKDPOIKOHOMUYECKUX TAPAMETPOB MM apryMeHTOB), a
HE TOJIbKO OT [0/ rocpacxojoB B BBII, kak yTBepxxaaoT aBTOpbI.
ABTODBI CTaThbU IBITAIOTCS OTKPBITh 3aKOH MCXO/S JIMIIb U3 (Pop-
MaJIbHOM CTaTUCTUKH, HE BHUKAS B CYTh MAaKPOOKOHOMUYECKUX MEXaHU3-
MOB, AEHCTBYIOIUX depe3 6osbmoe yucao Gaktopos. A. MimapuoHos u
H. ITuBoBapoBa mosaraloT, 4TO €CJIM OHW He OGHAPYIKMJIU BIMSHUSA Ka-
KOTo-a160 IIapaMeTpa Ha TEMI 9KOHOMHWYECKOTO POCTa, MMes KaskK/[bIii
pa3 OrpOMHBI Pa3dpoc TOUEK, 3HAYUT TAKOTO BJIMSHUSA HET. A He 06HAPY-
JKUJIM OHM 9TOrO BJAMAHHUA IIOTOMY, YTO II0JIb30BAJUCh HETIOAXOSIIIIUMUI
UHCTPYMEHTapueM M MeTOAOM U “3a6bliu” 0 BbIIEyKa3aHHON TeopeMe.
ABTOPBI CTaTby IBITAIOTCSI HANTH €AUHCTBEHHBIA MaKPOIKOHOMHUYEC-
KWl aPTYMEHT, CYIIeCTBEHHO BIUSAIONIMI HA TEMITBI 3KOHOMUYECKOTO POC-
Ta. Ho TakoBOTO €ANHCTBEHHOTO HET, UX MHOTO.
Yro6pr yMeHbINTD pa3épocs! Touek, A. Mnapuonos u H. IInsosapo-
Ba MbBITAIOTCS 060CHOBATDb 3aKOH OTAEJIbHO [IJISI Pa3HBbIX TPy cTpaH (KJa-
crepoB). OnHAaKo 06beIMHEHHbIE MU B IPYIIIHI CTPAHBI JOCTATOYHO OHO-
pozHbl snmb 1o AByM (13 6osiee 4eM MATUAECATH) IapaMeTpaM: YHUCJACH-
Hocty HacesneHud u BennyuHe BBII ma mymy macenenus. Ilo unciaeHHO-
CTM HaceJIeHWS BBIJAENEHBbl YeTbIpe IMOJIOCHI: MeHee 1 MJIH. YesIOBEK, OT
1 MJH. 10 5 MJIH., 0T 5 MJH. 70 20 M. u 6ostee 20 murh. vesosek (c. 27). Ilo
BesuuuHe BBII va nymy - tpu mosocsr: meree 3000 mosr., or 3000 mo
9000 u 6osmee 9000 nonn. B urore Boimesens: 12 rpymn. Poccust monaia B
TPYIIy CTpaH “c 6OJIbINOi YncaeHHOCThIO Haceenus” (Gonee 20 mMuH. ue-
J0BeK) u cpeanuM yposHeM passutus (BBII Ha aymry HacemeHus — OT
3000 xo 9000 mosur.). Ator kaacrep cocrout u3 17 crpan: Tamnang, Mugo-
Hesus, llepy, Aprentuna, Mekcuka, Komym6us, Mapokko, Benecyasia, Vpan,
Typuus, Erunier, Amxup, OAP, Bpasumus, Pymbaus, Poccus n [Tosbia.
Kaxx/ias 13 HUX Npe/cTaBjeHa OJHOW TOYKOH Ha IJIOCKOCTHU C KOOP/JAWHA-
TamMu - Jojs rocpacxonoB B BBII x; u cpegHeromoBoil TeMIT IIpUpocTa
BBII B 1991-2000 . y (cM. puc. 6 B cTaTbhe aBTOPOB, B JJAHHOM TEKCTE CM.
puc. 1). Ilpuuem ana 14 crpan momm rocpacxomos x, pasubl ot 18 mo 35%,
a TeMIIbI IPUPOCTA ¥ COCTABJISIOT OT 2 /10 4%. JIBe CTpaHbI BBITJSAST “U3-
rogMu’ ¢ OTPUIATEIbHBIM IIPUPOCTOM y: PyMBIHUS, TIpeCTaBJIEHHAS [10-
JIeit TocpacxomoB x; = 35% U TEMIIOM mpupocta y = -2%, u Poccus, npea-
CTaBJIEHHAS JIOJIEH TOCPACXOJ0B Xy = 42% ¥ TEMIIOM TIpupocra y = —4%.
W BOT Ha OCHOBaHWM TaKOro MojAGOpa KOMIIBIOTEP CTPOUT “‘mapabo-
ay UnnapuonoBa-ITuBoBapoBoit” ¢ koadduiimenToM gerepMuHaIN, PaB-
ubM 0,82. 9ta mapabosia UMeeT MaKCUMAJIbHBIH TEMTI IIPUPOCTA, PABHBIN
BCero 4%, mpu [0Je rocpacxonoB x, = 20-23%. XO0TsI CyIeCTBEHHO BBIIIeE
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KpuBasi 3aBHCHMOCTH TEMIIOB 9KOHOMHYECKOTO POCTa
OT Pa3MepOB rocyJapcrsa B CTPAHAX CPEJHETO YPOBHS Pas3BHTHS
¢ 60ubmnm Hacenennem B 1991—2000 rr. (716 cmpan)*

.3 Tannauzn & ApreHTHa ®lipan  #Erurer
§ - 4 Vnponesus™  Ilepy Mexcém(a Typuus i
gtf 3 Konym Hf}v[Qa i ® . AP o Bpasmns IMonbmma
§ Eé ’ EHECY3/1A ARUD
Q -
* § ; Pymbians &
[Y] y=-0,02x+0,77x - 3,80 A
553 =082
O Y £ Poccus
-5
10 15 20 25 30 35 40 45

Tocydapcmeennvie pacxoowt ¢ % x BBII
* A — annpoxcumanus 6e3 ydyera mokasaress 1o Iosbiie.

Puc. 1

“mapa6oupr” Haxoputcs Ilosbima ¢ goseit rocpacxoioB x; = 47% u TeM-
oM 1pupocra ¥y = 4%. OaHako, 4To6bI HE TOPTUTH “3aKOHOMEPHOCTH”
ITonpuia, kak He COOTBETCTBYIOIIAST BBIOpAHHON “Teopun”, 6e3 06bICHeHU
or6pacbiBaercs. Ho ¢ HeMeHBIINMI OCHOBAHUSAMY MOKHO GBLIO, OCTaBJISA
“rouxy” Ilospmm, or6pocuts “Touxy” Poccun, koTopast B paccMarpusae-
MOM fAecATUIeTHd Oblla B “HEHOPMAJBHOM COCTOSHHE'. A eciu oTGpo-
cuThb eme U “TouKy”’ PyMbIHMM, TOXe TepeXUBIINEH PEeBOJIOIUIO, TOrAa
3aKOHOMEPHOCTb CTaHET CYLIECTBEHHO APYTOH, & MIMEHHO [0JISI TOCPACXO-
nos B BBII 6 paccmampueaemoii zpynne crpal mpaKTUYeCKH HE BAUSAET
Ha TeMI pocTa sKoHoMuKH (cM. puc. 2).

Ha yposue raxoi “merogomorun” A. Winapmnonos u H. ITusosaposa
JIeJIatoT CJIe IO BbIBOA. “/[ns Poccuu kpumuveckum 3Haueuem el
20CYO0apPCMBEHHbIX PACX0006, NPU NPEGHIUEHUU KOMOPOZO YCIOTIMUBHLLL IKOHO-
MUHECKUTL POCT NPEKPAUAETNCS. U HAYUHAEMCS CNAO, 6bICIMYNAETN YPOBEHD 6
36-38% BBII. Onmumanvhvimu pasmepamu zocyoapcmed, npu KOmMopoLx
obecneuusaemcs MaKCuUMU3AYUs MEMNOE IKOHOMUUECK0Z0 pocmd, Ons Poc-
cuu assemcs noaoca 3navenutl 6 npedenax 18-21% BBIT” (c. 42).

