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PA3PABOTKA IO/TIE3HbIX UCKOMAEMbIX

PASPABOTKA NMOJIE3HBIX HCKOMAEMDbIX

VK 504.55.054:662

IMPOPBIBHBIE JOCTUKEHUA JOBBITUNKOB YPAHA
HA CEBEPE KA3AXCTAHA
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Tomuk B, JMuTpak IO.B.', Pa3zopenos 012

1 o vy 9 v

CeBepo-KaBkasckuii ropHO-MeTaILTyprHIeCKHii HHCTHTYT (rOCyJapCTBEHHBII TEXHOIOrHYECKHi yHHBepcnTeT), Bnamukaskas, Poccust
2 o . o v

“IOsxn0-Poccniickuii rocyrapctBeHHsli nomurexanueckuii yausepeurer (HITW) umenn M.H. Ilnatosa, HoBouepkacck, Poccus

Annomayus. ToctanoBka 3amaun. I1epCIIeKTHBBI Pa3BUTHSA ACPHOI SHEPreTHKH CBA3aHBI C YBEIHYEHHEM OOBEMOB
J100BIYM PaJMOAKTUBHBIX Y[, OATOMY MCCIIEA0BAHUS B 3TOM HAIPABJICHUHM SIBIAIOTCS akTyasubHbIMU. Llesib uceiienoBa-
HUSA. Cnc‘remaTmame L[OCTH)KGHI/II‘;I YPaHOBBIX HpeI[l'[pI/[ﬂTI/Iﬁ JUTA UCTIOJIB30BAHUA HUX B I[aHLHCﬁmCM Tiporpecce JlO6BI‘—IH
MHHEPaIBHOTO ChIPbs M APYruX MeTaimioB. Memomb3yembie MeToabl. O000MIECHNE M KPUTHUCCKHUI aHAIH3 HOCTIDKCHUH
MPEeIIPUSITHIH MUPOBOTO YPOBHS C BBIIEICHUEM MX HAYYHOW M NpakTHueckoi 3HaunMocTd. HoBU3HA myOIuKyeMbIX CBe-
lleHHﬁ 3aKJIIO4Ya€TCA B TOM, 4TO OOJIBIIMHCTBO U3 HHUX U B HacToAIIEeE BPEMS HE CTAJIH TOCTOSTHUEM LUHpOKOﬁ Hay‘IHOﬁ n
MH)KEHEPHOH OOIIECTBEHHOCTH B CWTy BEJOMCTBEHHBIX npuunH. Pe3ynabrarel. CHopMyTMpoBaHbl OCHOBHBIC HAIpaBIIe-
HUS pealu3allii TeXHOJIOTMYeCKHX pelieHud. OxapaKTepu30BaHAa TEXHOJOTHS YHPaBICHHS CBOMCTBAMU TBEpICIOLIEH
CMECH IIyTEM BO3HCﬁCmHﬂ BBICOKOH 3Hepmel7[ B AC3UHTEIpaTopax. l'[pmae;[em,l PE3YyNIBTaThl OIBITHO-IIPOMBIIIEHHOTO
MOJI3eMHOTO BBIIIENAYMBaHHs OAaHCOBBIX PyJ. JlaHa CIpaBKa O KPYIHBIX JIOCTIDKCHHSX HA PYJHHKAX CTPYKTYPHBIX
nozpaszenenuii LlenMHHOro ropHo-XxuMHuYeckoro koMOuHaTa. boiee neranu3upoBaHbl CBEICHHS O TEXHOIOTHH MOBBILLIE-
HUs BSDKyU_[eﬁ CITOCOOHOCTH 1106a1301< K OEMEHTY aKTWBaLIP[Cﬁ B JICSUHTETPATOPE U PA3BUTHU €€ U BBIICITIAYUBAHUA M-
TaJJIOB U3 HEKOHIHIIMOHHOIO METAJIOCOJIEPKAIIErO ChIPhs ¢ H3BJICUeHHEM MeTaiuioB 10 70% OT colepKaHHs B HCXO-
HBIX XBocTaX. O003HaueHa KOHIIEMIMS NPUPOJOOXPAHHON KCILTyaTaliy Hesip. [IpuBesieHs! cBeieHus O TPAHCIIOPTHPO-
BAHNM TBEPAEIONINX CMecel 1Mo BHOponposomy Ha paccrosaue 10 2000 M. IpakTuyeckasi 3HaunMocTh. [IpopeBHOE
COBEpILICHCTBOBAHNE TIPOHM3BOICTBEHHBIX MPOIIECCOB TOOBIMH YpaHa, OCYIIECCTBICHHOE HA NPEANPHATUAX ATOMHOI 3Hep-
TeTHKH, MOTYT HaliTH NPUMEHEHHe Ipy 100bIYe METa/LIoB. B nepByro ouepens U3 BCKPhIBaEMbIX pya. YBenudeHue oobe-
MOB IPOM3BOJACTBA HEKOHAUIIMOHHBIX 3aI1aCOB ITyTEM KOM6]/I'HPI])OBaHI/[ﬂ TPpaaUuITHOHHBIX TEXHOJIOTHI pa3pa60TKH C TE€X-
HOJIOTHSIMU BBIIIETAYMBAHNS METAILIOB PE3EPBOM O30POBIICHHS SKOHOMUKH IOPHBIX NPEIPUITUN B YCIOBHSIX PHIHOY-
HOM 9KOHOMHKH.

Knrwouegvie cnoea: painoakTUBHBIE PYJbI, TOCTIKEHUS MHPOBOTO YPOBHS, N€3MHTErPaTop, MOA3EMHOE BhINIENAuH-
BaHKe 0aTaHCOBHIX PyJ, BUOPOTPAHCTIOPTHPOBAHHME TBEPICIONMINX CMECEH.

noympasienue (1. Massiueska, Poccus), JIepMOHTOB-
cKoe pynoynpasienue (r. JlepmonTos, Poceust) u ap.
OcBoeHre ypaHOBBIX MECTOPOXKJICHHH obecrie-
YUBAJIOCh [IPHBJICYEHUEM B OTPACiIb YYEHBIX U CIE-
[MATICTOB M CO3JAHHEM YCKOPEHHBIMH TEMIIAMH

Beenenne

Pa3paboTka paaroaKTHBHBIX MECTOPOXKICHUH B
CCCP Bo BTOpO#l MOJIOBHHE TPOIUIOr0 BEKa OCY-
mectBisack B Poccun, Yxpaune, Kasaxcrane, Kup-

ru3um, Y30ekucrane, TapKUKUCTaHe, DCTOHUU U B
psine 3apyOexHsix cTpas (puc. 1).

JloOblueli ypaHa 3aHUMAIIMCh CTPYKTYPHBIC €IU-
HMIIBI MUHHCTEPCTBA CPEAHEr0 MAIIMHOCTPOCHHUS, a
3aTeM MUHHCTEPCTBA aTOMHOIN PHEPTHM U TPOMBIII-
nerHoctr: Bocrounsiit 'OK (r. XKentsie Bozbl, Ykpa-
nHa), Ilpukacrmiickuit TOK (r. IlleBuenko, Ka3zax-
cran), ITpuaprynckuii I'’XK (r. KpacHokameHnck, Poc-
cust), LHenmunbiii XK (r. Crennoropek, Kaszaxcran),
Hagowmiickuit I'’XK (r. HaBon, Y30ekucran), Jlenuna-
Ganckuit XK (r. Ukanosck, Y30ekucran), Kuprus-
ckuii I'PK (1. Akcyek, Kuprusust), Manbiuesckoe py-

© T'onuk B.W., Imurpak }0.B., Pasopenos 10.11., 2019

UH(PACTPYKTYp, TPAHCHOPTHBIX U SHEPreTHYECKHX
CHCTEM Ha HeKOM(OPTHBIX TeppUTOpHUsX [4].

Ha npexnpustusx MASIT CCCP B Ka3axcrane
pa3paboTaHbl U TPOMBILUICHHO OCBOEHBI HOBEHIIIHME
JUIsl CBOETO YPOBH:I TEXHOJIOTHH MUPOBOI'O YPOBHSI.

Pa3paboraHa TexHHKa HOBBIX IIOKOJICHHIA,
HanpuMep, TEXHUKa HOBBIX MOKOJEHHUII C 3JIEKTpO-
ruApo-GpUIHUPOBAHHBIM MPUBOAOM. OCBOEHBI IpU-
poaHo-pecypcocOeperarome TeXHOIOTUH, HaIIpH-
Mep, C BBIIEIAYUBAHUEM METAIOB M3 pyx. s
YCKOPEHHOrO BBOJA B DKCILIYaTAllMI0 HOBBIX PYyJ-
HBIX IOJIeH CKOPOCTh IPOXOIKH TOPHEIX BEIPAOOTOK
onHUM 3a00eM joBezeHa 10 805,2 M B MeCsII.

4
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IMpopbieHble docmuxeHus dobbIm4uKos ypaHa Ha cegepe KazaxcmaHa
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Puc. 2. Tloxpasnenenns LlenMHHOrO rOpHO-XMMHYECKOro KoMOuHata: 1-5 pynoynpasieHus

LenuHHbI TrOpHO-XMMUUYECKMI KOMOMHAT ¢
LHEHTPOM B T. CTEMHOropcK M CTPYKTYPHBIMH €IH-
Hunamu B 11. [llantobe, Akcy, 3ao3epHsrii, KpacHo-
ropck U Bosozpapckoe pa3pabaThiBalii MECTOPOXK-
JICHHSI P/l BeCbMa passiMyaronuxcs Mopdonoruye-
CKHMX M BEIECTBEHHBIX THIIOB B TPEX CEBEPHBIX 00-
nactsix Kaszaxcrana (puc. 2).

