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CBEPXMNPOBOOHNKOBAA MATHUTHAA CUCTEMA KPUOMAITHUTHOI O
CEMAPATOPA

[oHeuknn PnsNKo-TEXHUYECKUA MHCTUTYT M. A.A. ankuHa

Cratbs noctynuna B pegakuuio 22 Hosbpsa 2016 roga

Onucana ceepxnpogodnuxosas maznumuas cucmema (CMC) kpuomacnumnozo cenapamopa
Cyx020 oboeawyenus, cOCMoawas U3 mpex nocie008amenbHO COeOUHEHHbIX COAEHOUO08 C Na-
PANIETbHLIMU OCAMU, YCTNAHOBAEHHBIX 8 00HOU NIOCKOocmu opye 3a opyeom. llpugedenvi pe-
3YIbmMamsl paspaboOmKu U UCNBIMAHULL MpPex CONEHOUO08 ¢ eHympennum ouamempom 300 mm,
Komopble co30aiom macnumuoe none ¢ undykyueil 5 T u umerom 3anacenuyio 3Hepeur0 MazHunm-
Hoeo noas bonee 300 kJ. Ilpeocmasnenvt pe3yibmanmol UCHLIMAHUL MASHUMHOU CUCEMbL 8 8-
Oe O10Ka mpex conenoudos, yCmanoieHHou 8 pabouem kpuocmame. Hzmepeno npocmpancm-
8eHHOE pacnpedenieHue MAZHUMHO20 NOAs 8 pabouell 30He cenapayuu. MHOYyKyus mMacHumHuo2o
nozs 6 3one cenapayuu paeua 1-2 T, a Heoonopoornocms noasa na oaune 1200 mm ne npesviiua-
em 11%. [lpusedenvl oyenKu Cunl MASHUMHOZO 63AUMOOCUCMEUs CONICHOUOO8 8 COCMABe Mde-
HUMHOU cUcmemsl, Komopule 0ocmuearom 0 t.

KiioueBnble cioBa: CBCpXHpOBOZ{HI/IKOBHﬁ COJICHON O, MarHuTHasi CUCTEMA, MHAYKIUA MarHuT-
HOI'0 IOJid, SQHEPTHUd MArHUTHOI'O IIOJId, MEXaHUYCCKUEC YCUIINA, KpI/ITPI‘IeCKI/Iﬁ TOK, CHJIa Mar-
HUTHOI'O BSaHMOHGﬁCTBHH, WHAYKTUBHOCTD, paCIIpCACICHUC MAarHUTHOT'O ITOJIA

OnHOI U3 aKkTyaJabHBIX MPOOJIEM TPOMBIIUIEHHOCTH SIBJISIETCS peaau3alys IPOEKTOB
no pa3paboTKe TEXHOJOTH OO0OTalleHUs MOJE3HBIX HCKOMAEMBIX M HX TIIyOOKOM
OUYHCTKH.

B Takux CI0XHBIX TEXHOJOTHYECKUX MPOLECCAX MIUPOKO UCTIOIB3YIOTCS MAarHUTHBIE
cernaparopsl. OT0, Kak PaBUJIO, YCTAHOBKU HEIPEPHIBHOTO JEHCTBUS (IPOU3BOIUTENb-
HocThio 20-100 t/h) ¢ BpamaromummMucs poropamu uiu O6apabaHaMu, B KOTOPBIX Yepes3
3a30p MEXIy MOJIIOCAaMU MAarHUTOB IPOTEKAET IMyJIbIla, HECYLasl IPeIBapUTEIbHO pa3-
npobrnennyo (Menee 0.1 mm) xene3nyto pyay. CUIbHOMarHUTHBIE YaCTHIIBI JKEJIe30-
COJepXKAILMX COCIUHEHUN MPUTIATUBAIOTCS K MArHUTHBIM IIOJIFOCAM, BBIHOCATCS Bpa-
MIAIOLIMMCS POTOPOM M3 MAarHUTHOTO TOJIS M CMBIBAIOTCS CTPYeW BOJBI B HAKOIUTEIh
000rameHHoro MarHuTHOroO mponaykra. HemarnutHbie u ciaboMarHuTHBIC (TIapamar-
HUTHBIE) IPUMECH, KOTOpPBIE HE B3aUMOJICHCTBYIOT C MOJIOCAMHU MarHUTOB, BHIHOCSATCS
B IIIJJAMOOTCTOMHUK WJIN OTBAJIBI.

HcToyHMKaMu MarHUTHOTO TMOJISL B TaKMX Ceraparopax CIyKaT B OCHOBHOM JJIEK-
TPOMAarHuThl, BKJIIOYAOLINE B c€Od MarHUTONPOBOABI C OOMOTKAMHU M3 MEIHBIX IIHH.
OTH MHOTOTOHHBIE KOHCTPYKIIMH, MOTpedisieMass MOIHOCTh KOoTophix (100-200 kW)
HOJHOCTBIO MPEBPAIIAETCS B TEIUIO, CO3/al0T MArHUTHOE I0JI€ ¢ MHAYKIMEH He Ooiee
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0.6—-1.0 T [1]. IIpu ux sKkcIutyaTaluu 3aTpaThl TOJBKO 110 OIUIATE AIEKTPOIHEPTUHU IIpe-
BoeimaroT 500 TeIC. pyO. B TO/I.