Xorenoch 6bl CIIPOCUTD aBTOPOB, MoueMy [loJsbIina, He caMast OpraHu-
30BaHHAA CTPaHa, B KOTOPOH J[0JIS TOCYAaPCTBEHHBIX PACXO0B COCTABIIS-

Pasmepsl rocy1apcTBa 1 9KOHOMHYECKHUIL POCT
B CTPaHaX CPEJHEro yPOBHS Pa3BUTHS ¢ GOJBIIMM HaceJeHHEM
B 1991-2000 rr. (17 cmpan)*

1 [ Tannanne . Apremgma o Upan eErmer Tlonnima
Unonesus® Ilepy * OT)ﬂzmm *
- ——— JK— G .—Mex(cm(a— ———————————————
9 OIIyM )Mlela oxko® ¢ & Bpasinms B
eHecyaJia * ‘IOAP

Amxnp

Pymbinus

npupocma BBII, %

Cpednezodosvie memnuvi

10 15 20 25 30 35
Tocydapcmeennvie pacxods ¢ % x BBIT

*B - AIIIIPOKCUMAIIUA 6e3 yucTa nokasareJsiell mo Poccun u PyMI)IIII/IH, II0 C yYCTOM

noxasarens no Ilomsime.
Puc. 2
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O6 onmumanvnoi done zocydapcmeennvix pacxodos 6 BBIT i memnax sxoHoMuneckozo pocma

er 47%, MOXET UMEeTh TEeMII 9KOHOMHYIECKOro pocTa 4%, a Poccust He Mo-
xer? A Benp B Poccum u mpu 6oJibliieil J0Jie TOCYAaPCTBEHHBIX PACXO-
JIOB TeMIIbI pOCTa GbLIU BBIIIE.

Hanee A. Mnnapuonos n H. IInBoBapoBa aHAIM3UPYIOT TOUKH TOJIBKO
ana Poccun, Ho 1o rozgam B nepuop 3a 1992-2002 rr. Ha puc. 8 (8 mannom
TeKcTe CM. prc. 3)° ¢ K03 HUIMEHTOM [eTepMUHAINN, YyTh MeHbimM 0,8,
HaMH HaHeceHa “‘OocpeJHsIomas” TpsiMast JUHUS, TIOKa3bIBAIONI[AsI, YTO €CJIH
CHU3UTD JIOJII0 TOCYJAPCTBEHHBIX pacxonos B BBII no 20%, To Temn pocra
BBII no/wken pararbest 19%, a mpu 38% — 6bITh HyeBbIM. Bes ata 3akoHO-
MEPHOCTb OCHOBaHAa Ha TOYKAX, COOTBETCTBYIOIUX OOBAJIBHOMY TPEXJIETHIO
1992-1994 rr. ¢ noneit rocpacxonoB ot 46 10 57% W ¢ OTPUIIATEIBHBIM TeM-
oM pocra (10 ectb co cragom) ot -10 10 ~15% (cM. mTpUXOBYIO MHHMIO A).

TocynapcreenHbie pacxoabl ¥ 9KOHOMHYECKHH POCT
B Poccuu B 1992—2002 rr.

2000*, 1999
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e
({=)
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Texnvt npupocma

A ok
w o

)
=3

o
(=}

25 30 35 40 45 50 35 60
Tocydapcmeennvie pacxodwn ¢ % x BBIT

Puc. 3

Ho B rorgamnem nagenun BBII “BuHoBathl” HE rocygapcTBeHHbIC
Pacxo/ibl, a TaK Ha3blBaeMbIUl “peBOJIIOIMOHHBIN Gectipenen”. Jaee, ecan
B3sTh TOYKM 3a CJeAyoliee “yCIOKouTeabHOe” dYeTbipexyerne 1995-
1998 rr., To TenaeHnus (CM. MTPUXOBYIO JUHUIO B) MPOTHBOMOIOXKHA
“3akoHy” aBTODOB CTaTbhH: MPH POCTE JOJHU rOCPacxomoB oT 36 g0 42%
temn pocta BBII yseanunsaerca (1) ¢ -5% no +1%. damnee uger “moct-
nedoarosckoe” man “mytuHckoe” derbipexsaerre — ¢ 1999 mo 2002 .,
cooTBercTByIouee “sakony” ManapuonoBa-IluBoBapoBoii, HO B eme 60-
nee BbICOKOH cremenu (cMm. mrpuxoByto aunuio C). Ilpuuem ecam ero
SKCTPAINONUPOBaTh, TO IpH 20% TOCYAapCTBEHHBIX PACXOJ0B TEMII POC-
ta BBII Moxer cratp dantactuueckum, paBubiM 17-20%, nake ecau
yY€CTh HeJMHEHHOCTb 3aBUCHMOCTH TEMIIa POCTa OT JOJIH TOCPACXOJ0B.
Bce ato momxHO 6b110 6bI 3aCTaBUTH aBTOPOB ObITh 60Jiee BHUMATEb-
HBIMM TIPH aHaJIN3€ CTATUCTUYECKUX JTAHHBIX.

ITpexxpe yeM JaBaTb KOJIMYECTBEHHBbIE PEKOMEHAAIMU s Poccuw,
HeJIb3s OrPAaHMYMBATBCS TOJbKO CTATUCTHKOW TeX WJIM WHBIX CTPaH, HEOO-
XOJ¥IMO BHHMKHYTb B CYTb 3KOHOMHYECKHX MEXAHWU3MOB, PaGOTaloIIMX B
PasHBIX CTPaHax. JTO MOKHO IIPOUJIIIOCTPUPOBATH HA CJIEAYIONIEM TIPUMe-
pe. ABTOp HacTOAIIeH CTaTbu BMecTe ¢ akajemukamu B. HakopsikoBbiM,
JI. A6ankunbiM, [l. JIbBoBbiM, B. MakapossiM, B. VBanTepoM u ApyruMu
CYUTAET, YTO JJId IOBBIIIEHUS TeMIIa SKOHOMUYECKOTO POCTA B HbIHEUHEL

3Puc. 8 us crathu ABTOPOB AOIIOJHECH HAMUA TPEMA IITPUXOBBIMU JUHHUAMHM, OTpa’Ka-
IONIUMU TPpU IIEepuoa. '

9. "Bomnpockr akoHOMAKH" Ne3 129
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Poccuu HEO6X0JUMO YBEJIMYUTh BHYTPEHHU CIIPOC, TIOBbIIIAsA [0JII0 OILIa-
b1 TPyaa B BBII (x,) 10 50%, a morom u 1o 60%. Ho as pocta sKoHOMUKH
Kuras, nampumep, 3T0 He0653aTeIbHO, XOTA TaM J0J OIIaTel Tpyaa B BBIT
elle HYDKe, YeM B HbIHelIHell Poccun, U cocTaBisieT OKOJIO X, = 20%. [lemo
B TOM, YTO 9KOHOMMKa KuTas opreHTHpOBaHA Ha 06CIyKUBAaHUE MHPOBOTO
PBIHKA TOBapaMu MOTpe6IeHNsT HU3KOH 1 CPeHEH TEXHOJOTMYECKOM CI0K-
Hoctu. Kuraen moker u puBBIK kUTh Ha 30-50 1071, B MecAll. ITO mpe-
MUMYIIECTBO KUTAWCKUX IIPUPOJHBIX YCJIOBUI M TPaAUIUU U IIO3BOJISET
pa3BUBATh HSKOHOMUKY, OPHEHTUDYS €€ HA IKCNOpm ¢ HU3KOM [JOJIed OILIa-
TBI TPy/Jla B CTOMMOCTH TIPOJAYKIIUH, YTOOBI HAa BBIPYYKY OT SKCIOPTa M O]
KPEIWUTHI MOJ] 9KCIIOPT MOAECPHU3UPOBATh CBOM IIPOU3BOICTBA.

Kurait mobexaer Ha MUPOBOM PbIHKE [IeIIeBU3HOI CBOMX TOBapOB B
6OJIBIION CTEIIEHH 3a CYET OYEHD JENeBON, HO “IMOCIYNTHON” U aKKypaTHON
pa6oueit cunbl. To ske oTHOcuTCs U k Tanmany, paccMorpernoMy A. Mina-
puonoBeiM 1 H. IIuBoBapoBoii B rpymiie, kK KoTopoil otHecena Poccusa. Poc-
CUICKUI KUTejb JoJDKeH nMeTh okoso 200 o, B Mecsll, U POCCUUCKAS
5KOHOMMKA He MOKET KOHKYPUPOBATh C KATAWCKON MO 06CTYyKUBAHUIO MU-
POBOTO PBhIHKA TOBApaMU IOTPe6ICHUS HU3KOH U cpeJHell TeXHOJIoruvec-
Kol cioxxkHocTU. B otmmyme ot Kuras B Poccun HezonayeHHoe 3a TPy U
3HAUUTENbHAS YaCTh IIPUPOAHON PEHTBI BMECTO TOTO, 4TOObI MJTH Ha BOC-
IIPOU3BO/ICTBO ITPOU3BOIUTENBHBIX CHJI, IIPUCBAMBAIOTCA HOBOW OypiKyasu-
elf, KOoTopast BCe 3TO TPATHUT Ha IIPeMeThl POCKOIIN MM BbIBO3UT 3a PyOex.

