2. MopkyH B.C. YnpTpa3ByKkoBOM KOHTPOJIb XapaKTEPUCTUK U3MEIIbYECH-
HBIX MAaTEepPUANIOB W aJalTUBHOE YIPABJICHHUE MPOIECCAaMU HU3MEIbUCHUS-
Kkiaccudukanuu pya Ha ero 6ase: / B.C. MopkyH. - Jlucc. ... JOKT. TeXH. HAyK:
0.5.13.07. - Kpuoii Por, 1999. -401 c.

3. Maldonado M. A. Advances in estimation and control for flotation
columns. Du programme de doctorat en génie électrique pour l'obtention du
grade de Philosophiae Doctor (PhD) .Québec. 2010. p. 135.

4. Titterington, D., Smith A., Makow U. Statistical analysis of finite mix-
ture distributions. John Wiley and Sons, Ind Edition. UK. 1985. p. 7.

5. Olympus NDT. Introduction to phased array ultrasonic technology ap-
plications. R/D tech guideline. Canada, April 2007, p. 9.

6. Goodman J . W., Introduction to Fourier Optics, New York, 1968, p.
5.

7. Seip, R., VanBaren, P., Cain, C. A., and Ebbini, E. S., Noninvasive
Real-Time Multipoint Temperature Control for Ultrasound Phased Array
Treatments, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, vol. 43(6), 1996, p. 1063-1073.

8. Kohout B., Transducer Array Calculation (TAC) GUI,
http://www.mathworks.com/matlabcentral/  fileexchange/35657- transducer-
array-calculation-tac-gui.

9. Church C.C. Prediction of rectified diffusion during nonlinear bubble
pulsations at biomedical frequencies. J. Acoust. Soc. Am. 83, 1988, p. 2210-
2217.

YJIK 669
B. B. KAPMA3UH pokr. TexH. Hayk, npod., [T.A. CbICA, acniupant
MI'1 MUCHUC

PACHIUPEHHUE OBBEMOB CbIPbA BE3JOMEHHOI'O
IHPOU3BOACTBA CTAJIN 3A CYET HOJYUYEHUA
BBICOKOKAYECTBEHHBIX MAT'HETUTOBbBIX KOHIIEHTPATOB

Asmopbl npednazarom noaydb 8blCOKOKA4eCmEeHHble KOHYeHmMpamol O
0e300MeHHOU Memaniiypeul Ha OCHO8e HOB020 NPOYECCA B8blCOKOCPAOUEHMHOU
cenapayuu 8 NepemMeHHbIX MASHUMHBIX NOJISAX C HU3KOU HANDSNCEHHOCMbIO U
OPUSUHATILHBIX KOHCIMPYKYUU annapamos, e20 peaiu3yrouux.

Aemopu npononyroms ompumamu GUCOKOSKICHI KOHYeHmpamu 0715 6e3-
OOMEHHOU Memanypeii Ha OCHOBI HOB020 NpOYecy BUCOKOSPAOIEHMHUM
cenapayii 6 3MIHHUX MACHIMHUX HNOJAX 3 HU3BKOK HANPYAHCEHICMIO |
OPURTHATILHUX KOHCMPYKYIU anapamis, 1Uo2o peanizyions.
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Authors offer to receive high-quality concentrates for without blastfarness
metallurgy on the basis of new process highgradient separation in variable
magnetic fields with low intensity and original designs of devices, its realising.

IIpoGsiema u ee cBA3b ¢ HAYYHBIMU U NMPAKTHYECKHMMHM 3aqauyamu. B
MIPOU3BOJICTBE CTaJM JOMEHHBIM MEpPEea CTAaHOBUTCS OCHOBHBIM TOPMO30M,
IIOTOMY, YTO: pacTyT TpeOOBaHUs K KA4ECTBY CTaJIM, a OCHOBHOE KOJUYECTBO
cepbl U (pochopa monagaeT B UyryH MpU JOMEHHOM Tepesielie U yXyIIIaeT Ka-
YEeCTBO CTaJM; KOKC M KOKCYIOUIMECS YIJIM Bce 0oJyiee TPYIHOAOCTYIHBI, MpHU
TOM €CTh OIPOMHBIE 3aIachl IPUPOJIHOTO ra3a U OTHOCUTEIBHO JICIIEBAs DIIEK-
TposHeprus. [Jo HacTosmero Bpemenu B Poccun 0CHOBHOE KOJIMYECTBO YEPHBIX
MeTaioB (6omnee 98 %) MoaydaroT Mo ABYX-CTYIIEHYaTOW CXeME UyTyH-CTallb.
[Ipu »TOM U3 BCEro MpoU3BOAUMOrO uyryHa 6osee 94% uaeT Ha MPOU3BOACTBO
CTayid (TaK Ha3bIBAEMbINA «IEPEICIbHBIA UyTYH»), U JUIIb HEOOJBIIYI0 YaCTh
COCTaBIIIET «IMTEUHBIN YYTyH», U3 KOTOPOrO B JAJbHEHIIEM OTIMBAIOT FOTO-
BBIC JIETaJU, T.€. HET HEOOXOAUMOCTU B YYT'yHE, KaK CaMOCTOSITEJIbHOM IPO-
nykre. Cepa u ¢ocgop, nonajgarot B 4yryH U CTallb IPEUMYIIECTBEHHO U3 KOK-
ca. [Tpu aTom He nmeet 3HayeHus:, kak oTMedasn A.H. IToxBucHeB, ¢ Kakoil J10-
neit ckpana (Brioth 10 100 %) Oblia mosydyeHa cTalb, Tak Kak CKpar, B CBOIO
ouepeb, ObLT TOJIYyYEeH U3 YyTYHa.

AHanu3 uccaeA0BaHui U myOaukauuii. [IporpeccuBHBIM COBPEMEHHBIM
CIIOCOOOM SIBJISIETCSI TIOJIyYEHHUE CTAJM MPSIMBIM BOCCTAHOBJIEHUEM U3 HKEJIE30-
PYJIHBIX KOHIIEHTPATOB, MUHYS JOMEHHBIN MpoliecCc. DT KOHIEHTPAThI MOCIIe
OKOMKOBAHUSI BOCCTAaHABJIMBAIOT KOHBEPTUPOBAHHBIM MPUPOJHBIM Ta30M MpHU
temneparype a0 1000°C, 3aTteM mocTynaroT Ha ropsiuee OpUKETUPOBAHUE B
BAJIBLIEBBIE MTPECCHI MJIM B KAYECTBE IIMXTHI MOCTYIAIOT B 3JIEKTPOIEUH, OTKY /1A
CTaJIb TIOCTIE HEMPEPBIBHOM Pa3IMBKU cpasy UaeT Ha npokaTky. Crmocob Bechma
AKOHOMHYECH, OTHAJAI0T 3aTPaThl HA KOKCOXUMHUUYECKOE U (PIIFOCOBOE MPOU3BO/I-
CTBO, @ KayeCTBO IMOJyYEHHOW CTaJM BBICOKOE, MOCKOJIbKY B pynax Kypckoi
MarHMTHOM aHOMaJIMM, TJI€ 3alachl XKEJIE3HbIX Py, COCTaBIsIOT Oosiee 82%
IIPOTHO3HBIX pecypcoB Poccuu, n onenuBarores B 123,6 muip. T., IPpaKTUYECKU
oTcyTCTBYIOT (hocop u cepa [1]. [[pon3BoauTeIbHOCTD 0€3I0MEHHBIX MPOILIEC-
COB 3aMETHO BBIIII€ TPAAUIIMOHHBIX CIOCOOOB BBIMJIABKU cTaid. B Poccun ta-
KO€ MPOU3BOJICTBO CTAJIM OPraHU30BaHO JUIIb HA CTapOOCKOIBCKOM 3JIEKTPO-
MeTauypruyeckom 3aBoje (1,5 MiH. TOHH B roj), moctpoeHHoM B 1970-x ro-
nax ¢ nomompo OPI'. be3nomeHnHass MeTtammyprusi mMO3BOJISIET OTKA3aThCSA OT
MOCTOSIHHO JOPO>KAIOIIIET0 U CTAHOBSAIIETOCS Bee Ooiee NeUIIMTHBIM KOKCa, OT
CJIOHOTO XO3SIIICTBA KOKCOXMMHUYECKUX, arjJJOMEpallMOHHBIX U JIOMEHHBIX Lie-
XOB — OHA BBITOJAHO OTJIMYAETCS U B SKOJOTMYECKOM OTHOIICHHMH, TaK KaK MC-
KJIFOUAET 3arpsi3HEHUE OKPYIKAIOIIEeW cpeibl CEpHUCTBIMU ra3aMH U JIPYyTUMU
BpeIHbIMU BelecTBamu. [lomydyeHHasi cTanb COAEPKUT 3HAYUTEILHO MEHBIIE
cepsl 1 pocdopa.

