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B noknazne paccMoTpeHa MOAENb Pa3sBUTHA AIEKTPUUECKUX Pa3psiOB MEXy YaCTUIIAMU MOIYIMPOBOJIHUKOBBIX
PYIHBIX MHHepaioB (Harpumep, muputa FeS;) mox nelicTBreM MOIIHBIX (BHICOKOBOJIBTHBIX) HAHOCEKYH/IHBIX JJICK-
TPOMAarHUTHBIX MMITYJIbCOB B JKMAKOH (BomHOM) cpene. IlokazaHa BO3MOKHOCTD 3JIEKTPHUYECKHX MPOOOEB BOTHBIX
MIPOMEXYTKOB MEX/y YacTHUIIAMH, BEPOATHOCTH KOTOPBIX M BBLACIAIOMIASACS B Pa3psOHBIX KaHalaxX SHEpPTus Cyuie-
CTBEHHO 3aBHCAT OT MPOBOAMMOCTH cyinbduaa. B ciydae cyxoro mopomkoo0OpasHoro obpasma paspsisl B IpoMe-
JKYTKaxX MEKIY YaCTUIAMH SBJISIOTCS IEKTPUYECKIMHU Pa3psiiaMM B BO3IyXe MPU aTMOC(HEPHOM AaBICHUM; MaJiast
HavallbHasl MIOTHOCTh CPEAbI ONPECIsIET CPABHUTENBEHO HEOOIIBIIOE NaBJICHUE HA (DPOHTE PaCHIMPSIOUIEroCs pas-
psinHOrO KaHama. [ moaydeHus pas3psioB B CIOSX BOJBI HEOOXOIMMBI OOJIBIINE HANPSDKEHHUSA Ha Pa3psaHbIX IPO-
MexyTkax. Hammuue BogHOM cpenibl IPUBOAUT K OOJIBIIEMY SHEPTOBBIACICHUIO B IPOMEXKYTKAX MEXAY YaCTHIIAMHU,
YTO SIBJISICTCS CIIEACTBHEM BBICOKOM AMAJIEKTPUUECKOI MPOHUIIAEMOCTH BOJIBI H, KaK CJECTBUE, OOJbLIEMY JaBiie-
HHIO B KaHase pa3psja. JlelicTBue ynapHOH BOJIHBI OT PacIIUPSIOIIETrocs KaHaua pas3psaa sBISETCs JOINOIHUTEb-
HBIM pa3pymaronmM (pakTopoM (IeKTPOTUIPaBINIECKUH yaap), CHOCOOCTBYIONINM YBEJIMUEHHIO TPEIIMHO00pa30-
BaHMsI BOKPYT KaHaja mpobost. st noBeieHust 3¢¢hexTHBHOCTH 00pabOTKH BOAHOW MUHEPAJIbHOW CYCIICH3HH C
LENIBI0 Je3UHTErpallii MHHEPAIbHBIX KOMIUIEKCOB, PACKPBITUS CPOCTKOB MHUHEPATIOB U CTPYKTYPHO-XUMHUYECKOTO
MOJIU(UIIPOBAHNS TTOBEPXHOCTH CYNB(HUIOB HEOOXOANMO IOAOHMPATH NMEKTPO(HU3NIECKHe MapaMeTpsl BBHICOKO-
BOJIBTHBIX MMITYJIbCOB. IS A€3MHTErpaliii MHHEPAIbHBIX YaCTHIl C BEICOKOI IPOBOIMMOCTBIO CIIEYET MCIIONB30-
BaTh OoJiee KOPOTKUE MMITYJIbCHI C OOJNBIIEH aMIUINTY10H HaNpsDKEHHUS B Ooliee KOPOTKUM HepeTHUM (pOHTOM, B
TO BpeMsI KaK JJIsl YaCTHIl C HU3KOH MPOBOJMMOCTBIO TPEOYIOTCS IMITYJIbCHI C OONBIIEH [UTNTETBHOCTBIO.