AJbTEpHATUBHBIM PELICHUEM SBIISIETCSI HUCIOJIb30BAHUE B Cemaparopax B KauecTBe
MCTOYHUKA MarHUTHOT'O TIOJISI CBEPXIIPOBOAHUKOBBIX COJICHOUIOB, B KOTOPBIX BEIMYMHA
TOKa JIOCTHTaeT HECKOJBKUX COTeH amriep. Eciiu ke Hayano u KoHel OOMOTKH coJie-
HOMJIa 3aKOPOTUTH CBEPXIPOBOJHUKOBBIM KIIIOUOM, TOK OYIET MpOTeKaTh OECKOHEUHO.
[Tpu 3TOM CconeHOHI HE MOTPEOIISIET SMEKTPOIHEPTHUIO U CTAHOBUTCS UCTOYHUKOM TIO-
CTOSIHHOTO MAarHUTHOTO MOJIs, MHAYKLIUS KOToporo B 5—10 pa3 Bhlle, YeM y OOBIYHOTO
AJEKTPOMArHUTA. DJIEKTPOIHEPTHUS HCIIONB3YETCSl TOJBKO Ha OXKIKEHHE Telusi, B pe-
3yJlbTaTe 4Yero HKCIIyaTallMOHHbBIE 3aTPaThl KPUOMArHUTHOW CHUCTEMBI IO ITOMY IOKa-
3arento B 20-30 pa3 HUKe, 4eM y AleKTpomaruura. IIpuMepHO BO CTONIBKO K€ pa3 Mac-
ca TaKoW CUCTEMbl MEHbBIIIE MACCHI ANEKTPOMArHuTa.

DddexTuBHOCTH Mpollecca MAarHUTHON Cemapaluy ONpeAeseTcsl BEIMYMHOW Mar-
HUTHOW CHWJIBI, IEUCTBYIOIIECH HAa HAXOJMSIIYIOCS B 30HE cenapalid MarHUTHYIO 4acCTH-
1y. JTa cujia paBHA MPOU3BEACHUI0 MATHUTHOM BOCIIPUUMYHMBOCTH MaTepHayia 4acTu-
1B, €€ 00beMa, BEJIMYMHBI MAarHUTHOTO TIOJIS M €0 TpaaueHTa [2]:

FzﬂgradBV, (1)
4

rae ' — marautHas cuina, N; M — HaMarHM4eHHOCTh 9acTullbl, A/m; gradB — rpanueHt
N 3
MarHUTHON MHIYKIWH, T/m; V' — 00beM YacTHIIbl, m .
B cBoto ouepenb, HAMarHUYEHHOCTD BEILIECTBA paBHA

M =yH, )

r7ie ( — MarHUTHas BOCIIPUMMYHUBOCTD BEILECTBA; /H — HANPSYKEHHOCTh BHELTHET0 Mar-
HHUTHOTIO 110141, A/m.

N3 Beipakennii (1) u (2) criemyeTt, 9To JUTsl JAHHOTO BEIIECTBA ¢ MATHUTHOW BOCTIPHU-
UMYHUBOCTBIO ) U 00ObEMOM YACTHIIBI }” MarHuWTHasi CHJIa MPSIMO MPOIOPIIMOHAIBHA Be-
JUYMHE BHELITHETO MarHUTHOTO TMOJIS U TPAJUEHTY MarHUTHOM MHIYKIIUH.

B nacrosmeit pabore paccmarpusaercss CMC sKkciepuMEeHTaIbHOTO 00pasiia Kpuo-
MarHMTHOT'O cemaparopa Jyisl CyXoro o0oraimieHusi OTXOJI0B KeJIe30pyTHOTO MPOU3BOI-
ctBa. K cucreme mpenbsBIsSiOTCS HETPAIUIIMOHHBIE TPEOOBAHMSI IO MPOCTPAHCTBEHHO-
My pacrpelieJIeHHI0 MarHUTHOTO TOJI B 30HE MarHUTHOW cemapalyy, a MMEHHO 30Ha
CIWJIBHOTO MarHUTHOTO TOJIS MPEACTaBIsAeT co00il mapasuieNienunen ¢ pa3MepaMmu CTo-
poH 1200x200x100 mm. bonpsmas ctopona mmuHoi 1200 mm pacmnosioxkeHa B HaIlpaB-
JICHUM JBUKCHHSI UCXOAHOTO MpoaykTa oboramieHus. [llupuHa 30HBI MAarHUTHOTO TOJIS
paBHa 200 mm, a BbICOTa B HAIpaBJICHUH BeKTOpa mosisi — He MeHee 100 mm. MuHnu-
MaJbHOE 3HAUYCHUE WHIYKIIMM MArHUTHOTO TOJs B HauOoliee OTHAJCHHBIX TOYKAX pa-
Ooueit 30HbI HEe MeHee 1 T, mpu 3TOM 30HA cenmapamyy pacrojaraeTcs He B IEHTPaIb-
HOM (MaKCHUMAaJIbHOM) TOJI€ BHYTPH KPUOMArHUTHOW CHUCTEMBI, & BHE €€ — MOJ JHOM
KpHocTara, T.e. B mosie pacceuanusi CMC.
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YkazaHHas MPOTSHKEHHOCTh 30HBI MATHUTHOTO TOJII 00YCIIOBIUBAET 0COObIE TPebo-
BaHMs K KOHCTpYKIuu CMC. TIpocTeiimumm perieHrnemM Ob10 ObI BBITIOJHEHNUE CHCTEMBI
B BUJIC OJMHOYHOT'O CBEPXIIPOBOJHUKOBOTO COJICHOWIA IMIIMHApUYECKON popmbl. J{s
obecriedueHrss 30HbI MarHUTHOTO ToJis JuymHOW 1200 mm cpenHuil quaMeTp OOMOTKH
cojieHonsa AoJpkeH ObiTh He MeHee 1300 mm, a BeicoTa — okosio 600 mm. IIpu 3Tom
BeC Takoil 0OMOTKH cocTaBuUT Oosiee 500 kg, 94TO MCKIIOYAET BO3ZMOXKHOCTH MCIIOJIb30-
BaHMSI TAKOTO COJICHOU/IA.

st co3manus BBINIEYKa3aHHON 30HBI MarHUTHOTO TIOJIA 0oJiee TPUEMIIEMOM KOHCT-
PYKLUEH SBISAETCS COJICHOM] C SJUIMIITUIECKO popmoit 0OMOTKH [6], GombInas och KO-
TOPOM pacmoyio’KeHa B HaIpaBJIeHUHU 30HbI JiIuHOM 1200 mm, a MeHbIIasi — B HaIpaB-
nenun 30Hbl JuHOW 200 mm. K HepgocTtatkam Takoro COJEHOMAA OTHOCSTCS CIOX-
HOCTb HAMOTKH U HEOOXOJUMOCTb KOMIIEHCAIIMH YPE3BhIYAHO OOJBIIMX pacTATHBAIO-
[IMX MEXaHWYECKUX YCHIUN MArHUTHOTO MPOUCXOXACHUS Ha JIMHEHHBIX y4acTKaxX 00-
MOTKH, TOCTUTAIOUINX HECKOJIBKUX COTEH TOHH.