IepcrieKTHBBI pa3BUTHSL SACPHOW SHEPreTHKH
MPE/IONAraoT YBEINYCHHSI TEMITOB OOBIYH Paro-
AKTUBHOTO CBIPbSI TIPU YXYAIICHUN YCIOBHI pa3pa-
OOTKM MECTOPOXIEHHH, MOITOMY HCCIENOBAHUS B
9TOM HAIPaBJICHUH MOJB3YIOTCS 0COOO0M aKTyaTbHO-
creio [8, 10-11]. Kazaxcran 3aHMMaeT modeTHOE
TPeTbe MECTO B MHPOBOIl J100bIY€ YPaHOBBIX PyI U
HapallMBaeT MPOM3BOJICTBO ATOTO HEPreTHYECKOro
CBIPbsI, IO3TOMY O0OOIIEHUE U Pa3BUTHE JIOCTHTHY-
TOrO CBOEBPEMEHHO U 3aCITy)KMBAeT BHUMAHHUSL.

Teopml, MaTepHuajIbl U METOAbI HCCJICI0OBAHN A,
TEXHHYECKHE U TEXHOJIOTHYeCKHe paspaﬁonm

Basoit uccnenoBaHmit  HaclmemMst  TOPHSKOB-
aToMIIMKOB sBisitoTes Tpyasl [Torosa I'.H., Hudon-
toBa b.1., Jlobanosa JI.I1., Korenko E.A., CumakoBa
B.A., KymukoBa A.B., IlerpocoBa A.A., Caemmo-
Ba M.H., Mocunua B.H., UBanosa B.I'., ByGHo-
Ba B.K. u mp.

Hcropust pa3BUTHs TEXHOIOTUI YNpaBJIEHUS CO-
CTOSHUEM MAacCHBa IIPU MOA3EMHOI pa3paboTke Me-
CTOpOXKICHUS CBsi3aHa ¢ paboramu Berposa C.B.,
MsicaukoBa K.B., Pynenko B.B., Perunk @.®., Ko-
terko E.A., I'omuka B.U., Kyntsiesa B.U., Bpon-
uukoBa /.M., 3amecoBa H.®., I{pirasioa M.H., Xo-
msikoBa B.1. u nip.

Ilo nanHbIM mnyONMKaLMil M ONBITA HAay4HO-
MPAKTUYECKOH JEATEIIBHOCTH aBTOPOB IPOU3BENEH
KpaTKMi PETPOCIEKTUBHBIN aHaIN3 UCTOPHU Pa3BU-
THsI TOPHOI! 1TOJI0TPACM YPaHOBOIO IIPOM3BOJCTBA U

www.vestnik.magtu.ru



PA3PABOTKA IO/TIE3HbIX UCKOMAEMbIX

KpUTHYECKH 0000LIeHbl HanOolee KpYIHBIE U3 JIO-
CTUTHYTBIX Pe3yNbTaToB. 113 mmpokoro kpyra qyHk-
Ui TOPHOTO MPEANPHATHS BBIIBICHBI, COIOCTABIIC-
HBI H NIPOAHATN3UPOBAHEI HANOOIEe BaXKHBIE U IIEp-
CIICKTUBHBIC HAIIPABJICHHS PA3BUTHS OTPACIH, IO CUX
II0p COXPAHSIOIINE CBOIO HOBU3HY.

Pe3yabTaThl HCCe10BaHUS U UX 00CYIKIeHHe

B nonpasneneHusx KoMOMHATa CO3NaHBI M pea-
JIM30BaHbI B NIPOMBIIUICHHOM MacIITabe HOBBIC TEX-
HHUYECKHE U TEXHOJIOTMYeCKUe DEIICHHs, HaIlpas-
JICHHbIC HAa COBEPLICHCTBOBAHHE KOHCTPYKIMH TEX-
HOJIOTH pa3pabOTKH, CIIOCOOOB MOATOTOBKH H
Hape3KH OJI0KOB M HHTEHCH(UKAIMIO TOPHBIX PadoT.

IMonyuyenne npubbu ¢ MUHUMU3ALKEH yiiepoa
OKpYy’Karolleil cpene JoCTHTraIoch peanu3anuei Tex-
HOJIOTHYECKHX PEIIeHHUH, B TOM 4YuCIIe:

- ONTHMH3AIHSA MPOIIecca YIPaBICHHS COCTOSHHU-
€M MacCHBa pasfielieHHeM €ro Ha IeOMeXaHHYecKH
cbanaHCHPOBaHHBIC yUACTKU C MOTAIICHHEM 3KOHO-
MHYHBIMH CTIOCOOAMHU;

- TPYNHoBasi MOJATOTOBKAa OJOKOB K OYMCTHOW
BBIEMKE HAKJIOHHBIMU ChE3JJaMH;

- BBIIENAYMBAHNE METAIOB U3 3a0anaHCOBBIX
PYZ ¥ OTXOJIOB TI€pEe/ICIIOB;

- KOM6I/IHI/IpoBaHI/]e TPaaUIIAOHHBIX U WHHOBALU-
OHHBIX TEXHOJIOTHI Pa3pabOTKH MECTOPOXKICHHUIA.

OCHOBY COBEpUICHCTBOBAHHS COCTAaBILSUIH KOM-
OMHHMPOBaHHBIC TEXHOJOTUWH, TA€ NPUOPUTETHYIO
POJIb Urpask TBepAeIoLue cMecu (puc. 3).

OnTuManbHash 10 KOJUIEKTUBHBIM OKa3aTeIsIM
cXema BKIIIOYala dJIEMEHThI: 00bI4a OoraThiX pyia ¢
3aKIaJKON IYCTOT TBEPACIOIIEH CMEChIO U Iepepa-
0O0TKOI pyJ Ha I'MIPOMETAILTYPrH4ECKOM 3aBOJE; J0-
ObIva PSIOBBIX PY/I C 3aKIIa KON TBEPACIOIIEH CMEChI0
¥ KYYHBIM BBIIICIaYMBAHUEM HE 3EMHOM TIOBEPXHO-
ctH; OJIOKOBOE BBILIEIAUYMBAHNE OCHBIX OalaHCOBBIX
1 3a0aJ1aHCOBBIX Py/I HA MECTe JIoKaym3auuH [2, 7, 9].

Bopiieuenne B mepepaboTKy 3a0aaHCOBBIX Py
J1aJI0 BO3MOXHOCTb KOMOHMHATY KOHOMUYECKH 3(-
(ekTHBHO OTpabaThIBaTh PyHbl C YMEHBIIAOIUMCS
CoJIepIKaHIEM METalIOB.

B xoMOuHaTte mosyumiia mpaBo Ha CyIIECTBOBA-
HUE TEXHOJIOrUs YIPaBJICHUS CBOMCTBAMH TBEPACHO-
LIeif cMecH ITyTeM BO3ISHCTBHS BHICOKOH dHepruei B
JIe3UHTerpaTopax, MOMy4YHBIIAs JalbHeHIee pa3BH-
THE NPU BbILICIAYMBAHNN METAJUIOB B aKTUBATOpax
yxe Ha lOre Poccuu (puc. 4).

Ha mecropoxnennu Bocrok (pynoynpasienue 1)
IIpU OTPabOTKE PYIHOrO Tella B HEYCTOHYMBEIX OPO-
JlaX TPHMEHIIN IIepPeKpHITHE M3 TPOCOB M IEpeBa,
ocomwi OypoBbie Kaperku CB-1 II, morpy3ouHo-
nocraBoudble Mammubsl JIB-1/1000 w1 MITIH-1A,
SIEKTPO- H THAporephopaTopsl U GypoBOH MOIOTOK
OcwuroBckoro. BriepBbie B MHpOBOH HpakTUKE OCY-

LIECTBICHO OIBITHO-IPOMBIIUICHHOE MOI3EMHOE BbI-
IIeNaurBaHye OAAHCOBBIX pyX ¢ 610koBBIM (70%) 1
CKBO3HBIM M3BIICYeHHEM (87%), 4TO MPEBBICHIIO TTOKa-
3aTeNH TPaMIHOHHOrO MO/I3EMHOr0 CrIocoda.

Ha mecropoxnenun Mansibait (pynoynpasie-
HHE 2) MOIIHOE IITOKBEPKOBOE PYIHOE TEIO HHTEH-
CHBHO OTpa0aThIBalM OJHOBPEMEHHO OTKDPBITHIM M
TIO/I3EMHBIM CIIOCOOOM C 3aKJIA/IKOH MyCTOT KOMIIO-
3UTHBIMU cMecsiMH. B mrabene mecropoxaenus 20
JIeT  BbIIIENAYMBAIM  3a0allaHCOBBIC  ypaH-
MOJIMOJICHOBBIE PY/ABI M XBOCTBI CYCIEH3HMOHHOTO
o6oramnienns. OCyIIeCTBICHO MPOOKAIOIIEEC U B
HacToslIlee BpeMs CKBa)XMHHOE BhIIICIaYMBaHHE
pyn mecropoxaeHus Cemus0baili B yclnoBusx, rie
nmobast Ipyrasi TEXHOJIOTHSL HE MOXKET OBITh ¢ dek-
TUBHOH. KOMOMHAT OBbLT €IMHCTBEHHBIM MPEIPHSI-
THEM, I7ie ObUTM OCBOCHBI BCE CIIOCOOBI BBIIIEIAYH-
BaHHUS METAJUIOB U3 YPAHOBBIX PYII.

CHOXHO-CTPYKTYPHOE MECTOPOXKICHHE 3a03ep-
Hoe (pynoynpasienue 3) paspabarbiBaiu ¢ KOMOH-
HUPOBAHHBIM YIIPABJICHUEM TOPHBIM JTaBJICHUEM
MyTEM Pa3leNeHHs Ha TeOMEXaHUYEeCKH 000Co0IeH-
HBIE Y4aCTKH.