Kniouegvie cnoga: snexTpuyuecKkue pa3psasl B BOJHOM Cpese; MoyIpOBOAHUKOBBIE MHHEPAIIBL; IPOBOIUMOCTb.
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ELECTROMAGNETIC PULSES

Igor Zh. Bunin, Maria V. Ryazantseva, Irina A. Khabarova
Melnikov's Institute of Comprehensive Exploitation of Mineral Resources
of the Russian Academy of Science, 4 Kryukovsky Tupik, 111020 Moscow, Russia,
bunin_i@mail.ru, xabosi@mail.ru

In this report, we considered a model for developing electric discharges between sulfide minerals (for example,
pyrite FeS,) particles under high-power (high-voltage) nanosecond electromagnetic pulses in a liquid (water)
medium. A possibility of electrical breakdowns of liquid gaps between particles under nanosecond pulses is shown.
The probability and the energy released in discharge channels depend strongly on the sulfide conductivity. In a dry
mineral powder, discharges in gaps between particles are of air type (nanosecond electrical discharges in
atmospheric air); the low initial density of the medium ensures a relatively low pressure at the front of the expanding
discharge channel. The large voltages on discharge gaps are necessary to obtain discharges in water layers. The
presence of a water leads to a higher energy release in the gaps between particles, which is caused by high water
permittivity, and, correspondingly, to a higher pressure in the discharge channel. The shock wave from the
expanding discharge channel is an additional destructive factor (electrohydraulic shock), which facilitates crack
formation around the breakdown channel. The parameters of high-voltage pulses should be chosen such as to
provide effective fracture (maximum disintegration or effective surface modification) of submillimeter particles of
semiconducting minerals in water. To disintegrate particles with high conductivity, one has to use shorter pulses
with a larger voltage amplitude and shorter leading edge, while low-conductivity particles require longer pulses.

Keywords: nanosecond electrical discharges in water; semiconductor ore minerals; conductivity.
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BBenenue

B mpouieccax oboraiieHuss MUHEPAILHOTO
CBIPBS Ui MPEOJ0JIeHUsT (PU3HUECKO yTrop-
HOCTH pPyA U TOBBIIIEHUS KOHTPACTHOCTH
TEXHOJIOTMYECKUX CBOMCTB LEJIEBBIX MUHE-
pajioB Hayalld aKTHBHO HCIIOJIb30BAaTh HEMe-
XaHUYECKHUE HHEPreTHUecKUe CIocoObl pas-
pyLIeHUs: U, B OCOOEHHOCTH, BO3JEHCTBUS B
HMITYJIbCHOM peXHUME (MMITyJIbCHAsl dHepre-
THKa OOJIBIIION MOIIHOCTH [1] 1 31ekTpopas-
psanHble (pa3psAHO-UMITYJIbCHBIE) TEXHOJO-
ruu [2-5]), oOecrieunBaroniye Ie3UHTETpa-
LU0 MHHEPAJIBHOTO CBHIPhSI 110 MEX(Pa30BbIM
rpaHUIlaM 3a CYeT OO0pa30BaHMSI MUKPOTpE-
IIMH U KaHalloB mpobos [4, 5]. Crnenyet oT-
METUTh, YTO B MOJABJISIONIEM OOJIBIIMHCTBE
ciy4aeB oOoraiieHue pyJ OCYIIECTBISETCS
B OKUIAKOW (BOIHOW) cpene (Hampumep,
TOHKOE JpOOJICHHE U U3MeIb4YeHHe, (oTa-
1MsI, MOKpO€ TpaBUTAllMOHHOE oboramieHue
u apyrue onepauuun). IIpounecc paszButus
HMITYJIbCHO-TIEPUOJIUYECKUX AIEKTPUUECKUX
paspsaoB B KUIKOCTH U MEXaHU3M UMITYIIb-
CHOro TMpo0Osi BOABI C MHKPOYACTHUIIAMU
(MUHEpanbHbIE CYCIEH3WUH, IYJbIBI) MAJIs
MPAKTUYECKOTO MPUMEHEHUS W3YYEeHbI Hell0-
CTaTOYHO TIOJIPOOHO.