Ixonomuka Poccuu B orsmuue or Kuras pomwxHa “packpyrurbes”
3a cyeT 06CIyKUBAHUST COOCMEEHH020 6HYMPEHHE20 PHIHKA TaKUMHU TOBA-
pamu. IToaToMy Hamo 0COGEHHO 3a00THTBCS O NOOJePXKAHUSL CnpOca Ha
BHyTpeHHeM pbiHKe. Cero/iHs B KOHKYPEHTHOI 60pb0e Ha MUPOBOM PBIHKE
Poccust mMeeT IIaHC 3aBOEBATb TOCTOMHOE MECTO TMOJbKO 6 CeKmope Sbl-
COKOMEXHOL02UUHOL TIPOAYKIIUKE ¢ GONBIION 0016t UHMENNeKMYA/bHbLY
sampam. TloTepsiB BbIIECTOBAHHBIE NOCTETHUMH CTOJIETUSIMM 06pa3oBa-
HHUE U HayKy, pa3pymus co3jaHHble B XX CTOJIETUM “KPOBBIO M IOTOM’
HAIIeTO HAPOJa BBICOKOTEXHOJOTMUHbIe oTpacau (4ro BiacTHas “aiauta’
Poccun jenaer ymopHo 12-# rox moapsin), Poccus moTepsier n maHc Ha
BBIXO/l Ha MHPOBO# PBIHOK, U CTAaTyC BEJUKOM /[eP>KaBbl, U CBOM IIPUBbIY-
HbII YPOBEHD KU3HU, U CBOIO IIUBUIN3ALMKIO.

OnHaKo BaXkHa He TOJBKO 10J1st omaTsl Tpy/aa B BBII, Ho u ee cTpyk-
Typa WM PaBHOMEDHOCTDb €e pPacIpe/Ie/IeHNs, XapaKTepusyemasi, B JacT-
HOCTH, JelIbHbIM KosdduimenToM. Eciu moBbIIaTh HOJIIO OIIATHI TPY-
Jla ¥ JOJIO JOXOAOB TOJBKO OTHOCUTEJNBHO GOraThIM JIOJAAM, TO 3TO HE
YBEIMYUT CIIPOC Ha OTEYECTBEHHYIO IPOAYKIMIO — 6orarpie GyayT MOKY-
naTh MMIIOPTHbBIE TOBapbl. BaskHa U CTPYKTypa IPOM3BOANTENbHBIX CHIIL.
B 1980-e roap! mosst OMIATBI TPy/Ja y HAc CTaja BBICOKOM — Ha yPOBHE
x, = 50-60%, HO OHa HE COOTBETCTBOBAJIA TOTAALIHENR CTPYKTYPE IIPOU3BO-
JUTEeJbHBbIX cui. AHOMaabHO 6OJIbIIAS [JOJSI IIPOU3BOAUTENbHBIX CHJI, B
TOM 4mcIe 1 omaunBaeMoro Tpyaa (oxoso 40%), 6bia 3ansaTa He B cde-
pe MPOM3BOCTBA TOBAPOB MOTpe6IeHus, a B chepe BOEHHOU MPOIYKIINHL.
Ho Bce 60% BBII, BbIIIaueHHBIX HaceIeHNIo B Buje AeHer (BKJIOYas U
TeX, KTO IIPOU3BOUI “HETOBapHOE” OpY»Kue), OHO HAIPABJIAIO Ha IIOKYTI-
Ky TOBapOB IIO0TPe6JIeHNs, KOTOPBIX ObLIO MEHbIIIE, Y€M [ICHET Y Hace/IeHus,
U CTpPaHa >KWJIa B YCJIOBUSX IIOCTOSTHHOTO JeUIuTa.
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O6 onmumarstoti dose zocydapcmsentbix pacxodos 8 BBII u memnax IKOHOMUMECKOZ0 POCA

ITpu HbIHeImHe#l CTPYKType IIPOM3BOJCTBA, KOTJa JOJS 3aHSITHIX HA
BOEHHBIX 3aBOJaX CyIIeCTBeHHO cHu3uaach, 50-60% BBII, otnaBaembix Ha-
CeJIEHUIO B BUJIe 3apILIAThI, SBJSINCH ObI OJIM3KIMU K ONITUMAIBHOMY, UTO-
6bI IIEPEOPUEHTUPOBATh UMEIOIINECS TIPOU3BOAUTENbHbBIE CHJIbI HA BBITYCK
TOBapoB NoTpebsenust. MIMeHHo Takas mossl “3actaBut”’ HaceseHue pabo-
TaTh APYT Ha Jpyra, MMEHHO K TaKOH /10Jie, XapaKTepHOH, KCTaTH, JIs HH/Y-
crpuanpbix crpat (B CIIIA ona pasua 70%), Hano crpemutbes. Koneuno,
AJIs TIpeIOTBpallleHus] HEeKOHTPOJHpyeMol uH@JAnuN u o6sana py6is
HeoOXO/IIMO BbITECHEHUE JI0JI/IAPa U3 OT€YeCTBEHHOU (DMHAHCOBOMU CHCTEMBI,
a Ha HavyaJIbHOM STaIle CJIeyeT IPUHUMATh MEPBI [/ 3aIlUThI OTEUECTBEH-
HOTO IIPOU3BOJUTEJIS OT UMIIOPTA TOBAPOB U M3OBITOYHOTO SKCIIOPTA CHIPDS.

OTH IPUMEPbI CBUAETENbCTBYIOT O TOM, YTO MPHU UCCJIENOBAHUN CTa-
TUCTUYECKHUX JaHHBIX HAJI0 BHUKATh B CYyTb BOIIPOCA, KOPPEKTHO aHAJIN3U-
poBaTh BJIMAHUE BCEX CYI[ECTBEHHBIX MaKPOIKOHOMUYECKUX I[TapaMeTPOB
u ycaoBuii. VI TOJIbKO 1Ocsie 3TOTO IeIaTh BbIBO/IBI.

BeccniopHo, cokpamaTh n36bITOUHBIE PACXOBI TOCYAaPCTBA HEOOXO/IU-
MO, H60 OHU JIOKATCsI OpeMeHeM Ha 9KOHOMUKY. EcJii 9KOHOMUKY paccMat-
pHUBaTh B OTPbIBE OT XM3HU OOINECTBA M TOCYAApPCTBa, TO JI06G0E COKpalle-
HHME HaloroB — 6Jar0 JJIs1 SKOHOMUKU. JTO a30ydyHas MCTHHA, KOTOPYIO
A. Wnnapuonos u H. IIuBoBapoBa eme pas MOATBEPIKIAIOT HA IPUMEPE
oTze/bHbIX cTpaH. Ho sxoHOMuKa cBsidaHa ¢ 06IIeCTBOM, TOCYAAPCTBOM, TIPU-
POAHDBIMU YCJIOBUSIMUA U COLMAJIBHON KU3HBIO OOIIECTBA, TEOTIOJUTHIECKUM
noyoxeHueM. CBoeo6pasne BceX ITHX CBS3EH U YCIOBUI OTpENeNsieT IJIst
Ka)k/I0#l CTPaHbl CBOIO ONTHUMAJBHYIO JOJIIO0 TOCYAAPCTBEHHBIX PACXO/0B B
BBII. Kcraru, ais ceBepubix crpan (Kanazst, Hopseruu, ITsermy, OumisH-
auu) OHa Bcerza Bbime. KoHeuHo, HEOOXOAMMO COKpaIaTh TOCY/1apCTBEH-
Hble PacXOlbl Ha COoep KaHne GI0POKPATHYECKOro ammapara. AKTyaJeH u
IPU3BIB 06 WX CHIDKEHUM HA a[IMIHUCTPUPOBAHUE B 9KOHOMUKE, TeM 0oJjiee
YTO CErofiHsl B KOPPYMIIMPOBAHHOW TOCYAapCTBEHHOU cucteMe Poccun oHO
ype3BbrYaitHo HeahdexTuBHO. OHAKO COKPAIIEHUIO TAKOTO AJMHUHUCTPH-
POBaHUsI, OTKa3y OT MHOTOMIJLIHApAHBIX cy6cumuii B JKKX, “mapror”, Head-
(peKTUBHBIX COIMAIBHBIX MPOTPAMM JOJUKHO TPEAIIECTBOBATD [TOBBIIIEHNE
qouu omarel Tpyna B BBII, yTo6pr HacesieHne MOTJIO OILIAYMBATD KOMMY-
HaJIbHbIE YCIYTH, TPAHCIIOPTHBIC TAPUMdDI, TPOIYKTHI MUTAHUS U T.[., IPHU-
4yeM 6e3 BCSIKHUX JI0TAIUH, PACIIUPSAIONINX TI0JI€e /11 6I0POKPATHYECKON /Ies-
TeNbHOCTH. 3apaboTHAs TJIaTa POCCUSHUHA B MECSIT IOJKHA OBITh HE MEHb-
e opueHTupoBouHO crommoctu 400 kr xseba mim 6000 kBt-u anextpo-
sneprun. Ho g 3T0T0 Hy>KEH HOBBIN 3KOHOMUYECKUH OPSIOK.