C uenpio n3bexaTh YKa3aHHBIX HEIOCTATKOB HAMH pa3paboTaHa HOBask KOHCTPYKIIUS
CMC, coznaronas 3aJJaHHYI0 BEJIMUMHY MAarHUTHOTO TOJIs B 30HE cenaparuu. Crucrema
COCTOMT M3 TPEX OJMHAKOBBIX COJICHOUIOB IUIUHIPUIECCKON (DOPMEI C MapaieIbHBIMU
OCSIMH, TTOCJIEZIOBATEILHO COEAMHEHHBIX U YCTAHOBJICHHBIX B OJHON IJIOCKOCTH OJMH 32
JIPYTHM B HAIIPaBJICHUU OOJBIIONW CTOPOHBI 30HBI MATHUTHOTO MOJs. Takas KOHCTPYK-
s CMC B nepBoM NpHOTMKECHUN MOACIUPYET COJCHOW] C DJUTMITHIECCKON (hopMoi
o0MoTKH. [IpoBeieHBI pacdyeThl U BHIOpaHA ONTUMATbHAST KOHCTPYKIHS OJHOTO CBEpPX-
IIPOBOJHUKOBOIO cosieHou 1a. Micxoanble TpeOOBaHUs K COJIEHOUTY CIEAYIOIIHNE:

a) MHAYKIHMS MarHUTHOTO MOJIs B IeHTpe He MeHee S T;

0) pabounii Tok He Oosee 250 A;

B) MaKCUMAaJIbHBIN BHEUTHUH nuaMeTp oOMoTku He Oonee 390 mm, 4To 00YyCIOBIECHO
HCIIOJIb30BaHUEM JJIsl UCIIBITAHUHN COJICHOU/IAa KPHOCTaTa C JUaAMETPOM T'eJIneBON €MKO-
ctu 400 mm;

I') y4eT BEJTMYMHBI MAarHUTHOTO TOJISl BHYTPH OOMOTKH COJIE€HOWJA, KOTOpOE BCeraa
MPEBBIIIAET TOJIE B €T0 LIEHTPE;

1) HEOAHOPOJHOCTb MAarHUTHOIO IOJII B 30HE MAarHUTHOW cemapanuu He Oojee
10-12%.

B Buay Toro, 4to MarHuTHOE mojie B paboueil 30He cemapaiui — 3T0 HEe LHEHTPasb-
HOE€ TIOJIE COJICHOWJIA, a TIOJIE PAaCCEMBAHMSI, €r0 BEIUYMHA TeM OOJbIIe, YeM OOoIbIie
TUaMeTp BHYTPEHHETO OTBEPCTUSI OOMOTKH U 4eM MeHblie ee JuHa. C apyroi cTopo-
HBI, BBIIIOJHATH COJICHOW]| MAJIOW JJIMHBI HEAOMyCTUMO, TaK KaK COKPAIAETCS YUCIIO
aMIep-BUTKOB U COOTBETCTBEHHO YMEHBIIAETCS BEJIMYMHA MArHUTHOTO TMOJI MpU 3a-
naHHoM Toke. Ilpu BbIOOpE pa3MepoB COJICHOHIA TaKKe HEOOXOIUMO YUUTHIBATH TO
00CTOSITENECTBO, UTO MaKCHMaJlbHOE MAarHUTHOE MOJIe JOCTUraeTcsl He B reoMeTpuye-
CKOM IICHTpE, a Ha BHYTPEHHUX CJIOSAX OOMOTKH COJICHOW/IA, M YeM MEHBIIIE JUTMHA 00-
MOTKH, TeM Ooubliie oTiimuue nojeid. Hanpumep, y coneHonga ¢ mpuBEACHHON K BHYT-
PEHHEMY paauycy a JUIMHOU b, paBHOU b/a; = 0.5, U npuBeAEHHON TOIINUHONW 0OMOT-
KU a,/a; = 1.2-2 (rne a, — BHEIIHUH paanyc oOMOTKH [3]) OTHOIIEHHE MaKCUMaJIbHO-

o MoJisi B 0OMOTKE K IeHTpasibHOMY paBHO 1.5. To ecTh, ecii MarHuTHOE MoJIe B LIECH-
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Tpe paBHo 5 T, To mosie B 0OMOTKe paBHO 7.5 T. DTy CUTyaluio yYUTHIBAIOT MPH MPOEK-
TUPOBAHUU CBEPXIPOBOJHUKOBBIX COJIEHOUIOB JJIsl BO30YXKACHUS CUIIbHBIX MAarHUTHBIX
10JIEN, UCTIOJIb3YsI 3aBUCUMOCTb KPUTHYECKOI'O TOKA OT MHAYKLIUHA MAarHUTHOT'O TOJIS.

Crnenyrommm (HakTopoMm, KOTOpBIA BaxkeH mpu co3ganun CMC, sSBISIOTCS MeXaHU-
YyecKHe HamlpshKeHus B 00OMoTKe. B coneHoue Tok TeyeT mojx npsMbIM YIJIoM K Hamlpas-
JIEHUIO MarHUTHOTO TOJIs, ¥ JIOPEHLEBO B3aUMO/ICHCTBUE MEXIY TOKOM U MOJIEM CO3/a-
€T MEXaHWYECKHE HANPSHKEHUS, KOTOPbIE CTPEMSITCS pa3opBaTh 0OMOTKY B paJllalbHOM
HaIlpaBJICHUU U CXaTh BAOJb ocH. Cuily, IEMCTBYIOIIYIO HA BUTOK PAaJNYyCOM d, KOI/a
BEKTOPBI I10JIs1 U TOKA HAIIPaBJIEHbI O/ IPSMbIM YIJIOM JPYT K APYTY, MOKHO BBIPa3uTh
B BUJIE

F =2ncalH , 3)

rae ' — cuna, kg; ¢ = 1076/9.8; I —T1ox, A; H— marautHoe nojne, Oe. Hampumep, Ha BU-
TOK paguycoM 10 cm, mo kotopoMy nporekaet Tok 250 A B none 9800 Oe neiicTByeT
pacTsaruBaroias cuia BennuuHoi 15.7 kg.

