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H3znooicena nocmanoska 3a0auu MamemMamuiecko20 MOOeIuposanus acmpopusue-
CKUX CMPYIHBIX 8bLOPOCOG U3 OKPECMHOCHIEl KOMRAKMHbIX 00beKkmos. Paccmomperl
MAZHUMO2UOPOOUHAMULECKU U PAOUAYUOHHBIU NOOX00bl K 0OBSICHEHUIO PA3TIUYHBIX
ceoticms 6b16pocog. Chopmynuposarvl 06e MOOeIbHbIE 3a0ayU 8 PAMKAX MASHUMO-
2UOPOOUHAMUYECKOU U PAOUAYUOHHOU MACHUMOUOPOOUHAMULECKOU NOCMAHOBOK,
NO36OIAIOUUE NPOBECIIU CAMOCOTIACOBANHOE MOOETUPOBAHUE NPOYECCO8 POPMUPO-
6AHUSL, PA3GUMUSL U YCKOPeHUsL 0dcemos. TIpusedennvl pe3yismanmol YUCIEeHHO20 UCCe-
008anUsl NOCMABIEHHBIX 3A0aY, deMoHcmpupyiowue hopmuposanue u dPoexmusHoe
PAOUAYUOHHOE YCKOPEHUe KAHATUZUPOBAHHO20 CMPYIHO20 8blOPOCA.
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Mathematical modelling problem is stated for astrophysical jet outflows from the
neighborhood of compact objects. Magnetohydrodynamical and radiation approaches
explaining various properties of the outflows, are considered. Two model problems
are presented within the framework of magnetohydrodynamical and radiation-
magnetohydrodynamical statements in order to carry out self-consisted modeling of
the processes of jet’s formation, development and acceleration. Numerical research
results are given for the problems under consideration. The results demonstrate
formation and efficient radiation acceleration of a canalized jet outflow.
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Beenenue. B actpodusuke u, B 4acTHOCTH, B INpoliieMe MPOHUCXO-
KIACHUST OUTIONIIPHBIX CTPYHHBIX BHIOPOCOB METOJ MAaTeMaTUYeCKOTO MO-
JEUPOBAHUS W BBIYMCIUTEIHHOTO JKCIEPUMEHTa MPEICTaBIsACT COOOM
OIVH U3 OCHOBHBIX MHCTPYMEHTOB HCCIIENOBAHUSA IIPUPOLI U MEXaHU3MOB
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Puc. 1. M300paxkenue qxera ranakruku M87, mosyuenHoe teneckonom Xaoou [S]

MIPOIIECCOB, MPOTEKAIOUINX B 3BE3IHBIX O00BEKTaX. JTO 0OCTOSATEIHCTBO
MIPOIMKTOBAHO, MPEKIE BCEro, TEXHNUECKONH HEBO3MOKHOCTHIO HAOIIOATh
[EHTpajbHbIe 00NMAcTH acTpoU3UYECKUX cucteM. B momHoil mepe 3To
OTHOCHUTCSI K HCCIICJOBAHUI0O MEXaHH3MOB (YHKIIMOHHPOBAHUS CHCTEM,
nopoxkaarommx Jpketsl [1, 2]. Pa3spemienne COBpEMEHHBIX TEJIECKOTIOB
MO3BOJISIET 3a)UKCUPOBATh JIMIND C(HOPMHPOBAHHBIN BBHIOPOC M 00JAKO
CBETSILErocsl ra3a, B KOTOPBIM MOTPYKEH KOMITAKTHBIN OOBEKT, 4be Ipa-
BHUTAIMOHHOE TIOJIE SIBIISIETCS. OCHOBHBIM IOCTABIIMKOM JHEPTUU CTPYH.
OcHoBaHHE JKEeTa, UMEIOIIee XapaKTepHbIE pa3Mephl MOPsAKa HECKOIb-
KHX TMapceK, OCTaeTcs Hepa3peIIeHHBIM.

B TO ke Bpemsi OTCYTCTBUE JOCTOBEPHBIX HAOIIOAATEIBHBIX JTAHHBIX O
[EHTPAIBHBIX 00JAaCTIX YCKOPSIOMIEH PKET CHCTEMBI ONMpPEACTseT CIelH-
(uKy NPUMEHEHUs METO/Ia BBIYUCIUTEIBHOTO SKCIIEPUMEHTA B MOJOOHBIX
3amauax. [IpeagmeToM MoaenupoOBaHUs CTAHOBSATCS HE CTOJNBKO YUCIICHHBIC
rapaMeTpbl HAOMIONAEMBIX SIBJICHHI, UX KOHKPETHBIC M TOYHBIC COOTHOIIIC-
HUSI, CKOJIbKO Ka4eCTBEHHBIC XapaKTEPUCTUKU HAOIIOIAeMBIX MPOIECCOB.
3amaua BBIYMCIUTENLHOTO JKCIEpUMEHTa — HccienoBaHue (PPEeKToB U
MEXaHHU3MOB, C OJTHOW CTOPOHBI, MO3BOJISIONIUX OOBSICHUTH MOTydyaeMbIe

aCTPOHOMaMHU JIaHHBIE, & C IPYTod —

4 mronst 2003 aJIEKBAaTHBIX YCIOBUSIM 00pa30BaHUs
BBEIOPOCOB.
o - CrpyiiHbsle BBIOpOCH HaOIIOMA-
= T IOTCSL B acTpOpU3NYECKUX OOBEKTaX
A
CaMBIX pa3HBIX KJIaccOB — OT TIpO-
Caertitbie
Cocrme VPO oGmacri TO3BE3]] U MHUKPOKBA3apoB (HAmpu-
obnacti Mep, B JIBOWHOW 3BE3IHON CHCTEME
l SS433 [1, 3, 4]) no saep aKTHBHBIX
7 urois 2003 vy B
v el raJlakTUK (HalpuMep, B SJUTUITHYE-
=g = .
O ckoit ramaktuke M87 [5], puc. 1).

Crpyss KeTa COCTOMT M3 OBICTPO
JBIDKYIINXCSL 3apsDKEHHBIX YaCTHIL,

Puc. 2. Pesyabrarel HaOmonenni cucre- CKOHICHTPHUPOBAHHBIX B Y3JIbI pa3Me-
mbl SS433 Ha Tesieckone VLBA [6] pom 10 10 cBeToBBIX JeT (puc.2), n
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HMeEeT BUJI KOHyca € YIVIOM pacTBopa okojo 6°. CKOpoCTh TeUeHUs Belle-
cTBa B ukeTe rajgaktuku M87 nocturaet 0,8c¢ [7], rme ¢ — CKOpOCThb CBeTa,
a ckopocTh Beniectsa B JkeTe SS433 opueHntupoBouHo 0,26¢ [8]. Mox-
HO YTBEPKJaTh, YTO KOJUJIMMHUPOBAHHBIE TOTOKH BEIIECTBA COMPOBOXKAAIOT
3Be3/Ibl B TEUCHHE BCEro IMpoIliecca WX IBOIIOLNHU KakK Ha (aze poxaAeHUs,
TaK U B KOHIIE ABOJIOIMUOHHOTO MyTu. OHM HaAOMIOOAI0TCs B BUAEC MPOTS-
KEHHBIX CTPYKTYpP YpE3BBIUAHHO Pa3HOOOpa3HON MOP()OIOTHH U, KaK OBLIIO
YCTaHOBJIEHO TOJIBKO B TIOCJIETHEE BPEMSI, CBSI3aHbBI CO 3B€3/1aMU PA3IMYHBIX
CHEKTpaJbHBIX TUIMOB. [103TOMY B yKa3aHHOM BBIILIE€ CMBICIIE MaTeMaTH4e-
CKasi MOJIeTh (MJIM MOJIEJIHM) CTPYHHOTO BBIOpOCA JTOJDKHA J1aBaTh OTBET HA
CJIEAYIOIIUE BOMPOCHL.

1. KakoB MexaHH3M KOJUIMMAIlMU MOTOKA I1a3Mbl OT 3BE3HOI0 00BEK-
Ta, IOYEMY PacTBOp CTPyH cocTaBisgeT MeHee 10°7?

2. KakoBa npupo/a BbICOKOH (cyOCBETOBOI) CKOPOCTH BBIOPOCA, BIIOTh
1o ckopocteit nopsaka 0, 9c (ramaktuka M87)?

3. Kaxue mpoueccel npuBoAAT K pOpMHUPOBAHUIO CHIELMPHUUECKON “y3-
JIOBOM” CTPYKTYpHI BIOpOca?

4. Yto ciyXHUT UCTOUYHUKOM BEILIECTBA JPKETa, obecrieunBast JieiicTBue
Me€XaHu3Ma TeHepallud CTPyd Ha MPOTSHKEHUU JUIUTEIbHOIO Bpe-
MeHu?

Hacrosimas pabota nocBsieHa NOCTPOESHUIO U UCCIIEIOBAaHUIO MaTeMa-
TUYECKON Mojienn 00pa30BaHMsl, KOJUTUMAIIUKA U YCKOPEHHS TIa3MEHHOTO
CTpyHHOro BBIOpOCA U3 OKPECTHOCTEH KOMIIAKTHOTO 00BEKTa, OKPY>KEHHO-
IO aKKpEeUHPYIOIIMM BEIIECTBOM. B Mozpenn y4yTeHbl ra30JuHaMUYECKUE,
MarHuTHBIC, TPAaBUTAIIMOHHBIC U paAraliuoOHHbIE 3()(EKTHI B paMKax CUCTe-
Mbl YPaBHEHUH paMallMOHHON MarHUTHOHN TUaponanHaMuKu. PazpaboTanbl
YUCJICHHBIE METOAbl U MX IPOrpaMMHAasl peaju3alys B BHJE PACUYETHOIO
KOMILJIEKCA I MOJEIMPOBAHUS YCKOPEHHUS JPKETOB B MATHUTOTMAPOANHA-
muueckoit (MIJ]) u pagnanmonnoi MI'J] (PMI/l) nocTtaHoBKax.

OcHoBHbIe Moeu GOpMHUPOBAHUA CTPYIHHBIX BbIOPOCcOB. [lepuo-
JMYHOCTh BbIOpOCA CTyCTKOB, BBICOKAasi CTENEHb KOJIMMAIMM IOTOKA, a
TaKXe PHEPreTHKa BEIOpOCca, OUYEBUIHO, HE MOTYT ObITh OOBSICHEHBI TOJIBKO
B pamkax razoguHamudeckoro (I'J1), MI'J] niau paguaninoHHOT0 MeXaHU3Ma
oOpa3oBaHus JKeTa. B To ke BpeMsi BEpOSITHO, YTO KaXKIbIi MEPEUNCIICH-
HBIi MEXaHW3M UTPAET CYIIECTBEHHYIO POJIb B (DOPMUPOBAHUU TMOTOKA U
MO3BOJISIET OOBSACHUTH YacTh HaOMOnaeMbIx GakToB. Tak, B COOTBETCTBUU
C TEOPETHYECKUMU MOJIeTsIMU [9—11] maBHYIO pOJIb B KOJUTMMALIMH U CLIEP-
JKUBAaHUU CTPYH UIPAET MarHUTHOE I10JIE€, B TO BPEMS KaK B KaueCTBE MeXa-
HU3Ma YCKOPEHHsI CTYCTKOB BEIIECTBA J0 CYOCBETOBBIX CKOPOCTEH MOMXKHO
paccMmarpuBarh JaBlIEHUE M3ITYYEHUS LIEHTPAJIbHOTO O0BEKTa M OKpYyXka-
IOIIETO €r0 aKKPEIMOHHOIO JHucKa. BO3HMKHOBEHHE B MOTOKE BBIOpOCA
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OTJEIBHBIX CT'YCTKOB BEIIECTBA B OJHUX MOJECIIAX OOBSCHAETCS pa3BUTHEM
HEYCTOMYMBOCTH CTPYH TUIA HeycToWuuBocTU Panes —Teinopa [12], a B
JIpyTux — 00pa30BaHUEM KOCBIX YJAPHBIX BOJH MPHU HEJOCTATKE MOTOKa
Macchl OCTYMNAIOIIETo B JHKET BemiecTBa [13].

Jlanee paccMOTpPUM TOJIBKO JIBa HauOOJee Ba)KHBIX JIJIsl HAILIETO HCCIie-
JoBaHus kiacca moaeneii: MI/I- u pagnanuonnsie monenu. I[Ipu atom He
OyleM BBIICNATH OTAEIBHO KIIACCHI PESITUBHCTCKHX Mojeneid. [Ipusne-
KaeMble i1 OOBSICHEHUS IUHAMHKH JKETOB ¢usndeckue 3(pQexTs, kak
MIPaBUJIO, UCXOAHO HE ABISAIOTCS CTIeUU(DUUYECKU PENSITUBUCTCKUMHU.

[Ipex e Bcero, BeIACMM TepBhIi ki1acc MIJI-mMoneneii hopMupoBaHus
JUKETOB, KOTOPBIM MOKHO YCJIIOBHO Pa3JE€IUTh Ha CIEIYIOIINE MOJKIIACCHI.

1. Mozenu B pamkax uneansHoid MIJl (mpu GecKoHEYHOH POBOANMO-
CTH Cpelibl), KOTOpPBIE BKJIIOUAIOT B CeOsl MOMIEIH:

® TIpEIyCMAaTPUBAIOIINE CYIIECTBOBAHME TOJICTOTO AaKKPELHOHHOTO
JTUCKA, TPOHU3AHHOTO M3HAYAJIbHO HEOJHOPOIHBIM MAarHUTHBIM I10-
nem [14];

e paccMmarpuBarolre 00pa3oBaHUE TEUEHUS HaJ TOHKUM aKKPEIHMOH-
HBIM JMCKOM B 00J1acTsX, TOJHOCTHIO 3aNOJHEHHBIX (B YaCTHOCTH,
MOHOTIOJIBHBIM WJIM JUIOJIBHBIM) MarHUTHBIM mosieMm [15, 16];

e paccMmarpuBaroiiie o0pa3oBaHUE TEYCHHS B IUIA3MEHHON BOPOHKE
HaJl TOHKUM aKKPEIIMOHHBIM JINCKOM C JIOKaJTU30BaHHBIM MarHUTHBIM
nonem [17].

2. MI'I-Monenu ¢ KOHEYHOM MPOBOAMMOCTBIO, K KOTOPBIM OTHOCATCS

MOJIEJIH:

® C JIOKAJM30BaHHBIM MarHUTHBIM TOJIEM, OMPEAEISIONUM 00IacTh
KOJUTMMUPOBAHHOTO ucteuenus [13, 18];

® MOJIEIH C HETMHEHHO pacIipe/ieIeHHBIM MarHUTHBIM TI0JIEM HaJ TOH-
KHM aKKPEIIMOHHBIM JTUCKOM [19].