Mecropoxaenue nonororo najaenust Mummckoe
(pynoynpasiienue 4) orpabOTaHO C OCTaBJICHHEM
Gomee 1 MaH M® mycToT Ge3 3aKmamky ¢ obecrede-
HHMEM COXPaHHOCTH 3E€MHOH IOBEpXHOCTH. MecTo-
poxaenus loknak 1 KambimoBoe orpabaTbiBaiy ¢
3aKJIaJIKOH MYCTOT TBEPACIOLIMMU CMECAMU U BUO-
POTPAaHCHOPTHPOBAHHEM TBEpJEIOIIE cMecH Ha 2
kM. Ha mectopoxnennn Mmmmckoe B mopoaax c
ko3 dunmenTom kpernoctu 14 no IIporoapsikoHOBY
3a Mecsl oxHMM 3aboem mpoizeHo 805,2 M
KBeplLIara ceueHuem 7,4 M

Ha mecropoxnennn Kocauntoe (pynoynpasie-
HHUE 5) MacCHBHOE PyJHOE TelI0 OTpadaThIBAM OJI-
HOBPEMEHHO KapbepoM H IOA3EMHBIM PYIHHKOM C
3aKJIAJIKOH ITYCTOT TBEPJCIOLIMMU CMECSIMU Ha OC-
HOBE KOMITO3UTHOIO BSDKYILIEI'O W3 aKTHBHPOBAH-
HOT'O FPaHyJIMPOBAHHOIO IITAKA.

B LI'XK B 1970-X Tomax 0CBOSHBI KOJOHKOBBIE
cranku KBY-50 u KBY-80 u camMoXxomHbie CTaHKH
I16Y-80, I1IbY-70, CB-70 u xommiekcel KIIB u
2 KB. Ha 3aBozax koMOuHaTa BhITyCKalIK nepgopa-
TOpBI, OYPOBBIE CTAHKH ¥ OTPY304HO-JI0CTABOYHbIC
mammeel Tuna MITJIH-1M, a 3atem amekrpo-
ruApoQULIUPOBAHHYIO  TEXHUKY:  I1epdopaTopbl
2T'TL, 3T mp.

Ha mectoporkiennu I1loxmak BriepBbie B MUPOBO
TOPHOI TIPaKTHKE B TEXHOJNOTMYECKOM LeMM 3aKia-
JIOYHOTO KOMILIEKCA MCIIOIb30BaHa TEXHOJOTUs TO-
BBILIIEHHS BSDKYILEH CIOCOOHOCTH JI0OABOK K IIEMEHTY
akTuBaIueill B je3uHTerparope. B Teuenmne 10 mer
JIe3uHTerpaTopHas ycranoBka J[V-65 ¢ nuratensmun
MomHocThio 200-250 kBT u camodyrepyrommmucs
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poropamu obecriednBasia BbIXO/1 aKTUBHOI'O KJ1acca J10
55%, a B koMOUHALMHU ¢ BUOpoMenbHUIIEH — 10 70%,
YTO MO3BOJIUIO aKTUBUPOBAHHOMY IIUTAKy KOHKYpH-
poBath ¢ HeMeHTOM. D(GEKT NPUPAIEHHs] aKTHBHO-
cru gocturan 40% 1o cpaBHEHHIO ¢ 6a30BbIM [3].
JlesuHTerpaToOpHasi TEXHOJIOTUsS TIOJTYYHIa PasBH-
THE B PaMKaxX HaIpaBJIeHHs: KOMOMHUPOBAHHOTO BbI-
LIETAYNBAHUS METAUIOB W3 HEKOH/HMIMOHHOTO Me-
TaJUTOCOAEPIKAIIIETO ChIPbS B XOAE SKCHEPUMEHTANIb-
HOTO M3BJICUCHHS HA TONMMETAIUIMYeckuX pynax Ca-
noHa, yrimsix JlonOacca ¥ IKEIE3HCTBIX KBapLHMTaX
KMA. Ona obecrieunsia U3BIE€YEHHE METAILIOB IO
70% OT cozepyKaHus B HCXOAHBIX XBOCTaxX C OJIU3KUM
K ()OHOBOMY 3HAYEHHIO OCTATOYHBIM COJEPIKAHUEM.
OC00EHHOCTh TEXHOJIOTHH 3aKIIFOYAeTCsi B TOM, UTO

peareHT rojaercsi B pabounii opraH JIe3UHTErparopa,
TOTOMY HM3BJICUCHHE METAUIOB B PACTBOP MPOHMCXO-
JIUT OJHOBPEMEHHO C pa3pyllICHHEM KpHUCTALUIOB B
pe3ynbTaTe 3alpeccOBBIBAHUS peareHTa B 00pasyio-
ecst OT JeopMaLH YaCTHI TPEILHHBL.
'YcraHOBUBILIEHCS TEHICHIMEH MUPOBOIO TOPHOTO
MPOU3BOJICTBA SIBISIETCS YXY/ILICHHE YCIOBHH paspa-
OOTKM MECTOPOXK/ICHUH MOJE3HBIX HCKOMAEMBIX C
YCHJICHHEM HEraTHBHOTO BIIMSHHS Ha OKPYXKAIOLIYIO
cpeny. C Hell He coryacyercs, Halpumep, MoTepHu B
BHUJIC 1IeNIMKOB Gonee 60% 3amacoB mwim cOpoC B TeX-
HOJIOTUYECKHME IYCTOTBI XBOCTOB oOoramieHust 0e3
W3JICYCHUS U3 HUX TIOIYTHBIX ITTOJIE3HBIX KOMIIOHEH-
TOB, CyMMapHasi CTOMMOCTh KOTOPBIX COIOCTaBUMA C
H3BJICKAEMOM CTOMMOCTBIO OCHOBHOI'O KOMITOHEHTA.

Moasemtoe 6nokosoe

TexHonorum c
BbilLeNaYuBaHEM

KombuHWpoBaHHas

TexHoNorua

TpaguuMoHHble
TEXHONOrMK

B aesnnHTerparope

CkBaMu1HHOE

CeneKkTUBHaA BbleMKa
GoraTeix PYJ, C 3aKNAAKOH
nyCcToT TBEpALIOWMMMU
cmecamu

Puc. 3. Cxema KOMOMHHPOBAHHS TEXHOJIOTUH Pa3pabOTKH MECTOPOXKACHHI

1

HCXOIHOE
cbIpbe 20MM

2

HCXOHOE CBIPBE
100% M + peareHt

AKTHBUPOBAHHbIE
xBocTbI 50%
0,076 MM

TIPOYKLIMOHHBIH
pactBop 70% M +

0,08 Mm0,08MMm

AKTUBUPOBAaHHBIC
XBOCTBI

Puc. 4. (DyHKI_[I/II/I JE3UHTErpaToOpoOB: 1 — HOBBIIIEHNE AKTHUBHOCTHA KOMITOHEHTOB TBEPACIOIINX CMeCefI;
2 — U3BJICYCHUE METAJUIOB M MOBBIIICHHE AKTHBHOCTH KOMITOHEHTOB
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PA3PABOTKA IO/TIE3HbIX UCKOMAEMbIX

Ilpr HEOCIOPUMBIX IOCTOMHCTBAX TEXHOIOTHUS C
3aKJIQJKOM TBEPJCIOLMMH CMECSIMH HE yMEHbLIAeT
00bEMOB BBIJABAEMOr0 Ha MOBEPXHOCTb CHIPHS U KO-
JIMYECTBO OIMACHBIX OTXOJ0B IepepaboTKH.

W TONIBKO TEXHOJIOTHSI C BBIIEIAYHBAHHEM META-
JIOB peraer mpobieMy O6e30TXOAHOCTH pPaJrKaibHO,
MO3BOJISISL M3BJEYb BCE METAUIbl M NPEBPATHTH BTO-
PUYHBIE XBOCTBI 11EpepabOTKU B JOCTYIHOE Oe3 caHH-
TapHBIX OIPaHUYIEHUH ChIpbe [5—0].

Hapacranne 00bEMOB T'OPHOrO IPOH3BOACTBA
00YCIIOBIICHO YBEIMYHMBAIOIIMMICS ITOTPEOHOCTSIMH B
KOJIMYECTBE M HOMEHKJIATYPE MOJIE3HBIX HCKOMAEMBIX,
HMHCTPYMEHTOM YIPABICHUS KOTOPBIMH SIBISCTCS CO-
OJIr0/ICHHE HOPMATHBHBIX TPEOOBAaHMI K COXPAaHHOCTH
OKpY Kalowlel Cpesbl.

OlLeHUBaTh NMEPCIEKTHBBI COBMECTHOTO Pa3BHTHS
TOPHOTO JieJla M COXPaHHOCTH OKPYKAIOIIEH cpesbl
ClIeyeT, UCXOJd U3 JalbHelero yxXymueHus ycio-
BHH JOOBIYM, YBEIHYCHUS OOBEMOB NOOBIYM MHHE-
PaNbHOTO CBHIPbS U YXKECTOUCHHs! TpeOOBaHHH K CO-
XPaHHOCTH OKpY’Kaloleil cpesibl.

T'opubIMH paboTaMu €XKeTOIHO HapyIIAeTCs OKOIO0
150 ThIC. reKTapoB 3eMeb, U3 KOTOphIX 0koio 40% —
CeIIbCKOXO3SCTBeHHbIE  yroipsi. Ilpu mo0srae 1T
LBETHBIX MeTaJLIoB obpasyercst 10 10 ThIC. T OTXO/OB,
a ipu nepepaboTke — 10 100 ThIC. T.