C yderoM mNpUBEIACHHBIX TPEOOBAHUU OBLIO PACCUYUTAHO HECKOJBKO BAapUAHTOB
CBEPXMPOBOAIINX COJEHOWIOB. B kauecTtBe pabodero BapumaHTa ObLT BBIOpaH coJie-
HOUJ, OOMOTKa KOTOPOTO MMEET CJEIYyIOIHe pa3Mephl: JHAMETP BHYTPEHHETO OTBEp-
ctuga 300 mm, BHemHUN quametp 384 mm, mmHa 180 mm. [ns U3rotoBieHus cose-
Houga Heobxomumo 50 kg cBepxmpoBoaHukoBoro mposoja craBa HT-50. Pacuetnoe
3HaYCHHE WHIYKTUBHOCTH OOMOTKHM paBHO 11 H, a 3amaceHHast B cojeHOHWAEC YHEPTHUS
MarHuTHoro noist npu toke 250 A He menee 350 kJ. ITo reomerpudeckuM pasmepam,
BECY M 3aIIACEHHOW SHEPrHMM MAarHUTHOTO IOJSI TaKOW COJICHOMJ OTHOCHUTCS K KIJIaccy
CPeIHUX, MMO3TOMY TEXHOJIOTHS M3TOTOBIICHUS, TPUMEHUMAS K MajbiM J1a00paTOpHBIM
coJieHouAaM (IuaMeTp BHyTpeHHero oTBepcTHs g0 100 mm u 3amaceHHas SHEPTHs 10
200 kJ) cranoBUTCS HEIPUTOJHONW. DTO 0OYCIOBIECHO PAJOM NPUYMH, U caMasi BayKHas
W3 HUX 3aKJII0YaeTcs B TOM, YTO 3allaCEHHAs B COJICHOMJE SHEPrusl BO3pacCTaeT Ha-
CTOJIbKO, YTO PE3KUH MEpeXoj B HOPMAIbHOE COCTOSIHME MOKET COIPOBOXKAAThCA HE
TOJIBKO OY€Hb OYpHBIM BCKUIIAHUEM YKUAKOTO T'elivs, HO U MOBPEXKIECHUEM OOMOTKHU 32
CYET JIOKaJbHOTO HArpeBa U MepeHaIpsKEeHUN.

Bropast npuunHa cBsizaHa ¢ TeM, 4TO [0 MEpe YBEIUUEHHUS pa3MepoB OOMOTKH coJie-
HoW/a (B MEPBYIO OUYEPElb 32 CYET BOSHUKHOBEHHUS OOJIBIINX MEXAaHUYECKHUX YCHIIUN)
CTAaHOBUTCSI BCE TPYyJIHEE JOCTUTHYTh B HEW BEJIMYMHBI KPUTHYECKOIO TOKa 0e3 Hajse-
JKalel TeraoBor craduimmu3anui. B OONBIIMHCTBE COBPEMEHHBIX COJICHOUIOB CPEIHUX
pa3MepoB HCHOJIb3YETCS CBEPXIPOBOAHUK, MOJHOCTHIO CTAOMIU3UPOBAHHBIN B TEILIO-
BOM OTHOIIEHUU. J[J1s1 3TOrO B OOMOTKE COJICHOW 1A BBHITIOTHSIOT KaHAJbI JJIs MIPOXOXK-
JICHUS OXJIKIAOIIET0 KUAKOTO TelUsl UM UCIIONb3YIOT TOJHOCThIO CTaOUITN3UPOBAH-
HBII POBOJ ¢ MaNBIM (5—7%) K03 UITMEHTOM 3aTOTHEHHSI TI0 CBEPXITPOBOAHUKY. Oc-
TajgbHasl 4acTh ceueHus mpoBoAa (okoyio 95%) 3amojHEeHa MaTepualoM C BBICOKUMU
TEIUIO- M 3JIEKTPOIPOBOJHOCTHIO, HAIIPUMEP MEABI0 M pexe — amomMuHueM. OJHaKo
3HAYEHMsS] KPUTUYECKOIO TOKa I TaKOrO MPOBOJAA CYIIECTBEHHO MEHBIIE, YeM s
YaCTUYHO CTAOMIIM3UPOBAHHOTO MPOBOJAA, Y KOTOPOro Ko3()(UIMEHT 3amoyHeHHs 10
cBepxmpoBoAHUKY cocTaBisgeT 30-50%. [IpumeHneHne noaHOCTHIO CTAOMIU3UPOBAHHO-
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ro MpoBOJa BEACT K cymecTBeHHOMY (B 5—10 pa3) yBenudeHHIO pa3MepoB U Beca 00-
MOTKH cojieHoua. B kauecTBe anbTepHATHBBI OBLJIO PEIIEHO HCIOJIb30BAaTh KaK HaMo-
TOYHBIN YaCTHYHO CTaOWIM3HpOBaHHBIN MpoBox criaBa HT-50 ¢ koaddunuentom 3a-
MOJIHEHUS TI0 CBEPXIPOBOIHUKY He Oosee 30%. Mcnonb3oBaiics MHOTOKUIIBHBIN MPO-
Boj nuametpom 1.2, 1.0 u 0.85 mm.