Ilens naHHOW pabOTHI — HW3YyYEHHUE TPO-
1ecca pPa3BUTHUS AIIEKTPUYECKUX Ppa3psoB
MEXJy YacTHIAMH  IOJYIPOBOJAHUKOBBIX
PYIHBIX MUHEPAJIOB TIPHU BO3JICHCTBUU MOIII-
HBIX (BBICOKOBOJIBTHBIX) 2JIEKTPOMArHUTHBIX
nmityiscoB (MOMMU [4, 6]) HaHOCEKYHIHOM
JUIUTEIHHOCTH B )KUJIKOH (BOJHOM) cpefe.

MaTtepuajbl H METOAbI HCCJICI0BAHNSA
PaccMoTtpen ciyuaid, koraa 4acTHIIbI TPU-
pOJHOTO  MUpUTA  N-TUIA  Pa3MepoM
~100 MKM  pacIiOJIO)KEHbI MEXAY JABYMs
IUIOCKUMH  3JIEKTPOIaMU T'eHepaTtopa HM-
MyJIbCOB; LIMPHUHA MEXAJIEKTPOIHOTO 3a30pa
5 mm. [IpomexyTku (3a30pbl) MeXIy MHHE-
paJbHBIMU  YacTULAMU THNIA OCTpHeE-
IUIOCKOCTB; pa3Mep YacTHI] U BBICOTA HEPOB-
HOCTEW (BBICTYIIOB, OCTPHil) Ha IOBEPXHOCTH
YacTUI] 3a/laBAIUCh C HEKOTOPHIM pa30po-
coM. Jlng Bcex 4YacTULl paJuychl HEPOBHO-
CTel MOBEPXHOCTH M KaHAJIOB Mpobos 3ana-
BAJIMCh paBHBIMH | MKM. AMIUIHTy/Aa WM-

MyJIbCOB BbICOKOro HampspbkeHus Ua=50 kB,
JUTUTETILHOCTh UMITYJIbCOB Timp=40 HC. [Tuput
(FeS2, momynpoBOIHUKOBBIA PYIHBI MUHE-
pan; aucynbpun sxenesa: 46.6% Fe; 53.4%
S); TBepmocTh 1o mkaie Mooca 6-6.5; ioT-
Hocth 4.9-5.2 r/cM®; TeronpoBoaHOCTE ~48
B1/(M-K) npu T=300 K; temneparypa muas-
nenus 1177-1188 °C; HepacTBOpUM B BOJE.
VY ienbHOE CONPOTHUBIEHUE NPUPOIHOTO IU-
puta n-tuma 1074-10"" Om-M, k03bduIEEnHT
TOJAC ot +230 mo +300 MkB/°C; KoOHIICH-
Tpauus HocuTenel n u p- tuma 1014101 em”
3: OJBIYKHOCTb 31eKkTpoHOB B nupurte 10-50
cM?/B-c; upHHa 3anpelieHHoi 30861 ~1 eV.