Bropoii 6ombImioi Kitace Mozenel — paaualimoOHHbIe MOJICTH, UCTIOb-
3yeMble B OCHOBHOM JJisi OOBSCHEHHUSI CyOCBETOBOWM CKOPOCTHU BHIOPOCOB
[20, 21]. Kax npaBuiio, mogoOHbIe MOJIETIN pacCMaTpUBAIOT JIMIIbL ONMKak-
[IME OKPECTHOCTH M3TYYaIOIIEro EHTPAIbHOTO 00beKTa (MU HEHTpab-
HOM CHCTEMBI — HUCCIEIYeTCs NaBICHHE U3TYUCHHSI KOMIAKTHOTO 00beKTa
U OKPYKaIOIIEro ero akKpennoHHOTO AKCKa). Bompockl KOMIMMAaIUU BbI-
Opoca B TaKuX MOJAENSAX OOBIYHO HE PACCMATPUBAIOTCA.

MI/[-mooenu. @opmuposanue KaHaiu3upoBanno2o eviopoca. Mo-
JIeIMPOBaHUE CTPYHUHBIX BBIOPOCOB Yallle BCETO MPOBOIUTCS C MCHOIB30-
BaHueM cucteMbl MI/[-ypaBHEHHI B IBYMEPHOM OCECUMMETPUUYHOM WIIU
TPEXMEPHOM ONHUCaHUU. B 3TOM cilydae B KauecTBe YCKOPSIOLIEro Mexa-
HH3Ma PaccMaTpUBAETCS MPOLIECC TEHEPALMHU TOPOUAAIBHON KOMITIOHEHTBI
MarHUTHOTO TIOJIS HaJ TOHKUM aKKPEIMOHHBIM JUCKOM. Takoe moie crio-
coOHO 3a cuer cwibl JlopeHIla yCKOPUTH MPOBOSIINN Tra3 B IMOJISIPHBIX
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HalpaBJICHUSIX OT IEHTPAIBHOTO OOBEKTa, MPUYEM B ITHX MOJEIAX HC-
I0JIb3YETCS, IPEXK/IE BCET0, BpallleHUE JUCKA C MAarHUTHBIM 1osieM. OJ1HaKo
ropaszzo 0osiee 3pPEeKTUBHBIM MAarHUTHOE T10JI€ OKA3bIBAETCS B POJIA MEXa-
HU3Ma KOJUITMMAIIMY TOTOKA (3a CUeT CXKaThsl TOPOUAAIbHON KOMIOHEHTON
MarHuTHOro nosis [22]), a Takke B POJIU HANpaBISIIOIIKUX HPU JBUKECHUU
w1asmbl (Tak HaszbiBaeMblii MexaHusM centrifugally-driven mortokos, wiun
MexanusM brenndopna—Ileiina [22, 23]), nu60 cBO€0Opa3HbIX YNPYIHX
3JIEMEHTOB, NMPENATCTBYIOUINX PACIIMPEHHUIO Ta3a NpPU JIBUKEHHM BJIOJIb
OCH BpallleHusl.

B paGote [9] paccmotpensl cranmonapusie MIJ[-monenun ocecumme-
TPUUHBIX CTPYHHBIX BHIOPOCOB, OCHOBAaHHBIEC HA aHAIMTUYECKUX PELIEHUX
ypaBHeHus I'pana—Ilappanosa (Moaenu B MpeanosokeHUH O0eCCUIOBOro
nosst). Ilpouecc oOpazoBaHus IKeTa MO CBOEH MPHUPOAE SBISIETCS HECTa-
LIMOHAPHBIM, HO IOJJOOHBIE MOJIENIN TIO3BOJISIOT CJIE1aTh HEKOTOPbIE O0IIHe
3aximroueHust. Hanpumep, U3 NpuBeIEHHBIX pe3yJabTaToB CIEAYET, UTO CTa-
LMOHAPHBIN [UJIMHAPUYECKUI CTPYHHBIN BEIOpPOC, copepKalluii KOHEUHBIN
MarHUTHBIM MOTOK, MOXXET MMETh MECTO JINOO NPU HEHYJIEBOM MOJHOM
MIPOIOJIBHOM 3JIEKTPUYECKOM TOKE, JTMOO MpU HAJIWYUKM BHEIIHEH Cpelbl
C HEHYJIEBBIM JaBJIEHUEM (IIOCJIEHEE COOTBETCTBYET IIPEICTaBICHUSAM 00
o0pa30BaHMU JPKETa B KaHAJIE WK BOPOHKE BO BHYTPEHHHUX 00IaCTAX TOJI-
CTOTO aKKPELMOHHOTO JHCKA).

C.C. KomMmucapossim [14] paccmoTpeH mporecc 00pa3oBaHUsS JKeTa
BHYTPU BOPOHKH, KOTOpasi, KaK Iperonaraercs, oopasyercs B TOJICTOM
AaKKpELMOHHOM JucKe. BopoHKa 3amosiHeHa MarHUTHBIM I10JIEM, KOTOpOe
B HayaJbHbI MOMEHT pacyeTa CUMTAETCS MOJHOCTHIO MOJIONIATIbHBIM. 3a
CUET BpallleHUs TOJICTOrO JUcKa (MoaenupyeTcs O0OKOBOM IrpaHULIEH pacueT-
HOM 001acTH U CIIY>)KUT UCTOYHUKOM IIJIa3MBbl JJIsl JKETA) IPOUCXOIUT I1e-
pecTpoiika MarHUTHOTO I0JIsl, TIOSIBJISIETCS] €10 TOPOUIaIbHAsI KOMIIOHEHTA,
U BJI0JIb OCH BpAILlEHUS] CUCTEMBI 00pa3yeTcsi XOPOLIO KOJNIUMUPOBAHHBIN
PENSATUBUCTCKUI BBIOpOC TuTa3mel. [IpenmonaraeTcs, 4To BEHIECTBO JKETa
CPBIBAETCSI CO CTEHOK BOPOHKH, MOMAIAeT B 00JIaCTU BOPOHKH, OJIM3KHE K
OCH BpallleHUs], U TaM YCKOPSIETCSI 3a CUET JAEWCTBUS MAarHUTHBIX CHJL.

B pa6orax B.B.CasenseBa, K0.M. Toporiuna u B.M. Yeuetkuna [13,
18], cTaBHIMX OCHOBOM HacTOsIIEH PabOThI, MPEANOIAraeTcs, 4YTo aKKpe-
LUpyloLasi Ha HEHTPaJbHbI OOBEKT IIa3Ma He3aMarHu4yeHa M Haj LIeH-
TpaJIbHBIM OOBEKTOM MMEETCS 3aMarHUYeHHas 001acThb, coAaeprKaiias oj-
HOpPOJHOE MarHuTHoe nosie. Ha neHTpaabHblil 0OBEKT ¢ TOHKUM aKKpelu-
OHHBIM JIUCKOM M MarHUTHBIM I10JIEM HaOeraeT MOTOK He3aMarHWYeHHOI'O
BellecTBa. BenencTsue HeusieanbHONM MPOBOJMMOCTH IJIa3Mbl MarHUTHOE
nosie qudyHAUPYET B aKKpeIupyoiee BemecTro. B pesynsrare miasma
3a cueT 1u(dy3un 1o Bo3IEHCTBUEM CUJI IPABUTALIMOHHOTIO I10JIs TOTyYa-
€T BO3MOXHOCTh NPOHUKHYTh BHYTPb YCKOPSIOILIET0 KaHana (1moxodnactu,
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Puc. 3. Jlorapu¢msbl miIoTHocTH (a) U Temmeparypbl (6) Hal TPaBUTHPYIOLIMM
00BbEKTOM ¢ TOHKUM aKKpPeIHOHHBbIM auckoM [13]

cofiepxaieil CHIbHO 3aMarHMYEHHYIO TUIa3My IUIOTHOCTBIO CYIIECTBEH-
HO HIDKE TUIOTHOCTH BEIECTBAa HAOETAIOIIEro OTOKa), (hopMHUpYIOIIErocs
BIIOJIb OCH BpAIICHUS CUCTEMBI (pHC. 3).

OpHuM M3 BaKHEHIIMX B 3TOW cepuM sBisiercsa pesyisrar [13], roe
IIOJIyY€Hbl CEPUU Pa3pbIBOB IUIOTHOCTH IUIA3Mbl, PaCIpOCTPAHSIOLIUECS
BOJIb OCH BpAILEHHUs] CUCTEMBl. DTU pa3pbIBbl MPEICTABISAIOT COOOU ce-
PHIO KOCBIX YIapHBIX BOJIH, IEPUOJ] UX MOSBICHUS 3aBUCUT OT [apaMeTPOB
cucremsl. IIporiecc oOpazoBaHusi MOJOOHBIX KOCBHIX BOJH HM3BECTEH B Te-
OpHUU CBEPX3BYKOBOIO corula JlaBais Moj Ha3BaHUEM HEPACUETHBIX PEXHU-
MOB pa0OTBHI COIIA U CBSI3aH C HECOOTBETCTBUEM T'€OMETPHUH YCKOPSIOIIETO
KaHaja (B TEPMHUHOJIOTUU — MEPEPACIIMPEHUE UM HENOPACLIIMPEHUE COII-
Jla) pacxojly Macchl YCKOpPSIEMOTO BELIECTBA (B paccMaTpHUBaeMOM MOJEIH
pacxon Macchl omnpeneinsercs 3pQekTuBHOCThIO nporecca Auddy3un mar-
HUTHOTO TOJIsA). B 11€710M OHU MOTYT TPaKTOBaThCS KaK CTYCTKH BEIIECTBA B
BbIOpOCE, hopMUpYIOIIHECs B IIEHTPAILHOM PErHOHEe pacuyeTHON 00macTH,
YTO COOTBETCTBYET ‘“‘Y3E€JIKOBOU CTPYKTypE JIKETa.

B pabote [16] ncnonp30BaHO MPEANOIOKEHNE, YTO MAarHUTHOE IOJIe
M3HA4YaJIbHO HEOJHOPOJIHO, 3aHMMAET BCIO PACUETHYIO 00JacTh U MpeCcTa-
BIISIET COOOM CYNEPIIO3UIINIO MOJIEH HECKOJIBKUX MAarHUTHBIX MOHOIIOJEH,
PacroiI0KEHHBIX BJOJIb OCH BpallleHUsl. ABTOpaMU HCCIIEI0BAJICS MPOLIEecCe
nepexosia TeYeHHsl B KBa3UCTAllMOHAPHBIN PEKUM, KOTOPbIl BOSHUKAET MpU
3aJlaHUM TOTOKA BELIECTBA C MOBEPXHOCTH TOHKOTO BpALIAIOIIETOCS aK-
KPELMOHHOTO JTUCKA, YCKOPSEMOTO U KOJUIMMUPYEMOI'0 HEOJAHOPOIHBIM —
MOHOITIOJIbHBIM — MarHUTHbBIM nosieM. [Ipu 3ToM TeueHue B OKpeCTHOCTHU
KOMITAKTHOTO OOBEKTa Oy/leT MPEeMMYIIECTBEHHO C(HEPUIECKUM, a 3HAUYUT

68 ISSN 1812-3368. Bectuuk MI'TY um. H.3. Baymana. Cep. “EcrectBennsie Hayku”. 2015. Ne 2



HEKOJUIMMUpOBaHHBIM. Kosnmumanus noTtoka, Kak NpearnoiaraeTcs, Ipomuc-
XOJIUT HA PACCTOSHUIX 3HAYUTENHHO OONBIINX, YEM pa3Mepbl pacueTHOU
obnactu. Kpome TOro, xapakrepHoe pacCTOSHHE YCKOPEHHs TOTOKa (10
90 % npenenbHOi ckopocT) paBHO 807;, TI€ 7; — BHYTPEHHUN paguyc aK-
KpEMOHHOTO AucKa. Jlanee OyaeT moka3aHo, YTO CyIIECTBYIOT MEXaHU3MBI,
MO3BOJIAIONINE OCYIIECTBIATh Oosiee 3(h(EeKTUBHOE YCKOPEHHE BEILIECTBA
Ha 3aMETHO MEHBIINUX PACCTOSHUSX.

OTMeTHM Ba)XKHBIM aCHEKT: HaJIWYME KaHajla C IUIOTHBIMM CTEHKaMH
(6p11 monmyueHn B paborax [17, 18]) BBHmy ero reomeTpudeckor (Gpopmbl
MIPUBOAMT K BO3MOXHOCTH Pa3roHa BEIIECTBA KaK 3a CUET ra30AMHaMuye-
CKOTO MeXaHu3Ma (KOTOpbI U cpaboTall B 3TUX MOJENAX), TaK M 32 CUET
JTaBJICHUS] HAIIPABJIEHHOTO M3JIy4YEHHUs LIEHTPAJIbHOTO OObEKTA.

Paouayuonnoe yckopenue nnazmpl. BeposTHO, YTO CYIIECTBYIOLIHNE
I'/I- u MI'/I-monenu HE MOTYT 00ECTIEUUTh ONMCAHUS YCKOPEHUS CTYCTKOB
BEIIeCTBA JI0 CyOCBETOBBIX cKopocTel. Kpome Toro, He 10 KOHIIAa O0BSICHEH
MeXaHu3M 00pa30oBaHMs CTYCTKOB B BbIOpachiBaeMOM MHOTOKe. OTMETHM,
YTO MpeJCTaBlIeHHbIE B paboTte [15] pacdeTsl XOTs U MOKa3bIBAIOT BO3MOX-
HOCTb KBa3UIEPUOIUUYECKOTO BHIOPOCA CTYCTKOB OT KEIMJIEPOBCKOTO JIMCKa
C MarHUTHBIM IOJIEM, HO CKOPOCTH, 1OCTUTa€Mbl€ MU IIPU 000CHOBAHHBIX
3HAYEHUSAX MApaMETPOB CHCTEMbI, B TAKOW MOJEIH AaeKh OT CBETOBBIX.
Kak yxe Obl710 0TMEUEHO, “y3€JIKOBBIN~ XapakTep BbIOpOca — XapakrTep-
Has Yepra paccMaTpUBAaEMOrO SIBICHUS, MO3TOMY pa3paboTaHbl MOJAEIH,
HCXOJHBIM TPENONI0KEHNEM KOTOPBIX CTAJ0 HaJIM4Yue HaJl TOPSIYUM IIeH-
TpaJIbHBIM OOBEKTOM YCKOPSEMOIO TeJla — CIyCTKa IJIa3MBl.