JIOCTOMHCTBaMU MEPEUYHUCICHHBIX CIIOCOOOB SIBISETCS BO3MOKHOCTD IOy~
YEHUs CTaJIM U CIUIABOB OYEHb BBICOKOM UUCTOTHI, IPUMEHEHUE KOTOPBIX 00-
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JIer4aeT Maccy KOHCTPYKIUH, YBEJIMUYUBAET HAJEKHOCTh U JIOJITOBEYHOCTh Ma-
IIMH 1 MexaHu3MoB. C Havalia >KeJIe3HOr0 BeKa CYIleCTBOBajla BhIIIaBKa JKelie-
3a ¢ MCTOJIb30BAaHUEM JIPEBECHOTO YIJIS (Ha Psiie YPaIbCKUX 3aBOJOB 3Ta TEX-
HOJIOTHSI, TIO3BOJISIONIAS MOMy4aTh OYEHb YUCTHIM METAJLI, COXpaHsIach J0 Ce-
peauHBI Haliero Beka). Takas ctajib HEOOXOoauMa JjIsi aTOMHOM, PEaKTUBHOMN U
KOCMUYECKON TEXHUKHU.

OpnHako pacmimpeHne 00beMOB OE3JOMEHHOTO MPOU3BOJCTBA CTAU BO3-
MOYHO TOJBKO MPU HAJIMYUU COOTBETCTBYIOILIETO €MY ChIPbsi — BHICOKOKAYECT-
BCHHBIX MAarHETUTOBBIX KOHIICHTPATOB. OCHOBHBIM TpPEOOBAaHUEM, MPEIbIB-
JIIEMBIM K JKEJIE30pYAHOMY CBIPBIO MPHU 0€3JI0MEHHBIX IMPOIEeccax rnepepadoT-
KU, SBJIsieTCs ob1ee coaepxkanue Feys, HE MeHee 68%, pu coJepkaHUuU KUC-
7e1X okcuaoB meHee 2% (Si10,, Al,O;, TiO,) u 0CHOBHBIX OKCcHIOB MeHee 3%
(CaO, MgO) s momaepkaHus ONTUMAJIBLHOTO KPEeMHHEBOTO MOyiis. Jlebe-
JTUHCKUI TOPHO-000TaTUTEIBLHBIH KOMOWHAT 00JlamaeT HanboJee MPOrpecCuB-
HOM TEXHOJOTHEW CaMOM3MENbUEHUS U MArHUTHOTO OOOTAIlCHUS >KEJIE3HBIX
Py MO3BOJIMBIIMN €My BBINTH Ha ypOBEHb IPOU3BOJCTBA CHIPhS ISl O€3710-
MEHHOU METaJUTypruu (ropsiuee OpUKETUPOBAHUE Kelle3a, ANEKTPOCTAIb U . ).
YHuKanbHas ChIpbeBasi 0a3a MarHETUTOBBIX KBAPIIMUTOB, MIEpepadaThIBAEMbIX Ha
OAO «Jlebequnckuii ['OK», mo3BosisieT MpOU3BOJIUTH BBHICOKOKAYECTBEHHBIC
koHueHTpatsl (0onee 70% Feys,) Mo maruutHo# cxeme. [llampaeBckoe MecTo-
pokaeHue remaruta (Mapianura) B benropockoi obiactu, pa3padaTeiBacMoe
METOJIOM THAPOI0OBIYH, CTIOCOOHO JaTh CHIPBE s O€3TOMEHHONW METaLUTyprun
MPaKTUYECKH 0€3 JOBOJIKH, NMPHUYEM MeTaUTyprudeckas IIEHHOCTh T'eMaTHTa
BBIIIIC YEM MarHeTura [2].

Bce octansubie 'OKu PO mnosyyaroT KOHIIEHTpaThI C COJAEpXKAHUEM 65-
66% Feygy. 19 UCnonb30BaHMsI X B KA4ECTBE CHIPhs Ui O€3JOMEHHON Me-
TaJUTypruyd HEOOXOAMMO TMOBBINIATH WX KadecTBO Ha 3-5% Feys, W Ams 3TOM
HEeMH pa3padOTaHO HECKOJIBKO Pa3IWYHBIX HampaBieHWd. OCHOBHOM MPUPOCT
MacCOBOM JI0JIM Kejie3a B KEJIE30PYJHBIX KOHIICHTpAaTaX MOJIy4aroT 3a CUeT
BBEJICHUSI B TEXHOJIOTHIO CTAJIMAIBHOTO BBIJICICHUSI KOHIIEHTPATOB C UCIOJIb30-
BaHHEM 00Jiee COBEPIICHHBIX MATHUTHBIX CENapaToOpOB, JOBOJIOYHBIX ONEpaIil
(TOHKOE TPOXOUYEHHE, MAarHUTHO-TPABUTAIIMOHHAS KiIacCU(UKAIU, ceraparo-
paiust B OeryiieM mose, oOpatHasi KaTuoHHas iotauus u ap.). JJoBogouHbie
OTepalvy MO3BOJISIOT MOBBICUTH MACCOBYIO JIOJIIO JK€Jie3a B KOHIICHTpATax Ji0
67,5-71,8% n noHU3UTH coJiepxanne B HUX KpemHesema 10 0,5% u meHee.

B Poccuu marautHoe o0OoraiieHrue HEM3MEHHO OCTAETCsl TEXHOJIOTUYECKOU
OCHOBOM HCTIOJIb30BaHUS Py YepHBIX MeTaioB [4]. OQHO TOJIBKO MECTOPOK-
nenue Kypckoit marautHo anomanuu (KMA) umeer 3amachl >KeNe3UCThIX
KBapIMTOB, MPUMEPHO B 3 pa3a MPEBBIIIAOITUE MUPOBBIE (OKOJIO 3 TPJIH. T.) U
camble OOJIbIIIME B MUPE 3aMachl MAarHETUTOBBIX PYJI - CBBIIIE 22 M. T. 31€Ch
paboTarOT YeThIpe TOPHO-O0OTATHTENIBHBIX KoMOMHaTa: JleGemuuckuii, CToM-
neHckui, MuxaitnoB-ckuii u benaropoackuii, SIKOBIEBCKU pyaHUK, U 00bEIN-
HeHue KMApyna, kotopsle mpousBoadar 0osiee 30 MIH T/TOJ KOHLUEHTPATOB C
kadecTBoM oT 65% (MI'OK) no 69% (JIT'OK) [2]. B cBsi3u ¢ 3TuM, HamMu TIpo-
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BOJIMJIUCH MCCIICIOBAHMS 10 PEHICHUIO ATOW MpoOjeMbl UMEHHO MarHUTHBIMU
METOJIaMHU.

Pe3yabTaThl Hccen0BaHuii U UX 00cy:kaeHue. HoBeIM HampaBieHuEM
COBEPIICHCTBOBAHMS TEXHOJOTUM OOOTAIICHUS MarHEeTUTOBBIX KBapIIUTOB C
MOJTy4YE€HHEM BBICOKOKAYECTBEHHBIX KOHIICHTPATOB SIBJSETCS MPUMEHEHUE Ce-
apaTopoB ¢ OETyIIMM MarHUTHBIM TOJIEM. AHAIU3UPYs BEILIECTBEHHBIN COCTaB
W3MEIbYEHHOW PYIbl, MOXXHO YBHIETh KPOME OOJBIIIOTO KOJIUYECTBA PACKPHI-
TBIX 3€pPEH MYCTOW MOPOJIbI, TAKKE 3HAYUTEIBHYIO YacCTh PACKPBITHIX 3€pEH
MarHeTuTa yke mocyie mepBod crtaauu camousmenbueHus (30-50%) [3]. B
cranaaptHoil cxeme Jlebenunckoro I'OKa mocne mepBoi craguu MarHUTHOM
cenapaiuu, Mmojy4arT XBOCTHI ¢ cojepkanuem xkene3a odmiero 10,08% u mar-
HUTHBIN TIPOJIYKT KpymHOCTHIO 46% kitacca -0,045MM, ¢ coliepkaHueM xKere3a
obriero 58,4% u ¢ 00beMHBIM COJIEPKAHUEM PACKPBITBHIX PYAHBIX 3epeH 57,6%.