IIpu HbIHEmHEM cocTOsTHUU Poccuu ciienyer yseauuueams rocynap-
CTBEHHBIE PACXOJIbI HA COAEP KAHIe apDMUH, TIO/IeP>KaHTe TIPABOTIOPSIKA, HA
o6pa3oBaHue, 3PAaBOOXPAHEHNE, HAYKY U KYJbTYPY, UHAUE MBI Pa3pyIINM
Halre rocyapcrBo. lesaTh 3T0 HaI0 He IIyTeM YCUJIeHUs HaJOTOBOTO IIpec-
ca Ha peaJbHyI0 3KOHOMMKY C BBICOKOH [IOJIEN TPY/IOBBIX 3aTpar, a 3a CyeT
Pa3yMHOTO YBeJMYEHUST HAJOTOB Ha CBePXA0X0abl 6orathix. Heobxomumo
KpaTHOE ITOBBIIIEHNE OTYHCJIEHIH TOCYyIapCTBY IIPUPOJHO-PECYPCHON peH-
TBI, HAJIOTOB HA COOCTBEHHOCTD “‘3JIUTHOrO” KJjacca U T.1.

B zaxsioyenue ciefyer OTMETUTH, YTO PEKOMEH/AIMM HAyYHbBIX pa-
GOTHUKOB B 00JIaCTH MaKPOIKOHOMUKH Poccum [OJKHBI IPOXOAUTH 6O-
Jiee TIIATEJbHYIO MPOpaboTKy U 06CYyKIeHeE.
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Abstract

This paper presents the specific features of violent vapor cavitation bubble implosion induced by an energetic acoustic standing
wave in the Oak Ridge National Laboratory (ORNL) experiments performed using deuterated acetone [Taleyarkhan, R.P., West,
C.D., Cho, J.S., Lahey Jr.,, R.T., Nigmatulin, R.1., Block, R.C., 2002. Evidence for nuclear emissions during acoustic cavitation.
Science 295, 1868; Taleyarkhan, R.P., West, C.D., Cho, J.S., Lahey Jr., R.T., Nigmatulin, R.l., Block, R.C., 2004. Additional
evidence of nuclear emissions during acoustic cavitation. Phys. Rev. E 69, 036109]. A detailed description and analysis of
these data, including a resolution of the criticisms that have been raised, has been dilgmatulin et al. [Nigmatulin, R.1.,
Taleyarkhan, R.P., Lahey Jr., R.T., 2002. The evidence of thermonuclear fusion D + D during acoustic cavitation. In: Vestnik
ANRB, No. 4. Ufa, Bashkortostan, Russia; Nigmatulin, R.I., Taleyarkhan, R.P., Lahey Jr., R.T., 2004. The evidence for nuclear
emissions during acoustic cavitation revisited. J. Power Energy 218-A,&8wb] ahey et al. [Lahey Jr., R.T., Taleyarkhan,

R.P., Nigmatulin, R.1., Akhatov, I.S. Sonoluminescence and the search for sonofusion. In: Advances in Heat Transfer, vol. 39.
Academic Press, in press].

The results presented in this paper are found based on the numerical simulations of the bubble implosion phenomena. A
more detailed description of the equations for the mathematical modeling of the phenomena has beerNigraatoyin et al.
(2005)
© 2005 Published by Elsevier B.V.

1. Introduction ulations for single bubble sonoluminescence (SBSL)
forced by a standing acoustic field with a frequency
The results of detailed HYDRO code simulations of 20-40 kHz, and amplitude of about 1 bar, were con-
of the spherically symmetric dynamics of a non- sidered. In this case, a non-condensable bubble grew
condensable gas bubble in an acoustic field were from a radius of about 4/5m to about 44.m during

presented byoss et al. (1994, 1996)Typical sim- the acoustic expansion phase and then imploded to a
radius of about 0.8m during the acoustic compres-
E-mail addressnigmar@anrb.ru. sion phase. During the final stage of bubble implosion,

0029-5493/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.nucengdes.2005.02.017
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which lasts only about 1@ ps (out of the 50-25.s
acoustic driving period), a shock wave may be initi-
ated from the interface, which accelerates towards the
bubble’s center. This shock wave intensifies (i.e., cu-
mulates) toward, and reflects from, the center of the
bubble, compressing and heating the gas there to very
high pressures and temperatures. Also at this instant,
a high density, ionized gas core is formed near the
bubble’s center. According to Moss’ calculations, the
radius of this core is about 18 m, and the extreme con-
ditions last for a time interval of about 1&-10-19s,

The temperature of the ions in the core attain a density
of pmax~ 10 g/cn?, and temperature Gfnax~ 1P K,

while the temperature of the electrons that define the (3)

light emission, and many of the energy loss mecha-
nisms, was about three times less.

We note that such large temperatures in the highly

compressed central gas core of the bubble are accom-
plished by the conversion into the gas internal energy
of a part of the kinetic energy of the liquid, which is ac-
celerated towards bubble’s center by the acoustic field.
The higher the liquid’s kinetic energy, the stronger
the compression and heat-up of the central core
region.

The goal of the ORNL bubble fusion experiments

(Taleyarkhan et al., 2002, 20Pdas to achieve at least

a two orders of magnitude increase in peak tempera-
ture (i.e., to~10° K) compared to typical sonolumines-
cence experiments, thus creating conditions suitable for
thermonuclear fusion. In order to achieve this, a fun-
damental change in experimental technique was made,
which allowed one to increase many times the kinetic
energy of the liquid accelerated toward the bubble’s
center thus greatly enhancing the effect of cumulative
shock wave compression. In particular:

(1) An order of magnitude higher amplitude of the

standing acoustic field was used, namely: instead
of the traditional 1-1.5bar used in SBSL exper-
iments, more powerful acoustic fields with am-
plitudes of 15bar or more were applied. To do
this one was forced to overcome two difficulties.
First was to find a test liquid, which could be put
into significant tension (i.e515 bar) before cav-
itation, which was induced at the proper moment
of acoustic rarefaction using high-energy neutrons.

R. Nigmatulin / Nuclear Engineering and Design 235 (2005) 1079-1091

(2) Unlike SBSL, where non-condensable gas bub-

bles are used, in bubble nuclear fusion experiments
vapor cavitation bubbles were used. That is, the
bubbles formed were filled with vapor of the sur-
rounding liquid. For vapor bubbles the cushioning
of the implosion due to the increasing pressure of
the compressed vapor can be minimized. That is,
due to vapor condensation at bubble’s interface,
as the vapor bubble implodes the vapor pressure
stays essentially constant until the final stage of
collapse. This greatly reduces the cushioning of
the vapor compression process and increases the
peak pressure, density and temperature.

The test liquid used at ORNL was well-degassed,
deuterated organic liquid acetones{@O). Each
molecule ofp-acetone contains six deuterium nu-
clei, which may undergo thermonuclear fusion re-
action at high enough temperatures and densities.
Acetone also possesses high cavitation stability;
thatis, it can withstand high-tension states in liquid
without premature cavitation. Moreover, organic
liquids, such as acetone, also have relatively high
accommodation (i.e., condensation/evaporation)
coefficients, which, together with a sufficiently low
liquid pool temperature, promote intensive vapor
condensation during bubble implosion. In addi-
tion, due to a relatively high molecular weight,
M (M =64 for p-acetone), and low adiabatic ex-
ponenty (i.e., y=1.125 for acetone vapor), or-
ganic vapor has a fairly low speed of souldi(=
~/(yR/M)T), which, for fixed liquid implosion
speeds, leads to the formation of stronger shock
waves than in some other gases and vapors of po-
tential interest. In addition, a low promotes a
higher maximum compression in the shock wave
within the bubble ¢ + 1)/(y — 1).