CBepXMnpoBOHUKOBBIE COJICHOU bl ObUIM M3TOTOBJIEHBI MO OECKapKacHON TEXHOJIO-
THH IyTeM 3aMOHOJIMYUBAHUS OOMOTKH 3MOKCUAHOM kommozummen YII-6-101 ¢ namosn-
HUTEJIEM — MEJIKOJIUCIIEPCHBIM B-3BKpUNITUTOM Mapku Cutammi-OA-1-6 [4] ¢ ucnosnb3o-
BaHMEM TEXHOJIOTHYECKON OCHACTKH /sl HAMOTKH. OCHACTKa MpeICTaBiIseT co0on pas-
OOpHBIN MIMHAPUIECKUA KapKac, COCTOSIIUHN U3 IBYX (PJIaHIIEB U TPYOBI, pa3pe3aHHON
Ha TPU CerMEHTa BAOJb oOpasyromeld. Bo ¢uaHax ¢ BHyTpeHHEH CTOPOHBI KapKaca
BBITIOJTHEHBI KOJIBIEBbIE IPOTOYKU, B KOTOPBIX (PUKCUPOBAIN CErMEHTHI TpyObl. CTAru-
BaHHE (IIAHIEB C CETMEHTAaMH TPYObI OCYIIECTBIISAETCS MIMUIBKOW C TaiilkaMu, KOTopast
POXOJIUT Yepe3 LIEeHTpallbHOe OoTBepcTHe Kapkaca. CoOpaHHYI0 KOHCTPYKLHUIO yCTa-
HABJIMBAJIA HA HAMOTOYHOM CTaHKe. TpyOy Kapkaca U30JIMPOBAIN JIAKOTKAHBIO TOJIIIN-
HO# 0.15 mm B OMH CJIOH, a C BHYTPEHHEH CTOPOHBI (hJIAHIEB YCTAHABIMBAIN H30JIS-
TOpPHI M3 TEKCTOJIUTA TONIIMHOW 1 mm W BHENIHHM IHAaMETPOM, PABHBIM BHEIIHEMY
TUaMeTpy OOMOTKH.

OOMOTKH COJICHOMIOB COCTOAT U3 MSTU CEKLUH, BHITOJHEHHBIX U3 MPOBOA pa3Iny-
Horo mauamerpa, mm: 1.2 (omna cekmus), 1.0 (nBe) u 0.85 (aBe). XapakTepucTuku 00-
MOTOK JUUIsl TPEX COJICHOMIOB MIPEICTABICHBI B TA0JIHUIIE.

Tao0numa
XapakTepuCcTHKH 00MOTOK COJICHOHW/I0B
Comnenonp 1 Comnenounn 2 Conenounn 3
Huamertp
MaruutHas MaruutHas MaruutHas
poBOJA, Yucno Yucno Yucno
mm surkop | MOCTOAHHAL, | | MOCTOAHHASA, | - - | TOCTOSHHAS,
T/A T/A T/A
1.2 1140 1324 1142
1.0 3550 0.0216 3136 0.0215 3560 0.0216
0.85 1780 1960 1770

[Tocne 3aBepieHUs HAMOTKH COJICHOU]T BMECTE C TEXHOJIOTMYECKOM OCHACTKOW IO-
MelaIi B CyIMIbHBIN mkad u npu temneparype 80°C B Teduenne 24 h npousBoamim
MOJMMEPH3AIUI0 MOKCUTHOW CMOJIBI. 3aTeM C 3aMOHOJIMYEHHOW OOMOTKH YIallsin
TEXHOJIOTUYECKYI0 OCHACTKY M CHapyXu OOMOTKHM ycTaHaBnuBanu Oanpax. [lochen-
HUN CIY)KUT JIsl KOMIICHCAIIUH PACTSATHBAIONINX MEXaHUYECKUX YCHUIUI B OOMOTKE U
BBITIOJIHEH B BHJIC IIJIMHIPUYECKON oOeuariku u3 ctamm 12X 18H10T Tommuuo#i 2 mm.
Caepxy k obOeuaiike mpuBapeH ¢uaner; TonmuHoi 10 mm, Ha KOTOPOM YyCTaHOBJICHA
KOHTAaKTHAas IIaTa U3 TeKCTOJIUTA, Ha MEJIHbIE TOPOKKH KOTOPOIl HamastHbl BHIBOJIBI 00-
MOTKM coyieHouJa. PamuanbHblii 3a30p Mexay OaHTaXoM M OOMOTKOM BEIWYMHOM
1-1.2 mm 3anosiHeH 3MOKCHIHONW cMojoi. CeKuu 0OMOTKH 3alllyHTHPOBAHbBI 3aIlHUT-
HBIMH PE3UCTOPAMHU U3 HUXPOMOBOIO MPOBOJA nuameTpoM 2 mm. BHemHuii Bug 6ec-
KapKacHOM OOMOTKH COJICHOWIA TIPEICTaBIICH Ha pucC. 1.
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JInist perucTpalid MOMEHTa Mepexo/a COJICHOUa U ONpEeAeTICHUs CEeKLUHU, KOTopas
MepBOi Mepelnia B HOpMaJIbHOE COCTOsIHUE, apauieIbHO KaXa0H CEKIMH MOIKII0UeH
IMOA ¢ JaMIioukoi. Tak Kak mpouecc rnepexoja COJICHOHIa B HOPMAJIbHOE COCTOSHHE
osicTpoTeunbiii (< 0.1 s), MOMEHT Mepexo/ia M 3aropaHus JIAMIIOYEK PETUCTPUPOBAIIN
(oTokamepoii.

UcnwiTanus coneHonaoB npoBoauin B renreBoM kpuocrare KI'-400. Buenmnuii Bua
HKCIEPUMEHTAIBHON YCTAHOBKM IpeJICTaBleH Ha puc. 2. [[ng 3KOHOMHHM KHIKOTO
refusi BHYTPU COJICHOUAA pa3Mellaiy repMETUYHYI0 OallIaCTHYI0 €eMKOCTh JUAMETPOM
280 mm, amuaoit 300 mm u o6bemom 1.85 1. Llenb ucnpiTanmii — onpeaeseHne MaKkcu-
MaJbHOI'O0 KPUTHUECKOTO TOKA COJIEHOUJIOB. Y COJICHOUOB, KOMIAayHAUPOBAHHBIX pa3-
JMYHBIMU CBSI3YIOIIUMH, KaK MPaBUII0, HaOM0naeTcs 3pPEKT «TPEHUPOBKN», KOTOPBIN
3aKJII0YAeTCsl B YBEJIMUYEHUU KPUTHUYECKOTO TOKAa OT IEepexoja K Mepexojy M3 CBepX-
MIPOBOJTHUKOBOT'O B HOPMAJIbHOE COCTOSTHHE.