[IpomblIlieHHbIE UCTIBITAHUS CETapaliy 3TOr0 MPOAYKTa Ha pa3paboTaH-
HbiX B HTL[ MITY BBICOKO-CEIEKTUBHBIX MarHUTHBIX cernaparopos tuma BCII
bM-32,5/25 ¢ Bpawarwlieiics MarHUTHOM CHCTEMOM W cemapaTopa THIla
BCIIM-90/50, 3ammmennoro nmareHToM PO Ne236421, rmoka3aim BO3MOKHOCTh
MOJTyYeHHUST BHICOKOKAYECTBEHHBIX KOHIICHTPATOB ISl 0€3J0OMEHHOW METaJlIyp-
MU CTaIM ¢ 00mMM coaepxaHuM Feg,, He MmeHee 68% Mpu ero BbIXOJE OKOJIO
15-20% ot ucxoanoro. BHenpenue npeajmaraeMoii HAMAU HOBOM TEXHUKH U TEX-
HOJIOTHH B MPOeKT cTposuxcs ['OKoB mo3BoauT yMEeHbIIUTE (GPOHT U3MENH-
YeHHs U oboraiieHust He MeHee 4eM Ha 15-25%, yMeHbIas MpoIecCchl mepens3-
MEJIbYEHHUS U OILJIAMOBAHMSI MAarHETUTA C MOTEPSIMHU €r0 B OTBAJIbHBIX XBOCTAX
U YCTOWYHMBO TOJIy4aTh BRICOKOKAYECTBEHHBIC KOHIICHTPATHI JIJI O€3/I0MEHHOMN
METAJUTyprUu CTaJlld, YTO TMO3BOJUT YMEHBIIUTh IKCIUTyaTAllMOHHBIE W Kallu-
TajabHBIC 3aTpaThl Ooyiee yeM Ha 30% W CTaHET MOIIHBIM TEXHOJOTUYECKUM
pe3epBoM oTpaciu [3].

C atoit ke nenpto npeaiaraemyro aia ['OKa Oyaymero TexHoaoruio, aa-
Ke 0e3 JIOM3MENIbUYCHHUS] KOHIIEHTPATOB, MOXHO JIOTIOJIHUTh MarHUTOTIpaBUTA-
IIMOHHOM (B «00ukax 3eJeHOBa»), KOTOPhIE yCHentHo padoTaroT Ha OyeHerop-
ckoMm ['OKe [4].

B nmokmame Takyke M370KEHBI PEe3ybTaThl HAIMMX HOBBIX OPUTHHAIBHBIX
WCCIIEIOBAaHUN O UCITOIb30BAHNIO MAaTHUTHBIX TIOJIEH ¢ BBICOKUMU TpaJeHTaMHU
BO BPEMEHHU W MIPOCTPAHCTBE JIJIsI TTOBBIIICHUS KaueCTBa TOBAPHBIX MAarHETHTO-
BBIX KOHIIEHTPATOB JI0 YPOBHA, TpeOoBaHUI Oe3M0MEHHONW MeTaTyprun. Jlis
9TOU 1EeNU OBLII0O HEOOXOIUMO CO3/1aTh HOBBIE BBHICOKOCEJIEKTUBHBIC CEmapaTo-
PBbl, TO3BOJISIOIINE OTACISTh YACTHIE 3€pPHA MUHEPAJIOB OT UX CPOCTKOB U MEJI-
KHMX 3€pEH IIyCTOW NOpoabl. BapuaHTOM pelieHus MOCTABICHHON 3a/1a4l  ABJIA-
€TCsl MPUMEHEHHE JJI 3TOW 11eJTM BHICOKOTPAJIMEHTHON MarHUTHOM cemapariuu
B CJIa0OM M0JIe, YTO yCHemHo UchbiTaHo A.M. TypkeHU4YeM U €ro COTpy/IHHU-
kamu Ha pyaax Murynenkoro u ITontasckoro 'OKog. [2].

Ha camomMm pnene 3ToT mpoliecc Havaiau UCIOJIb30BaTh rOPa3fo0 paHbIIE - B
MporieccaX MarHUTHOT'O aHajiM3a MarHETUTOBBIX KBAPIIUTOB Ha TpyOke J[IBuHca
(puc. 2.) ynaercs mojiy4aTh BbICOKOKAQY€CTBEHHbIE MarHETUTOBBIE KOHIICHTpA-
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TbI 10 68% Fe s, ipu Bbixoae 10 40% (puc. 3). DTO CBA3aHO ¢ BBICOKMMH I'pa-
JMEHTAaMU KOHUYECKUX IOJIFOCHBIX HAaKOHEYHUKOB MO 00€ CTOPOHBI TPYOKH U
XOPOIIEN THAPOMEXAHUYECKOM OTMBIBKOM 3TUX KOHUEHTPATOB. IMEHHO 3TUM
MIPOLIECCOM M BOCTIOJIb30BaJICsd A.M. TypKeHNY B CBOMX IKCIIEPUMEHTAX.

[Ipu npuMeHeHuun cj1aboro MarHWTHOTO MOJISl C HaNpsKeHHOCThIO 10 300
5 (YpOBEHb MaKCUMaJIbHOW MAarHUTHOM BOCHPUUMYUBOCTH MAarHETUTA) U BBICO-
KO-TPAJMEHTHOW OCAAUTEIbHON CHCTEeMBbl B paboueil 30HE (IOKYJIUPYIOT
TOJIbKO MarHeTUTOBBIC 3€pHA, a Ul MOJTHON (DIOKYJISIMM HEe XBaTaeT Harps-
YKEHHOCTH MAarHUTHOTO TIOJISl, U CPOCTKU OCTAIOTCSI B OTHOCUTEIHHO CBOOOIHOM
B3BEIIEHHOM COCTOSAHMHM. OJJHAKO B TOYKAX BBICOKMX I'DAJUEHTOB OCAIAUTENb-
HBIX TIOJIFOCOB, TAKMX KaK MarHWTHas cTajlbHas BaTa (0ObEMHAasl CTaJlbHAsI CET-
Ka) CO3/1aeTCs MarHuTHas Cuja, JAOCTAaTOYHAs IS yACpPKUBAHUS MarHeTUTA.
VYuuTtsIBast TO, 4TO pa3Mepbl MPOBOJIOUYEK CTAIBHON CETKU CPABHUMBI C pa3Me-
pamu 00oraiaeMoro MaTepuaa, a MPUKOHTAKTHBIE 30HBI C BHICOKUM I'paJINeH-
TOM MAarHUTHOTO IOJISI B 3TOM CETKE MUMET pa3mepsl Ha 10-15MkM MeHbIe
CpEIIHEro pa3Mepa YacTUll U, B COOTBETCTBUU CO CTEPUUECKUM (PaKTOpoM, 3a-
KpPEIUIATHCS HA HUX B TOYKAX MAKCHUMAJIbHBIX I'PAJUEHTOB MOTYT TOJIBKO YHC-
ThI€ MAarHETUTOBBIE 3€PHA, BHITECHSSI CPOCTKH.
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Puc. 1. Macnummnwiii ananuzamop - Puc. 2. Kpusvie oboecamumocmu
«mpyoxa [[peuca» MACHEeMUmMoBbIX K8apyumoa Ha
MACHUMHOM AHAIU3AMOpe

Hamu npennaraercsi COBEpIIIEHHO HOBBIM MPOIIECC — BHICOKOTPAIUCHTHAS
cenapaius B cJlabOM MEpeMEHHOM MarHUTHOM mnoJjie. [IpakTuyecku BO Bcex
Iporieccax MarHUTHOTO oOoramieHnus paboTa MarHUTHOW cenapanuu (uiu ¢hJio-
KyJIsuuu) A ompeaeisieTcsl BEIMYHMHOM yMEHBIICHUS MAarHUTOCTaTHUYeCKOM
sHeprun AE,. Tak kak Mmporiecc MarHUTHOM cemnapanyyd HOCUT HENPEpPhIBHO-
[IMKJIMYECKUN XapakTep, TO padoTa cerapanyyd COBEPIIAeTCS MarHUTHOW CHC-
TEMOM cemapaTopa B MPOIEeCce MPUTHKEHUS YaCTHI] MAarHUTHBIX MUHEPAJIOB K
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MOJIFOCaM, a 3aTeM BO3BPAIACTCSI MATHUTHOM CHUCTEME IPH OTPHIBE ATHX Yac-
THUI] B 30HE Pa3rpy3Ku MarHUTHOM (Ppakiuu 3a cueT paboThl MpUBOAa pabodero
opraHa cermaparopa (OapabaHa WM pPOJWKA W JIp.), COBEPIIAIOIIETO OTPHIB.
OTUM MOXHO OOBSICHUTH CTOJb JUIUTEIBHBIA CPOK CITY)KOBI MATHUTHOW CHCTE-
MbI OapabaHHBIX CEMapaTOPOB C MOCTOSTHHBIMM MarHuTamu (1o 2-3 net) 0e3
JOTOJIHUTEILHOTO MOAMArHUYUBAHUS.