Jli1s 0OBsICHEHHS] YCKOPEHUS BEIIeCTBa B J)KETaxX /10 CyOCBETOBBIX CKO-
pocTel B yKa3aHHBIX MOJEJAX HCIOJIb3YETCS MEXaHU3M, IPU KOTOPOM
YCKOpPEHHE TMPOUCXOIUT MOJ JCHCTBHEM H3Iy4YEHUS LEHTPAIbHOTO 00b-
ekTa u (uiam) ropsiuero aucka. Tak, B padote [24] uccneaoBanoch ycKope-
HUE 3a CYET MOMIOLIEHHS U3TYyYeHHS HEeIIPEPHIBHOTO CIEKTPa LEHTPAIbHO-
ro o0beKTa BEUIECTBOM JKETa B JMHUU L, (Tak Ha3bIBa€MbI MEXaHU3M
line-locking Ha ckauke KOHTHMHYyMa). MoJienb JaeT MpeaenbHy0 CKOPOCTh
Vim = 0,28¢, Onu3kyto Kk HaOmomaeMoit B cucteme SS433.

B pabGote [21] paccMOTpeHO yCKOpeHHE OTIENBHOIO CryCTKa Belle-
CTBAa HaJ FOpSYUM JUCKOM WJIM BOPOHKOW. JIJIs TaKOM MOJENM CyLIECTBY-
€T IpelelbHOE 3HAYCHHE JOCTUIAaeMOM CIyCTKOM CKOPOCTH, Ha3BaHHOE
“marndeckuM”. Hanuuue npenenbHON CKOPOCTH CBSI3aHO C MOIVIOIIEHUEM
NepeJHel MOBEPXHOCThIO CTyCTKa (POTOHOB, HCIYLIEHHBIX YAAJIE€HHBIMU
4acTAMHU JUCKa (BOPOHKH) MO/ 3aMETHBIMU YIJIAMH K OCH CUMMETPUU CH-
cTembl. JlaBieHue, oka3blBaeMO€ TaKUMHU “abeppalluOHHBIMHU~ (OTOHAMH,
BO3pacTaeT ¢ yBEINYEHUEM CKOPOCTH CI'YyCTKa, U IIPU HEKOTOPOM ‘“‘Maruye-
CKOM” 3HAYEHUH CKOPOCTH JIOCTHraeTcsl OajaHC MeXAy YCKOPSIOIIUM Ja-
BJICHMEM U3JTyUEHUS Ha 3a/IHIOI0 IOBEPXHOCTb CI'YCTKA U 3aMEISIOIINM —
Ha MEPETHIOLO.
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OtmeTuM, 4TO B YIOMSHYTBIX padoTax
JHIIb Majas 4acTh W3JIyYEHUS ICHTPaJIb-
HOTO Teia W (WiM) JUCKa TIepexXBaThIBa-
Jach yCcKOpseMbIM crycTkom. Jloms usmiy-
YeHUs, TIA/IAI0IIETO Ha 3a/IHI0N0 “pabouyio”
MOBEPXHOCTh CT'YCTKa TPHU €r0 JIBUKECHUH,
YMEHbIIAETCs] 00paTHO MPONOPLMOHAIBHO
KBaJlpaTy pacCcTOSIHUA J0 LIEHTPaIbHOIO Te-
7a (B IPENoiIOKEeHUH, YTO pasMephl Tel
CYLIECTBEHHO MEHBIIIE PACCTOSHUS MEXIY

. HUMHU, a U3ITy4YeHHUE LIEHTPAJIIbHOTO 00BbEKTa
Puc. 4. Cxema Hy1bMepHOIi Mojie-
m [20] chepruecky CUMMETPUYHO).
B paGote [20] 6b11 n30paH ecTecTBEH-
HBIM crioco0 yBenuueHus 3()(PEKTUBHOCTH YCKOPEHHsI, KOTOPBINA 3aKitoda-
€TCs B YMEHBIICHUH JOJH HM3ITyYSHHS, MPOXOAAIIETO MUMO YCKOPSEMOTO
oObekTa. [Ipennonaranoch, 4To yCKOpsiEeMblil CTYCTOK IOMEIIEH B IIUJIMH-
IpudecKui kosonel. JJHom komosna (kaHana) CIy>KUT TOPSYUil IEHTPab-
HBII OOBEKT W ero Onmmxkaimme okpecTHocTH (puc.4). Bece m3mydyenue ot
ropsiuero JiHa, uayuiee B oJHy noiycdepy, nepexnaTbiBaeTcsi CTEHKaMHU 11~
JUHJIPUYECKOHN MOJI0CTH U YaCTUYHO MEepeusiiydaercss 0OpaTHO B MOJIOCTb,
n3nydeHue kaHanusupyercs. [Ipu 3ToM mpeamnosnaraaoch, 4TO M3Iy4EHUE
MIHOBEHHO MOJICTPauBaeTCs MO/ U3MEHSIOILYIOCS T€OMETPUIO pacyeTHON
oOnactu. Onucanue npouecca MpoBOAUIOCH B HYJbMEPHOM MPUOIINKEHUH.

B pabote [20] mokazaHo, 94TO HaIWYKWE KaHajda C TOpsUeH OOJIACTHIO
B OCHOBaHMHU CO37AET YCIOBHUS U 3(PPEKTUBHOTO PATUAIMOHHOTO YCKO-
pEHUsI OTHEJIbHBIX CTYCTKOB BELIECTBA C MX MOCIEAYIOIIMM YXOAOM U3
CUCTEMBI. DTO MO3BOJISET MPEANOJIOKUTH CIIEAYIOLIee: OA00H0e yCKope-
HUE TUIa3MBI 3alepThIM B KaHAJIC W3IYYCHHEM MOXKET OBITh MEPCHEKTHB-
HBIM MEXaHU3MOM JUTsl OOBSICHEHHS PEISITUBUCTCKHUX JUKETOB. PaccMoTpeH-
Hasi MOJIeJIb COOTBETCTBYET KBa3UIIEPUOIUYECKOMY BBIOPOCY CTYCTKOB U3

TIOJTBIX AKKPEIIMOHHBIX CTPYK-
TYp C BHYTPEHHHMH pPajHyCamMu
v 10%...10" cm, mpuuem B pacuerax
0.8 JOCTHTHYTBI CKOPOCTH TIPHOITU3UTEITb-
0,6 Ho (0,8...0,9)c (puc. S).
0Ar/ =T T T Paccmotrpennsie pesynbrarsl [20]
02" JIEMOHCTPUPYIOT BO3MOXXHOCTB YCKO-
0 s . L & DCHHi CIYCTKOB B KaHajax, Mpej-

ckazanHeix MIJ[-monmensmu [13, 18]
Puc. 5. 3aBUCMMOCTb CKOPOCTH CIyCT- TIPH HEHIEATbHON 3IEKTPOIPOBOIHO-
Ka 0T pacCToOsAHUA 10 HECHTPAJIBHOIO o
o6bekTa, xapakTepusyiomas npouece CTH TIA3MBI M B paMKaX HJCaIbHOH
yckopenust [20] MIZl [17]. CnemoBarenbHO, MOXKHO
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c/ienaTh BBIBOJ, YTO AJIS IMOCTPOEHUS] CaMOCOIVIaCOBAaHHOW MoOzeiIu o0pa-
30BaHMs JOKETOB HeoOxomumo Kk MIJl-ypaBHeHHAM 100aBUTH ypaBHEHUS
(BO3MO)KHO, KBa3MCTAallMOHAPHBIE, HO MMEIOIINE NIPOCTPAHCTBEHHYIO pa3-
MEpHOCTh, aHasiornunyo MIJ[-ypaBHeHUsIM), ONMUCHIBAIOLIUE NEPEHOC U
NOMIOIICHUE U3ITyYEHHUS.

Monenb paguanMOHHOTO0 YCKOPEHUsI KAHAJM3MPOBAHHOIO CTPYW-
HOro BbIOpoca. ChopmynupyemM OCHOBHBIC TOJOKEHUS MAaTeMaTHYeCKOU
MOJIeNTH 00pa30BaHus, KOJUTUMAIIMH M YCKOPEHUs! CTPYHHOTO BBIOpOCa, MC-
cinemyemoil B Hactosmieit padore. IIpu paccmorpenun MIJI-3ddekToB,
npexzae Bcero 3pdexra pokaeHUs U KOJUIMMAIUK JKeTa, OylaeM HUCXOIUTh
W3 TIOCTaHOBOK, MPHUBENCHHBIX B pabdotax [13, 18], a mpu moaenuposa-
HUU TIpoliecca YCKOPEHHUs BEIIECTBA JaBICHUEM HM3JIy4YEHHUs LEHTpaIbHON
MaIlMHEI — M3 HOCTAaHOBOK, H3JIOKEHHBIX B pabote [20]. PaccMoTpum mon-
HYI0 JIBYMEPHYIO LIMJIUHAPUYECKH CUMMETPUYHYIO TIOCTAHOBKY 3aJ1auu.

Qu3uueckana moodenv. CTPyKTypa U BHYTPEHHEE CTPOCHUE LIEHTpalb-
HOM MallMHbl B CUCTEMAX, MOPOKAAKOIINX JKEThI, B HACTOSALIUI MOMEHT
SIBJISIFOTCSL IUCKYCCUOHHBIMU. DTO CBSI3aHO IMPEXKIE BCEro ¢ Te€M, 4TO CO-
BPEMEHHBIN TEXHUYECKUH YPOBEHb HE MO3BOJISIET MOIYYHUTh pa3pelieHue
TAKOTO KOMITAKTHOTO 00BEKTa, KAK MUKPOKBAa3ap C aKKPELMOHHBIM JIUCKOM
WJIU JIpO aKTUBHOM TajlaKTUKH.

JlanHbie HAOMIONEHUN TMOKa3bIBAIOT [§], UTO TONIIMHA AKKPEIMOHHO-
ro JMcka B cucreMe SS433 CyIIeCTBEHHO IPEBBIMIAET TaKyH IIHPUHY B
sJlpaxX aKTUBHBIX T'aJlakTUK, HanpuMmep MS87. LleHTpasibHbIi KOMIAKTHBIN
00BEKT OKPY’KEH CI1a00CKATHIM 00JIAKOM TUIa3MBbl, HCTEKAIOIIEH CO 3BE3/IbI-
MapTHepa U aKKpeLUUPYIOIeH Ha HEero, Mpu4YeM He UCKIIIOUEHO U HaJU4He
Oonee MIOTHBIX ob6nacTeld, chOpMUPOBAHHBIX B KOMIAKTHBIA TOHKUH OT-
HOCHUTEIBHO HEOOJIBIION aKKPEIMOHHBIN AUCK. B kauecTBe 0a30BOM IpH-
MEeM CIEeAYyIoUIy0 MocTaHoBKy [13, 18]: paccMoTpuM BHYTpEHHUE HacTH
TOJICTOTO AKKPELIMOHHOTO JUCKA, COAEPMKAIIEr0 TOHKYH) aKKPELUOHHYIO
JMCKOBYIO CTPYKTYPY, HaJl KOTOPOH 00pa3zyeTcs MarHUTHO CIAEPKUBAEMbIN
KaHaJ. BHyTpu kaHasia MpoucXOauT YCKOpeHHe BellecTBa BbiOpoca. Cre-
MeHb KOJUIMMAIlMU MOTOKAa COOTBETCTBYET I€OMETPUU KaHajla, B KaueCTBE
YCKOPSIIOIIEH BELIECTBO CHUJIBI Oy/leM HCIOIb30BaTh JABICHUE WU3ITy4EHUS
[EHTPATBHBIX 001acTell 3BE3HON CUCTEMBI.

[Ipenmonoxum, 4To MOAEIbh CHCTEMBI (pHC. 6), MOPOKTAOMICH JIKET,
COCTOMT U3 TPEX OCHOBHBIX 3JIEMEHTOB: TOPSYUM LIEHTPAJIbHBIM IPaBUTH-
pyrouuii 00bEKT BMECTE C TOHKUM HJI€aJIbHO MPOBOJSIINM JIUCKOM, TeHe-
PUPYIOLIMM HOJOUIAIBHOE MAarHUTHOE I0JIE, IOTPYKEH B CBOEOOpazHOe

'35ech m manee mox coBOM “MamMHA” GyIeM MOHHMATh KOMIIAKTHBIH IPAaBUTHPYIO-
i 00BEKT B COBOKYITHOCTH C €r0 OMMKAMIINMUA OKPECTHOCTSIMH — YacTIMH TOHKOTO
AKKPCIIMOHHOTO JTHCKA.
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Puc. 6. Cxema Momenu CHUCTEMBbI, nopomz[alouleﬁ JOKET

“00mak0” raJaKTUYECKOH I1a3Mbl (OCHOBHOW MCTOYHUK TUTa3Mbl B MHUKPO-
KBa3ape — 3Be3/1a-MapTHEP KOMIAKTHOTO OOBEKTa, WM TPaBUTAIIMOHHO
yIAEP)KUBaEMOE 00JIaKO MEK3BE3IHOM IMBUIH), MaIal0lIe Ha IEHTPaIbHBIM
00BEKT CO CBEPX3BYKOBBIMU CKOPOCTSIMH.

OO6nactb B MOJeNH, 3all0JIHEHHAs MarHUTHBIM I10JIEM, COOTBETCTBYET
[EHTPAJIbHBIM TOPSAYUM OOJACTSIM Pa3peKeHHOTO TOJCTOTO JMCKA, B KO-
TOPBIX T'a3 JOCTATOYHO XOPOIIO MOHU30BaH. BHe 3Toil obnactu, Ha mepu-
(bepuu MoAEIbHON KOH(PHUTYpaluu, ra3 MpearnolIoKUTEIbHO SBISAETCS XO-
JIOAHBIM U CYIIECTBEHHO clilabee B3aMMOJEHCTBYET C MAarHUTHBIM IOJIEM,
TeHEPUPYEMbIM B TOHKOM aKKpPEIIMOHHOM Jucke. Bo nzbexanue myTaHuIbl
B JJaJIbHEHIIIeM MOCIeTHII Oy/ieM Ha3bIBaTh MPOCTO TOHKUM JUCKOM, UMES
B BUJIy €T0 LIEHTPAIbHOE MOJOKEHHE BHYTPH AKKPEIIMOHHOTO “o0naka” u
BBICOKYIO TEMIIEpATYpYy.