Puc. 1. beckapkacHas 0OMOTKa COJICHOUIa
Puc. 2. OkcriepuMeHTaNbHas YCTaHOBKA JISI HCITBITAHUS COJICHOHIOB

HcnpiTanus mepBOTo COJICHOM A MOKA3alld, YTO y HETO OTCYTCTBYET d(DPeKT «rpe-
HUPOBKHY, TIOATOMY B €ro 0OMOTKY OBbLI BBEJIEH TOK BeTudnHOM 242 A 0e3 mepexoja B
HOPMAJIbHOC COCTOSHHUC. HpI/I 9TOM TOKC MHAYKIHA MArHUTHOTI'O IOJIsI B HCHTPE COJIC-
Homza coctaBumna 5.23 T, a makcumaibHoe mmojie B o0MoTke — 7.5 T. Toxk cBeimie 242 A
B COJICHOM[J HC BBOJWJIM, IMOCKOJIbBKY 3allaCCHHAd B COJICHOUAC SHCPIUSA MArHuTHOI'O
nmosist coctaBmwina 322 kJ u Obuta BEpOATHOCTh MOBpEXACHHS OOMOTKH. [loBTOpHBIE
HCIBITAHUA IO UCTCUYCHUU [BYX MCCALCB IMOKa3ajid, YTO COJICHOUIA «IIOMHHT» pPAHCC
JOCTUTHYTOE 3HAYEHUE TOKA.

HCCMOTpH Ha TO, YTO BCC TPHU COJICHON A U3I'OTOBJICHLI 1O OI[HOI>'I TCXHOJOI'uu, BTO-
poOii U TpeTHil COJIEHOM Il MPHU HCIBITAHUSAX BENU ce0s MHAYe — Yy HUX HMella MECTO
«TPEHUPOBKA» KPUTHUECKOTO TOKa. Hampumep, KpUTUYECKUI TOK BTOPOTO COJCHOUIA
nocturan 3Hadenuit 190, 217.5 u 224 A. BBuay OTCYTCTBUS KUIKOTO TEJIHS AAIbHEN-
e UCHbITaHUA BTOPOI'0 COJICHOU A GBIJ'II/I BO306HOBHCHLI Ycpe3 MmoJITopa MecCsla. Hc-
MBITAHUS TIOKA3aJIM, YTO KPUTHUYECKUN TOK TMOCTIE MEPBOro Mepexoja COJIEHOUAa B HOP-
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MaJIbHOE COCTOSIHUE YMEHBIIWICA OT paHee JOCTUTHYTOro 3HaueHus 224 no 220 A.
Cnenyroniee 3Ha4€HHE KPUTHUECKOTO TOoKa coctaBmwio 232.5 A. Ilpu 3ToM MHIYKUIMS
MarHMTHOTO IOJI1 B LIEHTpe coieHouaa paBHsanach 5.05 T, a 3amaceHHas »Heprus
nosist — 295 klJ.
HcnpiTanusa TpeThero coieHouaa MO3BOJIWIM JOCTUYb 3Ha4eHMs Toka 220 A mocie
JBYX IMEPEXOJ0B B HOpMajbHOE cocTosiHME. JlanbHeine ucnplTanus ObUIM MpUOCTa-
HOBJICHBI BCJIEJICTBUE KOPOTKOTO 3aMbIKAHMS B MEPBOW CEKIMU U BHITOPAHUSI HECKOJIb-
KHUX BUTKOB 0OMOTKH. [ToBpex1eHHyI0 ceKinio 0OMOTKH YAaJWId U Ha €e MECTO ycTa-
HOBWJIM HOBYIO. Ilociie TpeThero mepexona ColeHOMJA JOCTUTHYTa BEJIMYMHA TOKa
231 A. Ha 5ToM ucnbITaHHs COJEHOM/IA 3aBEPIINIIN, TAK KAK MArHUTHOE T0JIE B LICHTPE
COJICHOMJIA M 3allaCeHHAasl SHEPrus OBbLIM MPAKTUYECKU PAaBHBI TaKOBBIM JJII BTOPOTO
coseHouia. M3roToBNIEeHHbIE CBEPXIPOBOJIHUKOBBIE COJICHOHUIbI OBbLIM YCTaHOBJICHBI B
reueBol eMKocTH paboyero kpuocrata [7] u ooveanHeHsl B 610k MaruutoB — CMC
(puc. 3). PaccrossHue Mexnmy meHTpamMu cojieHougoB 440 mm, mpu 3TOM OOMOTKH
KpalHUX COJIEHOUJIOB BKJIIOYEHBI BCTPEU-
HO OOMOTKE CpeJHero, a K Hayajuy U KOH-
ny CMC noacoeauHeH CBEPXIPOBOJHU-
KOBBIA KJTIOUY, OOECIEYMBAIOIMINNA KOPOT-
KO3aMKHYTBIH pexxuM paboTsl. Takoe co-
eIMHEHNE OOMOTOK COJIEHOUIOB B OJIOKE
MAarHuTOB YBEJIUYHMBAET MOJYJb MarHut-
HOM MHIYKIIMU B paboyveil 30He TPUMEPHO

Puc. 3. CMC H3 Tpex CoNeHOnI0B Ha 12% 1o cpaBHEHUIO C COTJIACHBIM
BKJIFOYEHUEM COJICHOUIOB.