In this paper we present a mathematical model
that describes and explains the experimental obser-
vations at ORNL of thermonuclear fusion for an im-
ploding cavitation bubble in chilled, deuterated acetone
(Taleyarkhan et al., 2002, 2004

The equations include gas dynamic equations
with thermal conductivity, realistic equations of
staté¢ for the liquid and vapor acetone taking

Second, to create and focus such intense acoustiC 1 The equations of state used herein were derived by R. Bolotnova

fields within a small region of the test liquid.

(RAS).
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into account inter-molecular or inter-ion interactions plosion during the compression period of the acous-
(Zeldovich and Raizer, 1966; Walsh and Rice, 1957; tic cycle similar to single bubble sonoluminescence

Nigmatulin, 199}, equations for non-equilibrium

(Margulis, 2000; Moss et al., 1994, 1996; Nigmatulin

evaporation/condensation kinetics at the liquid/vapor et al., 1999a,b; Lahey et al., in press

interface Nigmatulin, 199), dissociation, ioniza-

There are two basic stages of the process

tion and other related plasma physics phenomena (Nigmatulin et al., 1999a)bThe first, low Mach num-

(Zeldovich and Raizer, 196@luring the final stage of

ber stage, is when the radial velocities are much less

bubble collapse. A more detailed discussion of these than the sound speeds in the vapor and liquid. In this

models is given bNigmatulin et al. (2005)

In order to estimate the production of fusion neu-
trons, the neutron kinetics model given buderstadt
and Moses (1981)Gross (1984)mndBosh and Hale
(1992)was used in conjunction with the local, instan-
taneous HYDRO code’s thermal—-hydraulic evaluations
during the bubble implosion process:

1 2
Jn = Jr = Z{ov)(np) (1.1)
where J, and Jr are the numbers of 2.45MeV D/D
fusion neutrons and tritium nucleus, respectively, pro-
duced per unit time and unit volumep the concen-
tration of the deuterons per volume unit aad) is the
weighted cross section for the fusion reaction, which

stage, the vapor pressure is uniform and very close to
saturation and the liquid is practically incompressible.
This process is characterized by the inertia of the liquid,
heat conduction and evaporation or condensation of the
vapor. The second, high Mach number, stage is when
radial velocities are the same order or higher than the
sound speeds in the vapor and liquid. In this stage, high
temperatures, pressures and densities of the vapor and
liquid may take place. During the final stage strong
compression and shock waves are initiatbthgs et

al., 1994, 1995 They converge toward, and reflect
from, the center of the bubble. For a vapor bubble in a
deuterated organic liquid (e.g., acetone), during the fi-
nal stage of collapse there is a nano-scale region (diam-
eter~100 nm) near the center of the bubble in which,

strongly depends on temperature. The number of D/D for a fraction of a picosecond, the temperatures and

thermonuclear neutrons or tritium nucleus produced
per implosion period of the acoustic field may be cal-
culated by integration over the volume of the bubble
and the time of the period 2w, of the acoustic field:

2/w a a
N:/ dt/ 4r? Jy dr=[ Ny dr;
0 0 0

2n/w
Ni(r) = 4rr? / Jndt, (1.2)
0
whereN;(r) is the distribution function of neutron pro-
duction within the bubble.

The equations of a two-phase bubbly liquid
(Nigmatulin, 199) for analyzing the pressure inten-
sification process within an imploding bubble cluster
were also used.

A one-dimensional spherical symmetrical approx-

imation was used to analyze the implosion process.
Evolution of the disturbances of the spherical shape of

the imploding bubble was also investigated and valid-
ity of the spherical approximation was verifidchhey
etal., in presp

This model describes cavitation bubble growth dur-
ing an expansion period, followed by a violent im-

densities are extremely high-(0° K and~10 g/cn?)
such that thermonuclear fusion may take place.
Numerical HYDRO code simulations of the bubble
implosion process for the experimental conditions used
have been carried out. The results show good agree-
ment with the ORNL experimental data on bubble fu-
sion that was measured in chilled deuterated acetone
(Taleyarkhan et al., 2002, 20p4
To distinguish the parameters of the different phases
and components, subscript ‘k’ will be used, where k=L
denotes the liquid and k=G denotes gas/vapor. Sub-
script ‘'S’ will be used to denote the saturation (va-
por/liquid) state (e.gps, oLs, pcs) and subscript ‘0’
will be used for the initial {= 0) state at rest (e.ggo,
Po, To, pLO, PGo). The subscripta’ denotes the param-
eters on the interface (i.e.=a) of the bubble 5, Ta,

PLa, PGa)-
2. Cavitation bubble clusters in an acoustic field
In the ORNL experimentsTaleyarkhan et al., 2002,

20049 the impressed standing acoustic field acted on
a cluster of bubbles consisting 61000 bubbles.
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The initial radius of the bubble cluster was around p, bar
R~4mm. The measured pressure amplitude of the 12001
acoustic field (e.gAp=15 bar) was the incident pres- ] r=0
sure on the periphery of the bubble cluster but not on the
bubbles nearthe center of the cluster. The bubblesinthe L ... } ......
central region of the cluster may be subjected to a much '
higher compression pressure than the peripheral bub-
bles because of multi-bubble dynamics. This dynamics ;-
induces a significant amplification of the compression /P\

wave (Nigmatulin, 199). For a spherical bubble cluster
the focusing and intensification of compression waves 1 r=03R
was investigated numerically byWang and Brennen
(1994) Matsumoto (200Q)Shimada et al. (200Gnd
Kedrinskiy (2000) The two-dimensional amplification 50+
of the compression waves in bubbly liquids were also
investigated byNigmatulin et al. (2001)

In our investigatiof a spherical bubble cluster with
spherical bubbles, which is surrounded by a non-
compressible liquid subjected to harmonic incident . i
pressure oscillations in a standing acoustic wave field 0 5 10 15 20 tus
(Ap=15bar) was considered. It is the low Mach num-
ber stage that is important for the accumulation of the Fig. 1. The evolution of liquid pressure within an imploding bubble
kinetic energy of the liquid. cluster at different radir, (shown by the corresponding labels), for a

The cluster was considered as two fluid continua clusterwith 1000bgbb|ea&=300meandaGo=0.042)subjectedto

. . - ) . a 15 bar compression pressure on the boundary of the bubble cluster

with two pressuresNigmatulin, 199). The first one is r=R).

an averaged, or macroscopic, pressure in the liquid,

which can be identified as the incident pressure for the the pressure and concentrates it during a short period

bubbles. The second one is the pressure in the bubblespf time.

PG.

Numerical calculations were made when the cluster

(Ro=4mm) was initially uniform with void fraction 3. Bubble coalescence within the cluster

aGo=0.04 corresponding to 1000 bubbles of radius

ap=300um. Then on the boundary of the bubble clus- Investigation of the incident pressure evolution in

ter (r =R(t)) the incident pressuregt), corresponded  bubble clusters being forced by the acoustic pressure

to the compression part of a sinusoidal excitation with field shows that the rarefaction in the clusteris less than

amplitude 15 bar. A compression wave propagated to the incident acoustic pressure15 bar), but the com-

the center of the cluster initiating compression of the pression impact of the incident pressure is much higher

bubbles. The compression wave was led by an elasticand of shorter duration (s&&g. 1). During the smaller

precursor with sound speég{ in pure liquid. Then rarefaction period the maximum bubble radius in the

the main wave followed initiating the collapse of the cluster reaches only 100-306n. This is too small to

bubbles. InFig. 1, an evolution of the liquid pressure have an effective cumulation of the compression wave

p(t) at four radial positions within the cluster=R, in the bubble and to produce a thermonuclear central

0.6, 0.3R, 0.0. It is seen that the reflection of the core in the imploded bubble.

waves from the center of the cluster, where the radial  One of the possible mechanisms leading to larger

velocity is zero, produces very strong amplification of bubble sizes is coalescence of bubbles. Thus, let us
estimate the time, which is needed for the interior bub-
bles to coalesce. The bubble coalescence process in the

2 This investigation was done by N. Vakhitova (RAS). bubble clusters is controlled by liquid film drainage
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dynamics between adjacent bubbles. Eventually, the which corresponds to the acoustic forcing in the exper-

film drainage is driven by surface tension forces and is
limited by liquid inertia. Our estimationdNfgmatulin

et al., 200% show that the time, which is needed for
the liquid film to drain sufficiently to have bubble co-
alescence, is-2 us. That implies that bubbles within
an expanding bubble cluster have sufficient time to co-
alesce.