Pe3yabTarsl M UX 00Cy:KIeHHE

OcHOBHOE pa3iinure MEXaHU3MOB MexK4a-
CTHYHBIX Pa3psiOB B BOAC W B BO3IYIIHBIX
NPOMEXYTKaX 3aKII0YaeTcsi B TOM, YTO TIO-
JBIDKHOCTh W BPEMs KH3HH JJICKTPOHOB B
KHUJIKOCTH CPaBHUTEIHHO Malibl. Bo-nepBhIX,
YacTOTa YNPYTHUX CTOJKHOBEHUH AIJIEKTPOHA
Ha TOPSJIKKA BEJIWYMHBI BBIIIC, YeM B Ta3e
HOPMAaJIbHOW TUIOTHOCTH. BO-BTOpBIX, 00IIB-
IIyI0 POJIb WUTPAIOT HEYNpyTHue CTOJKHOBE-
HUS: DJIEKTPOH OBICTPO COJBBATHPYETCS HITU
NPWINIAET K MOJIEKYJIaM BOJbI M BOJHBIM
kinactepaM. [1OJBMIKHOCTh TaKMX KOMILICK-
COB 3HAYUTENBHO HUXKE IMOJBHKHOCTH DJICK-
TPOHOB W HIIKE MOJIBIYKHOCTH TaKUX HOHOB,
KaK MOHBI TUAPOKCHIA U Bojgopoaa. OCHOB-
HBIMH TIOJIXO/IaMU K OIHCAHUIO JJIEKTpHYe-
CKOTO paspsijia B JKUAKOCTH SIBISIFOTCS TeTl-
J0BO# (Ty3BIPEKOBO-CTPUMEPHBIH) H DIIEK-
TPOHHBI MexaHu3mbl [7]. Haubosee u3yue-
HBI paspsiibl B BOJHOW cpelie Ui OTHOCH-
TEJBHO OONBIINX Pa3pAIHBIX MPOMEKYTKOB
(0T ~1 MM 10 HECKOJIbKHX CAaHTUMETPOB) B
YCIOBHSX  TOCTOSHHOTO  TNPHJIOKEHHOTO
HAINPSHKCHUST WIM UMITYJIBCOB HAINPSDKEHUS C
¢dbpontamu Hapactanus ~1 Mkc u Oosee [7].

B MuHepasibHOI CyCIIEH3UHM COCETHHE Ya-
CTHIIBI MOTYT COTIPHUKACAThCs MM HaXOJSATCS
B HEIJIOTHOM KOHTAaKTe JIPYT C apyrom (pac-
CTOSIHME MeXAQy HuMH oT ~10HM 10
~] MKM), U TO3TOMY pa3HHIIa B CKOPOCTH
pactpocTpaHeHHsT KaTOAHOTO W aHOJHOTO
CTPUMEPOB HE WIpacT pElIAIoNIeH poJId B
UHUIIMAPOBAHUK pa3psaa. [Ipu WHHIHHPO-
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BaHWU pa3psja aBTOAMHUCCHOHHBIM TOKOM
KaK C TOJOXHUTEIbHOTO, TaK M C OTpHIla-
TETBHOTO OCTPUS (HEPOBHOCTH TTOBEPXHOCTH
YaCTHIIBI), 3TOT TOK IMEpPEeKpbIBAeT paspsi-
HBIA TIPOMEKYTOK, M Pa3psi TMEPEXOIUT B
UCKPOBOW TMPAKTUYECKH 0€3 3aJepkKKU Ha
cTamuio pocra crpumepa. llpeamonoxunm,
YTO BO3MOXKHO KaK aHOJHOE, TaK U KaTOJHOE
WHUIIMHPOBAHUE pa3psaa, a MEXaHU3M aHOJ-
HOTO WHUIMUPOBAHUS SIBJISETCS aBTOAMHC-
CHOHHBIM (TIOJIEBBIM). DJIEKTPUUECKOE TOJIE,
YCUJIEHHOE BOJIM3M MOJIOXKUTEIHHOTO KOH-
TakTa, MPUBOJUT K aBTOAMHUCCHUH IJICKTPOHA
B KHJKOCTU Yy IOBEPXHOCTHU 3JIEeKTpoaa. B
paMKax 30HHON Mopenu [7] sMucCUS DIIEK-
TPOHOB PAcCMaTPUBAETCSl KaK TyHHEJbHBIH
NEepexoJl W3 BaJCHTHON 30HBI JKUIKOCTH B
30HY MPOBOJUMOCTU IOJTYIPOBOAHUKOBOIO
muHepana. [Ipy KaTogHOM WHHIIMUPOBAHHUH
MCTOYHUKOM HauyajibHOI'O TOKAa pa3psiia Mo-
XKET ObITh SMUCCHOHHBIM TOK U3 MOIYHPO-
BOJIHMKA B JKUJKOCThb. B loKase Ha ocHOBe
aHaim3a OamaHca 3apsga (Q(f)) Ha ToBepX-
HOCTHU OTJICIbHOM YacTUIBl MUPHUTA pac-
CMOTpPEH TIPOILIECC PAa3BHUTUS pa3psAIoB B
MPOMEXKYTKAX MEXIy MHUHEepaIbHbIMU Ya-
CTUILIAMU, pACIOJOKEHHBIMA B JIMHEHHOU
[ENOYKe MEX/1y BHEIIHUMHU AJIEKTPOIAMHU.
IIpu 0~0.1 (OmM)! k koHIy neiicTBus
UMIYJIbCA HANPSDKEHUSI TPOOOU MPOUCXOMAST
MOYTH BO BCEX MPOMEXKYyTKax. [II0THOCTH
TOKa B KaHanIax 1po6os mopska 2-10'2 A/m>.
C TOBBIICHUEM HAMPSHKCHUST B HMITYJIbCE
BpeMsi, 32 KOTOpOE MPOOUBAIOTCS IPOMEKYT-
KA MEXKIy 4YacTHIIaMH, yMeHbImaercs. [lpu
0~0.01 (Om'M)' mpomexyTkH Mexmy da-
CTUIIAMHM HAYMHAIOT MPOOUBATHCS TIO HUCTE-
YEeHUIO 25 HC, U 3a BpeMs UMITyJibca MPoOu-
BaeTCSl MECHBIIE ITOJIOBUHBI IPOMEKYTKOB.
[TnoTHOCTH TOKa B KaHalle MpoOOos MpU ITOM
yMEHbIIaeTcsi 0ojiee 4eM Ha TMOPSJOK BEJH-
YUHBL. 3HAYCHUs IaBJICHUS B YapHOIl BOJHE,
pacmpocTpaHsIoUIeics 0T KaHaja mpo0osi, Ha
pPacCcTOSHUU ~5 MKM OT OCH KaHaja COCTaB-
nstot 5.0, 0.6 u 0.08 MIla ans yacrtui ¢ npo-
somumocTeio 1.0, 0.1 u 0.01 (Om M) ! coor-
BETCTBEHHO. Takum oOpa3om, A Toryde-
HUS pa3psioB B BOAHBIX MPOMEXKYTKaxX Tpe-
OyroTcs OoJibllIME HANpPSDKEHUS Ha paspsii-