TToBbILICHHE TEMIIOB M Ka4yecTBa A00OBIYM MeTall-
JIOB CO CHI)KGHHEM ONACHOCTH JUISl OKpyKaloleil cpe-
JIbl MOXKET OBITh 00ECIIeYEHO ITyTeM KOMOMHUPOBAHHUS
MPOTPECCHBHBIX TEXHOTOTMYECKHX PELICHUH, B TOM
yucie a00blya OOraTeIX Py C 3aKIAAKOH ITycTOT
TBEPACIOLMMH CMECSIMH; MO3¢MHOE BbIIICTaYHBAHIEC
GetHBIX pyX; KyYHOE BBINIEIAUNBAHUE BBIJAHHBIX HA
MOBEPXHOCTh OCIHBIX Py, BBILIEIAYNBAHIE XBOCTOB
nepepaOoTKH B aKTHBATOPaX THIIA JIC3UHTErPAaTOP.

BslenaunBanne XBOCTOB MepepabOTKH B aKTHBA-
TOpax 1o3BoJser u3Bieusb 10 50-70 % TepseMbix pa-
HEe METAJUIOB C IMOJyYeHHEM I0OOYHBIX TOBapoB, B
TOM YHCIIe CTPOUTENBHOE ChIphe, 00ecCoIeHHas BOJa,
XJIOp, BOAOPOJ, KUCIOPOJ, KUCIOTHI U IIET04H, Pean-
3a11Ust KOTOPBIX YICIIEBIISIET OCHOBHOE ITPOM3BOJICTBO.

KoHuenuuss NpUpPOAOOXPaHHON — SKCILTyaTaluu
HEJIp BKJIIOYAeT B ceOsl HAIpaBJICHHS:

- CHIDKCHHE pPa3yOOoXKMBaHMSI Py[ IpU 3aKIaaKe

IYCTOT TBEPICIOLIMMH CMECSIMU;

- MepeBOJ] HEAKTUBHBIX 3aIlacoB B aKTHBHbBIC NPU
BBIIENAYNBAHNN OCIHBIX Py,

- KOMIUICKCHPOBaHHE CIIOCOOO0B MepepaboTKH Py.

TlepcrieKTHBEI 3aKIaI0MHBIX TEXHOIOTHH CBSI3aHBI
C HCIIONB30BAHHEM XBOCTOB OOOTrallleHHs M XBOCTOB
noj3emuoro BbimenaunBanus [1]. IlepepaGoranusie
XBOCTBI O6()l"aLl.leHl/l5[ CTaHOBATCS CBIPBEM JUJIsI HU3rO0-
TOBICHHS TBEPACIOLIINX CMECeH, a BbILICIOYCHHBIC
PyAbl MPUPOIHBIMU BSDKYIIMMH BEILIECTBAMU CKpeIl-
JISIFOTCSL B MACCUB, IPOYHOCTh KOTOPOTO JOCTAaTOYHA B
GonbumucTBe cinydaes (0,5-1,0 MITa).

B TO Bpems Kak j00bIYa CHIPbsI ISl IPHUIOTOBIIE-
HHSL CMECEH OCIOXKHSET SKOIOIHYECKYI0 CHUTYAI[HIO B
peruoHe, B XpaHHJIMIIAX HAXOATCS OTXO/bI, KOTOPbIE
HE MOTYT HCIIONB30BAThCS TOJIBKO H3-33 HAJIHUYHS B
HHMX MeTauioB. ITO3TOMy pa3BUBAeTCs HaIlpaBiCHHE
U3BJICYCHHS METaJUIOB U3 XBOCTOB FOPHOTO MPOU3BOA-
CTBa IIyTEM KOM6V[HMPOBaHH${ IIpOLECCOB MEXaHU4E-
CKOIl aKTHBALMK M XHUMUYECKOI'O BhIIIEIaYHBaAHHS.

O0paboTKa B JE3MHTErPaToOpe MOBBINIACT AKTHB-
HOCTb BEIECTB Ha BenuuuHy J10 40% U mokasatenu
M3BJICYCHHUS METAIUIOB U3 XBOCTOB oboramieHus B 1,2—
1,4 pa3a Ha 2 mopsiAKa BpeMeHH ObICTpee.

TTapamerpbl TPaHCIOPTUPOBAHHS CMECEH YIIydllia-
I TyTeM BO3ZeHCTBUsI Ha TpybompoBos. Mcmomb3o-
BaJll 3aKOHOMEPHOCTb BOSHMKHOBEHHS COIPOTUBIE-
HHS TPAHCIOPTUPOBAHHIO B TPYOOIPOBOE MU HpPH-
JIOKCHHH CHJI IMHAMUYECKOro TpeHust. [Ipu moiHOM
3aMOJIHEHUN TPYObl 3HAYMTENBHON JUIMHBI COMPOTHB-
JICHUE TPaHCIIOPTHPOBAHHUIO B TPyOE MpEBbIIIACT BEC
CMECH M AUCKPEAUTHpPYeT caM mporuecc. IIpu coobie-
HUHM K€ TpyOOMpoBOIy BUOpALUii COPOTUBIICHUE CY-
[ICCTBEHHO YMEHBIIACTCS, YTO YBEIHYNBACT BIMSHHE
HAIMOPHOTO MOTOKA. AKTHBHOCTb TBEPACIONINX CMECeH
MOXeT ObITh yBemuueHa 1o 20% B mpomecce HX
TPAaHCIIOPTUPOBAHHS 110 BHOPOIPOBOAY (pHC. 5).

Ipaktnka Mecropoxiaenus llokmak cBHIETENb-
CTBYET O BO3MOXHOCTH JOCTaBKH cMeceil 1o BHOPO-
npoBoxay Ha paccrosHue 10 2000 M ¢ NOBBIIIEHHEM UX
AKTHBHOCTH npuMepHo Ha 20%.

Pesynbratsl roprsikoB KaszaxcraHa B Hamre Bpems
MOT'YT HAlTH Pa3BUTHE B IPYTHX CTpaHax.

1

175m

B B9 B8 B7 B6 B5

B4 B3 B2 B1

2000 m

Puc. 5. Cxema BUOPOTpaHCHIOpPTa TBEPACIOIIMX CMECEH OT 3aKJIaJ04HOT0 KOMILIEKCa MECTOPOXKACHHS
Ioknax k MmecropoxxaeHuio KampimoBoe: 1 — 3akiiaouHblil KOMILIEKC; 2 — BEepTUKaIbHAs YacTh
TpybomnpoBoa; 3 — 3akiaouHas kamepa oioka; B1-B9 — BubpoBo3OyauTenu
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3akia0ueHue

Pa3paborka u BHEIpEHHE PALOHAIBHBIX TEX-
HO.]'IO]"I/Iﬁ }10651'—{]/] ypaHa OCHOBBIBAKOTCS Ha l'[p()—
pB]BHOM COBep[HeHCTBOBaHI/II/I l'[pOI/[3BOIlCTBCHHI>IX
nporeccoB. IPPeKTUBHOCTh UHHOBALIMOHHBIX TEX-
HOJIOTHH obecreunBaercs OOOCHOBAHHOCTBIO Kak
(pUBHKO-XMMHUYECKHX MPOLIECCOB, TAK M IPOLIECCOB
HOJrOTOBKH PY/I K IepepadoTKe.

BOBHC‘ICHI/IS B HpOl/ISBOH,CTBO HEKOHIUIIMOHHBIX
3aracoB HyTeM KOM6MHHPOB3HI/IX Tpa,[ll/l]_lMOHH])lX
TEXHOJIOTUi Pa3pabOTKH C TEXHOJIOTUSIMH BBILIEIIA-
YMBaHUS METAJUIOB SBJIIECTCS PE3EPBOM 0370pOBJIE-
HUSI SKOHOMHMKU TOPHBIX HPEANPHUATHH, OCOOEHHO
MIPU KOHBEPCHHU IIPOU3BOJICTBA B YCIOBUSAX PBHIHOY-
HOI YKOHOMUKH.
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Abstract. Problem Statement. Prospective development
of nuclear power is associated with an ever greater scale
of radioactive ore mining. That is why research in this
area is of relevance. Objectives. To systematize the
achievements in uranium mining for promoting further
progress in mining of this mineral and other metals.
Methods Applied. Summarization and critical overview
of the achievements of global importance highlighting
their scientific and practical relevance. Originality of this
publication lies in the fact that it contains a lot of infor-
mation that has not been made public before for bureau-
cratic reasons. Findings. The authors of this paper define
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key implementation areas for the technical solutions; de-
scribe the technique to control the properties of the solidi-
fying agent by applying high energy in disintegrators;
describe the results of trial underground leaching of
commercial ores; give reference to major mining
achievements of Tselinny Mining and Processing Works;
provide more details about the method of enhancing the
binding capacity of cement additives through activation
in a disintegrator and how the method could be advanced
to be applicable for metals leaching from low-grade metal
containing material with the recovery rate reaching 70%
of the initial tailings concentration; define the concept of
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sustainable subsoil management; provide details about
the use of vibrating conveyors for transporting solidifying
agents for distances of up to 2,000 m. Practical Rele-
vance. Due to breakthroughs in uranium mining achieved
by nuclear power industry, the advanced processes may
find application in metal mining (from breakable ores, in
the first place). Raising the output in the mining of low-
grade reserves by combining conventional mining tech-
nology with metal leaching can potentially provide a
boost to the mining sector in the market economy envi-
ronment.