It was estimated that during the growth phase of
the bubble cluster, about 10-20 small bubbles (with
radiusa;) coalesce forming larger bubbles of radius
a=600-80Qum. This size bubble provides effective

iment.

Since the liquid pressure can strongly increase when
the acoustic wave interacts with the bubble cluster (see
Section3) we assumed two compression laws. The first
one is that the incident pressupg, for the bubble un-
der consideration in the central region of the cluster
varies according to the same sinusoidal form g4 ih)
but, due to pressure intensification mechanisms, with
higher amplitude Ap2 =50 bar, during the compres-
sion period.

The second compression law used the pressure

focusing of the subsequent shock waves leading to ther-intensification shown inFig. 1L This compression

monuclear conditions in the central region of the im-
ploding bubbles. If there were initially 1000 bubbles

impact on the bubbleafax=600-80Qum) is much
shorter At~1-5us) but is also much stronger

in the cluster after coalescence we would have 50-100 (Ap~ 100-1000 bar).

larger bubbles, which would be compressed by the pres-

sure transient within the cluster shownhig. 1
The wave lengthA, of the initial disturbances to

the spherical shape of the large bubbles due to the co-

Fig. 2 presents the time evolution of the bubble’s
radius,a; interface velocity, d/dr = a ~ w,; vapor
massmg; uniform pressure in the bubblgg; the den-
sity pg(r =0) and temperaturég(r =0) at the center

alescence of many small bubbles is on the order of the of the bubble, for a single cycle of bubble growth and

size of small bubbles& (i.e., these disturbances are
relatively short wave disturbanced,~ 2a; « 2a). It
has been showrNjgmatulin et al., submitted for pub-

implosion during the low Mach number stage.
Fig. 3presents the time evolution of the bubble ra-
dius,a; wall velocity, w| , = a; pressurepy a; density,

lication) that these disturbances do not grow because p| a; temperatureJ_ 4, on the interfacer(=a) during

of the liquid viscosity and surface tension. As to the
long wave disturbancesA(~ 2a) they do not disturb
the spherical shape of the bubble during implosions if
theinitial value of the perturbatioa®, is small enough
(Nigmatulin et al., submitted for publicatigin

8a°/2a < 1072, (3.1)

4. Implosion of the bubbles

To simulate the ORNL experiments ©éleyarkhan
et al. (2002, 2004 single cycle of the vapor bubble
dynamicsin D-acetone under the influence of a periodic
acoustic field was consideré@he impressed pressure
was given by

p1 = po+ Ap1 sin(Zrwt);
Ap1 = 15bat

po = lbar
(4.1)

3 All calculations in this section were made by A. Toplnikov
(RAS).

the final stage of bubble implosion at high Mach num-
ber.

On the curves(t) (Figs. 2 and 3some points (i.e.,

1, 2,...,8) are marked. Below the corresponding mo-
ments are denoted iy i=1, 2,..., 8.

The maximum values of the velocity, pressure, tem-
perature and density of the liquid are on the inter-
face, and they reachy , ~2km/s, pLa~ 0.5 Mbar,
TLa”~2500K, pLa ~ 2200 kg/n? ~ 2.5p, . The dura-
tion around this state of the interfacei%—10ns.

Temperature distributions during bubble expansion
and early collapse (the microsecond stage) are char-
acterized by a very thin temperature boundary layer
in the liquid near the interface due to a rapid drop
of the temperature on the interface during expansion
of the vapor changing to an extremely fast increas-
ing temperature on the interface during the implosion
thatinduces compression of the vapor. The thickness of
this boundary layer may be estimateddy~ +/D\ 1,
whereD| ~0.13x 10-5m?/s is the thermal diffusiv-
ity of the liquid acetone. A drop in the temperature at
the interface Ta ~ Ts(p)) takes place because of bub-
ble expansion until ~ 30 s, which givess| ~ 2 pm.
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Fig. 2. The vapor bubble parameters (radius of the bulablmterface radial velocityg; mass of the vapor in the bubbleg; pressurepg;
densitypg(r = 0); temperatur@g(r =0) in the center of the bubble as functions of time for the low Mach number (microsecond) stage. Dots and
their numbers 1-4 correspond to timgs(n=1—4;t; = 31.9us, t, = 38.0p.s, t3 =41.7us andts = 41.9us), which are mentioned in the text.
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Fig. 3. Evolutions of the bubble radiua, interface radial velocityg; liquid parameters at the interface during final nano-second (high Mach
number) stage of bubble implosioti € 41.9932us is the time corresponding to the minimum bubble radius). Solid dots and opened circle and
their numbers 5-8 correspond to timgs(n=5—-7, 8;ts =t° — 15 ns,ts =t° — 1.9 ns,t; =t° — 0.78 ns~ t* andtg =t°), which are mentioned in

the text. The open circle 8 corresponds to the minimum bubble radius.
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But the divergent flow of the non-compressible liquid
(whena(t) is growing) makes it even thinner (i.e., pro-
portional toa—2), thus:
a(r)\ 2
oL ~ (a—0> VDt (4.2)
Actually, we haves_ /a~ 10~3. Thatis why the temper-
ature profile in the liquid looks like a jump adjacent to
the interface. The bubble collapses atteand the in-
terface temperatur@,, increases rapidly during only
about 4us. The thermal boundary layer, with liquid
temperature falling from the interface, would be about
three times thinner, but the spherically convergent flow
(whena(t) is getting smaller) makes it thicker and pro-
portional toa~2.

The thickness of the temperature boundary layer
in the compressible vapor i8g~ +/Dgt (wWhere
Dg~53x 10 m?/s is a temperature diffusivity of
the vapor), and during bubble expansion (i.e., until
t~ 30us) the thickness of the temperature boundary
layer when the temperature in the vapor falls from the
interface to the center of the bubble is much thicker:
3c ~40pm. However, the rapid contraction of the va-
por with the growth of the temperature takes place dur-
ing t~1pus, and the thickness of the boundary layer
in the gas with the temperature falling to the interface
becomes very thin as in the liquid (i.8g ~ 7 pm).
Subsequently, non-uniform profiles of temperature in
the gas and in liquid are formed.

A critical point at the interface takes place at
the momentty=t° — 70ns (i.e., 70 ns before the ra-
dius of the bubble is minimal) when radius of the
bubble,a~ 110um, velocity of the interfacew,, =
weq ~ —800m/s and pressure in the bubble are no
longer uniform, but there is not yet a shock. At this

1085

(Moss et al., 1994 Significantly, the corresponding
mass of the compressed gas (vapor) i3-10° times
larger than in typical SBSL experiments.

At momentt ~ t3 the pressure distribution becomes
non-uniform (i.e., the homobaricity assumption is no
longer valid) and intensive continuous compression oc-
curs when the pressure at the interface ) is 3.7
times larger than at the center of the bublole Q). Af-
ter that (less than 042s later) the formation of a strong
continuous compression wave takes pladesaty. Af-
ter less than 60 ns this wave is transformed into a strong
shock (jump) at~ts.