OuyeBuHO, YTO 3aMarHU4YeHHass 007acTh OyAeT O0JACThIO pa3pexeH-
HOTO BEIIECTBAa C OTHOCUTEIBHO HU3KKUM Ta30BbIM JaBieHUEM. [ eomeTpu-
YecKHe XapaKTepUCTUKU U pa3Mepbl 3TOM obmacTu OyIyT OmpenensTbes
JTABJICHUEM MAarHUTHOTO TOJS, KOTOpoe OyAeT BBINONHSITH KOJUTHMHPYIO-
uryto poib. [anee 3ty obGmacth Oynem accouuMupoBaTh ¢ BOPOHKOM B TOJI-
CTOM aKKpELIMOHHOM JIMCKE, MCII0JIb3yeMON BO MHOTUX paborax nmo MIJI-
MOJICIIUPOBAHUIO CTPYHHBIX BEIOPOCOB, U OyZeM Ha3bIBaTh €€ YCKOPSIOIIUM
KaHaJIOM.

VYI7I0BYI0 CKOPOCTB BpallleHUs] TOHKOIO JUCKa B MOJENINM MOYKHO 3a/1a-
BaTh B JOCTATOYHOM CTENEHHU MTPOU3BOJIbHO, HO TaK, YTOOBI OHA COXpaHsiia
3HAYEHUS, 110 TIOPSIIKY ONHM3KHE K KeTUIEPOBCKOM ckopocTH. [IpoTuB moe-
JM TUTa3MEHHOTO JUCKa, BPAIAIOLIEroCsi CTPOro C KEIJIEPOBCKUMHU CKOPO-
CTSIMH, CBHJIETENIBCTBYET TO, UYTO MPHU MOJOOHOM OMUCAHUH YUUTHIBACTCS
NENCTBUE TOJIBKO TPABUTALIMOHHBIX CUJI, @ BIMSHUE MAarHUTHBIX U Ta30/U-
HAaMUYECKUX CHJI CUMTAETCS MPEHEOPEKUMO MalbIM. B To ke BpeMs MOx-
HO 10Ka3aTh, YTO OCHOBHBIE CBOMCTBA KEIJIEPOBCKOIO AUCKA (B YaCTHOCTH,
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unes mexanusma brenndopaa —Ileitna [22]) MoryT ObITH pacpOCTpaHEHBI
Ha JIUCKHU C OKOJIOKEIIJIEPOBCKUMU CKOPOCTSMH.

Kpome renepanyu MarHMTHOTO TOJISi TOHKUW JIUCK UTPAET POJb HUC-
TOYHHMKA WU3IyYEHUs, JaBICHHUE KOTOPOro ycKopsieT BeiOpoc. [Ipumem, uto
JIUCK M3JTy4aeT Kak aOCONIOTHO YepHOE TeNI0 ¢ HEKOTOPOW 3aJaHHOU TeM-
nepaTypoii, aJjleKBaTHON TeMmIepaType BHYTPEHHHX oOiacTel aKKpelHnoH-
HBIX JHUCKOB (Hampumep, Temneparype nopsaka 7 - 104K [3]). IIpu stom
WHTEHCHUBHOCTD U3IIYUYCHHS MMa1aeT MPU YAAICHUH OT IIEHTpa IucKa (U IeH-
TPaJIbHOTO OOBEKTA).

Urak, Oynem yuuThIBaTH B pacuerax cleayromme (Uu3udeckue mpo-
LIECCHI.

1. lNa3opuHAMUYECKHE B3aUMOACHCTBUS:

— TEepPBOHAYAIILHOE YCKOPEHHUE JIKETa, IPOUCXOISIIIEE 3a CUET ra30BOr0
JABJICHUS aKKPELUPYIOIIETO He3aMarHMY€HHOTO BEIlIeCTBa HA 3aMar-
HUYCHHBIM KaHaI;

— CKMMaeMOCTb CpEJibl;

— Ta3 B CUCTEME CUUTAETCSl COBEPLICHHBIM;

— mnpeHeOperaeM BSI3KOCTBIO CPEIbI.

2. JleiicTBue MarHUTHBIX CHIIL:

— KOJUIMMALMSl TUIa3Mbl POJOJILHON U TOPOUAAIBHON KOMIIOHEHTaMU
MarHuTHOTO TOJIs;

— OTCYTCTBHE DJIEKTPUYECKOTO COINPOTUBICHUS cpenbl (uieaybHas
MIT);

— MAarHMTHOE MOJI€ BMOPOXEHO B TOHKHM JUCK M BpaIaeTCcsl BMECTE C
HUM, IPHOOpPETast KOJUTUMUPYIOIIYIO U YCKOPSIOIIYIO a3UMYTAIIbHYIO
KOMIIOHEHTHI.

3. I'paBurarus:

— TPaBUTALMOHHOE TIOJIE OINpEACINAEeTCS TpaBUTALMEN LEHTPaIbHOIO
Tena (3Be3/bl);

— caMorpaBUTalLlUs I'a3a HE YUYUTHIBACTCS.

4. N3nyuenue:

— paccmarpuBaeTcs B MPUOIMKEHUU CEPOTO BEIIEeCTBa, PEIoIaraeT-
Csl, 4TO CHEKTPAJIbHBIM COCTAB MOXKET JIMIb KOJIMYECTBEHHO, HO HE
KA4EeCTBEHHO IMOBJIMUATh Ha KAPTHUHY TEUEHUS;

— B LIEJSAX UCCleNoBaHus dPQeKTa YCKOPEHHs BEleCTBA PacCesHHBIM
U3IIy4YeHUEM IpeHeOpekeM MOMIOLEHUEM U CaMOM3IIyYeHHEM rasa
[20];

— OyzmeM y4YuTHIBaTh OJIHOKPATHOE paccenBaHue (OTOHOB Ha JJIEKTPO-
HaX (TOMIICOHOBCKOE pacCesiHue) — BEIIECTBO SBISETCS JOCTATOYHO
pa3pekeHHBbIM, 0COOEHHO BHYTPH KaHaja,

— WCTOYHHKOM H3JIYYCHHS B MOJCIIU CITY>KUT TOHKUMA JTUCK, U3TTyUYeHHE
c(pOKYCHPOBAHO B YCKOPSIOLIUI KaHa.
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Brixonnas rpanuna

MaruutHoe AKKperus
noje

I'paBuTUpYyrOmMit
00OBEKT

0 Bpamatommuiics
JTCK

Puc. 7. PacueTrHas 001acTh

Hcnone3yemas pacueTHas o6iacTh mpejcTaBieHa Ha puc. 7. Paccmo-
TPUM MOZEb B JIByMEPHOM LMIMHAPUYECKH CUMMETPUYHON IOCTAHOB-
ke. Ha BHemHel IMIMHIpUYECKOW IpaHUIle 00JacTH 3aJaJuM YCIOBHE
CBEPX3BYKOBOTO C(epHUUYEeCKOro BTEKAaHUSI HE3aMarHMYEHHOW He3aKpydeH-
HOW MEX3BE3/IHOM I1a3Mbl. BepXHsis rpaHuIia pacueTHOH obiacTu mMoze-
JUPYET Mepexo/l MOTOKa K PeKUMY TeUeHHs] Ha OECKOHEUHOCTH.

IIpeomemnasn oexomnozuyus mooenu. Kax yxe Ob10 OTMEUEHO BHIIIIE,
nporecc 00pazoBaHus KaHaia Kak 3((eKTa, BbI3bIBAEMOTO NPUCYTCTBHEM
MarHMTHOTO IOJISA, ¥ MPOLIECC YCKOPEHMSI BEILIECTBA AABJIECHUEM U3JIy4CHUS
SIBJIIFOTCS CYLIECTBEHHO Pa3HOMACIITaOHBIMU (TIPEXK/I€ BCETO 110 BPEMEHH)
nponeccamu. ITostomy B pamkax oOmiedt Mojenu (OpMHUPOBAHUS CTPYM-
HOTo BbIOpOCa OyleM IOcieloBaTeIbHO paccMaTpUBaTh JBE MOJAEIbHbIC
3aJlau, OTPAXKAIOIIKE 3TU MIPOLIECCHI.

1. MI'/I-3apa4ya oOpa3oBaHusl YCKOPSIIONIEr0 KAHAJIA: B paMKax JIBY-
MEpPHOM HUIMHAPUYECKH CUMMETPUYHON CUCTEMBI YPAaBHEHUM MEaIbHOU
MI'JI paccMOTpUM B3aMMOZACHCTBUE 3aMATHUYEHHOM M HE3aMarHUYEHHOU
nogo6nacreil Mmogenu (cM. puc. 6), HUccleayeM XapaKTepUCTUKHU MOoIyda-
€MOr0 KBa3UCTALlMOHAPHOIO KaHajla U CBOMCTBA IOTOKA BELIECTBA B HEM.
JleiicTBYE M3I1y4eHHUs TOHKOTO JUCKA HE YUUTHIBACTCS.

2. PMI'I-3a5a4a ycKOpeHHUsI BelllecTBAa B KaHAJle: B paMKax JBY-
MEpPHOM LWIMHIPUYECKA CUMMETPUYHOM CHCTEMBl YPAaBHEHMU pajuaiu-
onHoit MI'Jl paccMOTpHM IIpoLecC YyCKOPEHUs BEIIECTBA B ITOJyYEHHOM Ha
MIpEBIIyIIEM IIare KaHajle 3a CUeT JaBJICHUS U3IY4YEHHs] TOHKOTO JHCKa,
HCCIIelyeM MapaMeTpbl U BHYTPEHHIOIO CTPYKTYpy BbIOpoca.

OnucaHue IpoIEcCOB B pacCMaTpUBAEMBIX 3a/lauax MPOBOJIUTCS B OJI-
HOM cucTemMe MPEeANoIoKEHUI U NPU OAMHAKOBBIX MaclITabax OCHOBHBIX
apaMeTpoB 3a7a4H.

Onucanue npouecca nepenoca u3y4eHus 6 acmpo@uuuecKkux mo-
denax. TpeOoBaHUE alEKBATHOCTH MaTeMaTHUECKUX MOAEIEH BO MHOI'MX
acTpo(hU3NYECKUX MPUIIOKEHUAX BiIe4eT HEOOXOAUMOCTh MOAEIMPOBAHUS
npoiiecca nepenoca usznydenus [21, 25, 26]. bonbias 4acth Takux 3aja4

74 ISSN 1812-3368. Bectuuk MI'TY um. H.3. Baymana. Cep. “EcrectBennsie Hayku”. 2015. Ne 2



CBsI3aHa C MOJICJIMPOBAHUEM CIIEKTPA U3ITyUCHHSI T€X UM UHBIX 00BEKTOB —
3Be3/ M 3BE3/IHbIX 0Opa3zoBanuil [27]. Kak mpaBuiio, ykazaHHbIE 3a/1aud HE
SIBIISIFOTCSL CYLIECTBEHHO TPEXMEPHBIMH U BO MHOTHX CIIy4dasX MO3BOJIIOT
MEPEeUTH K ABYX- WU OJHOMEPHBIM MPHOIMKEHHSIM, OMMMCHIBAIOIIMM Pac-
MIPOCTPAHEHHUE 3BE3THOTO M3ITyYeHUsSI B CHEPUUSCKU WIIH IWIIHHIPUYICCKU
CUMMETPUYHBIX O0JIACTSX C BHICOKOW TOUHOCTHIO.

B sTux Mozaenax cyuiecTBeHHbBIM SIBISETCS MOMIOIIEHUE U PACCEMBAaHUE
W3JIy4eHHs Pa3IMYHOM 4acTOThI BELIECTBOM, B TO BpeMs KaK BO3JIEHUCTBHE
M3JTy4yeHUs Ha BEIIEeCTBO y4yMThIBaeTcs ciabo. [loaromy yacto B uccieno-
BAHMSIX TAKOTO KJacca MPUMEHSIOTCA METObl Tua Merona Monte-Kapio.
C 0o1HOM CTOPOHBI, 3T METOABI HE TO3BOJISAIOT MOJIIYYUTh JOCTATOYHO IIa/I-
KHX pachpelelieHuii MHTEHCUBHOCTH W3JY4YCHHs] B PAcYeTHON o0nacTw,
a C Jpyrou, MO3BOJSIOT cOOpaTh OOIIMPHBIA CTAaTUCTUYECKUM MaTepHai
JUTSI BBIYHMCIICHUST YCPEAHEHHBIX MHTETPAIBHBIX MAapaMETPOB H3ITyUCHHS,
HaIlpuMep, CIEKTP U3IIyYCHHUS.

Kpowme toro, cymiecTByeT BaxkHasi rpyIa MOJENE, KOTopasi yUuThIBAET
BO3/IEMCTBHE U3JTyUEHUS Ha BEIIECTBO B BHJIE MOMIONIEHUS, COIIPOBOXKac-
MOT'0 HarpeBOM MaTepHH, YCKOPEHHs BEILIECTBA 3a CUET Mepeiaul UMITYib-
ca OT paccenBaeMbIX ()OTOHOB YACTHUIIAM BELIECTBA U T.I. (B MpoOCTeiiiieM
ciyyae 1o quHamudeckue monenu [20]). K takum mMozaensM OTHOCUTCS U
paccmarpuBaeMas B HacCTOALIEH paboTe MOJIENb YCKOPEHUSI.

[TonoGubie Monenu TpeOytoT MPUMEHEHUS AeTePMUHUCTUYECKUX MOI-
XOJIOB, BKJTIOUAIOIIUX B ce0sl ypaBHEHUE MEPEHOCA U3ITyUeHus, U, KaK Ipa-
BUJIO, HAKJIQJBIBAIOT CYIIECTBEHHbIE TPEOOBAHMS HA TIIAJKOCTh IOJIyYae-
MOT0 paclpeieieHusi HHTEHCUBHOCTU M3JIy4€HHUs. DTO CBSI3aHO C HEOOXO-
JUMOCTBIO MCTIOIb30BaHUs TPOU3BOIHBIX OT MOJIS U3JIy4EHHS IIPU pacdeTe
B CHUCTEME€ ypaBHEHUM paJuallMOHHON TuapoauHamMuku [28, 29] momod-
HUTEJIbHBIX HANPSDKEHUN B BEIIECTBE M MOUIHOCTH MCTOYHHMKOB TEIUIOTHI,
BO3HUKAIOLIUX 0] BO3JEHCTBUEM U3IYUYEHHSI 3BE3/bl U OKPY>KAIOILETo €€
akkpeuuoHHoro aucka [13, 20, 30, 31].