HBIX MPOMEXYTKaX, YEM B BO3IYILIHBIX pa3-
PSIHBIX IPOMEXKYTKAX.

3akiao4enue

Jia noBbimieHUsT 3()PEKTUBHOCTU IIIEK-
TPOUMITYJIbCHOTO BO3JCHCTBUS Ha CyOMMII-
JUMETPOBBIC YACTHIIBI ITOTYIIPOBOIHHKOBBIX
PYZHBIX MUHEPAJIOB B BOJHOM Cpesie ¢ LEIIbI0
JEe3UHTErpallil MUHEPAJIbHBIX KOMIUIEKCOB
(packphITHs CPOCTKOB MUHEPAJIOB) U CTPYK-
TYPHO-XUMHUYECKOTO MOIUDHUITUPOBAHUS T10-
BEPXHOCTH CYJIb(UIOB HEOOXOAUMO IMOAOH-
patb 3IEKTPOPHU3NUECKUE MapaMeTpPhl BBICO-
KOBOJIbTHBIX UMITYJIbCOB. B ciyyae oOpaboT-
KM MHUHEPAIbHBIX YaCTHIl C BHICOKOH TPOBO-
JUMOCTBIO HE0OXoIuMbl 0ojiee KOPOTKHE
UMITYJIbCHI C OOJBIICH aMIUTUTYAON Hamps-
XKeHus U 0osiee KOPOTKUM (PpOHTOM; ISl Ya-
CTHII C MaJIOW TIPOBOAUMOCTHIO Y (EeKTUBHEE
MPUMEHEHUE HMITYJIbCOB C OOJbIIeH JIH-
TEJIbHOCTBIO.
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