Ecmun AE,,=A (pabota cenaparuu), TO CpEIHSs MarHUTHas CHIIa, JACHCT-
ByIOIIast B pabo4eM MPOCTPAaHCTBE MO HANPABICHHIO K TOJIOCY (110 ocu N-S),

F, =—0E, /ox~-AE, /dx;  F, =05J°NS (1)

rae S - IWIouaap MOJHCHON MOBEPXHOCTH, OPTOTOHAIILHON CHUJIOBBIM JIMHUSIM.

VYuuteiBasi, 4TO MOCHEAHASI 3aBUCUT OT «MUKPOPAANYCA» BJIEMEHTOB TO-
BEPXHOCTH, MOXXKHO C HEKOTOPHIMU JIOMIOJTHUTEIbHBIMU OTOBOPKAMHU (JIJIsl CITy-
yasi N~const; J/V=const) HaliTu 3aBUCUMOCTb YPOBHS ITOM CHJIbI OT pajauyca
KPHUBHU3HBI TIOJKOCOB. B mpocreniiem ciydae, KOTa IOJI0Ca IMPEACTABICHBI
(beppoMarHUTHBIMU IIapaMu (HaIpUMED, TOJUTPATUCHTHAS cemapalus), KOTo-
pbI€ YIIAKOBAHBI C KOOPIMHALIMOHHBIM YHCIIOM, PABHBIM ILIECTH,

S=Varxr*/(2r) =2V /2r,  F,=J'NV/16r=C,/r, )

rie r— paauyc mapa; V/(2r)’ - umcno mapoB B oobeme V,C, - HOCTOSIHHAs
MarHUTHOM CWJIbI, 3aBHUCAIIAS OT
pa3MepoB W MAarHUTHBIX CBOWCTB
MaTepHalioB TOJIIOCOB U YacCTHII.
BosBpamasice k popmyiie (2) nerko
3aMETUTh, YTO BHYTpPEHHEE I0JIe
MaTepuaa nointoca 3aBucur ot C,, a
BHEIIHEE ONPEAEISIETCS BEIMYMHON
1/

N3 storo crmenyer, 4ro mpu
HU3KOM YpOBHE HaNpsXKEHHOCTH
1oJisi BO30YKJICHHS M BBICOKOM Ipa-
IWEHTEe MOXHO JIOCTUYh YPOBHS
MOHJIEPOMOTOPHBIX CHJI, JIOCTaTOY-
HBIX IS M3BJICUEHUS TOHKOU3-
MEJIbYEHHBIX  CUJIbHOMArHUT-HBIX
MUHEpaJIoB, HAUMHAas C 3€peH Mmar-
Hetuta. [Ipu TakoM COOTHOIICHHUH
KOMIIOHEHTOB ~ MAarHUTHOW  CHJIBI
3aCOpEHUE MArHETHTOBOTO KOHIIEHTpara OyAeT 3HAYMTENbHO HIDKE, YeM NpHU
OoOBIYHOM cenaparuu

Bosspamasice k ¢popmysie (2) J1erko 3aMeTUTh, YTO BHYTPEHHEE T0JIe Ma-
Tepuasa moiroca 3aBUCUT OT C,, a BHEIIHEE OMpeAesieTCs BEIMYUHOU 1/7,
KOTOpasi HE 3aBHCHUT OT YPOBHs MOJI BO30Y>KIEHUS U MarHUTHBIX CBOMCTB
U3BJIEKAEMbIX YaCTHII.

Pordirye KpreILsHeE BOTHOCHE I,

Puc. 3. 3asucumocmov macnumuou cuiwi
U u3zeneueHuss om paouyca KpuusHovl
nogepxHocmu, oopaszyroujeil noac mae-
Huma
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TeopeTnueckn U IKCIIEPUMETAIBHO YCTAaHOBJIEHO [6], 4TO B Iporeccax
cenapalyyd MCHOJb3YIOTCSI B OCHOBHOM JIB€ M3 M3BECTHBIX MArHUTHBIX CHIL:
aare3roHHas (OJMKHETO ACHCTBUS — MOTOKOCIEIIJICHHUS) U TpaiueHTHast (TIOH-
JIEpOMOTOpHasl cujia JajabHero jaeuctsusi). IlepBas BbI3bIBaeT (DIOKYIIALNIO
MarHUTHBIX 4acTHUll (0Opa3oBaHMEe arperaToB — (JIOKKYJ 3a CUET SHEPTHUH CBO-
OOJIHBIX MOJIFOCOB), @ BTOpAsi X Cenapaluio OT HEMarHUTHBIX [4].

Illepsas cuna — F, .= BZS/2,uO HE CEJICKTHUBHA, CYLIECTBYET Ja)Xe B Clia-
OBIX TMOJISIX, HO TOJBKO MPU KOHTAKTE MEXY MAarHUTHBIMHU YaCTHUIIAMU, MPH-
YeM MPOYHO YJEPKUBACT MEXaHUYECKU 3aXBAaUCHHbIC HEMArHUTHBIE YaCTH-
1B

Bmopas cuna — F,, = GyHgradH cenektuBHa, 1€WCTBYET HA JOCTATOYHO
OOJIBIIIOM PACCTOSTHUM OT ocaauTeNnbHOM moepxHocTH (L] mo 100 mm), HO
TpeOyeT Oosiee BHICOKMX 3HAYEHUHN HAMPSHKEHHOCTH MarHUTHOro oyt — H u
ee rpajJIeHTa, a TaKXKe YJeIbHOW MarHUTHOW BOCIIPUUMYHMBOCTU — Y. 3/1€Ch:
B — marHuTHas UHIYKUMSA, S — IUIOIIAAb KOHTaKTa yactull, G — Macca 4yacTu-
1IbI, |1, — MAarHUTHAs MOCTOSIHHAS.

W3 »TOrO CiienyeT, 4To mpyu HU3KOM YPOBHE HAINpPSHKEHHOCTHU IMOJS BO3-
Oy»XIEeHHs U BBICOKOM T'PaJIM€HTE MOYKHO JOCTUYD YPOBHSI TTOHIEPOMOTOPHBIX
CWJI, JIOCTATOYHBIX JJIsi U3BJICYCHHS] TOHKOM3MEIbYCHHBIX CUIIbHOMArHUTHBIX
MUHEpaJIOB, HAUMHAas ¢ MarHeTuta. [Ipy TakoM COOTHOIIEHUH KOMIIOHEHTOB
MarHUTHOW CHJIbl 3aCOPEHUE MAarHETUTOBOI'O KOHILIEHTpaTa OyAeT 3HAUUTEIbHO
HWKE, YEM NPU OOBIYHON cenapanuy. B KOHEeYHOM cueTe NOHMKEHUE Halpsi-
KEHHOCTH M0 (T10JIsT BO3OYXKIACHUS) CHIDKACT CHIIBI, BBI3BIBAIOIINE MArHUT-
HYIO (PJIOKYJISIIMIO, YTO MOBBIIIAET KaYECTBO MAarHUTHOW (Ppaliiyd HO TOJHOC-
HBIX AJIEMEHTAX BBICOKOTPAJUEHTHOMN Cpe/ibl (MaTPUILbI).

[IpenynoxkeHHas HaMU 3aMe€Ha MOCTOSIHHOTO MAarHUTHOTO TOJIsI TIEpEeMEH-
HBIM CO3HaET €ro rpaJueHT HE TOJBKO B MIPOCTPAHCTBE, HO U BO BPEMEHH, UTO
CYIIECTBEHHO MOBBIMAET d(H(PEKTUBHOCTH 3TOTO BBHITATKMBAHUS Oojiee OCTHBIX
CPOCTKOB M3 30HBI 3axBaTa. YIIPyrue CBOMCTBA CTaJbHOW BAaThl WJIM LIAPOB
MO3BOJISIIOT UM C)KUMATHCSI M PACHPABIIATHCS B 3aTOIIEHHOM CJIOE ITYJIBIIBI IIPU
M3MEHEHUU HaIpaBJEHUsS MarHUTHOTO MoJis. Takas mynibcaius BbI3BIBAECT OT-
MBIBKY ()JIOKYJ THAPOMEXaHMYECKUMU CHJaMu (BUOpOMEXaHHuYecKas cerapa-
1Ust).