Keywords: Radioactive ores, achievements of global
importance,  disintegrator, underground leaching of
commercial ores, vibrating conveyors for solidifying agents.
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CIIOCOB NOATOTOBKH K BBIEMKE CE3OHHO TPOMEP3IINX
YCTYIIOB 1 OBOPYJAOBAHMUE JJIAA ETO OCYIIECTBJIEHNA

https://doi.org/10.18503/1995-2732-2019-17-2-11-16

Yeban A.1IO.
HUucruryt ropHoro nexa JIBO PAH, Xa6aposck, Poccust

Annomayus. AKTYaJIbHOCTH M LeJb HcClIed0BaHUsA. B Hacrosiee Bpems B Poccuu mpoucxoaut GpopMUpPOBaHUIO
HOBBIX LICHTPOB HO6LI‘II/I yris ¢ MOCTEIICHHBIM CMELICHUEM yrne;[o651q14 B BOCTOYHYIO 4aCTb CTPAaHBI. TloBbimienne
TpeOOBaHMI K 00ECIIeYeHHIO SKOIOTHIECKOH 1 IIPOMBIIIICHHOH 6€301acHOCTH TOPHBIX PabOT IMPH COXPaHEHHU MPUEM-
JIEMOT'O YPOBHS 3KOHOMHYECKOH 3()()eKTHBHOCTH IPOU3BOJICTBA TIPEAOIpE/eIsIeT HeOOX0IMMOCTh H3BICKAHHS HOBBIX
TEOTEXHOJOTMYECKUX PEIICHU, ONTUMHU3ALUU [1apaMETPOB T'OPHBIX paboT U 00OPYNOBaHHS, TEXHUKU U TEXHOJIOTUI.
BCKpB]LHHBIC TIOpOABI MHOTHX HaJIbHEBOCTOYHBIX YI'OJBHBIX Pa3pe30B INPEACTABIICHBI MEIKO3CPHUCTEIMA HAHOCHBIMH
HOPOJaMH, KOTOPbIC B TAJOM COCTOSHHH JIETKO Pa3padaThIBAIOTCS KapbEePHBIMH KCKAaBaTOPAMH, OJHAKO B XOIOJHOE
BpeMs rojia Ipu MpPOMEP3aHUUA UX NPOYHOCTH U COIPOTUBJIICHUE BBIECMKE MHOIOKPATHO BO3PAaCTarOT, YTO MPUBOAUT K
HE00X0MMOCTH MPUMEHEHHs OyPOB3PBIBHEIX PabOT. MI3BeCTHBI pas3MdHbIe CIOCOOB M 000PY/OBaHHE U MEXaHHYe-
CKOTO Pa3pyIIeHHs MEeP3JIOThI, OJHAKO MPH 3HAUMTEIBHOH IIIyOMHE MPOMEP3aHHs OTKOCOB YCTYIOB BO3HHKAIOT IIPO-
Guembl ¢ MX Oe3B3pbIBHOI TOAroToBKOM K BhieMke. Llenb padorel. Co3nanue 3GpeKTHBHOrO U KOMIAKTHOTO CMEHHOI'0
pabodero oO6Opy/I0BaHKS IS THAPABIMYECKOr0 SKCKaBaTOpa, 00ECIIeYNBAIONIEr0 BO3MOXKHOCTh OC/Ia0IeH s MacChBa
IpoMep3IIero Ha riayOuHy a0 2,0—2,5M IensiMu, IpU 3TOM KOHCTPYKTUBHAS CXeMa MAIIMHbI JOJDKHA 00ecIeYnBaTh
BO3MOXKHOCTb HApE3aHHs IIeNel B OTKOCAX YCTYIIOB C KPUBOJIMHEHHON MOBEpXHOCTBIO. Pe3yabraTel. B crathe mpen-
JIaraeTcsl yCOBEPIICHCTBOBAHHAS CXeMa OCNIa0JIeH s IIOBEPXHOCTH MPOMEP3IINX YCTYIOB C IPUMEHEHNEM T IPaBIIAYe-
CKOT'0 DKCKaBaTopa ¢ KOMOMHUPOBAHHBIM CMEHHBIM PabouHM 000pYIOBaHHEM, BKIIFOYAIOMUM (pe3y, TePMOropeiKy 1
phIXIUTENb. PasynpodHeHne Ce30HHO TIPOMEP3IIEro MOBEPXHOCTHOTO CIIOS yCTYIa BEAETCs MyTeM Hape3aHWs IiemeH,
KOTOpPO€ MPOU3BOAUTCS Ha BCIO Fﬂy6HHy TIPOMEP3aHusA, TIPH 3TOM PasylpOYHECHHUE OTKOCA OCYIICCTBIIACTCS HAKJIOHHbBI-
MH ILIEJSIMHY, a Pa3ylpodyHeHne pabodeil IUIOMAIKH - FOPH30HTAIBHBIMU LIESIMH BJIOJIb yCTyIa. [IepBOHAYaIbHO IIelb
Hapesaer (pe3a. B ciaydae ecnan riryOuHa mpoMep3IIero cIos MPeBbILIAeT NIyOUHY IIenu, HapezaeMoil (pe3oid, To mo-
CPEJICTBOM TEPMOTOPENKH MPOM3BOIUTCSA TEPMUYECKOE BO3ACHCTBHE HA OCTAaBIIMICSA MPOMEP3IINM CIIOH, B pe3yIbTaTe
KOTOPOro INPOMCXOAUT OTTAUBAHHE MEP3JIOTHI, OCIIE YEro PhIXJIUTENb POpe3aeT yriyOOouHYo LIeNnb B OTTasBLIEH M0-
pone, 4To obecrednBaeT pasynpoOYHEHHE IPOMEP3IIEro cIos Ha BCio IIyOuny. Beisoawl. Ilpemmaraemeie crocod n
00opy/i0BaHHE IS TOJIOTOBKH K BBIEMKE CE30HHO IPOMEP3IIMX YCTYIOB IO3BOJSIOT YNPOCTHTH TEXHOIOTMYECKHUH
HPOLECC BEICHHS OTKPBITHIX TOPHBIX PA0OT B 3UMHEE BPEMsi, CHU3HTh C€0ECTOMMOCTh HOOBIYH MOJIE3HOIO HCKOMAeMO-
TO ¥ MEHBLINTh OTPULIATEIBHOE BO3EHCTBHE Ha OKPYXKAIOLIYIO CPELLy.

Knrouegvie cnosa: BCxpblnble paboOThbl, OTKOC YCTYIA, MEP3JI0Ta, HAPE3aHHE IIeNel, THIPABINYECKUH YKCKaBaTop,
(pesepHblii pabounii OpraH, TEPMOropenKa.

111ee BpeMsl OCTAIOTCS JIEKTPOCTAHIIHH, OJJHAKO CYIIe-
CTBEHHO BBIPOCIA JIONS YIJIsL, MAYIIEro Ha 3KCropT. B
COOTBETCTBUH C TMIPUHATHIMHU B «IIporpamme pa3BuTHs

BBenenne

FOpHO,I[O6I>IBaIOIJ.[a§I TIPOMBIIIUICHHOCTE  SIBJIACTCS

BaKHOH COCTABJIIOMIEH OSKOHOMHKH OOJBIIMHCTBA
peruoHoB JlanpsHero BocToka, Ha TeppUTOPHH KOTO-
PBIX BEJIETCSl OCBOGHHE MECTOPOXKICHHH 30710Ta, Ce-
pelpa, IUIATHHBI, alIMa30B, Oyporo ¥ KAMEHHOTO yIJis,
YepHBIX M IBETHBIX METAJUIOB, a Taloke APYTHX II0-
JIE3HBIX MCKOMaeMbIX. Pa3paboTka yrombHBIX MeCTO-
pO)KlICHI/Iﬁ BCIACTCSI MPAKTUYCCKA BO BCEX PETHOHAX
Janeaero Boctoka — B Amypckoid, CaxanMHCKOM,
Marananckoid u YykoTtckoid obnactsx, XabapoBckoM
n IIpumopckom kpasix, Pecryomnke Caxa (SIkyrws)
[1-2]. B 2016 romy noGbruy yris B JlaibHEeBOCTOYHOM
(enepanbHOM OKpyre OCYIIECTBISUIM 35 yroJbHBIX
KOMIIaHUH 1 opranusanuii [3]. OCHOBHBIM Hampasie-
HMEM IOCTaBOK yruisi Ha JlansHeM Bocroke B HacTos-

© Yeban A.10., 2019

YTOIBHOH MPOMBIIIIEHHOCTH Pocchu Ha mepuoz o
2030 r.» nensiMu 1o popMHUPOBAHHIO HOBBIX IIEHTPOB
J0OBIYH YIJI TIPOMCXOIHUT IIOCTENEHHOE CMEIEeHHnE
yrie00bI4 B BOCTOYHOM HaTpaBIeHUH CTpaHsl. [Ipu
9TOM IUTaHUpYeTcs, 4To fomsi Bocrounoit Cubnpu B
no0brye yris Bospacrer ¢ 23,7 o 34,0%, a JanbHero
Bocroka — ¢ 9,7 1o 15,2% [4].