Jns xoMneHcauuy MEXaHWYECKUX YCUJIMHA MarHUTHOTO B3aUMOJEHCTBHUS COJICHOHM-
JIOB U MEXIYy COOOMH, M C 3JeMEHTaMU KOHCTPYKIMH KpUOCTaTa B I'eJINEBONl €MKOCTH
KpPHOCTaTa pa3MEeIICeHO YCTPOUCTBO KommeHcanuu. OHO mpeacTaBiseT co00i yCTaHOB-
JIEHHBIE C 3a30pOM IO BBICOTE TPU IMAPAJUIECIBHBIE IUIMTHI U3 AJFOMUHUEBOIO CILJIaBa
JA16T xaxnas TonumHo 20 mm ¢ oTBepcTUsiIMU. B 3THX muMTax 3aKkpervieHbl coJe-
HOMJIBI TaK, YTO CUJIOBAsl Harpy3Ka OT HUX JIEUCTBYET TOJIBKO Ha IUIUTHI, OJHOBPEMEHHO
3allMIIasi COJIEHOUIB! OT BO3MOYKHOT'O pa3BOpPOTa OCEW U HE Harpykas 3JIEMEHTbI KOH-
CTPYKLIMM TEJIMEBON €MKOCTH KpuocTtaTa. KoHEeYHO, CHIIOBOE B3aUMOJICHCTBUE MEXKIY
COJICHOMJIAMU HE MCYE3JI0 U NIEPEJAETCSI HA BUTKHU COJIEHOU/IOB.

Cwily MarHWuTHOTO B3aUMOJIEWCTBUS JIBYX COJIEHOMJIOB C IMApaJUICIbHBIMU OCSIMH,
YCTaHOBJICHHBIX B OJHOM IJIOCKOCTH, MOKHO BBIYHCIIUTH M3 YHEPTETHUYECKUX CO00pa-
’KeHui. M3BeCTHO, 4TO 3anaceHHas B COJIECHOM/I€ SHEPTHUsI MATHUTHOI'O OISl paBHA

L2
2

U , 4

rae L — uHaykTuBHOCTD, H; 7 — TOK, A.

W3meHeHue 3HEprud MarHUTHOTO TOJSl CUCTEMBbI COJICHOMIOB MPU BO3MOMXKHOM HX
MepeMENICHIN PaBHO IMPOU3BEICHUIO CHIIBI, JEHCTBYIONIEH MEXIY COJICHOWJAMH, Ha
BEJIMYMHY BUPTYAIbHOTO IEPEMEIICHHUS:
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2
W, _c[au
dx 2| Ax

; ©)

rae F' — cuna, kg; AL — u3MeHeHne WHIYKTUBHOCTH, H; Ax — BenmnunHa BUPTYaTIbHOTO
MEepEeMEICHUS COJIEHOUIA, CMm; ¢ = 102/9.8.

OO01mast *HAYKTUBHOCTh CHCTEMBI U3 JIBYX COJICHOHMJIOB CKJIQJBIBAETCS M3 COOCTBEH-
HBIX MHAYKTUBHOCTEH M B3aMMHOW MHIYKTUBHOCTU MEXAy Humu: L = Ly + Ly, + 2M,
rae M — B3auMHasi UHAYKTUBHOCTh. MI3MeHeHe UHAYKTUBHOCTH JABYX COJEHOMJIOB MpU
UX TepeMelIeHUH 00YCIOBICHO U3MEHEHUEM TOJIbKO B3aMMHOW MHIYKTUBHOCTH. DJKC-
NIEPUMEHTAJIbHO U3MEpPEHHAs! MHIYKTUBHOCTH COJIEHOMI0B cocTtaBuiua 10.9 H.

Pacdetsl B3aMMHOW MHAYKTUBHOCTH COIJIaCHO [6] MOKa3aiau, YTO MPH MEKIEHTPO-
BOM PAacCCTOSTHUU MEXy IBYyMs cojieHonaaMu x| = 440 mm (Ha TaKOM pacCTOSSHUHM OHH
YCTaHOBJICHBI B OJIOKE€ MarHMUTOB) MX B3auMMHas MHAYKTUBHOCTH M| = 0.48 H, a mocie
BUPTYaJIbHOTO MEPEMEILEHUS OJJHOTO U3 COJICHOMI0B Ha Ax = 50 mm ¥ COOTBETCTBEHHO
YBEJIMUEHUS] PACCTOSHUSA MEXAYy HUMHU 710 Xp = 490 mm B3auMHas WHIYKTHBHOCTh
M; = 0.40 H. CooTBeTcTBeHHO M3MeHEeHHEe UHAYKTUBHOCTU AL = 2AM = 0.16 H. Torna
cornacHo (5) mpu Toke / = 150 A cuila MarHUTHOTO B3aUMOJICHCTBUS IBYX COJICHOUIOB
F=36t,anpul/=200A F=64t.

[Ipu ucnpiTaHum O10Ka CBEPXIPOBOJAHUKOBBIX COJIEHOMJIOB KaK €IWHOTO IIEJIOTO B
paboueM KpHOCTaTe MPOU3OILIEN Mepexo]l B HopMainbHoe cocTosiHue npu /[ = 136 A ¢
BBIJICJICHMEM TPOMAJIHOIO KOJMYECTBA SHEPrUU B BUJAE TEIJIA M C UCIAPEHUEM BCETO
AKUIKOTO renust u3 Kpuocrara. Cujia MarHUTHOTO B3aMMOJICUCTBHS JIByX COCEIHUX CO-
JIEHOUJIOB cocTaBuia ~ 3 t, KOTopas, NO-BUINMOMY, U CIIPOBOLIMPOBAA MEPEXO]] CoJe-
HOWJIOB B HOpMaJIbHOE cocTosiHue. [lOBTOPHO B MarHUTHYIO CHCTEMY OBLIT BBEJIEH TOK
I =150 A u «3aMOpPOXKEH» CBEPXMPOBOAHUKOBBIN KII04. TOK OOJBINEH BETUYMHBI HE
BBOJIUJICS, TAK KaK HETPEJCKAa3yeMblid MEPEeX0]l B HOPMAIbHOE COCTOSIHUE MOT MIPUBECTH
K MOBPEXKJICHII0 OOMOTOK COJIEHOM/IOB, @ BO3MOXHO, M KpHOCTaTa. 3amaceHHas YHeprust
MarautHoro mnouis npu / = 150 A cocra-

Buia Oosnee 0.5 MJ.