VYcnoBueMm Hayaia COMMKEHHUS YACTUI[ B KBAa3MCTATUYECKUX YCIOBHSIX
JOJKHO OBITH TTpeo0IajaHue MHUIIMUPYIOMNX MarHUTHbIX cuil Fy, Hax npemnsiT-
CTBYIOIIMMH TUJpOMEXaHUYECKUMH Frv M a5iekTprueckumu cunamu F,; oTTan-
KUBAHUS 32 CYET JBOMHOIO DJIEKTPUYECKOTO CJIOS, BO3HUKAIOIIETO MPU OKHC-
JIUTENIbHO-BOCCTAHOBUTENBHBIX PEAKIUAX C BOJIOM U €€ COJSIMH, a TAKKE XEMO-
COpOIIMEH pa3IMYHBIX PEareHToB, T. €.

Fyi(r) 2 Fry (r)+ fo,(r)
Tak xak cuna f,;(r) AeUCTBYET TOJIBKO Ha PACCTOSIHUU MOJIEKYJISIPHOTO

nopsijka, Fy pacter oOpaTHO MPONOPIIMOHAIBHO KBAAPATy PACCTOSHHUS MEXK-
Ny 4YacTHUllaMu, a F'7y, 3aBUCUT OT CKOPOCTH CYCIIEH3UH, T. €. PAKTUYECKU HE
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3aBUCHUT OT KOOPJMHAT, TO THUIPOMEXAHUYECKUE CUJIbI IPEMSTCTBYIOT 3JIE€MEH-
TapHOMY aKTy (UIOKYJISIUHU (JIBYX YacTHUI), IVIABHbIM 0Opa3oM B HayallbHbBIN
HEPUO/I.

Tak xak OCHOBHBIE MapaMeTpsl mporuecca (PpIOKYyJISIUN U CBOMCTBA 00pa-
30BaHHBIX (IIOKYJI ONPEAEISAIOT BECh XOJ Ipoliecca cenapauuu B padodyux
IIPOCTPAHCTBAX CEMapaTOPOB M €ro Pe3yJbTaThl, TO MPEACTABISAETCS HEOO0XO-
JUMBIM YCTAaHOBUTb MEX]1y HUMH CBSI3b

OnokymsIus SBISETCS HEO0O-
paTUMBIM  TIEPEXOAHBIM  IIPOIIEC-
COM, KOTOPBIM B PEKUME JIaBUHHO-
ro (JIoKyI000pa3oBaHUsl SBIISETCS
HepaBHOBeChIM. Hambomee nericTt-
BEHHBIM HWHCTPYMEHTOM H3y4YEHUs
JTUHAMUKH M KHHETHKH IIpoliecca
GIOKYISAIMKA  OCTAaeTCs TapaMmeT-
pUYECKHI aHaTu3 Ha OCHOBE JKC-
NEPUMCHTAILHBIX W TEOpeTHYe-
CKHUX HCCIeI0BaHui [5].

3aBUCUMOCTH CTETeHU (IIOKY-
Puc. 4. 3asucumocmo cmenenu gpnoxynayuy  ISAIWAA CYyNICH3UU W OT HAIPSIKECH-

yacmuy MUHepana-geppomMasHemuKa om Ha- HOCTH HaMarHUYWBAOIIECTO TIOJIS

NPAACEHHOCIU NOJIAL (CRAOWIHAA IUHUA — Obl-  H, W3ydaach SKCICPUMEHTAIBHO

CMpOoe HAMASHUYUBAHUE, NYHKIMUPHAS — MeO- C HCIOJIb30BAaHUEM  Pa3IMYHBIX
JICHHOE). MeToauk (puc. 4).

Crenenb QIOKYISIMU OObIU-
HO ONPEIENAIOT KaK OTHOIIEHUE CQIIOKYJIMPOBAHHBIX YAaCTHUI[ K OOLIEMy CO-
JepKaHUIO TBEPAOIO B CYCIIEH3UU

l/IZIOQ/d)/YO(;m
TaK KakK V+qu =1,

Ha yuactke I, KOTOpBI COOTBETCTBYET PAaBHOBECHOM 4YACTH MpOLECCa,
CTerneHb (UIOKYJISAMHU mponopuronanbHa Fy,. B atolt 3one Fy < Fry, 4TO 00Y-
CJIOBITMBAET PAaBHOBECHBIN XapakTep mpoiiecca. Tak kak Fy; mponopiruoHalibHa
H?, 0 ¥ =kIH.

IIpn H,, (yuacrok II) 3a cuer Toro, yto Fy cTaHOBUTCS OoibIlIe FTy, yC-
TOMYUBOCTh CYCHEH3UU TEPSAETCS U MPOUCXOAUT CBEPThIBAHUE WHMIIOIHTHBIX
00BEMOB CYCIIEH3UU BOKPYT LIEHTPOB KpUcTamu3auuu. OJHAKO MOCIIe PEe3KOro
yBenuueHus ¥ Ha BenuuuHy 4¥ npornecc GioKya000pa3oBaHUsl CHOBA 3aMe/l-
JasieTcsi. DTO BBI3BAHO 3HAYMTENIBHBIM CHU)KEHHEM KOHIEHTpauuu (eppomar-
HUTHOM (Da3bl B MyJbIle, YTO YBEIMUMBAET PACCTOSTHUE MEXIy dacTulamu (R
>R.). Ilocie 3Toro 3tama B myJiblie OCTatOTCs (DIOKYJIIbI, pa3Mep KOTOPBIX CO-
OTBETCTBYeT 00beMy (eppoMarHUTHOW (a3bl B MH(IIOIHTHONW 30HE, W HE-
c(IOKYJIUPOBAHHbBIE YACTHUIIbI (PeppOMArHuTHOM (ha3bl, OKa3aBIIMECS 3a Mpee-
JamMu UQIIOAHTHBIX 30H «CpabOTaBIIMX» LEHTPOB Quiokymsiuu. B mponecce
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MarHuTHOM cernapanuu oopa3oBaBiirecs: (BIOKyIIbl MPUTITUBAIOTCS K OapabaHy
WM OCENaIoT B mpoiiecce (IIOKYJISINU, HO TaK WJIM UHAY€ YXOJAT U3 CYCIECH-
3UU.

B cycneH3uu octaroTcs TOJNBKO HEC(IOKYIMPOBABIIHEES YaCTUIIBI, KOH-
IIEHTpaIs KOTOPBIX HACTOJBKO Maia, 4To (IoKysius npu H = const npak-
TUYECKU MPUOCTAHABIIMBACTCS, T. €. dy/dt =0 .

O0o00mmasi U3I0KEHHOE, MOKHO TIPEJACTAaBUTh  3aBUCUMOCTh B BHUJIC
CTyIIEHYaTON, KyCOUHO-TJIAAKON (DYHKIIUH

W:k]H(% +Al///za6 +(1_W2){1_exp[_k2(Hx _HKP)D( ) (1)

rae k;, k; - koapPuimeHTsl, 3aBUCIINE OT KOHLIEHTpauu (JIOKyJ B IyJbIIE,
YAEIbHOW MarHUTHOM BOCIPUUMYMBOCTH, uncia PeliHonbaca; Ho - HayanbHas
HaIPsHKEHHOCTh MAarHUTHOTO TIOJIS, BBI3BIBAIOIIAS PABHOBECHYIO (hJIOKYIISITHIO,
Ay, - IPUPOCT CTENEHU (UIOKYJSLUUM NPHU JIABUHHON (IOKYJSLUM; Y, -

CTeTIeHb (PJIOKYJISIIIMM K MOMEHTY MpeKpalieHusl JTJaBUHHOTO (hII0KYyI000pa3o-
BaHUs [l//2 = f(C,N,d, X)]; H, - HanpssKEHHOCTBH MOJISA, TO3BOJISIOLIAS 3aBEP-

HIUTh Tpouecc (QIIOKYISIUN a (Hx >H}<p); H, - kpuTudeckas HamnpsKeH-

Kp

HOCTb T10JI51, BBI3BIBAIOIIAS JIABUHHYIO (DITOKYIISIIIHIO.
C TOYKHM 3peHUs KUHETUKH, MpoIecc (DIOKYIAINA B PAaBHOBECHOW YacTu