Jobbua yriust B JIaIbHEBOCTOYHOM —PErHOHE
OCYIIECTBIIACTCS IPEUMYIIIECTBEHHO OTKPBITHIM CIIO-
co6oM. C pa3BHTHEM IPOMBIILUICHHOCTH U POCTOM €¢
MOTPeOHOCTH B IIOJNE3HBIX HCKOIAEMBIX OTKPBITHIH
€roco0, BBH/Y €ro MacluTabHOCTH, CTall JUlsl albTep-
HATUBHOTO MOJ3EMHOr0, MO CyTH, HENOCATAEMBIM
Kak 1o (akTopy IPOH3BOJACTBEHHOH MOIIHOCTH TOp-
HBIX [PENIPHATHI, YCIOBUSIM oOecredeHus Oe3-
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OIIACHOCTH TOPHBIX PadoT, Tak U IO IOKA3aTeILIM
MHBECTHILMOHHOM NpuBiekateasHocTH [5—6]. [1oBbl-
1IeHue TpebOBaHUiT K 00ECTICYCHUIO IKOIOMMIECKOH 1
MPOMBIIUICHHOH 0€30IMacHOCTH TOPHBIX PaboT IIpH
COXPAaHeHUH IPHEMIIEMOTO YPOBHS 3KOHOMHYECKOH
9((EKTHBHOCTH  IPOM3BOACTBA  MPEJOIPEICISIOT
HCO6XOZ[HMOCTI) W3bICKAHHUsI HOBBIX I'€OTCXHOJIOrHYe-
CKMX DELICHMH, ONTHMHU3alUMM IapaMeTpoB I'OPHBIX
pabor u 00OpYIOBAaHHSA, TEXHHKA H TEXHOJIOTHMH C
Y4eTOM IIPHHIIUIOB PALMOHAILHOIO COYETaHHS pas-
JIMYHBIX PECYpPCOCOEPErarommX, MAaJOOTXOIHbIX U
PECYPCOBOCIIPOM3BOIAIIMX ~ TIPOLIECCOB  OTKPBITBIX
TOpHBIX paboT [7-9]. Pa3BUTHE TEXHUYECKUX CPEICTB
MO3BOJISIET BECTH HA MECTOPOMKICHUSX Oe3BPBHIBHYIO
BBIEMKY Bce 0oJ1ee MpOoYHbIX TOpHbIX ropos [10—-12].

ITocTanoBKka npodJieMbl

Bcekpeimmbie mopoxst  Epkoenkoro, Jlyderop-
cKoro, PallunXMHCKOro M HEKOTOPHIX APYTHX Halb-
HEBOCTOYHBIX YTOIBHBIX Pa3pe30B IPECTaBIICHEI
[IMHAMY, CYIJIMHKAMH IUTH CyTecsMU. JlaHHbIe Men-
KO3EPHHUCTBIC HAHOCHBIE ITOPOIBI OTHOCSTCS K MST-
KHM IIOpOJIaM H B TAJIOM COCTOSIHUH JIETKO pa3paba-
THIBAIOTCSI OJHOKOBILIOBBIMH KapbEPHBIMH DKCKaBa-
TOpaMy, OJHAKO B XOIOIHOE BPeMs roia IpPH Ipo-
MEp3aHUU UX HIPOYHOCTh U CONPOTHBIICHHE BBIEMKE
MHOTOKPaTHO BO3PacTaioT, 4TO MPHBOIUT K 3HAUH-
TENBHBIM CIOKHOCTSM IPU BEICHUM BCKPBIIIHBIX
pabor. B Hosi6pe Mecsiiie Ipu HEOOIBLION TiyOHHE
npomep3anust (1o 0,5-0,7M) KapbepHBIE 3KCKaBaTO-
PBI, OCYIIECTBIIAIONIME BCKPBINIHEIE PAabOTHI, J0CTa-
TOYHO YCIEITHO «B3/1aMbIBAIOT» IPOMEP3IIHI OTKOC
HEIOCPEICTBEHHO pabourM 000pyIOBaHUEM, OIHAKO
IIPH 5TOM Ha arperathl ¥ METaNIOKOHCTPYKIIHIO JKC-
KaBaTopa BO3ZEHCTBYIOT 3HAYHTENBHBIC AMHAMIYC-
CKHME€ HArpy3KH, YTO MOXET NMPUBECTHU K €ro ITOJIOMKE,
0COOEHHO B YCIOBHAX HH3KHX TeMIepaTyp. B cssu
C 3THM ¢ JIeKabps Mecsina IpH TTyOnHe IpoMep3aHus
Gonee 0,7 M Ha4YMHACTCS MOATOTOBKA BCKPBIIIHBIX
MOPOJL K BBIEMKE C NPUMEHEHHEM OypOB3PHIBHOIO
criocoba. IIpiuMeHeHne B3pBIBAaHMS YCIOXKHSET TeX-
HOJIOTUYECKU I TponecC BEACHUS OTKPBITBIX I'OPHBIX
PaboT, 3HAYMTENHLHO MOBBINIAET CEOECTOMMOCTD JI0-
OBbIUM ITOJIE3HOI'O HCKOIIaeéMOro, BEIACT K IPOCTOAM
BBIEMOYHOW TEXHHUKH W OKa3bIBAE€T OTPHULATECIIBHOC
BIMSIHME Ha OKPYXKAIOLIYIO CPEly, a TakKe HMMeeT
P OpYruxX HemocTaTkoB. [l MCKIOueHus Oypo-
BSprBHOFI TIOATOTOBKU K3 TEXHOJIOTMYECKOIr'o Ipo-
1[ecca OTKPBITBIX TOPHBIX PAadOT MpEeUIaraoTcss HO-
BbI€ M COBEPIICHCTBYIOTCS M3BECTHBIE CIIOCOOBI
0€3B3pbIBHOI IOATOTOBKU CE30HHO MEP3JIBIX HOPOJ
K BbleMKe. [Ipomep3imii cioif pabGoumx ILIOMIALO0K
YCTYIOB BO3MOXHO 3((}EKTHBHO pa3pyliaTh ¢ I10-
MOIIBKO pblxnu'reneﬁ Ha 0a3e THKEIbIX TYCEHUYHBIX

TpakTopoB [13], onHAaKO NaHHbIE MAaIMHBI HE obec-
[IEYHBAIOT BO3MOXHOCTU PBIXJICHUS OTKOCOB YCTY-
110B. OTKOCHI IPOMEP3IIUX YCTYIIOB BO3MOXHO PBIX-
JIUTh C IPUMEHEHHEM THAPABINYECKHX CTPOUTENb-
HBIX OKCKaBaTOPOB, OOOPYIOBAHHBIX KOBIIAMHU C
PBIXJIIIEMY 3yObSMH Ha JHHILE WIX ITOIONHUTENIb-
HBIMH BBIIBIOKHBIMH 3yObsiMu [14], ofHaKo mpu yBe-
JIMYEHUU TITyOHHBI IPOMEP3aHHs TOPHBIX IOpOx 60-
nee 0,7M JaHHBIA THI OOOPYHOBAaHHS CTAaHOBUTCS
ManodddexTuBHbIM. Crocod paspeszaHusi Mep3Joro
rpyHTa [15] mocpencrtBoM 6a30Boit MalMHbBI, 060pY-
JIOBaHHOW (pe30if, Ha KOTOPOH Mexmy 3yObsiMH
YCTaHOBJICHBI TEPMOTOPENIKH, MOXKET OBITh HCIIONb-
30BaH B TOPHOM Jielie M CTPOHTENbCTBE I Hapesa-
HUS IMeTel B MPOMEp3IIeM MAacCHBE M pa3[eicHHs
€ro Ha OTACIBHBIC YAaCTH IICPEI BLICMKOﬁ, OJHAKO
JITaHHOE 000pYyZOBaHHE HE MO3BOJISIET BECTH Hapesa-
HHe IIesel B 0TKOCax YCTYIIOB.

V3BecTeH croco® pasynpOYHEHHs MPOMEp3IInX
YCTYIIOB Ha YrOJBHOM pa3pes3e ¢ NMPUMEHEHUEM Oy-
POBOrO CTAHKA U POTOPHOIO TPAHIIEHHOrO SKCKaBa-
Topa [16]. Tak, npu MakCHMajdbHOH TIyOHHE IPO-
Mep3aHus 1opox B (eBpaie-MapTe,  paBHOU
2,0-2,5 M, OypoBBIM CTaHKOM obecrieunBaercsi Oype-
HHE CKBa)XXMH, TapajUleJbHBIX OTKOCY ycTyna (Tof
yriiom mpumepro 70°), 1o 3—4 CKBaKHUHBI B P HA
BCIO BBICOTY YCTYIIa C OCTaBIICHHEM MEXIY CKBAKH-
HAMHM [TPOMEXYTKOB MEP3JIOThI, KOTOPbIE KOBII Kapb-
€PHOr0 JKCKaBaTOpa MOXET BbUIOMaTh. PaccrosHue
MEXKAY psAdaMHA CKBAOXWH NPUHUMACTCA HCXOAd U3
TEOMETPHYECKUX Pa3MEPOB KOBIIA KAPhEPHOrO 3KC-
kaBaropa. [Tocie pa®oTbl OypoBOro craHka poTop-
HBIM TpaHIIEHHBIM YKCKaBATOPOM Ha paboyei Iuio-
IaJKe YCTyNa OCYLIECTBISETCS KOMAHUE MPOIOIIb-
HbIX TpaHIIel MUpUHON 1,2 M Ha riIyOMHY IpoMep-
3aHHS C IIepeMbIYKaMu B | M, ¢ OTHOBPEMEHHOII 3a-
CBINIKOM TpaHIIeH BBIHYTOW TOPHOH Maccod Jyist
MPEIOXPAaHEHHsT MacCHBa OT JaJIbHEHIIEro npomep-
3anus. TakuM 06pa3oM, HOArOTABINBACTCS K BBIEMKE
Y4acTOK yCTyIa UTHHHOW NPHMEPHO PaBHOH CMEH-
HOW HPOM3BOJUTEIBHOCTH KapbEePHOIO SKCKaBaTOPA.
HenocratkoM croco0a sBISETCS OCTaBICHUE B IIPO-
Mep3lIeM OTKOCE YCTyHma IIPOMEKYTKOB MEXIy
CKB@XHHAMH, B IPOLECCE Pa3pyLICHUS] KOTOPBIX B
METaJUIOKOHCTPYKIHU KaphepHOTO 3KCKaBaTopa Oy-
JIyT BO3HHKATh 3HAYUTEIBHBIC IEPETrPY3KHU, YTO MOXKET
IPUBECTH K €ro HojioMke. Taroke HeOOXOIMMO OTMe-
THTb, YTO B OOJBIIMHCTBE CIIydaeB OTKOCHI YCTyIIa
UMEIOT He NPSIMONMHEIHYI0, a KpHBONHHEHHYIO (op-
My, TOBTOPSIONIYIO TPAaeGKTOPHIO IBIKCHHS KOBIIA
9KCKaBaTOpa, a 0CIIa0IeHNe OTKOCA YCTYIa OypOBBIMH
CKB)KMHAMU TIPEJIIONaraeT HaIHIHE y HEro MCKIIIO-
YUTENTBHO NPSIMOTHHEHHON TIOBEPXHOCTH.