The intensity of the shock (i.e., the pressure, tem-
perature and velocity after the shock) increases on its
converging to the center of the bubble, but the ratio of
the density after the shoclo{) to the density before
the shock f_) tends to a maximum valuéé&ndau and
Lifshitz, 1988; Rakhmatulin, 1993which for molec-
ular acetone vapor with a low adiabatic exponent of
ym=1.125i$:

_vmt1

- (pi) —170.
P—)max  Ym—1

However, after the shock a continuous compres-
sion wave follows to the center of the bubble. The
compression shock wave with the trailing continuous
compression wave qualitatively corresponds to the self-
similar solutions for the spherically symmetrical flow
of a perfect gas converging to the origin from infin-
ity (Guderley, 194pwith a leading shock wave. This
theoretical solution gives the intensity of a converging
shock wave with the pressure and temperature tend-
ing to infinity at the moment of the reflection from the
center. However, dissipation processes due to viscosity,
dissociation, ionization, photon emissions and thermal
conductivity mitigate the compression process so that

P+
o—

(4.3)

moment condensation stops because the liquid and va-the pressure and temperature remain finite.

por temperature on the interface becomes supercritical

(p> per=46bar,T > T¢, =508 K and there is no longer
any difference between vapor and liquid.
During the subcritical phase of the bubble implo-

The leading compression shock wave is focusing
and approaching the bubble’s center at time moment
t=t7, and a trailing compression wave, which is much
stronger, reaches and reflects from the center at time

sion more than half of the evaporated vapor mass t=t;+0.28 ps (i.e., during a fraction of a picosecond).
(mg~260ng) condenses. The final mass of vapor The calculations show that it is in this time interval

(mec ~100ng) after the transition to a supercritical (i.e., 0.28 ps) when the maximum neutron production
fluid remains constant and the bubble keeps on con-

tracting froma=~ 110p.m to the minimal bubble radius
amin ~ 24 (seeFig. 3), as compared to the mini-
mum radius of 0.3—m in typical SBSL experiments

4 The maximum values of compression by a shock wave for

monatomic {m =7/3) and diatomic gasyf, =7/5) equal 4 and 6,
respectively.
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is produced. During this time, reflections of these waves the dissociated gas core is about LrB and the ra-
from the center and interaction with each other takes dius of the fully ionized gas core is about 200 nm. The

place.
A thermal precursor is formed before the compres-

sion shock due to the increased thermal conductivity

with temperature (i.e., the thermal conductivity in-
creases a3'?), and it becomes important near the

dissociation and ionization takes place in these regions
less than 2 ns aftey.

The state of the dense plasma with extremely high
temperature and density that can produce thermonu-
clear fusion T~10®K, p~10g/cn?), takes place

bubble’s center when the shock-induced temperature only in a very small zone, <60 nm, near the center

is higher than 19K. This precursor increases the tem-

of the bubble of radiua~ 27pum. Thus, it is neces-

perature and pressure but does not cause fluid motionsary to use a very fine computational grid in the central

(i.e., w ~ 0) and change of density. In contrast, ar-
rival of the compression shock initiates a high-speed
flow (w>100km/s). As a result the thermal precur-

zone.
The distribution of the neutron production function,
Nr(r) in Fig. 4, shows that the zone<5 nm does not

sor smears the shock wave front somewhat when the produce many neutrons and thus this zone does not
pressure and temperature fronts are ahead of the denheed to be considered in detail (using grids smaller

sity and velocity shock which is called an “isother-
mal jump” (Zeldovich and Raizer, 1966; Landau and
Lifshitz, 1989.

The numerical calculations show that neutron emis-
sions originate from the central zone of the bubble,
which has a radius of about 60 nrRig. 4). There is
a radiusy =r*, where the maximum neutron produc-
tion, N; (see Eq.(1.2)), takes place. This maximum
is explained by the interplay of two factors: closer to

than 0.1 nm).

Mathematically, the kinetics of the cumulative neu-
tron emissionN, is a numerical convolution of the sin-
gularity atr =0 at the moment of the reflection of the
shock wave from the center, where the temperature is
near infinite. This convolution makes it possible to cal-
culate numerically by finite deference equations the
neutron emission in spite of a temperature spike at the
bubble’s center.

the center of the bubble the maximum temperature and  The values of the parameters at the location of the

density are larger, but there is less material there (i.e.,

the multiplier isr? in Eq. (1.2)for N;) and the time du-
ration is shorter. This maximum corresponds to a radial
coordinate™®, which equals™* ~ 27 nm. The radius of

0.12'+

0.081

Nr, nm-1

0.04=

IS SRS A | ]
40 60 80
r,nm

[

20

Fig. 4. The radial distribution of neutron outpl(r). The thick line
depicts an ionized vapor and the thin line a non-ionized vapor.

maximum neutron production are denoted by super-
script *";

=10 r"),  p"=ptr),

oF = p(t, r*). (4.4)

Besides the initial moment of the time=(0), when
the growth of the bubbles was initiated, two other mo-
ments of the time are important. The first was the
momentt® =41.9932 ns when the bubble reaches its
minimum radius &=amjn), and the second moment
was at timet* =t° — 0.7823 ns t7 (seeFig. 3), when
the temperature at the radius of the maximum neutron
(and tritium) productionr(=r*) reaches its maximum
value (™ = Ty The time relative to this moment,
(t—t*), in picosecond and sub-picosecond intervals is
shown inFig. 5. In this figure, the evolution of density
o*, pressure*, temperaturd™ atr =r* are shown.
According to these calculations the evolution of the
density of the gas in the central core takes place in five
stages. The first stage-{ t* is from —42 to —15u.s)
is a homobaric relatively slow expansion wheg
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Fig. 5. Temporal distributions of density, pressure and temperature of the gas corresponding to the radial location of maximum neutron production
(r =r*) during subpicosecond high Much number stage.

falls from pg=0.25kg/n? t0 pmin=0.13kg/n¥. The monatomic gasy(=5/3) due to a shock wave is only
second staget {t* is from —15us to 0.0) is arela-  (0+/p—)max=4. The fifth stage occurs at=r* about
tively slow continuous accelerating compression when 0.2 ps later than the fourth stage. During all these five
oG grows from pmin=0.13kg/n? to paq=4.8 kg/n?. stages the compression of the gas in the central core is
This stage is practically isentropic (i.e., adiabatic). The Vvery large,pmax/ omin~ 77,000.

third stage is the compression due to the leading shock ~ The calculations show that the focusing of the
wave (labeled by Sh iffig. 5 where the density in-  shock wave leads to an extreme rise of density (to
creases by a factor gfsy/pad= (0+/p_)max=17. The  aboutp* ~10* kg/m®), pressure (up tp* ~ 10* bar)
fourth stage is a compression pf9/psh~5.9 due  and temperature of the vapor/plasriia{- 2 x 1% K).

to a continuous (during a 0.2 ps) time interval com- Moreover, the maximum particle velocity near the
pression wave after the leading shock wave. This is bubble’s center reaches® ~ 600 km/s, and this state
similar to the Guderley solution. The fifth stage is a takes place during onlat* ~0.05-0.1ps, so that the
large Compressiowmax/p("') ~ 24 due to the interac- displacement of plasma particles' At* ~30nm, is
tion of the reflected leading shock wave from the center very small. Indeed, it looks almost like “infinite speed
with a following continuous compression wave in the (w*=0c) during a zero time intervalAt* = 0)".
monatomic plasma. This stage is of very shortduration,  Itisimportantto note that the number of the nucleus
At®) ~0.05ps, but it is not a compression by a single in the thermonuclear core always exceed®. Thus,

shock wave because the maximum compression of athe highly compressed core region may by analyzed
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using a continuum approximation, however, the ther- (i.e., condensation) coefficienty, significantly de-

mal conductivity should reflect the ion/ion interactions,

creases the number of the emitted D/D thermonuclear

and that it is thus much larger than the molecular ther- neutrons (e.gN~ 1-2 neutrons/bubble/implosion for

mal conductivity.
The calculations show that D/D thermonuclear fu-

sion takes place during about 0.5ps. For the sinu-

soidal incident pressure evolution withp; =15 bar
andAp, =50 bar this procedure gives:

N =~ 3 neutrons per bubble perimplosion (4.5)

When there is no ionization, we obtai~ 3.7. A
more realistic evaluation of the incident compression
pressure in the center of the bubble cluster Sgel)
yields:

N = 12 neutrons per bubble perimplosion  (4.6)

Moreover, the calculations (sd€g. 6) show that
increasing the liquid temperature froffg=273K

to To=293K, or the use of a small accommodation
4 1200
a |
600~ A ~F60
{ 5
b Ke]
iy
E 400 40
3
2004 -20
PI
T R e | 0
0 10 20 30 40
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1200
(@]
c
£ 800-
T =273K
4oo~
1 H T H 1
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tus

TLo=293K, o~ 0.2), which corresponds to experi-
mental findings Taleyarkhan et al., 2002, 2004 his
seeming paradox can be easily explained. For higher
pool temperatures the saturation pressure is higher (i.e.,
ps(293 K)= 3.5 ps(273 K)), thus the mass of the va-
por generated during bubble expansion is a few times
larger than at 273 K. Also, vapor condensation is re-
duced since the liquid pool is not as cold. As a result
the pressure of the vapor during the compression of the
bubble becomes higher than for a cooler liquid pool and
the final interface velocityw , ~ a, which ultimately
creates the compression wave that moves toward the
bubble’s center, is lower.