B cuny Hanuuust B paccMaTpruBaeMoi MOJIeH 00JacTeld ¢ pa3IndHbIMU
ONTHYECKUMU CBOMCTBAMHU (CTEHKH KaHaja, COCTOSIINE U3 He3aMarHUUeH-
HOM aKKpEIMPYIOIeH MIa3Mbl, SIBJISIOTCS ONITUYECKH TOJICTHIMH, B TO Bpe-
Ms Kak IJla3Ma B KaHajle pa3pekeHa U JIMIIb B MaJoi CTeNeHH OciadiiseT
U3Ny4YeHUe TOHKOTO JUCKAa) MpUMeHeHHe AU(PPY3MOHHOTO MPUOIUKEHUS
JUIS y4eTa B MOJICNH PaJualliOHHBIX 3((HEKTOB HEPaBOMEPHO, TOCKOJIBKY
B HACTOSIILEH 3aJlaue MU3JIyuYeHHUE SIBISETCS CYLIECTBEHHO HEU30TPOIHBIM.
B Takom cimyuae st MOJENMPOBaHUS MepeHoca M3TyYeHUs] HeoOXOIUMO
UCTIOJIb30BATh HEMOCPEACTBEHHO ypaBHEHHUE niepeHoca uznyuyenus (YIIN),
MIO3BOJISIIOILIEE yUYECTh HEOAHOPOIHOCTb paclpeieieHus] HHTEHCUBHOCTU
M3IIyYEeHHSI 110 HAIIPABJICHUSIM.
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IIpocroe YIIM ciio:KHO 111 YUCIAEHHOTO UCCIEAOBAHUSA B CBSI3U C BbI-
COKOM pa3mepHOCThIO ypaBHeHud. B YIIN nononHuTtenbHble pa3MEPHOCTH,
OTBEYAIOIME HANPABIECHUAM PacCHpOCTPAHEHUsI U3ITyUYEHUsI, COUETAIOTCS C
TUNEepOOIMYECKUM XapaKTepoM 3aJlaud, MPEICTaBISIONIeH COBOKYIHOCTh
OJTHOMEPHBIX YPaBHEHUI MEPEHOCA BO BCEX BO3MOXKHBIX M JIOITyCKAEMBIX
3a/1a4eil HampaBlIEHUAX. DTO MPUBOJIUT K BHICOKOM PECYpCOEMKOCTH METO-
noB pemieHus YIIW, 4To BO MHOTHX ClydasiX OTPULIATENILHO CKa3bIBAECTCS
Ha BO3MOXHOCTSIX METOa.

Mamemamuueckana moodens. 3anvilIeM MOJHYI CUCTEMY YpPaBHEHMM
PMI'/l B nmpocTpaHCcTBEeHHOH oOnacT D Ha KOHEYHOM OTpEe3Ke BPEMEHH
[0, 7] ¢ ydeTom monHO# eqMHUYHOM cdepbl HAMPaBICHUH PacpocTpaHe-
Hus m3nydeHus €2 [28, 29]. PaccMoTpuM KBa3ucTallMOHAPHYIO MOHOHEpIe-
TUYECKYIO0 MOJIEIIb paclpocTpaHeHus u3nydenus u MI/[-monens ¢ uaeans-
HOHM MPOBOIUMOCTHIO TuTa3Mbl. [10100HBIN MOAX0/ MPOIUKTOBAH CTpEMIIe-
HUEM TONyYUTh (PU3NUECKOE U Ka4eCTBEHHOE MPEACTABICHHE O TIpoIeccax,
Pa3BOPAYMBAIOIINXCSA B OKPECTHOCTH KOMITAKTHOTO OOBEKTA, HE YCIOKHSAS
MOJIeNIb U3JHUIIIHUM TPEOOBAHUEM BBHICOKOTO YPOBHS KOJUYECTBEHHOTO CO-
OTBETCTBHUSI.

1. Vpasuenue nepaspvienocmu ons éeujecmea

dp
at
rie p(t, ) — MWIOTHOCT WIasMsl, r/cm?; v(t, ) = [vy, V9, v3]" — CKOPOCTH
BelectBa, cM/c; € € D,t € [0, 7| — paanyc-BeKTOp H MOMEHT BPEMCHH.
2. VIin

%-Fﬁl(t,w,w) =SI(t,z,w)+Q(t z,w);

LI (t,x,w) =wVI (t,z,w)+ k(t,x)I (t,z,w); @)

+Vpv =0, (1)

SI(t,z,w) = ﬁ(t,m)/F(t,m,w,w’)[(t,w,w')dw’,
Q

e L, & — omeparopsl mepeHoca u paccesHusi; [(t,®,w) — HHTCH-
CHBHOCTb M3IIydeHus, 5pr/(c-cM?), pachmpoCTpaHsIOMErocs BIOIb Ha-
npaBlicHUs BeKTopa w € (), B TOYKE C PaJHyC-BEKTOPOM & B MO-
MeHT BpemerH t; k(t,x) — xooddumment ocnabnerus, cM ', k = o +
+ 35 a(t,z),B(t,) — K0IPHUIHUEHTH TOTIOMICHHS U PACCESHUS H3-
nyuenus B Bemectse, cM ' (¢, @, w,w’) — WHAMKaTpuca paccesHus,
paBHasi BEPOSTHOCTH WM3MEHEHHs HampaBiieHus mojera (otoHa ¢ w’
Ha wW: [(t,z,w,w)dw = 1, Q(t,x,w) — MaccoBbI HCTOYHHK

Q
H3IIYyYCHUA. Ecnum uctouyHmKoM sBISETCS PaBHOBECHOEC H3JIYUYCHHUC, TO

7 4
Qt..w) = alt2)t.2), P(t.z) = 2T L02)
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x 102" 5pr- ¢ — mocrosianas Ilmanka, k = 1,3807 - 10716 spr/K — mo-
crosiuHast bombumana, 7'(t, ) — temmneparypa BemiectBa, K. Otmernm,
YTO ypaBHEHHE (2) 3allMCaHO B INPEAINOJIOKEHUHM JIOKAJIBHOTO TEPMOIM-
HAMHUUYECKOTO PAaBHOBECHS, KOTOPOE XOPOIIO BBIMOJHSACTCS B 0OONACTIX,
HEMOCPEICTBEHHO MPUJICTAOLINX K TUCKAM.

3. Vpasuenue usmenenus umnynvca cucmemsl 8ewyecmeo—u3nyeHue

9 Sy 1
a(,ov+G)+v-(H+T>:E(V><B)><B+Fg, 3)

rie G — IWIOTHOCTh MMIyNbca usiydenus, r/(c - em?), G = W /c?%
W — notok sHepruu usitydenus (Bekrtop IloiimTtumra), spr/(c-cm?),

W = / wl dw; n— TEH30p IUIOTHOCTH IIOTOKA MMITYJIbCA BELIECTBa,

r/(em-c?), II;; = pdi; + pviv;, 0;;j — cumBon KpoHekepa, p — JaBieHHe

mnasMel, T/(cM-c?); T — TeH30p MUIOTHOCTH MOTOKA UMITYJIbCa M3J1ydeHus,

r/(em-c?), Ty = — | wiwpl dw, ¢ = 3 - 10 cm/c — ckopocTh cBera;
c

Q
B = [Bi,B;, Bs|" — BekTOop MHAyKUMHM MarHuTHoro moust, J; F, —
00beMHasl IOTHOCTh MPABUTALMOHHON CUIIBI, TUH/CM®,
4. Vpaenenue uzmenenus snepeuu cucmemsl ewiecmeo—usnyyeHue

0
a(e+U)+V-(fu(e+p)+W) =
=4 (VxB)xB)-v+ F,-v, (4
7
rie e, U — IJIOTHOCTH SHEPrUM BELIECTBA U SHEPTUHU U3/TydeHus, I/(cM-c?),
1
U=- / Idw.
CJa

5. 3axon @apades usmenenus macHumno2o nons (A UeaIbHO dJeK-
TPOTPOBOTHOM CPEJIbI)

0B

ot

6. Vpasnenue cocmosimus coseputennozo 2aza p = pe(y — 1), tne € —
yaeNbHasi BHYTPEHHSISI SHEPTHs, 3PI/T; 7 — Moka3atenb aanabdarel. Torma

=V x (vxB). Q)

2
Y S (6)
2 v—1

3HaueHHE TEeMIIepaTyphbl BEIIECTBA MOXKHO MOJYYUTh M3 COOTHOLICHHUS
p = nkT, tae n — oGbeMHast KOHIICHTPAIIHsI BEIIECTBA.

HawuGonbryro TpyIHOCTh P PEIICHUHM CHUCTeMbI TpeacTasiser YIIN
(2). OTO CBSI3aHO C MPUHIUIHAILHONM MHOTOMEPHOCTBIO 3TOT0 ypaBHEHUS,
00yCJI0BJIEHHON 3aBUCUMOCTbIO UICKOMOM (D)YHKIIMU [ OT HampaBjeHUs pac-

npocTpaHeHusi. B TpexmepHoM citydae nipu |w| = 1 B ypaBHeHue (2) BXO-
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JAT J1Ba HE3aBUCUMBIX MapameTpa (HalpuMep, /1Ba yIjia MeXay BEKTOPOM
W M OCSIMM KOOPAMHAT), B AByMEPHOM — OZMH. [ pelieHus IByX mocTa-
BJIEHHBIX MOJICJIBHBIX 3a/1a4 MOTYT HCIIOJIb30BaThCs Pa3Hble MOAU(PHUKALIUI
cucremsl (1)—(6). B nepBom cinyuae MIJI-moznens GpopMupoBaHus yCKO-
PAIOIIETO M KOJUIMMHPYIOIIETO KaHaia He BkioudaeT B ceds YIIU (2), a
3HAYEHHUs TUIOTHOCTEH M MOTOKOB SHEPTrUU U UMIIYJIbCA U3ITYYEHHsS MpPHU-
HUMAIOTCSl PaBHBIMM HYJII0. J[J151 3aMBIKaHUS 3TOM CHCTEMBbI JOIKHBI OBITh
MIOCTABJIEHbl TPAHUYHBIE YCIIOBUS, PEAIU3YIOUINE MPEANOI0KEHNU MOE-
JU O TEOMETPUYECKUX M (PU3NYECKUX CBOMCTBaX obOnacTu (cM. puc. 7).
B kauecTBe HayaJIbHBIX YCIOBHUH MOXKET OBbITh MPHUHATO HEBO3MYILIECHHOE
COCTOSIHME BEILECTBA.

Jlnst petieHust BTOPOX MOZEIBHOM 3a/1a4i O pagualMOHHOM YCKOPEHUU
KaHaJU3UPOBAHHOIO CTPYHHOIO BbIOpOCA MOXKET HCIOJIb30BaThCs IMOJIHAS
cucrema (1)—(6). I'pannunble yclIOBUS B 1I€JIOM MOTYT COBIAJaTh C yCJO-
BUSIMM TIEPBOU 3aJa4l M JOJKHBI OBbITH JIOTIOJHEHbI YCIOBUSMH Ha I10JIe
u3nydeHus. HagyanpHBIMU yCIOBHUAME JUIS 3a/1a4d 00 YCKOpPEHUH BbIOpoca
SIBJIIFOTCSL pe3yJIbTaThl pELIeHUs 3a7a4i 0 (OPMHUPOBAHUM KaHAIA.

Bo MHoOrux ciydasix nepBbIM cjaraeéMbIM B JI€BOH yacTu ypaBHeHUs (2)
MOXHO IIpeHeOpeyb. DTO CBA3AHO C TE€M, UTO MOJIEe U3IyUYeHHUs MepecTpan-
BaeTCsl HAMHOTI'O OBICTpEe JPYIrHX IOJIEH 3a/1a4ui MpU JBUKEHUN BEILIECTBA
CO CKOPOCTSIMHU CYILIECTBEHHO HM)K€ CKOPOCTH cBeTa. Torma Bo3pacTaHue
JTy4EUCIyCKaTeIbHOM CIOCOOHOCTH BELIECTBA NPU YJAJIEHUHM OT JaHHOMN
TOYKHM OKasbIBaeTcs ciabee, yeM MOIVIOIIEHHE MO MyTH MPH YBEIUYCHUU
MPOHAEHHOT0 paccTossHUA. OCHOBHOM BKJIa/J B MHTEHCUBHOCTb M3JIy4EHUs
B paccMaTpHBaE€MOM TOYKE JIAET OTPE30K Jyda OKOJIO ATOM TOYKU JJIMHON
B HECKOJIBKO (ABa-TpHU) NMpoOeroB n3nydeHus. CBET NPOXOAUT ITO pPaccTosl-
HUE 33 OYEHb MAJIOE BPEMsI, KOTOPOE, KaK IIPABUIIO, OKa3bIBAETCSI HAMHOIO
MEHBIIIE XapaKTEPHBIX BPEMEH, B TEUEHHE KOTOPBIX IPOUCXOJUT 3aMET-
HOE U3MEHEHHE COCTOSIHUSI BEIleCTBa (TeMIieparypsl U IIIOTHOCTH). Takum
oOpazom, moirydaeM KBasucranroHaproe Y111

LIt x,w)=S8I(t,z,w)+ Q(t, x,w). (7)

OTMeTuM, YTO OTCYTCTBHME NPOW3BOJHON MO BPEMEHU HE O3HA4YaeT OT-
CYTCTBHE 3aBUCHUMOCTH (QyHKIMHM I OT BpeMeHH, Tak Kak ypaBHeHue (7)
HeoOXOMMO pelIaTh Ha Ka’KJOM BPEMEHHOM CJIOE.

ITono6uoe npubmmkeHue paboTaeT TeM XyXke, YeM BBILIE CKOPOCTHU
ia3Mel B cucteme. ClieyeT y4uThIBaTh, YTO MPH YCKOPEHHUH CTYCTKa Be-
miectBa 10 ckopocrtei nopsaka (0,8...0,9)c npumenenue ypaBHeHus (7)
CTAaHOBHUTCA HEOOOCHOBAHHBIM. TeM He MeHee KaueCTBEHHas KapTHHA Te-
YEeHUSI MOXET ObITh MCCIIEJOBaHA B KBa3UCTALMOHAPHOM MPUOIMKEHHH.
OcHoBHBIMH 3(](eKkTamu, KOTOpIE XOTEIOCh OBl MOIYYUTh B PAMKax HC-
CIIEyeMOM MOJIEINH, SIBJISETCS YCKOPEHUE BEILIECTBA /10 CKOPOCTEH MmopsiaKa
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0,25¢ n BbiLIE (T.€. IEPEXO TEUEHUS B CYOCBETOBOM PEXKUM), a TAKKE HAJIU-
YK€ NpeieIbHON CKOPOCTU YCKOPAEMOTO CrycTKa. I 1TaBHOE IPEUMYLIECTBO
pa3pabaTbiBaeMOi MOJIENIN IO CPABHEHHIO C aHAIOTUYHOU Mojelnbio [20] —
MHOTOMEPHOCTH 33/1a4i M Y4YeT Ta30MHAMUYECKUX U MATHUTHBIX CHII.

be3pazmepnan gpopma ypasnenuii mooenu. J1jis npoBeIeHUsS YUCIICH-
HBIX HccnenoBanuii cuctemy (1)—(6) HeoOxoaMMo mpuBecTH K Oe3pazmep-
HOMY BHJy. DTO TaK)X€ IO3BOJIUT PUMEHUTH PE3YJIbTaThl UCCIIEAOBAHUS
paccMaTpuBaeMbIX MoJIeNiel KO MHOTHUM HaOIt0aeMbIM 00BEKTaM, UMEIO-
UM CXOKHe Oe3pa3MepHbIe MapaMeTphl.