Jlnst ocrnaGneHust MyTeM Hape3aHHs LIEel OTKO-
COB YCTYIIOB KaK HPSMONMHEHHOH, Tak M KPHBOJIH-
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HeifHol (opMBI, a TarKe paboduX IUIOMAJOK YCTY-
0B BO3MOXKHO HCIIONE30BaHHE CIIEUAIBHOIO pado-
4ero 00OpyIOBaHHS THIPABIHIECKOr0 dKCKaBaTopa,
KOTOpOE BKIIIOYAeT MOBOPOTHYIO IIAThOpMY, CBS-
3aHHYIO C HEll KOHCOJIBHYIO TEJIECKOIUYECKYIO CTpe-
JIy, BKJIIOYAOIIYI0 KOPHEBYIO, NPOMEKYTOUHYIO M
rosioBHy10 ceximu [17]. Ha ronoBHO# cexiuu ycra-
HOBIIEH (pesepHbiii paGounii opraH. C LeNbl0 CHU-
JKEHHUH METaJIOEMKOCTH 000py/10BaHus, IpeIHA3HA-
YEHHOT'O JUI1 OCJIa0JIeHNs EIsIMU OTKOCa YCTyIa Ha
BCIO ITyOuHy npomep3anus (1o 2,0-2,5 m), pabounit
OpraH BBINOJHEH COCTABHBIM, BKJIIOYAIOIMM OCHOB-
HYIO H JIONIOJIHHUTENbHYIO (pe3bl. OcHOBHAS (LIHpPO-
Kkast) (pesa Ipopesaer IIeb BIOIb IIOBEPXHOCTH OT-
Koca ycTyma, a JomonHuTenbHas (ys3kas) cpesa,
YCTaHOBJICHHAsl 33 OCHOBHOW (ppe3oil W pacmosnara-
I0IIasicsl B OTPHITOM €10 IIMPOKOH IIENH, Mpope3aeT
Y3KyIO IeNnb Ha BCIO ITyOHHY IPOMEp3aHHs yCTyIa.
HenocraTtkamu JaHHOTO 000PYIOBaHHS SBISIETCS €TI0
CIIOKHOCTb, TPOMO3JKOCTb, BBICOKAs CTOMMOCTh U
METaJUIOEMKOCTb, HEBO3MOXKHOCTb HCHOJIb30BAHUS
JIAaHHOT'O0 DKCKaBaTopa JIs1 BBIMIOJHCHUA OPYTHUX pa-
60T, a Tak)Ke HEOOXOMMMOCTb NMPUMEHEHHS OCHOB-
HOW (hpe3bl 3HAUNTENBHON LIUPUHBI JUIS Pa3MEILEHUS
B OT(pe3epOBaHHOIl €10 IIENH JOMOIHUTEIbHON
(pe3bl ¢ PUBOIOM BpAILCHUSL.

Lenbto pabothl siBIsIeTCS co31aHue 3P PEeKTHBHO-
TO ¥ KOMIIAKTHOTO CMEHHOro pabouero obopymoBa-
HMS Ul THIPABIMYECKOrO KCKaBaTopa, obecreuu-
BAIOILIEr0 BO3MOXKHOCTh OCNAaOJICHHsI MaccuBa Ipo-
Mep3iiero Ha riayouny no 2,0-2,5 m mensamu. Ipu
OTOM KOHCTPYKTHBHasi CX€Ma MaIlWHBI [JOJDKHA
obecrieunBaTh BO3MOXKHOCTb Hape3aHus ILeled B
OTKOCax YCTYNOB Kak ¢ NPSIMOJIMHEHHOH, Tak U C
KPUBOJIMHEIHOH IIOBEPXHOCTBIO.

Pe3yabTaThl HCCe10BaHUI H HX 00CYKAeHHe

Hucruryrom ropuoro gena JIBO PAH mpemna-
raeTcs yCOBEPIICHCTBOBAHHAS CXEMa OCIA0IeHNUs
TIOBEPXHOCTH IPOMEP3IIHX YCTYIIOB C TIPHMEHEHUEM
TUJIPaBINIECKOro dYKCKaBaTopa 1 ¢ KoMOMHHpPOBaH-
HBIM CMEHHBIM pabounM 060pynoBaHueM 2 (¢M. pH-
cyHoK). KomOnHUpOBaHHOE cMeHHOe pabouee 000-
pynoBanue 2 Biirovaet ¢pesy 3, TepMOropenky 4 u
PBIXJIUTENb 5, yCTaHOBJIGHHBIC Ha pame 6. Ppesa 3
MMeeT BHEIEHTPEHHOE 3alleluieHne 7 OTHOCHTEIBHO
pamsl 6, 9TO OOECHEYNBACT 3HAYUTEIBHYIO TITyOUHY
Mpope3aeMbIX Iiesneil Mpi OTHOCHTEIBHO HEOOIBIIOM
nuamerpe dpessl (it auckodpesepHbIX pabounx
OpraHOB C BHEIEHTPEHHBIM 3allelUICHHEM ITyOHHa
MIPOpPE3aeMOil IETH ONPEIENAETCS 0 3aBHCHUMOCTH
H=(0,65-0,67)D, rne D — nuamerp ¢pesbl). Peixnu-
TeNb 5 MApHAPHO 3aKpEIUieH Ha paMe 6 U ymIpaBiis-
eTCs TIOCPEeICTBOM rujponnHapa 8. Pama 6 miap-

HUPHO 3aKpeIUICHA Ha PYKOSTH 9 M MOXeT IOBOpa-
YUBAThCS B BEPTHKAIBHON IUIOCKOCTH HOCPEICTBOM
ruaponmtiHapa 10.

PasynpouneHne Ce30HHO IPOMEp3IIEro MOBEpX-
HocTHOro ciost 11 ycryma 12 Befercst FOpH30HTAb-
HBIMH M HaKJIOHHBIMH mmensmu 13, 14. Hapesanue
meneit 13, 14 npousBogutcs Ha Bclo IyOuHy 15
IIpOMep3aHis U BKIIOYAeT pa3ymnpoyHeHue oTkoca 16
[0 KPUBOJIMHEHHOH TPAaeKTOPHH HAKIOHHBIMH IIie-
ssvu 14, pasynpounenue npomepsuiero ciost 11 mo-
pozbl paboueii miomanky 17 ocymecTBisieTcs BIOIb
yeTyna 12 myTem $hopMHEpPOBaHMS MapajienbHO JPYT
JIpyry ropu3oHTaNbHBIX menei 13. TIpu Hapesanun
meneii  popMupYIOTCS TepeMblukH 18 Mexay
HAKJIOHHBIMH IIENSAMH 14 U MEXTy TOPU3OHTANIbHBI-
MU mensiMu 13 pa3MepoM MeHee HIMPUHBI KoBia 19
KapbepHOTO 3KCKaBaTopa. HapesaHume HaKJIOHHBIX
meneit 14 B mpomepsmeM cioe 11 mocpenctBom
({pe3sr 3 maumHaercs ¢ BepxHell uyacTH otkoca 16
yeryna 12 (em. pucyHok). B mporecce Hape3aHus
menn 14 crpena u pyKosiTh 9 THAPABINYECKOTO IKC-
KaBaTopa | IOCTENEHHO OITyCKAaIOTCsI, IPU 3ToM (pe-
3€pOBAHUE OCYILECTBIISCTCS MO HEOOXOAMMOI KpH-
BOJIMHEITHOH Tpaekropuu. B ciydae eciau rimy6una 15
npomep3iiero cnos 11 mpeBblaer ryOuHy ILENH,
Hape3aeMoil (pes3oil 3, TO MOCPEICTBOM TEPMOro-
penku 4, yCTaHOBJIGHHOM 3a (pe3oii 3, Tponu3BOAUTCS
TEPMHUYECKOE BO3JEHCTBHE Ha OCTaBLIMIiCA Ipo-
Mep3imM ciioii 20, B pe3ynbTaTe KOTOPOro MPOUCXO-
JIUT OTTaMBaHHE MEP3JIOTHL. 3a TEPMOropenkoi 4
YCTaHOBJICH PHIXJIUTEND 5, UMEIOLIUI MEHBIIIYIO LIH-
puHY, 4eM ¢pe3a 3, 3ariryOieHHe PHIXJIUTENS 5 ocy-
IeCTBIISACTCS TUIPOLMIMHAPOM 8. PeiximTens mpo-
pe3aet yriyOouHyro wwens 21 B oTTasBLIeH mopoze,
4TO O00ECHEYNBAET pPa3yNpPOYHEHUE IIPOMEP3ILEro
CJ10s1 Ha BCIO NIyOuny 15.

B pesynbraTe pa3ynpoYHEHHS POMEpP3IIUX IO-
BEPXHOCTEH yCTyIla 3a CUET Hape3aHWs LIeel MosB-
JIIeTCSL BO3MOXKHOCTh Pa3pabOTKU BCKPBIMIHEIX I10-
POA KapbepHBIM JKckaBaTopoM 19 6e3 mpoBeneHus
B3pbIBa. IIpH HEOOXOIUMOCTH CMEHHOE KOMOHUHHPO-
BaHHOE 000PYJOBAHUE TUJIPABIIIIECKOr0 HKCKABaTO-
pa OBICTPO 3aMEHseTCS Ha KOBII, U SKCKaBaTOp MO-
JKeT ObITh MCIOJIB30BaH IO IPSIMOMY HAa3HAYEHHIO -
JUTSL BBIEMKH TOPHBIX IOPOJI.