As noted previously, the incident pressure evolution
in the bubble cluster (Sectiod) due to the external
acoustic pressure field shows that the rarefaction in the
cluster is smaller thar-15 bar, but the compression

é, km/s

10 100
a, us

1000

a=02-1.0

84

Fig. 6. Influence of the pool temperatuik § = 273-293 K) and accommodation coefficiemt50, 0.05-1.0) on the evolution of bubble mass
(mg), interfacial velocity &(a)) and neutron productiorN). The cluster dynamics for the enhanced incident presgyrevas used in these
calculations (se€ig. 1). Numerical labels correspond to various value3ef anda.
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of the incident pressure is much higher and shorter in cluster, and pressure amplification within the cluster,
duration (seé-ig. 1). During rarefaction the maximum is accompanied by the formation of a strong compres-
bubble radius within the bubble cluster reaches only sion shock wave cumulating (focusing) toward the cen-
100-30Q.m, which is too small to generate thermonu- ter of the bubbles. This shock wave reflects from the
clear conditions in the imploded bubbles. However, centerofthe bubble producing extremely highlocal ve-
during the growth phase Secti@shows that about  locities w* ~ 1000 km/s), and a hoff{ ~ 2 x 108 K),
10—20 bubbles may coalesce forming relatively large dense = ~10g/cn?), high pressurept ~ 10 bar)
bubbles of radius 600-8Q0m. This size bubble pro-  plasma core of radius Or< ~ 60 nm, having~10'2
vides sufficient focusing of the compression wave, and nuclei. This extreme state lasts for only a very short
produces the thermonuclear conditions in the central time (= ~10-13-10"12s). If this core is comprised
core of the bubbles shown Fig. 5. For 1000 bubbles  of a deuterated hydrocarbon vapor during this state,
in the bubble cluster, after coalescence there would be thermonuclear D/D fusion can take place, producing
50-100 larger bubbles. Those in the central region of about 10 fast (i.e., 2.45 MeV) neutrons and an equiva-
the cluster will be impacted by the incident compres- lent amount of tritium.
sion pressure, which is much higher than on the periph-  Some important features of the bubble nuclear fu-
ery of the bubble cluster (sé€g. 1), and gives rise to  sion process are:
conditions which produce the D/D neutrons.

Thus, the average amount of emitted neutrons from (1) The cold liquid effeet-where relatively small vari-

the strongly imploding D-acetone vapor bubbles in a ations of the liquid pool temperature strongly influ-
cold liquid pool Tp=273K) is about 10 neutrons per encesthe acceleration of the liquid and the intensity
acoustic cycle for the experimental conditions. Accord- of the thermonuclear fusion reaction.

ing to the experiment data daleyarkhan et al. (2002, (2) The bubble cluster effeetwhere multi-bubble
2004)the Pulsed Neutron Generator (PNG) operated cluster dynamics produces a significant amplifica-
with frequency 200 Hz and it caused up to 50 energetic tion of the liquid pressure within the bubble cluster
bubble cluster implosions per second, which generated compared with the incident pressure of the im-
D/D neutrons. Each energetic implosion was followed pressed acoustic field.

by about 50 acoustic cycles induced implosions (i.e., (3) The coalescence effeetvhich promotes the for-
bounces), which also caused D/D neutron emissions mation of larger bubbles within the bubble cluster

(Nigmatulin et al., 200p If we assume that the bub- having radiusanax=600-80Qum. This allows a
ble cluster contains-15 strongly collapsing bubbles high cumulation of the shock wave near the center
which each produce about 10 neutrons per implosion, ofthe bubble producing conditions in a central core
we get the following number of emitted D/D neutrons region of the imploded bubbles which are suitable
per second: for D/D fusion.

(4) Non-dissociation of the liquie-where, in spite the
0, ~50x 50x 15x 10~ 4 x 10°n/s, 4.7) high pressures experienced $2a bar), the lig-

_ _ uid has insufficient time for dissociation (10 ns).
which corresponds to the experimental value. In any This is why the liquid is much less compressible

event, it is clear that the predicted conditions within than implied by an equilibrium adiabat, which cor-
|mplod|ng bubbles are suitable for D/D thermonuclear responds to more than a microsecond of compres-
fusion. sion. Thus, extrapolation of first part of D—U shock

adiabat should be used for the estimation of com-
pressibility of the liquid.
5. Conclusions (5) “Cold” electrons—where during the extremely
short time of the ultra-high compression process
Our theoretical and numerical analyses have shown  (10712-10"12s), the electrons have little time to
that the acoustically-forced implosion of vapor bubbles be heated by the ions. Thus, the heat capacity of
of radiusamax~ 600-80Qum in a bubble cluster due to the gas/vapor is~2 kJ/kg instead of the equilib-
a 15 bar incident acoustic pressure around the bubble  rium heat capacity of completely ionized plasma,
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(6)

~8kJ/kg. This causes the temperature of the ions
to be four times higher than for an equilibrium
plasma, which, in turn, results in conditions suit-
able for thermonuclear D/D fusion. Moreover the
relatively “cold” electrons do not produce signifi-
cant energy losses by radiation emissions.
Multiscale Phenomenrathe energetic collapse of
the bubbles is a multi-scale phenomenon with the
final sharpening, where during the different stages,
different physical phenomena, spatial and time

scales, dominate the process. These physical pro-
cesses are: heattransfer, evaporation, condensation

and transition from a two-phase mixture to a super-
critical fluid. The transition from an incompress-
ible liquid and a homobaric pressure distribution in
the vapor (this stage takes most of the time of the
process (i.e., 41.ms from 42us), to high compres-
sion of the liquid and to shock wave phenomena
in the gas (0.3.s in duration), dissociation, ion-
ization and finally to thermonuclear fusion con-
ditions. The spatial scales are the following: the
acoustic field’s scale is10~? m, the bubble clus-
ter's scale is~10~3m, the bubble’s size scale is
~10°-10"%m, the dissociated and ionized core
scale is~10~'-10"m, and the thermonuclear
core scale is 16°—10-" m. The time scales are the
following: the evaporation and condensation time
scale is~107° s, the compression wave time scale
is ~107%s, the dissociation and ionization time
scale is~10?s, and the thermonuclear reaction
time scale is 10'>-10-13s. The numerical code
must vary the equations to accommodate the dif-
ferent physical phenomena and use different size
grids and, based on the Courant number, differ-
ent time stepsAt=10""-10"1s). To clarify the
process in the tiny central thermonuclear core, this
zone should use cell sizes aff =101%m for a
bubble of radius 10° m. The same problem exists
for the thin boundary layers near the interface. Ob-
viously, this is a computational challenge and thus
these HYDRO code evaluations must be carefully
done.

The thermonuclear fusion process that occurs in
imploding cavitation bubbles takes place within a

R. Nigmatulin / Nuclear Engineering and Design 235 (2005) 1079-1091

(7) Three-dimensional  phenomenrahree-dimen-
sional analysis of the shape of the bubble supports
the assumption of a spherically symmetrical flow
(i.e., shock wave) for creating the concentration
of the energy in the interior of imploding bubbles.

All these effects are crucial for the prediction of the
thermonuclear reaction’s intensity.

In addition, to achieve nano-scale thermonuclear fu-
sion it is important for the liquid to have:

e A high atomic fraction of deuterium atoms in the

molecule (in D-acetone it is 6/10 = 60%).

e A high molecular weight (i.e, low sound speed in
the vapor) and high condensation (accommodation)
coefficient (for D-acetonéyl =64 ando ~ 1).

e A low saturation pressure of vapor (which can be
achieved due to a low pool temperature).

e Small non-linear compressibility of the liquid.

¢ High cavitation strength of the liquid.

It is important to note that heavy water {D) is
not very appropriate for use in cavitation bubble nu-
clear fusion experiments because of its low molecu-
lar weight M =18), low accommodation coefficient
(¢~ 0.05-0.07), relatively high non-linear compress-
ibility and relatively low cavitation strength.

It is also not appropriate to use laser-generated bub-
bles in bubble nuclear fusion experiments because this
process forms relatively few large bubbles (i.e., there
are not many bubbles in a cluster), these large bubbles
may not be spherical and they have comparatively large
vapor mass, which does not permit the surrounding lig-
uid to reach a high kinetic energy because of cushioning
by the uncondensed vapor. High condensation rates of
the vapor is required to minimize the cushioning of the
implosion, and this, in turn, allows the kinetic energy
of the liquid to be effectively transformed into internal
energy of fluid in a small central plasma core region.
These appear to be the main reasons@wisler et al.
(2004)were not able to obtain D/D neutron emissions
during laser-induced cavitation experiments in heavy
water.
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