Jlia obe3pa3meprBaHusl MOJAEIN BOCIOJIb3YyEMCS CTaHJIAPTHBIM IIpHe-
MOM, TO3BOJISIONIUM COXpaHUTh oOmwmii Bua cuctemsl (1)—(6) u koddpdu-
[MEHTOB MPH YeHaX ypaBHEHM. Tak, BBOIUMBIE MAacIITaObl BEIHUUH CO-
XpaHstoT ko3 ouient 1/(47), XapakTepHbIid JJIsI 3alIUCH CHCTEMBI ypaB-
"Hennii Maxkcseiia B cucteme equuun CI'C.

B kadecTBe OCHOBHBIX MacIITa0OB 3a7a4u BhIOEpEM:

1) macmTab JTMHEHHBIX pasMepoB Ly;

2) macmrab BpeMeHH ty;

3) macmtad MIOTHOCTH py.

bynem BpIOupaTs MacmTad MiIOTHOCTU Py TaK, YTOOBI OH COOTBETCTBO-
BaJl MJIOTHOCTH MOJIEKYJISIPHOTO BOOpO/a (Macca MOJEKYIbl M = my, =
= 3,34 - 1072*r) ¢ koHmentpauueil ng, pg = nom. I1ogOOHBIH BEIGOP
MacIITabOB MMO3BOJIUT COXPAHUTh PEEMCTBEHHOCTD C IPEIIECTBYOIUMU
Mozemsimu [18].

OcTtanbHble MacITaObl BBIPAXKalOTCS 4Yepe3 OCHOBHBbIE (0003HAYCHUS

0
COOTBETCTBYIOT 0003HAYCHUSIM, BBEJICHHBIM paHee): vy = t—; Po = povg =
0

L? L
= Pot—zo; By = \/pov§ = \/Pot—(?; Iy = povl; eo = po = povg = BE;
0
1 P vim

Ly’ fo nok k

O003HaYMM MaccCy 3Be3/Ibl B IIEHTPAJIbHON MallMHE CHUCTEMBI Yepe3
M. Torma mozmens OmUCHIBaeTCs TpeMsi Oe3pa3MEepHBIMH KOMOWHALIUSMU
MapaMeTpoB 3aa4yu:

1) COOTHOIIIEHHE YIIEIbHOW IPABUTAIIMOHHON SHEPTUU U YIACIbHON KH-
HETHYECKOI dHEPruy akkpeuupyomero semecrsa g = SM/(Lovy), tae
& = 6,67384 - 1078 cm3/(r-c?) — rpaBUTALMOHHAS IOCTOSAHHAS;

2) COOTHOIIIEHUE JIMHEHHOW CKOPOCTH MOBEPXHOCTH TOHKOTO JTUCKA U
CKOPOCTH BTEKAIOIIEro BemectBa & = Loy /vy, (g — MacTab yrioBoi
CKOPOCTH JTUCKa,

3) COOTHOLICHHE MATHHTHOTO W Ta30BOrO NABICHWS B 3ajade (3 —
= 87po/ B, Do — XapaKTEPHOE ra30BOE JABJICHHUE.

B Momenu ucronb3yeM CIeayroNue MPEearnoIoKeHIsI i 3HAYCHHUS 0e3-
pa3MepHbIX KOMOMHALIUI:
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e yJenbHas IPaBUTALMOHHAS DHEPI U U y/IeTIbHasi KWHETUYECKas SJHEp-
T aKKPELUPYIOILIEro BEeIeCcTBa UMEIOT OJUH Nopsinok: g = 0,5;

e JIMHEIHasl CKOPOCTh MOBEPXHOCTH TOHKOIO AMCKA U CKOPOCTh BTEKa-
IOLLIETO BEIIECTBA UMEIOT OJUH MOPSAOK: w = 1;

® B COOTBETCTBMM C TEOPETUYECKHMU IPEICTABICHUSIMU COOTHOLIE-
HUE MarHUTHOTO U Ta30BOI0 JABJIEHUS CYLIECTBEHHO OTIMYAIOTCS
BOTH3HM LEHTPATbHOM MAIIHHBL U Ha miepudyepui, piaeM [, ~ 0,5
BO BHYTPEHHHUX YacTSIX OONAcTH, BOMU3U TPaBUTHPYIOIIETO OOBEK-
Ta (BBICOKOE BJIMSIHHE Ta30BOTO JIaBJICHUS CBSI3aHO C CYIIECTBEHHBIM
C)KaTUEeM rasa IpaBUTallMedl M BBICOKOM TeMIlepaTypoil Mmia3Mbl) U
Bm ~ 0,01 na BeIXOAE M3 00JNACTH, TA€ CTPYHHBIA BBIOPOC CTAHO-
BUTCS CYIIECTBEHHO 3aMarHMYEHHBIM U 00Jiee XOIOIHBIM.

PesyabTarsl MmogempoBanus. B paMkax caelaHHbBIX MPEATIOI0KEHUN
MIPOBENICHO UCCIIEI0BAaHUE MTOCTABIEHHBIX 3a1a4. B ycnoBusax MIJ-3aaun
paccMaTpHUBalIMCh BOIIPOCH! (HOPMUPOBAHUS, IEPBOHAYATBHOTO YCKOPEHUS
U KOJUIMMAIlMU BBIOpOCA 3a CYET 3aKpy4YMBAHUS CHUJIOBBIX JIMHUM MarHuT-
HOTO MOJISl BOKPYT YCKOPSIEMOTO MOTOKA IUIa3Mbl, a Takxke (opMUpOBaHUs
YCKOPSIOIIETO KaHaJIa HaJ| BPAIAOIINUMCS TOHKAM HEaTbHO ITPOBOASAIIMM
JMCKOM C BMOPOXKEHHBIM MarHUTHBIM I10JIEM.

MI/[-mooens oobpazosanus yckopawuwiezo kauana. Jjisi peuieHus
ypaBHeHU# ujeanbHod MIJ[ B MoiaHON JByMEpHOM IMOCTAaHOBKE Ha Tpe-
YTOJIbHBIX HECTPYKTYPHUPOBAHHBIX CETKaX MOCTPOEHA Pa3HOCTHAsl CXeMma,
OCHOBaHHasi Ha METO/E IPOOHBIX IIarOB C pasfesieHueM Mo (PU3NYECKUM
MpoLeccaMm.

Cucmema ypasnenuti, epanuynvle u HauaivHvle yciosus. CucreMy He-
CTallMOHAPHBIX ypaBHEHUN uiaeanbHoM MIJl 3anuiieM ¢ y4yeToM LWIMH-
JPUYECKON CUMMETPHUH B CIEAYIOIIEM BUJE!

oUu OoOF 0G
E_{'g—{'ﬁ_q)%'@gas_‘_@magn—{_ry (8)
%—?:Vx(va). 9)

Bnecs U = [p, pVs,, pV,, pVy, €]" — BEKTOp KOHCEPBATUBHBIX IIEPEMEHHBIX;
BEKTOPHI IIOTOKOB

PV; pVr
pVZ: +p pV.V,
FU)=| pV.V, |; GU)=| pV2+p
PV Vs pViVy
(e+p) V. (e+p)V;

1 BEeKTOpbl B mpaBod uyactu [Jl-cuctembl (QyHKIMM THIIA UCTOUYHUKOB-
CTOKOB), YUUTBIBAIOILME IE€OMETPUUYECKNE OCOOCHHOCTH 3a/laud, a TaKkKe
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JEHCTBAE MAarHUTHON U T'PAaBUTALIMOHHOM CHUJI,
- 0 -
0B, 0B,
B;
0B, 0B;
1 B T (2
oU.B) =—| “\oz, "o ) |;
By
aB ! 8@
' (ViB; — B,V
i axj ( J J) i
PV
pV. V.,
p(V2-VE) |;
pViVy
(e+p)V;

0
) B.B,
®magn (U7 B) = B} — B¢2> ;
4y " ’
B, By
B,(v-B)-V,B?

r=10,F,, F., 0, F- v, F=]|F, F, 0" — rpaButannoHHas CHa.
[Ipeanonaraem, 4To B Hayajue KOOPAMHAT HAXOAUTCS Teno maccou M,
SBJISIFOIEECS] MCTOYHUKOM I'PaBUTALIMOHHOTO mojs. I'paBuTanus nucka u
caMOrpaBUTaLUs ra3a B pacuerax He yuuTbIBaroTcsa. UToObl n3bexarb He-
OZIHO3HAYHOCTH 3aJaHMs I'PaBUTALMOHHOTO TOJII B OKPECTHOCTH Hadasa
KOOpAMHAT, IPUMEM MacCy B LIEHTPE PAaBHOMEPHO pacIpeeNICHHOM 110 I1a-
PY paauycoM 7, KOTOPBIN CYIIECTBEHHO MEHBIIIE IPYTUX F€OMETPHUYECKUX
napamerpoB. CaM map npenmnosaraeM ‘“mpo3padHbIM’ JUIsl OKpYKarolen
cpenbl. B cOOTBETCTBUM ¢ MPUHATHIME MPEIIONIOKECHUSAMH 3aAIHIIEM Clle-
JyIolllee BBIPAKEHHUE AJISl TPABUTALIMOHHON CHJIBL:
Mp z Mp r

e F=-620T R>n.
R R’ R R "

1
@gas (U) = _;

F,=-6

M M
F.=-6-L: F=-6=L: R<r,
T

* *
e R = /22 +r2.

I/ITaK, npeamnojiaracM, 41o B HPOCTPAHCTBEC, 3aIIOJIHCHHOM HACAJIBHO
MPOBOANICH TUIa3MOM, UMEETCSl TUCK M TPABUTHUPYIOIIEE TEJIO B IIEHTPE.
JIMCK BpamaeTcsi o CKOpocThio ()(r). B BemecTBo AMCKa BMOPOKEHO Mar-
HUTHOE T10JIe, HMEIOIIEEe TOIBKO OCEBYI0 KOMIIOHEHTY B,o(r). Jluck mume-
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aJIbHO MIPOBOASAIINM, OECKOHEYHO TOHKUI 1 HelpoHuIaeMbiid. Ha rpanuiax
obnactu (cM. puc. 6) 3a/1aHbI CIEIYIONINE YCIOBUS:

® Ha BHEIIHECH LWIMHIPUYECKOW IPaHULE 33/1aHO YCIIOBUE CBEPX3BY-
KOBOTO c(hepryecKoro BTEKAaHHsI HE3aMarHWYEHHOW HE3aKPYUEHHOU MEX-
3BE3HOM I1a3MBbl;

® BEpXHss IpaHMLa 00JaCTH MOAEIUPYET MEPEXOA MOTOKA K PEKU-
My TeueHHsI Ha OECKOHEYHOCTH C MOMOILBI0 HEOTPAXKAIOIUX IPAHUYHBIX
yCJIOBUH “B nasibHEM moToke” [32];

e Ha OCH BpalllCHMs] CUCTEMBI IIOCTABJICHO YCJIOBHE OTPaHUYEHHOCTU
peleHus;

e HIDKHSS I'paHMla pa30duTa Ha JIBE YacTU: HA YacTU IrpaHulpl z = 0,
rqg < r < rp, THE Tq — PaguyC TOHKOTO JHMCKa, IMOCTABJICHbI YCJIOBHUS,
COOTBETCTBYIOIIME 3KBAaTOPUATIbHON CUMMETpPUH, a Ha yacTh 0 < r < 7y
3a/1aH TOHKUM JUCK.

ToHKMI AUCK, OKpPYXKAIOIMIA TPaBUTHPYIOIUN OOBEKT, BpAIlaeTCsl CO
ckopocTbio w(r) = w(1 — (r/ry)?) (ckopocTh w GIU3KA K KETUIEPOBCKON
CKOpPOCTHU BpalleHMs Aucka). MaeanbHO MpoBOAAIIUN JUCK SABISETCS HC-
TOYHUKOM BEIIECTBA JKETa — BELIECTBO MOCTYIAET B PACUETHYIO 001acTh
CO CKOpPOCTSMH, ONpeACIsieMbIMUA NapaMeTpamMH TEYECHHs Hal IUCKOM, B
COOTBETCTBHM C aHajioroM MexaHusma bienadopna—Ileitna ans paccma-
TPUBAEMOH YINIOBOM CKOPOCTH. MOKHO ITOKa3arh, 4TO, KAK U B MEXaHU3ME
braenndopna—Ilelina, mpu yBenTuUeHUH YIvIa HAKJIOHA MAarHUTHBIX CHJIO-
BBIX JIMHUH K MOBEPXHOCTH JMCKAa BO3HMKAET IIa3MeHHBbIN Berep. llpen-
T10J1araeTcsl, YT0 BOSHUKHOBEHHME BETPA IIPOUCXOJUT MIOCTEIIEHHO U MIAIKO
IIPU JOCTH>KEHHMH yIJIa HAKJIOHA 3HA4EeHMs 0KOoJIo 30°.

Yucnenuviii memoo. JIJis YUCICHHOTO PEIICHUS MMOCTABICHHONW 3a1a4u
WCIOJIB30BaH METOJl APOOHBIX IIAaroB SIHEHKO ¢ pazaeneHueM Mo (usu-
yeckuMm mnporeccaM [33]. [lepecuer HEU3BECTHBIX BETUYHH B PA3HOCTHBIX
syeriKkax Ha Ka)JI0M BPEMEHHOM IIare COCTOUT U3 TPEX 3TaIlOB.

1. Pemienue razoquHaMH4€CcKOM CUCTEMBI ypaBHEHUH (§) METOOM TUIa
logynosa (ucnonb3oBan meron HLLC nns cucremst I'Jl-ypaBHenuit).

2. Annpoxcumanusi ypaBHeHuss @apanes (9) Ha pa3HOCTHOU siueiike
IIyTEM UHTETPUPOBAHMSI €0 110 OOKOBBIM I'PAaHSAM SYEUKH U UCTIOJIb30BAHUS
dbopmynsl Crokca.