(nmpu H, > H,,, ) IOXYMHSCTCSI, KaK OBUIO MOKA3aHO BBILIE, 3aKOHY JCHCTBYIO-

[IAX MacCC:

_ —kt
y=(l-y,)(1-e "),
rae k ~ H’, — k03 QUIMEHT CKOPOCTH mpotiecca HIOKYIISIHIN.
I'paduk yw = f(H) MOXKHO OIKCATh C TIOMOIIBIO CIICAYIONIETO YPABHCHHUS

H
w=k,H2+ Ay I S(H —H, ) )dH +(1+y, l—expl-kyt, ~H )} ()
0

rZie Y| U Y, — CTeneHb (HIOKYISIMA COOTBETCTBEHHO B Hayaje M B KOHIIE Ja-
BUHHOTO npouecca; o(H —H, ) - pyHkupst [[upaka ot HarpsHkeHHOCTH

HKp + A
5(H—HKp)dH =1
H_ —A

Kp
31ech A - MaJioe YUCIIO.
Takum obpasom, nipu H, > H, , nporiecc (GIOKYISILINH MOKET 3aBEPIINTh-

csi 1 0e3 JanbHEHIIero MOBBIIICHUSI HANPSXKEHHOCTH, HO BpeMsi, HE0OOX0uMOoe
JIUTS 9TOT'0, TEM MEHbIIIE, ueM OoJibie H..

OCHOBHOE ypaBHEHHME TUHAMHMKHU Pa3ACICHHUS MUHEPAJIOB ISl MPEIJIO-
KEHHOTO HAaMU MpOoliecca TMOBBIIMICHUSI KauyeCTBAa KOHILIEHTpaTa BBICOKOTPAIU-
€HTHOW cenapalyyi MO>KHO 3aMucaTh TaK:
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F2p+Fnc _Amaen.-i_G_Faac_FaM_Fc:Oa (3)

rae F,, - cuna, 00yclIoBI€HHas rpaJM€HTOM MarHUTHOTO T10JIs,

F,.= BzS/Z,uO - CHJIa TTOTOKOCIIEIUIEHHS,

A2y - MATHUTHAS CUJIa ApXHUMea

G — cuia TSKECTH,

F,y. — dnekTpoauHaMuyeckas cuia;

F,, = —ruapoMexaHuuyeckasl CHIIa;

F. = ESh/l cuna cxaTust IpOBOJIOYHON MAaTPHUIIBI

HamnpspokeHHOCTh TI0JIsI MAarHUTHOW CHUCTEMBI HEIOCTAaTOYHA JJISl TOJTHOM
(bIOKYJISIIUU TYJIBIBI, U HEKOTOPHIE YACTHI[BI MArHETUTA HAXOMASTCS B HEU B
CBOOOJIHOM COCTOSIHMM.30HA 3axBaTa CPOCTKOB (Kz</) M BEPOATHOCTH HX 3a-
XBaTa HWXE, YeM y 3epeH marHetuta, rae Kg = 1, ogHako mocne 3aKperuieHus
CPOCTKHM TOKPBIBAIOTCS CJIOEM YHCTBIX MArHETUTOBBIX 3€pPEH, KOTOPBIE MpH
BBICOKOTPAIMCHTHOM Cerapanyyd uX MPOYHO yaepkuBatoT. CHIKCHUE HAmpsi-
’KEHHOCTH TIOJISI U BUOpAIMK MPU NMEPEMEHHOM MAarHUTHOM I0JI€ JCJIal0T Mar-
HETUTOBBIA OCAXKJICHHBIN CJIOM MOJIBMXKHBIM U CIIA0OMarHUTHBIE CPOCTKU BBbI-
TaJKUBAIOTCS U3 HETO MAarHUTHBIMU cuiiamu Apxumena (cm. -y 1):

Ayaen, = (XMaZH. _ch-)m'H ‘gr adH, (4)
T Yuaen. M Yep — YACTBHBIE MATHUTHBIE BOCTIPUMMYUBOCTH MarHeTuTa U Cpo-
CTKOB, M — Macca 3epHa.

Kpome sToro, Bo3neiicTBUE CUIlbl, BbI3bIBAIOIIEH yHpyrue aedopmaiuu u
MarHUTHOW CHUJIBI pa3HECEHBI MO (pa3e Ha, YTO MO3BOJISET BCTPAXUBATH MATEPH-
aJl, HAKOTIMBIIIUNCS B y3JlaX PEMIeTKHU. «J[poskaHuey» MaTpHIlbl, KpOME 3TOTO,
CIOCOOCTBYET JyUIlleMy MPOXOKICHHUIO MYJIbIIBI U MPENSITCTBYET HAKOTUICHUIO
HEMAarHUTHBIX OTJIOKEHHH. Y IEpKUBAIOILYIO CUILy — [,y MOXKHO pacCYUTaTh IO
dbopmyie:

F,y =nd’ /4-V -HgradH: sin(ot) - Ay - Foun, (5)
rne: d, p, y — pasMmep, IJIOTHOCTh M yJieJbHasi MarHUTHAsI BOCTIPUUMYHBOCTh
YaCTUIbl MAarHETUTA, (, ¢ — YIJIOBasl YaCTOTa MAarHUTHOTO MOJs U Bpems, F,,, —
cujia TUJPOMEXAHUYECKUX U J1€(POPMAIIMOHHBIX MYJIbCAIIMI OCAIUTEILHON TO-
BEPXHOCTH, BBITAJKHUBAIOIIASI W3 CJIOSI CPOCTKU MarHetuta ¢ kBapiem. CyTb
Iporiecca COCTOMT B TOM, YTO CPOCTKH, KOHTAKTUPYIOITUE C METAJLIOM ITOJIIOCA
MarHeTUTOBOM YacThIO M yJep)KMBaeMble OOJBITUMHU CHJIAMH TTOTOKOCIIEIIIe-
HUS TIEPEBOPAYMBAIOTCS MPU M3MEHEHUW HAIPaBIICHUS MOJS W, KOHTAKTUPYS
KBapIEBOM CTOPOHOM, YJEPKUBAIOTCSI TOJBKO MOHEPOMOTOPHOMN CHIION Jaib-
HEro JICHUCTBUSI, KOTOpasi 3HAYUTEIHLHO MEHBIIIE, YTO BEJET K UX OTPBHIBY B XBO-
CThI U MOBBIIIEHUIO Ka4€CTBA KOHIIEHTpAaTa.

[lepeMeHHOE€ MarHUTHOE TI0JI€ BBI3BIBAET TAPMOHUUYECKUE KOJICOaAHUS WU
«JIpO’KaHUE» YaCTUI] MAarHETUTA TI0 3aKOHY:

h
Vv =—coswt , (6)
t
a caMo JBMKEHUE MOKET OBITh OTICAHO YPaBHCHHUEM:
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(m' +m)a;;r =myAg +m0At£2sina)t +FW, ), (7)

e m — Macca YacTUIL, 7 — NPUCOSAMHEHHAS MAcca, BO3HUKAIOMAS HPU
YCKOPEHHOM JIBM)KEHUU YaCTHUIl OTHOCHUTENIHHO CJIOSl B 30HE BBICOKOI'O Tpajiu-
€HTa; My — Macca cjosi B 00beMe MPOXOJAIIEH Yepe3 HEro YacTUIlbl (s yac-
THII, pa3Mep KOTOPBIX CYIIECTBEHHO OOJbIIIEe pa3Mepa YacTHUIl CJIOs, a 7S Jac-
THIl PABHOBEIMKUX MO OOBEMY YaCTUIIAM CJIOsl, 32 M, CIEayeT MPUHUMATH

Maccy YacTHll, COCTABISIOMWMX CION); A= (p,, =P,/ Py 5 Pm Pn — COOTBETCT-

BEHHO IUIOTHOCTh OCHOBHOM YaCTHUILIBI U TIOCTEJH; V, — CKOPOCTh YaCTULIBI OTHO-
CUTEJBHO CJI0s1; 1 — pa3Max KoJiebaHuii ciost; F(v,) — cuna CONpOTUBIEHUS TO-
CTeJIY, 3aBUCSIIas B 00OILIEM Cilydae OT OTHOCUTEIbHOM CKOPOCTH YaCTHIL: TO-
JIOKUTEIbHAS TPU JBUKEHUU YACTULIBI K TOJIIOCY U OT MOJIIOCA.