Benuuuny 1 mpocTpaHCTBEHHOE pac-
npeieJieHue MarHuTHOro mojisi B pado-
yell 30He (MMoJ JHOM KpuocTaTa) orpe-

JEJSUI C MOMOIIBK M3MEPUTENST Mar-

HutHoU mHaykuuu I111-8 Ha 6aze nat-

yuka Xosuia. M3Mepssii KOMITIOHEHTBI

UHIYKIUM MarHUTHOTO ToNs By, B), n

B, 10 3HaYeHUSAM KOTOPBIX BBIYMCIIIIN

MOAYJIb WHAYKIIMM MAarHUTHOTO IIOJS.

Pesynbrarhl pacueToB MOayns MHAYK-

[IUH TTOJIST BAOJIb OONBIION CTOPOHBI pa- Puc. 4. Pacnpenenenne MoIyis MarHMTHOM
Goueit 30851 ytHOM 1200 mm npu AByX HHAYKIMH BIOIb Oombimoii ocn CMC mpu To-
3HAYCHHISIX KOOPAMHATHI (paccTostus or K€ 150 Ar/—Z=25mm, 2 —Z="75 mm
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IHa KpuocTata) Z =25 mmu Z = 75 mm npu toke / = 150 A npuBeznensl Ha puc. 4.
W3 xoxa KpUBBIX BHIHO, YTO OTHOCHUTEJIbHAS HEOJHOPOAHOCTh MAarHUTHOIO TOJSI HE
npesbimaet 11%.

B 3akmouenne ormerum, yto CMC o0ecreynBaeT pexuM «3aMOPOKEHHOTOY
MarHUTHOTO TOTOKAa MyTEM HCIIOJIb30BAHMS CBEPXIIPOBOJHUKOBOTO KIIFOYA, KOTOPBI
CYILIECTBEHHO MOBBIMIAET SYKOHOMUYHOCTh PabOThl KPUOMArHUTHOM CHCTEMBI 3a CYET
BO3MOYKHOCTH yJaJ€HUsl U3 KPHUOCTAaTa CUIBHOTOYHBIX TOKOBBOJOB IOCIIE «3aMOPAKHU-
BaHUs» KJII0Ya U OTKJIIOUEHUS OT CETH UCTOYHUKOB MTUTAHUS.

TakuMm 00pa3zom, ipu BBITIOJIHEHUH paboThI 1o co3panuo CMC cemapaTopa nonyye-
HBI CJIEIYIOIINE PE3YIbTATHL.

1. Pa3zpaboTaHbl CBEpXIpPOBOIHUKOBEIE COJICHOMBI CPEIHEro Kiacca ¢ AUAMETPOM
BHyTpeHHero orBepcTus 300 mm, co3aaroiire MarHuTHOE T0JI€ C MHAYKIMEW HE MEHee
5 T B ueHTpasIbHOI 30HE U 3anaceHHo sHeprueit 6onee 300 kJ.

2. Ha 0a3e coyieHONI0B CKOHCTpYHpOBaHa MarHUTHasl CUCTEMa, COCTOALIAs U3 Tpex
MOCIIE0BATEIHHO COSTMHEHHBIX COJICHOHIOB U CO3/a0Ias B paboueil 30He cemapanuu
(3a mpenenamu kpuoctata) amuHod 1200 mm, mmpunoit 200 mm u BeicoToi 100 mm
MarHMTHyr uHAyKuuwo 10 1.5 T.

3. HeogHnopoaHoCTh MarHUTHOTO TOJIs B paboyeii 30He Ha juyrHe 1200 mm He Gosee
11%.

4. PacueTnl CHJIOBOrO MAarHUTHOI'O B3aMMOJEHUCTBHUS coJicHOMIOB B coctaBe CMC
MOKAa3bIBAIOT, YTO CHJIA MarHUTHOTO B3aMMOJIEHUCTBHS JIBYX COCEIHUX COJICHOMJIOB
nocturaet 6 t u 6onee, uTo TpedyeT 0Co00H UX KOHCTPYKIIUH.
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D.V. Varyukhin, N.V. Taryanik, E.A. Dvornikov, D.O. Fedyuk, A.Ya. Laptienko

SUPERCONDUCTING MAGNETIC SYSTEM OF A CRYOMAGNETIC
SEPARATOR

A superconducting magnetic system (SMS) of a cryomagnetic separator of dry separation is de-
scribed that is composed by three concatenated solenoids with the parallel axes located in the
same plane one after another. The results of the design and the tests of three solenoids of
300 mm in internal diameter are presented. The solenoids produce magnetic field characterized
by field density of 5 T and the stored magnetic energy more than 300 kJ. The results of the test-

145



®du3uKa ¥ TEXHUKA BbICOKHX AaBjaenuii 2017, tom 27, Ne 1

ing of the magnetic system in the form of a block of three solenoids fixed within a working
cryostate are reported. Spatial distribution of magnetic field within the working zone of separa-
tion is measured. The field density in the separation zone is 1-2 T, and field inhomogeneity at
the distance of 1200 mm does not exceed 11%. The estimations of the forces of magnetic
interaction of solenoids within the magnetic system are presented that reach 6 t.

Keywords: superconducting solenoid, magnetic system, magnetic field induction, magnetic
field energy, mechanical forces, critical current, magnetic interaction force, inductance,
magnetic field distribution

Fig. 1. Self-supporting coil of the solenoid

Fig. 2. Experimental installation for solenoid testing

Fig. 3. SMS of three solenoids

Fig. 4. Distribution of the modulus of magnetic field density along the big SMS axis, current is
equalto 150 A: I —Z=25mm, 2—-Z=75 mm

146