3. BocnonHeHue ra3oBbIX NEPEMEHHBIX, Y4€T JEHUCTBUS MarHUTHBIX
CHIL

[Tono06HbII anrOpUTM MPUBOIUT K UCIIONB30BAHUIO CMEIIEHHBIX CETOK,
KOIZla Ha TPaHsX PACYETHOMN SYEWKM 3aal0TCs HOPMaJIbHBIE KOMIIOHEHTBI
MarHuTHOTO IOJISA, ¥ TO3BOJISIET aBTOMAaTHYECKH YIOBIIETBOPSTH YCIOBHUIO
V- B = 0. Jlns obecrnieueHns CBOWCTBA MOHOTOHHOCTH CXEMbI PUMEHEHA
PEKOHCTPYKLIMSI MArHUTHOTO TOJISl B Y3JIaX CETKU CHOCOM I10 ITOTOKY.
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[IpoBeneHbI TECTOBBIE HCIIBITAHUS TOCTPOEHHOTO HA OCHOBE ONTMCAHHO-
ro ajaropuTMa MpoOrpaMMHOIO KoMIUIeKca. PaccMOTpeH psil cTaHAapTHBIX
TECTOB 151 yuciaeHHbIXx MI/[-ko0B:

e 3asaua O pacraje aab()BEHOBCKOW BOJHBI (TECT YMCICHHON TUCCH-
AU Pa3sHOCTHOM CXEMBbl);

e 33j1a4a O PacHpOCTPAHEHUU LUPKYISAPHO MOJISPU30BAHHOHN ajb(Be-
HOBCKOW BOJIHBI (TE€CT TOUHOCTHU CXEMbI Ha IVIaJIKOM PELICHUN);

e 3ama4ya bpuo- By o pacnazne pa3pbiBa (TecT anmpoOKCUMAIUU pellie-
HUs 3a7a4u Pumana);

e 33/1a4a O BPALICHUM LIWJIMHAPA B MOKOALIEHCS cpele (TeCT ycToluu-
BOCTHU CXEMBI);

e 3anaua o Buxpe Opzara—TaHra (TecT BO3HUKHOBEHHS YIapHBIX BOJIH
U CBEPX3BYKOBOM TypOYJIEHTHOCTH).

[lepeuncrenHsle 3a1aun yCHENIHO PELIEHBI, METOJ MT0Ka3aj BBICOKYIO
YCTOMUYMBOCTh, YMEPEHHBI YPOBEHb UMCICHHOW JHMCCHUITALMM, CBEPXJIU-
HEWHBIA MOPSIAOK CXOAUMOCTH pelleHusi. Bce BaxkHbIE pa3pbIBbl B pelie-
HUSIX 3aj1a4 nepenaroTcs: Gu3nuecku KOPpeKTHO.

OcHnosnvie pesynomamsi pacuemos. K MmoMmeHTy 6e3pa3mepHOro Bpeme-
HU t = 5 peXHUM TEUeHHUs B pacueTHOM 00JacTH B IEJIOM yCTaHABIUBACT-
Csl, TOJIOBHAs yJapHas BOJHA W COIYTCTBYIOIIMHA €l “Iuieid” yxomar u3
obmactu. Cuctema He MPUXOAUT B CTAI[MOHAPHBIN PEXKUM, HO COBEPIIAET
KoJie0aHUs OTHOCUTEIBHO HEKOTOPOTO MOJIOKEHUSI PABHOBECHSL.

YcTaHOBUBIIHUIICS PEXUM ABMKEHUSI CUCTEMBI ONpeielisieTcs: OamaHcoM
MIOJTHOTO JIaBJICHUS B 3aMarHUUE€HHON U He3aMarHW4eHHON YacTsAX 00JIacTH.
Onna u3 ocoOeHHOCTEH pekuMa — 00pa30BaHUE YCKOPSIOIIEro KaHasla
B 3aMarHnmueHHON momobOnactu (g (puc.8). TeueHHe UMEET CIEIyIOIIHE
XapaKTEpHbIE YEPTHI.

1. Bokpyr “ropnoBuHbI” momo0mactu {2p — yCKOPSIOIIETo KaHaja —
oOpa3yeTcsi TOPOBUIHBINA (POKYCHPYIOIINN BUXPb IJIa3Mbl, CKOPOCTb JIBU-

P 0
9,93 -38
~10
1 F
1
0,1
0,1
0,01
0,01
0,001 0,04

Puc. 8. Pacnipenenenuss miIoTHOCTH (@) W CKOpOCTH (/) B MOMeHT BpeMenm t = 15
(ycTaHOBMBLIMIiCS pesKMM BbIOpoca) B yckopsioueM kaHaue B MIJI-moxesu
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Puc.9. MrHoBeHHble TPAaeKTOPMM YACTHI IJa3Mbl (TpexMepHoe H300pakeHue
MOCTPOEHO MO ABYMEPHOMY HUJIHHAPHYECKH CHMMETPHYHOMY II0JII0 CKOPOCTH)

YKEHUSI KOTOPOU SIBIISIETCSl HaMMEHbIel B oonactu (puc. 9). @opma kanana
cxoxa ¢ popmoii cora JlaBas.

2. Ilorox BHyTpHM KaHaja 3(()EKTHBHO YCKOPSIETCSI O CBEP3BYKOBBIX
CKOPOCTEM, MPUYEM IJIOTHOCTH BELIECTBA CYIIECTBEHHO (Ha HECKOJIBKO I0-
PSIKOB) HIDKE TIOTHOCTH BellecTBa B monobmactu (2. JIKeT, yCKOpeHHbII
B NIOZJIOOHOM KaHaje, SBISIETCS XOPOIIO KOJNIMMUPOBAHHBIM: KaHal UMEeT
BUJI KOHYCa C HEJIMHEHWHOW HAMPAaBIISIIOLIEH, YIoJd pacTBOpa JKEeTa COCTa-
BJISIET (10 MaKCHUMyMaM a3UMyTaJIbHOIN ckopocTH) 8,6°. MaruutHoe mnose
BHYTPH KaHaJla UMEET CIMKHYIO CTPYKTYpY, 00€CIIEYHBAIOIIYIO OTCYTCTBHE
Pa3pbIBOB IJIOTHOCTH B MOTOKE.

3. CreHku KaHala oOpa30BaHbl M3 CPABHUTEIBHO MENJICHHO IBUKY-
ieiicss HeHaMarHMYeHHOM TIIa3Mbl C BEICOKMMH 3HAUYEHUSMU TUIOTHOCTH U
JaBJIeHUs! (OMTUYECKU TOJICThIE CTEHKH).

Bonbiioil mHTEpEC MPENCTaBISIIOT MOTYYSHHBIE B pacyeTax HEeIHHEU-
HbIE KOJIeOaHUsl Pa3IUYHBIX XapakTepucTuk BbiOpoca (puc. 10). Ilepuon
KosiebaHui OnMM30K K Oe3pa3MepHON €IUWHHUIIE BPEMEHH, OHH OXBaThIBa-
10T OobIIol Habop mepeMeHHbIX. [Ipexae Bcero, 3To KacaeTcst pagauyca

35 7 14,0 g
1] 50 o
g 30t < 1358
g 5 130 z
E 25+ 40 E( s §
= 20k 20 o 2,5 =

w W
g 5 {208
g 15F g 3
g 20 115 %
L o =4
§ 10 \ VAR é 11,0 €
2 s/ Kemoed YT A 10 105 8
——tL'/ | 1 1 L 0 —0 2

0 5 10 15 20 ¢

Puc. 10. Konebanusi MakcuMaJibHOM ((poxycupyromuii Top) miorHoctu (1), Mmakcu-
MAaJIbHOW CKOPOCTH MOTOKA B pacueTHOM odyacTu (2) M moToKa Macchl ¢ aucka (3)
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Pl/l(‘,.ll. YrioBasgs KOMIIOHEHTAa MATrHHUTHOIO IIOJIS BA0JIb JIMHUHU z=2,5 npu
t = 13,95 (1), 14,2 (2), 14,45 (3), 14,7 (4) u 14,95 (5)

BHYTpeHHero jukera. C TedeHHeM BPEMEHM B IMONEPEYHOM Cpe3e YITIOBO-
IO MarHUTHOTO MOJIsI 00pa3yeTcsi HOBbI MUHUMYM (3TOT MHHUMYM IpH-
HUMAaeM 3a I'paHuIly BHYTPEHHEro JpKera, puc. 11), paauyc Jpxera pe3ko
YMEHBILIAETCsI, CKOPOCTh MCTEUCHUs yBenuuuBaercs. Jlajgee Touka MUHH-
MyMa HaYMHAET CMELIAaThCsl OT OCH BPALICHUS, CKOPOCTh CHUXKAETCS, TTOKa
He 00pa3yeTcs HOBbIII MUHMMYM (M HOBasi IpaHULAa BHYTPEHHETO JKETA).

AHanu3 XapakTepUCTHK KoieOaHU MO3BOJISET MPEANOI0KUTE, YTO OHU
UMEIOT IPaBUTALMOHHOE MIPOUCXOXKACHNUE, IPUUYEM MAarHUTHOE I10JIE, CXKU-
MaeMoe MOIEePEeK CUJIOBBIX JUHUM, UTPaeT posib NPYKUHKH, a Bec Habera-
IOl He3aMarHWYEeHHOMN IJ1a3Mbl — BBIHYKIAIOLIEH CHJIBI.

IIpoBeneHHbIE pacyeTsl IOKA3aIU, YTO B MOJIEJIN 00pa3yeTcs yCcTouu-
BB BO BPEMEHU KaHAJIM3MPOBAHHBIN BBIOPOC IJIa3Mbl B MOJIOKUTEIEHOM
HarpaBJICHUH OCH z. BBIOpOC XOpOIIO KOIITMMHUPOBAH U IO CBOUM TTapame-
Tpam XOpOILO COOTHOCUTCS C UMEIOIIMMHUCS HaOMI0AaTeIbHBIMU U pacyeT-
HBIMH JIaHHBIMHM O CTPYKTYpE U CBOMCTBAX TajakTH4ecKHux JxkeToB. Eciu
MIPEIIOI0KHUTD, YTO YACTHIIBI IJ1a3Mbl OYIyT CBETUTHCS B 3aBUCUMOCTH OT
TEMIEepaTypbl, TO /ISl BHEIIHEr0 HaOJII0AATENsI TOTOK OyAeT BBINIAETh KaK
UCTEKAIOUIMN 110 CIIMpAIU JKET.

[1noTHOCTH BeliecTBa BHYTPU KaHala Ha HECKOJIBKO MOPSJIKOB MEHbILIE
IUIOTHOCTH BEIIECTBA CTEHOK, MPUUYEM CaM KaHaJl SBJISAETCS MPaKTHUECKU
IIPO3pauHbIM Ul BO3MOYKHOTO m3nyuyeHus. Ecim paccMmarpuBatrh cilydait
TOMIICOHOBCKOTO pAacCEesSHUSl W3JIyueHUs Ha 3JEKTpOHaX, TO ONTHYECKas
TOJILIMHA CJIOS BEIIEeCTBAa BHYTPHU KaHajla COCTABIISIET

T =ornLy~ 6,7-107%, (10)

IIO3TOMY I pacyera paclupOoCTpaHEHUs M3Iy4YeHUs BHYTPH KaHalla IIpHU-
MEHHUMa MOJIENb MEPEHOCa U3IIYYCHHS C OMHOKPATHBIM PacCETHUEM.

Ecau unTepripeTupoBaTh pe3ynbTarhl B pa3MEPHBIX BEIIMYUHAX, TO pac-
YEeThl MOJICTUPYIOT UCTEYCHHE OT (POPMUPYIOMICICS TIPOTO3BE3IbI MacCOM
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M = 3M ¢, OKpyKEHHO! OKOJIO3BE3IHBIM AUCKOM paauycoM g ~ 40 a.e.
JIuck mpoHU3aH MOJIOUAATBHBIM MAarHUTHBIM TI0JIEM, HAIIPSDKEHHOCTh KOTO-
poro cocrasisgeT okoio 0,06 3. Ha cucteMy akkpenupyer CBEpX3BYKOBOHN
MOTOK BEIIECTBA C TEMIIOM aKKpeuuu okono 5 - 107° M /rox. Ilepmen-
JTUKYJSIPHO SKBAaTOPHAIBHOM TIOCKOCTH AHMCKa (POPMUPYETCS KOIITHMHPO-
BaHHOE MCTEYCHHE BellecTBa MOMMHOCTBIO 0,65 - 107° M /To, ckopocTh
noroka coctarisier 500 kM/c, yron pacTBopa Jkera — okono 10°.

Mooenv yckopenus naazmul 6 Kanaaie HA) 20pAYUM AKKPEUUOHHBIM
ouckom. B pamkax PMI/I-3agaun cxema ocTaeTcsi HeU3MEHHOM, B paccMo-
TPEHUE BKJIKOYAETCS JABICHUE U3JyUYE€HUs TOHKOTO JUCKA.

[Tonnas PMI/l-cucteMa B KBa3UCTAaLlHOHAPHOM MOHOJHEPrETUYECKOM
npubmmkennn umeet Bu (1), (3)—(7).

PaccmoTpuM TOMIICOHOBCKOE paccestHUE H3JIydeHUsT Ha CBOOOHBIX
JNIeKTpOHax. VIHIuKaTpuca TakKoro paccesiHUsT paBHAa PAJIEEBCKOU

I'(t,z,w,w) = 2 (1+ (w-w’)Q), a Ce4eHHE pACCesiHUs PaBHO Op =

= 6,6521072% cm? (ko> puument paccesHus [ = nop, TA€ N — KOHIEH-
Tpauys BEIIECTBA).

MopnesnbHble yCI0BUS U1l ra30BOM U MarHUTHOW yactu PMIJI-cuctembl
B LI€JIOM NMOBTOPAOT ycioBus At MI'J[-monenu. IIpennonaraercs, 4ro me-
XaHU3M 00pazoBaHUs BETpa HaJ TOHKUM JUCKOM (PYHKIMOHHUPYET MOCTO-
SIHHO, BHE 3aBHUCHMOCTHU OT yIJIa HAKJIOHA MAarHUTHBIX CHUJIOBBIX JIMHUMU.
[TomoOHoe ycrnoBue obecreunBaeTCs BHITATKUBAIONIUM JIEHCTBUEM H3ITY-
YEHUsS! BHYTPU TOHKOTO JIMCKAa.