Bce nporeccsl o0oraiieHus MEJIKUX KJIACCOB, KaK MPaBUJIO, UMEIOT CTO-
XaCTUYECKYI0 NpUpOay. B €€ OcHOBe Jiekar Kak JAeTepPMUHUPOBAHHBIE, TaK U
BEPOSTHOCTHBIC (CydaiiHbIe) ¢u3ndeckue sBieHus. CirydaitHble BO3ACHCTBUS
Ha YaCTHUIly MUHEpasia, B3BCIICHHYIO B TypOyJIM30BaHHOW BSI3KOU cpefe, o0y-
CJIOBJIEHBI pa3pylieHreM TypOyneHTHbIX mynbcanuil (TII) B okpecTHOCTH Uac-
tutbl. TII SBASIOTCS OCHOBHBIM 3JIEMEHTOM TypOyJeHTHOU nuddy3uu, B KO-
TOpOH OPOYHOBCKOE€ JIBIKEHHE COBEPIIAIOT HE MOJICKYJIbI, KAaK B MOJEKYJISIP-
HOM nuddy3un, a BUXpHU WIH «BUXPEBBIE MAKEThI», YUYACTBYIOIIUE B TIPOIIecce
MaccomnepeHoca. Y4JacTue B CernapalmoHHOM MacCONepeHoce MOPLUA YacTHI] B
«BUXPEBBIX MAaKETax», BMECTO OTAEJIbHBIX 3€pEH, O€3yCIOBHO, YXYAILIAET pe-
3yJbTaThI cenapaiuu. B cuity BA3KOCTHBIX CBOMCTB CPEibl, BpeMsl pa3pyLICHUS
TII HaMHOrO MEHbLIE BPEMEHH PeJlaKCalliK, BOZHUKAIOLIETO IPU 3TOM B CHUC-
TEeMe «cpefa + yacTuiia» Bo3mylleHusa. Takum o0pa3oM, BpeMeHHbIE (JlarpaH-
’KEBbI) KOPPEISILIUA KOOPJAMWHAT CIy4YalWHBIX CHUJIOBBIX BO3JEHUCTBUI OUYEHD
MaJjbl BO BPEMEHHBIX MHTEpBaiaxX, XapakKTePHBIX AJs THAPOMEXaHUUYECKUX
IIPOLIECCOB, a CAMU CJIy4alHbIE BO3JEHCTBUS MOXHO pacCMaTpuBaTh B Kaye-
CTBE CTaI[MOHAPHOTO ClIydailHOro mpoiiecca Tumna "oenoro myma" [6]. Tpaek-
TOPHS TAKOW YaCTHIIBI TUHAMHYECKON CHCTEMBI ¢ "OebIM IITyMOM" yIOBJICTBO-
pSIET CUCTEME CTOXACTHUYECKHX AU(P(EepeHIINATbHBIX YPaBHEHUN JBMXKCHUS -
ypaBHEeHUU JlaHkKeBeHa.

dx/dt= f(tx)+m(tx)-&(1) (8)
DIS ;=(x1,x2,...,x2_n) - COBOKYITHOCTb KOOpPJHMHAT 2n-MepHOro ¢a3oBOro

npocrpanctsa; f = (f1, fomufo,), € =(¢1,¢2,.C5,) - COBOKYIIHOCTH Jie-
TEPMHHHMPOBAHHBIX, 4 B3aUMHO HE3aBUCUMBIX CIIyYalHBIX BO3JCHCTBHI Ha

"gacTuily" CHCTEMbI; M — MaTpulla HOPMUPYIOIIUX CIy4dailHbIE BO3JEUCTBUS

K03 PUITHEHTOB.
Pemenne ypaBaenus Jlamxesena (7) mpu COOTBETCTBYIOLIMX HAYAJIbHBIX
yeaoBusix [x(0) = xo], [x = x(?)] ommchIBaeT TaKk Ha3bIBAEMbIM MAPKOBCKHI

CIIy4aillHbIN MpOLIECC, KOTOPbIA OJIHO3HAYHBIM O0pa30M 3aJ1aeTCs YCIOBHOMU
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JIBYMEPHOM IJIOTHOCTBIO BepositHocT W =W(t x,t),x0), t=1,+1 mnepexona

3a BpeMmsi T "yacTuubl" U3 TOUYKHU (), X9) B TOUKY (Z, X) 00001IeHHOr0 (ha30BOro
IIPOCTPAHCTBA M OJHOMEPHOM IIJIOTHOCTHIO BEPOSTHOCTH HAYaJIbHOT'O COCTOS-

Husa W, = W(to,go) :

Eciu HavaibHOE COCTOSHHE IE€TEPMUHUPOBAHO, TO MAPKOBCKHUM CIy-
YailHBIA TPOIIECC OJHO3HAYHO XapaKTEPHU3yEeTCS OJHOMEPHOMN ILIOTHOCTHIO
BEPOSTHOCTU KOHEUHOT'O COCTOSIHUS:

Witx)= [dt,- [V -W(t,+txt,,x0) 3(x0=xog )-0(ty =1, )-dV; (8)
0

rac V;O u dr- - IPOCTPAHCTBO HAYAJIBbHBIX COCTOSIHUM U €ro dJe-

X0
MEHTapHBIN 00beM;
TOYKA (Z,5, X,5) - GUKCHUPOBAHHAS TOYKA HAYAIHHOTO COCTOSIHHSI CHCTEMBI

5(;0 —)_C()S )-d(t, ~lo ) - 08— dyukuuu JIupaxa.

B cBoro ouepenb, ycinoBHas (mepexoiHasi) MJIOTHOCTh BEPOSITHOCTU ()
ynoBieTBopsieT [7] kak QyHKIMS mapaMeTpoB KOHEYHOI'O COCTOSIHUS B KOOp-
nuHatax (¢, x) 2-my ypaBHeHuro Kosmoroposa:

8_W:i. _aW+é.a_W (9)
ot  0Ox 2 Ox

Ecnu npeAnonoxkuTh, 4To Ciiy4ailHOe BO3JEHCTBUE ¢(?), BBI3BAHHOE CTEC-
HEHHOCTBIO JBWKEHHS YACTHULI, €CTh O-KOPPEIUPOBAHHAS (PYHKIUS BPEMEHU C
HYJIEBBIM CPEIHUM 3HAYEHHUEM, TO OMMCHIBAEMOE CIIy4allHOE paJinajabHOE Ory-
KTAHUE YACTHUIBI MOXET OBITh OXapaKTEPU30BAHO OJHOMEPHOH IUIOTHOCTHIO
BeposiTHOCTH W(t, r) [6] U UCTONKOBAaHO Kak KoOHUEeHTpamus yactul C B Mo-
MEHT ¢ B ceueHuu r. OnpeneneHue ee, Kak y>Ke 0TMEUajaoch, BO3MOXKHO pellle-

HueM ypaBHeHus1 Konmoroposa-®okkepa-IInanka:

oC
~—— =BV?’C-AVC (10)

ot
XopoumM perieHueM ypaBHeHUs JiHITeiiHa-Dokkepa-Ilianka onuckl-
BaIOIUM KHHETHUKY CemapalrmoHHOTO mporiecca, sBisercs hopmyna Epodee-

Ba-Konamoroposa [7]:

e=1-e<* (1)
rae n — Kod(PUIMEeHT, YYUTHIBAIOIINK BA3KOCTH €05, (POPMY YacTull, UX Mar-
HUTHYIO (JIOKYJIALNIO0, KOYPOUIUEHTHl TPEHUSI YACTHUI] U JAPyrue HeyYTCHHbIC
napameTpsl.

OTHOIIeHNE TUTOIIAN 30HbI 3aXBaTa MOJIOCHBIX 3JEMEHTOB MaTpHIl (Mar-
HUTOATPEKTUBHOI'O MPOCTPAHCTBA), B KOTOPOM 3aXBaT MAarHUTHBIX 3€peH Mpo-
ucxoaut co 100%-Hoi BEpOATHOCTHIO, K OOIIIEH MIonaan mopoBOro KaHaida B
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MarHuTOare3MOHHON cpejie (HampuMep, B CJI0€ LIapOB), SABJISIETCS M0 CYLIECT-
BY BEpPOATHOCTHIO P 3aXBaTa MarHuTHOro 3€pHa B OJJHOM LUKIeE [5,7]:
1 P3 = S3aXB./So61u. (12)
DTa BEPOSITHOCTh OTHOCUTCS K 3€pPHAM C
MaKCHUMaJIbHBIMU MAarHUTHBIMH CBOMCTBaMmH,
ONpENENsIEMbIMA COJEP)KaHUEM (eppumar-
HUTHOTO MHUHEpaja, T. €. 36pHaMHU YHUCTOrO
MHUHEpaia (MarHeTuTa, reMaTtura, BoJb(]pa-
MUTa U T. 1.). {715 CPOCTKOB € MyCTOM MOPO-
-  JIOW: KBapl, I'PAHUTHI, TJINHA W Jp. 30HA 3a-
XBaTa YMEHBIIAETCSI COOTBETCTBEHHO CHUKE-
HUIO coJiepKaHus (peppuMarHUTHBIX MUHEpa-

¥

JIOB B HUX:
P3= KB 'S3aXB./So6u1.> (13)
< rae Kg=Bep/Boep.su. » @ 711 MarHetuta Kg=1.
.
0 saxs saxs 0 BeposTHOCTh HE 3axBaTa WK «IIPOCKO-

PaccToAHHEEe MEERIV TOMKAME

Puc. 5. 5opst M iinnpix K@ TOTO JKe 3epHA TIPH 9TOM paBHA P,=(1-
F,, (1), 2udpo-mexanuyeckux Ks P,), a nns n cnoes COTJIACHO NPABHUILY II€-
F... (2) cun u nanpsoicenno- ~ PEMHOKEHHs BEPOATHOCTEH CyMMapHas Be-
cmeii noas H (3) 6 nopogoy ~ POATHOCTB  TIOCIIE/IOBATENBHBIX  4aCTHBIX
KAHATC. paBHa auHamMudeckux cui (1- P,)".
[Ipou3BeneHne TakoW BEPOATHOCTU Ha
MacCy MCXOJHOM HABECKH ¢ CEMapupyeMOro Marepuaia sBIsSeTCS OKUIaeMbIM
M3BJICUCHUEM MAarHUTHOW (DpakKIuu, KOTOPOE MOYKHO OIPEICTUTh Ha OCHOBE
MIPUBEICHHBIX BBIIIE COOOPAKEHUI
¢ = q[l1-(1-KgP)]. (14)
3aBUCHUMOCTb BEPOSITHOCTH M3BIICUEHHUS OT BPEMEHHU CEMapalvyi U Yrcia
CJIOEB IIApOB MOXKHO ompeaenuTsh u3 Gopmyn (12) u (13).
B cooTBeTCTBUY C U3T0KEHHBIM BHIIIIE

e=1-(1—KyP,)", (15)
a c Ipyrou CTOpOHbI 10 (popMyJie KUHETHKHU cenapauuu: € =l -exp(-kt);
(1- KyP,)" =I- exp (-kt); (16)

Ky P,= exp(-kt/n)

[Ipu t—0, P, — 0, a yBenu4ueHNe BpeMeHH NpeObIBaHUS 3epHA B pabodeii
30HEe (YMCHBIIICHHE CKOPOCTH ITYJIBITBI) MOBBIMIAECT BEPOSTHOCTh €r0 M3BJICUE-
Hus. JIa Kakmoi 30HBI 3axBata (OTIEIBHOTO CIIOS) BEPOSTHOCTH M3BIICUCHHSI
3aBUCHUT TOJBKO OT KO3 PHUITMEHTA CeNapalii ¥ BpeMeHH. B mpenensHoM city-
qyae yJepKUBaHWS MarHETHTOBOW YaCTHIBl Ha OCAJAMTEILHON TOBEPXHOCTH
OTIPEIETSETCS CHIION MOTOKOCIICTIICHHSI, HO TUIOMIAh KOHTAKTa MIPOBOJIOYKH C
qacTUIel ONMM3Ka K HYJI0, TO3TOMY OTy Cuily — F),, MOXXHO pacCyuTarh IO
bopmye

Fo=F,= nd’ /4 p y HgradH sin wtF.,,, (17)
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rae: d, p, ¥ — pa3Mmep, MIOTHOCTh U yZeJIbHAas MarHUTHasi BOCIPUUMYHUBOCTD
YacTHULIbl MarHETUTA, 0, ¢ — YIJIOBas 4aCTOTa MAarHUTHOTO MOJIS U Bpems, F.,, —
CWJIa THUAP OMEXaHMYECKHX M Je()OPMAIIMOHHBIX MyJbCAIlUi OCAIUTEIHHOM
MOBEPXHOCTH, BHITAJIKMBAIOIIAS U3 CJIOSI CPOCTKUA MAarHETHTA C KBapIIEM.

Ha ocHoBe u3yudeHus pacCMOTPEHHOM BBIIIE MOJENHU MpoIlecca BBICOKO-
IpaJueHTHON MOKpPOH cemnapanuu B ci1adoM IEpEMEHHOM MarHMTHOM MoJjie (Ha
OCHOBE ypaBHeHHE NU(P(DY3UH B CUIOBOM I0JIE C YYETOM MAarHUTHBIX BUOpa-
1I1il) HaMU OBUTH pacCUUTaHbl OCHOBHBIEC MapaMeTphl MpoIecca BHICOKOTPaIH-
€HTHOM cemnapaliu, KOTOpble IPOBEPSIIUCH B JIA0OPATOPHBIX YCIOBHSIX [8].

JlabopaTopHble MCCIIEI0BaHUs BBINOJHSJIUCH HA YCTAHOBKE, MOKAa3aHHOM
Ha puc. 6.

20 B

Hexoanoe
& -0 MHTAHEE

Hay

Puc. 6. Ycmpouicmeo cmenoogoti ycmano6xku u npunyun pabomul ynpy2o-
oepopmupyemuvlx celeKmuHbIX 0CAOUMeNbHbIX MAMpPUYy 6 NepemMeHHOM Ma2-
HUMHOM noJe.

JlaGopaTopHasi ycTaHOBKa COCTOMT W3 KacCEThl ¢ METAJUIMYECKON TIPOBO-
JIOKOM, MOMEIIIEHHON BHYTPU COJICHOW]IA, MOJKIIOYEHHOTO K UCTOYHUKY Tepe-
MEHHOIr0 TOoka. HampsiK€eHHOCTh MarHWTHOIO MOJisi B pabodyeM MpPOCTPAHCTBE
PETYJIMPYETCS HANPSHKEHUEM, MOIABAEMbIM OT BHEIIHETO MCTOYHHKA B MpEe-
nax ot 0 go 40 kA/M. Mcxoaubiii MmaTepuan moaaeTcsi CBepXy B pabouyro mar-
pully, IPOMIPOIYKT CIMBAETCSd CAMOTEKOM, a KOHIIEHTpaT HAaKaIlIMBaeTCs B
paboueil MaTpHIle U TEPUOAUYECCKUA PA3TPYKACTCS TMOCIE OTKIIOUCHUS DJICK-
TPONUTAHMUSL.

B kauecTBe MCXOJHOrO MPOJYyKTa ObLT B3ST TOBApHBIA KOHILEHTpAaT Mu-
xainosckoro 'OKA c conepxkanuem Fe 65,1%. B pesynbraTe oOoraieHus
MIPUBE/ICHBI B Ta0M. 1.

Tabnuma 1
Pezynomamur evicokoepaouenmmnou cenapayuu konyenmpama Muxaiinoecko2o
1I'OKA 8 cnabom nepemeHHOM MASHUMHOM noJle.

[TponykT | Boixox, % | Conepxanne, % | UsBiedenue, %
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Konuenrpar Muxaiinos-

cxoro TOKA 100 65.1 100
ITomy4yeHHbIN KOHIIEHTpAT 28.44 68,1 29.24
[TpommpoykT 71.56 57.8 70.76

[IpuMmeHeHre JaHHOTO METO/Ja B COYETAHWHU C TOHKHMM TI'POXOYEHUEM WU
MarHUTHO-TPABUTALIMOHHON KOHIIEHTPAIMEN MO3BOJISIET MOJIy4aTh KOHIIEHTpA-
ThI C KQYECTBOM, MPUTOJAHBIMU JIJISl UCIIOJIb30BAHUS B 0€3JIOMEHHOU METaJLITyp-
MU HE UCMOJIb3Yys (hIOTAIMI0, YTO MOBBIIIAET FKOJOTHUECKYI0 O€30MaCHOCTb,
3HAYUTENBHO COKpaIaeT 3aTpaThl U COOTBETCTBEHHO MOBHIMIACT 3(PHEKTUB-
HOCTb MPOU3BO/ICTBA.
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