Kpome Toro, mpenmnosnaraercsi, 4T0 OKPECTHOCTH LIEHTPAJIBHOIO Ipa-
BUTHPYIOLIET0 00BbEKTa (4acTh TOHKOTO JTMCKA) M3Iy4aroT C MHTEHCUBHO-
CTBIO M3JIy4eHHUs aOCOJIIOTHO YEPHOTO Tella C XapaKTepHOU TemmnepaTypoi
7-10*K. Ipu 5T0oM H311ydeHue chOKyCUPOBAHO BHYTPh KaHaJla: H3J1ydaro-
wen sBisercsd rpanuna z = 0, 0 < r < 0,2, uznydyeHue pacrupoCTpaHIeTCs
BJIOJIb HAMPABICHUHU, JUIT KOTOPBIX cosf > 0,9, rme § — moisipHbIA yroa
Jayda.

[Ipumem, uTo ociabiieHue MHTEHCHUBHOCTU H3JIy4YE€HUs B Ipolieccax
paccesiHUsI CYIIECTBEHHO BBIIIE NHTEHCUBHOCTH B IPOIECCAX MOMIOIIECHHUS
(hoTOoHOB BelecTBOM. JIpyruMu cloBaMu, BEIIECTBO JAOCTATOUHO pa3peke-
HO ¥ JIOCTaTOYHO CJIa00 MOIMIOMIAET, TOATOMY MOKHO MPHUHATH KOAPPUITH-
eHT noromenus o (t, x,w) = 0.

Yucnennwlii memoo u e2o npoecpammuas peanusayus. Jns peuieHus
PMIJI-cucteMbl IpUMEHEH YK€ YIOMSHYTBI METOJ JPOOHBIX 111aroB, J10-
noyiHeHHbIN dTanoM pemeHus YIIM. C mo3unuu BeUUCICHUN Hanboee
TpeOOBaTEIBLHOM K pecypcaM sBisieTcs: mpouenypa pemenus YIIW. s
uHTerpupoBanus YIIW BbIOpaH MeTOA TUCKPETHBIX HAINPABICHUN.

Jlnisa pemenust ypaBHeHus (7) B COOTBETCTBUU C METO/IOM JUCKPETHBIX
namnpasneanit (MIH) nHeooxoaumo npoBecT unrerpupoBanue YU Bronb
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Ka)XJIOTO BEIOPAHHOTO JMCKPETHOTO HANPABJICHUS, CBEIS TEM CaAMBbIM MHO-
romepHoe uHTerpoaupdepeHranbHoe ypaBHeHue (7) K MHOKECTBY OJIHO-
MEPHBIX OOBIKHOBEHHBIX TU(D(PepeHIINaTBbHBIX YPAaBHEHUN (€CJI HHTETpal
paccesiHUs yUUTHIBAECTCS UTEPAIIHOHHO):

TOL) 4 k)1 ) = S (.0,
IJe 1) — napaMmerp, UMEIOIIMM CMBICI PACCTOSIHUS BIOJb JIy4da, MPOXOAs-
IIETO Yepe3 MaHHbIN y3ell MPOCTPAHCTBEHHOM ceTku; S (1), w) — UCTOYHUK
PacCestHHOTO U3JIyYEHUsl.

JUnist KXo TOUKH CETKH &; HEOOXOIUMO MPOBECTH TPACCHUPOBKY JIy-
yell, IPUXOASAIIUX B Hee BJI0JIb BEKTOPOB w; cepsl HarpaBieHNH, BbIOpaH-
HOM C y4€TOM YIAJICHHOCTH TOYKH &; OT I'paHULbl. AKKYpaTHBIN y4eT rpa-
HUYHBIX YCJIOBHMH JJIS TIOJIS U3JTy4€HHsI IPUBOIUT K BEIOOPY CBOEro Habopa
(¥ cBOETO KOJIMYECTBA) AUCKPETHBIX HAMpaBICHUN Ul KaX10M TOYKH, YTO
CEpbE3HO YBEIMYUBAET TPEOOBAHMS K BBIUMCIUTEIBHBIM pecypcam, Ipe-
kK7Ie Bcero K nmamMaAtd. IIpu 3ToM HaiMume NUIMHAPUYECKOM CHUMMETPUH
MPUBOAMUT K HEOOXOAMMOCTH TpPAacCHpOBaTh HAlpaBJICHUs paclpocTpaHe-
HUS U3IIyYEHUsl B TPEXMEpHOU olnacTu. DTy 3a7ady JIETKO CBECTH K Tpac-
CUPOBKE KpUBOW BTOPOTO MOpsiaKa (runepOosibl) B TUIOCKON obmactu D.

Peamusanusa MJIH, a taxke npoueaypsl TPaCCUPOBKH JIy4e€l U MHTE-
rpupoBanus BAoiab HUX YIIW npenwsBiser Beicokue TpeOoBaHMS K pe-
cypcam MaMsaTd BBIUMCIUTEIBHOIO MOAyisa. B aTom cinyuyae Haubonee 1e-
Jgecoobpa3HO MMEHHO Hcmosib3oBaHue SMP-moayneit ¢ MakcHMaibHBIM
JOCTYIHBIM Ha JAHHOM Y3JI€ KJIACTEPA YUCIIOM MPOLIECCOPHBIX SIEP U MaK-
CHUMAaJIBHO JOCTYITHOM MaMSTBIO.

W3noxeHHslit B HacToslIed paboTe YMCIEHHBIA METOJ| peajlu30BaH B
BHJIE NTPOTPAMMHOIO KOMIIJIEKCA, HAITMCAHHOTO Ha SI3bIKAaX MPOrpaMMHpPO-
BaHus @oprpan-90 n C++. KoMIuieke HCHONIb3yeT CaeNyone TEXHOIOTHH
nporpaMMmupoBanus 1yt SMP-maniuH:

e texHosorusi OpenMP npumeHeHna il napajijieIbHOTO BBIIIOJIHEHUS
nHTerpupoBanus YIIM Brosb NpoTpaccpOBaHHBIX U COXPAHEHHBIX B OIlE-
pPaTUBHOM MaMSTH Jy4Yel, COOTBETCTBYIOIIMX JAHHOMY Y3JIy CETKH, OCY-
LIECTBISEMOT0 HE3aBUCHUMO JUISl KAKJIOTO y371a;

e texHonorus nVidia CUDA ucnosb30BaHa Ui napajieabHOro BbIYU-
CIIEHUsl MHTerpana paccessHus (yder uHrerpana B (7) IpOBOIUTCS UTEpa-
LIMOHHO) B Pa3HbIX MPOCTPAHCTBEHHBIX y3JIaX PACUETHON 00JIACTH, TPUUEM
BBIYHMCIICHHE BCEH COBOKYITHOCTM MHTETPAJIIOB PACCESHHUSA B JAHHOM IpO-
CTPaHCTBEHHOM Y3JI€ BBIIMOJIHAETCS B paMKax OJ0Ka TpeoB OHOTO rpadu-
YECKOI'0 MYJIBTUIIPOLIECCOPA, & KaKbIH OTAEIbHBINA HHTETPal BBIYUCIIACTCS
B paMKax OJHOTO TpeAa B YKa3aHHOM OJIOKe.

Hcnonb3oBaHue 3TUX TEXHOJIIOTMM MMO3BOJIWIO CYIIECTBEHHO YCKOPUTh
paboTy mporpaMMHOro KoMiuiekca. B wacTHocTu, npoienypa TpacCupOBKU
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u unrerpuposanus YIIU Brons nyua ¢ nomoursto Texnosoruu OpenMP Ha
12-anepHoM y3ne kinactepa K-100 UIIM um. M.B. Kennpina PAH (96 16
orepaTHBHOM mamMATH) BbIoONHsAeTCs B 10,8 pa3 ObicTpee, YeM Ha OJHOM
IIPOLIECCOPHOM SI/IpE, a MPOLEAYpa BIUNCIEHNS HICTOUHUKOB PacCESHHOIO
U3IY4YEHHUSI BO BCEX MPOCTPAHCTBEHHBIX y3J1aXx Ha IpauuecKoM Mpoliec-
cope nVidia Tesla — B 82,3 OpicTpee, yeM Ha OJHOM IMPOLIECCOPHOM SApPE
(M3MepeHus MPOBOAUINCH Ha OTHOM Y31ie kiactepa K-100, mpoueccop Intel
Xeon X5670, 2,93 'T).

Pezynomamsi pacuemos. BpluucieHus B COOTBETCTBUU C PacCMOTPEH-
HOM MOJIeNbI0, BeIoHeHHbIE Ha kiactepe K-100 UTIM um. M.B. Kennpiira
PAH, neMOHCTpHpPYIOT CIIEIYIONIYI0 KAPTUHY YCKOPEHHUs IUIa3Mbl B KaHAJIE
JDKETa.

JlapneHue W3Iy4deHUs LEHTPaJbHOW MalluHbl 3(PPEKTUBHO YCKOPSET
BEIIIECTBO BHYTPH 3aMarHU4YeHHOro KaHana (puc. 12, 13). st yctoitunBoro
yCKOpeHHsI BBIOpoca He0OXOAMMO BBINOJIHEHHUE YCIOBUS OTPaHUYEHHOCTH
IUIOTHOCTHU BE€Tpa ¢ TOHKOIO AMCKAa CHU3Y. B IPOTMBHOM cilydyae JaBlIeHUE
U3IIy4€HUs ,,BBINYBACT* IUIa3My W3 KaHaJla, IUIOTHOCTH BEIECTBA YMEHb-
n1aeTcs HacTOJIBKO, YTO ACHCTBHE M3IIy4YCHHs Ha BELICCTBO OKa3bIBACTCS
MaJjbIM U MaJlo BIMSET Ha CKOPOCTH IOTOKA. B HEKOTOPBIX cilydasx BO3-
MOKHO 3allMpaHue BEUIeCTBa HaJ TOHKHUM JHCKOM Ta30BbIM JIaBJICHHUEM
IIJIa3MbI B “TOPJIOBUHE” JIKETA.

Oco0blil HHTEpeC BBI3BIBAECT YCTAHOBUBIIMNCS MPH BBEJICHUU OIpaHH-
YEHUs IUIOTHOCTH BETpa CHU3Y NEPUOAMYECKUI PeKUM BHIOPOCA BELIECTBA.
B nono6HOM pexxuMe COXpaHsSeTCsl CpeHss BBICOKas CKOPOCTh HCTede-
HUS BEILECTBA, IIPU 3TOM HaOJIOAAI0TCS MEPHOINYECKHE BCIUIECKU MO
ckopoctu motoka (puc. 14). Ilepuon BcreckoB 7, = 0,01 coBmagaet co
BpeMeHeM, HeOOXOIMMBIM IUIa3Me, YTOObl YUTH OT LEHTPaIbHOIO 00bEK-
Ta U MPEOJI0JIETh CYKEHUE YCKOPSIOLIEro KaHaya, BhIHAS HAa CTaOMIIbHBIN
YPOBEHb CKOPOCTH.

[IpoBeneHHble pacuyeTbl MOIEIUPYIOT UCTEUEHHUE MIa3Mbl OT KOMITAKT-
HOro 00bekTa Maccoit M = 3M ), OKPYKEHHOTO OKOJIO3BE3HBIM JIUCKOM
paauycoMm 74 = 0,6L¢ ~ 40a.e. Jluck NpoHH3aH MOJOUJATBHBIM MarHUT-
HBIM T10JIEM, HaNpsKEHHOCTh KOToporo coctasisger okoso 0,06 3. Ha cu-
CTEMY aKKpELUpyeT CBEPX3BYKOBOH IOTOK BEIIECTBA C TEMIIOM aKKpELUU
okoio 5-107° M /ron. Haj 3Be310ii ¢ AuCKOM c(OPMUPOBAH 3aMarHAYCH-
HBIM KaHaj, COAEpXallUi pa3peXEHHOE BEIECTBO, HCTOYHUKOM KOTOPO-
ro sBjsieTcs AucK. IlepneHauKysipHO 3KBaTOpUaabHON IUIOCKOCTH JUCKA
(bopMupyeTCs KOJUTMMHPOBAHHOE MCTEUEHHE BEIlecTBA (IDKET), yCKOpsie-
Moe JaBiieHHeM u3inydeHus. CKOpoCTh MOTOKA KOJeOIeTCsl BO BpPEMEHH U
B cpenneM cocrapiser 2 - 10* km/c, yron pactBopa mikera — okoso 10°.

[ToTok COCTOMT M3 OTAEIBHBIX CTYCTKOB BEIIECTBA, ABMXKYIIMXCS CO
CKOpPOCTBI0, OOJbIIel CKOpOoCTH (POHOBOTO TeueHUs. MaKcHuMallbHasl CKO-
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Puc. 13. Pacnpenesenust aasieHusi (a), 00beMHOH CHJIbI PAJIMALMOHHOIO JaBlIe-
Hus (0) u Moxyasi ckopoctH (¢) B1oJb ocu 7 = 0 B MomeHT Bpemenn t = 18,075
pocTh cryctkoB mocturaet 5 - 10* km/c, mepmonm BIGpOCA CTYCTKOB —
13 nuen.

3akuouenne. B paGore oOCYX IE€HBI M MOCTPOEHBI MaTEeMAaTUYECKUE
MI/I- u PMI/I-monenu oOpa3oBaHusi, KOJJTMMAIIMA U YCKOPEHUS (BILIOThH
10 ckopoctu 5 - 10% kM/C) mIa3MeHHOro BHIOPOCA W3 OKPECTHOCTEH KOM-
MAKTHOTO OOBEKTA.

B BhIUKCIUTENBHBIX SKCIEPUMEHTAX TIOJYYEH YCTOMYMBBINA BO BPEMEHU
XOpOIIO KOJUIMMHUPOBAHHBIN BBIOpOC IUIa3Mbl. 3a(UKCUPOBAHBI BCILJIECKU
CKOPOCTH BBIOpOCa, MPUBOAAIINE K 00Opa30BAaHUIO CTYCTKOB BEIIECTBA B
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Puc. 14. OGocTpeHne BOJTHBI CKOPOCTH B X0/1e YCKOPeHHs Beljiecka (a) U o0pa3oBa-
HHe (PpoHTA ynapHOIi BOJIHBI ()

IIOTOKE BLI6pOC3.. KOJIJII/IMaI_II/I}I 00€eCIIeunBaETCsI OCEBBIM U TOpOUAaJIbHBIM
MAar"HuTHBIM IIOJIEM. YCKOI)GHI/IG B€IICCTBA AOCTUTACTCs 3a CUHCT JaBJICHUS
H3IYy4YCHUSA aKKPCHHUOHHOTO OMCKA.
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