3aki0ueHue

be3B3pbIBHAS MOArOTOBKA MPOMEP3MIMX MOPOJ] K
BBICMKE IIO3BOJISICT YIPOCTHTH TEXHOJIOTHYCCKUN
MIPOLIECC BEACHHUS OTKPBITBIX TOPHBIX PaboT, CHU3UTH
ce0eCTOMMOCTD JTOOBIYM TIOJIE3HOTO HMCKOMAeMOro,
YMEHBLIUTh OTPHIATEIBHOE BO3/CHCTBHE HA OKPY-
JKAIOLIYI cpedy. MeXaHHYecKoe pas3ylpoYHEHHe
MCp3J'[OTI>I TIO3BOJIUT yBeJ’lH'—lI/ITB ]'IpOI/BBOJlHTCJ'[L—
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Cxema pa3ynpOYHEHHsI Ce30HHO TPOMEP3IINX IIOBEPXHOCTEH YCTYIa THAPABINICCKIM
9KCKaBATOPOM C KOMOMHUPOBAaHHBIM CMEHHBIM Pa0O4lM 000pYyI0BaHHEM

HOCTb TOPHOTO 00O0PYIOBaHHS, 3a/ICHCTBOBAHHOTO HA
BCKpBINIHBIX paboTaX, NMOCKOIBKY He HOTpedyercs
€ro O0TBOJIA HAa OE30MACHOE PACCTOSHHUE, KaK B CIIydae
BeIIeHHS B3PBIBHBIX pabot. IIpenmaraeMoe KOMOUHH-
pOBaHHOE CMeHHOe pabodee 00OpyIOBaHHE THIPaB-
JIMYECKOTO IKCKAaBAaTOpa ISl MOATOTOBKHM CE30HHO
MIPOMEP3IIHKX II0poJ Ha TyOuHy 10 2,0-2,5 M K BBI-

€MKEe MMECT 3HAYNTE]IbHO MEHbIIHME TrabapuThl, Me-
TAJUIOEMKOCTb U CTOMMOCTh B CPABHEHHMH C M3BECT-
HBIMH KOHCTPYKIMSIMHA 00OpY/IOBaHUS UIIH KOMITJIEK-
TaMM MAIlMH JUI Pa3sylPOYHEHUS IPOMEP3NINX OT-
kocoB. Kpome Toro, naHHoe 000pyJ0BaHUE TIO3BOJIS-
€T Hape3aTh JKCKaBaTOpy ILIEIH B KPHUBOJMHEHHBIX
MOBEPXHOCTSIX OTKOCOB YCTYIIOB, & TAK)Xe 00eCIedH-
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Cnoco6 nod20moeKU Kk 8bIeMKe CE30HHO npomep3wux ycmynos u oGopydoeaHue ans e2o ocywecmersieHusi

YebaH A.IO.

BAaeT BO3MOXKHOCTH OBICTPOIl €ro 3aMeHbI Ha KOBII
WM IpYroe CMeHHOe 000pyI0BaHue.
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PREPARATION OF SEASONALLY FROZEN SCARP SLOPES
FOR EXCAVATION AND THE RELEVANT EQUIPMENT

Anton Yu. Cheban — PhD (Eng.), Senior Researcher

Institute of Mining, Far Eastern Branch of the Russian Academy of Sciences, Khabarovsk, Russia.

E-mail: chebanay@mail.ru

Abstract. Relevance and Objectives. Russia is currently
witnessing emergence of new coal production centers
with a gradual shift toward the eastern part of the country.
Stricter environmental and industrial safety regulations,
as well as the need to maintain an acceptable level of cost
effectiveness in the mining production, determine the
need for new technical solutions and optimization of min-

ing operations, equipment and technology. The overbur-
den of many coal mines situated in the Far East is repre-
sented by fine-grained mantle rock, which can be easily
developed by open-pit excavators when thawed. Howev-
er, during the freezing season, its strength and resistance
to excavation multiply, which creates a need for drilling
and blasting operations. There exist various methods and

www.vestnik.magtu.ru

15



PA3PABOTKA IO/TIE3HbIX UCKOMAEMbIX

equipment for the mechanical destruction of permafrost.
However, when the frost penetration is quite deep in the
scarp slopes, it may be difficult to prepare them for exca-
vation without using explosives. Objectives. To de-
sign/build an efficient and compact spare equipment for a
hydraulic excavator, so that it could be used to weaken
the rock with the frost depth of 2.0-2.5 m by cutting slits.
At the same time the machine should be designed the way
to be able to cut slits in scarp slopes with curved surfaces.
Findings. The paper proposes an improved scheme for
weakening the surface of frozen scarp slopes using a hy-
draulic excavator with a combination replaceable equip-
ment, which include a milling cutter, a thermal burner
and a ripper. The frozen surface layer of a scarp slope can
be weakened by cutting slits to the full depth of the fro-
zen layer. Inclined slits are used for weakening the scarp
slope, and horizontal slits made along the scarp slope are
used for weakening the working platform. The initial slit
is made with a cutter, and if the frozen layer goes deeper
than the slit made with the cutter, a thermal burner is used
to produce a thermal impact on the remaining frozen lay-
er, which helps to thaw out the frozen ground. After that
the ripper cuts through the thawed rock, thus weakening
the frozen layer all the way through. Findings. The pro-
posed technique and equipment for preparing the frozen
scarp slopes for excavation help optimise the open min-
ing operations in the winter time, bring down the mining
cost and lessen the environmental impact.

Keywords: Overburden works, scarp slope, permafrost,
slitting, hydraulic excavator, milling tool, thermal burner.
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METANNYPIHA YEPHDbIX, LUBETHbIX H PERKHX METAJNNOB
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COBPEMEHHBIE ITPOIIECCHI KOBIIEBOWM
JECYJIb®YPALIUN UYT'YHA

Viakos C.H.', Burees B.A .2, Cronsipos A.M.? Horanosa M.B.2

https://doi.org/10.18503/1995-2732-2019-17-2-17-23

'TAO «MarHUuTOropcKuii MeTatyprudeckuii kKomouHaT», Maruuroropek, Poccust
*MarHuTOropcKHit ToCyIapCTBEHHbIH TexHueckmit yrusepentet M. I'. WM. Hocosa, Marmuroropex, Poccrst

Annomayus. B pabore paccMOTpEeHBI OCHOBHEIE MpOIECCHl KOBIIEBOH jecynbdyparmu dyrysa: «Kanbara Reactor
(KR)», «MMI» («Ukraine-Desmagy) u «Co-injection». ITpuBeeHbI CXeMbI HCIIONIb3YEMBIX YCTAHOBOK, PEAaKIMH Je-
cyabdypalmm, JOCTOMHCTBA M HEJOCTATKH Ka)aoro mporecca. [IpousBeeHO CpaBHEHHE TPEX IIPOLIECCOB MEKIY CO-
00if [0 CIEAYIOWINM ITapaMeTpam: MPOAOIKUTENBHOCTh 00pabOTKH, PACXO PEareHTOB, IOTEPH KKele3a, IOTepH Teruia,
n3HOC 000pynoBaHus. J{ns ynoOCcTBa CpaBHEHNS 3HAUYCHNS MAapaMETPOB TIPHBEICHBI B OTHOCHTENBHBIX 3HAYCHUAX (MH-
HHMMaJIbHOE 3HAaueHHEe IPUHSATO PaBHBIM eauHuIe). CpaBHEHHE 3HAYEHHH MTOrOBOIO MapaMeTpa TPeX IPOLECCOB KOB-
meBol fecynbypaliy 4yryHa MoKas3ano, 4To Haubojlee palloHATbHOE — MHHUMAIbHOE 3HAUEHHE MMEET MapaMeTp
nporecca «Co-injection» — COMHKEKIINN B TIOTOKE a30Ta IPaHYIMPOBAHHOTO MarHus M M3BecTH. JIaHHBIH Iporecce pea-
JIM30BaH Ha MHOTMX META/UTYPrHYEeCKUX MPEANPHATHAX MUpa, B ToM 4yucie U B [TAO «Maruutoropckuii Metautypru-
YeCKHi KoMOMHAT». B KHCIOPOIHO-KOHBEPTEPHOM IieXe MOCTPOEHA M IKCIUTyaTHPYETCs HOBasl YCTAaHOBKA JeCyb(dy-
pamun uyryHa (YY) commkekimu peareHToB. IIpuBeneHa TexHuueckas xapakrepuctuka YU. B nmepron ocBoeHust
TEXHOJIOTHH KOBIIEBOH 00paOOTKH YyryHa yCTaHOBICHBI CTATUCTHYCCKU 3HAUMMBIC JIMHEHHBIC 3aBUCHMOCTH CTCICHU
Jecynb(ypalui YyryHa OT MpOAOIDKHTEIBHOCTH BIYBaHHS MAaTEPHAIOB a30TOM, CYMMapHOII Macchl peareHToB, OTHO-
IIEHUs Macchl (IIOMIN3UPOBAHHON M3BECTH K Macce MarHus. CTeneHs Jecyab(ypalruy 4yryHa H3MEHsIach B IIHPO-
koM juanasone ot 50 1o 87,5% u B cpenseM pasusnachk 77,3%. Ha coBpeMeHHBIX METATyprU4ecKuX HMpeApUsITHIX
JUISL KOBIIEBOH Jecynbdypamun uyryHa Hambonee BocTpeGoBaHHBIM sBisieTcs mpouecc «Co-injectiony», B KOTOpOM
OCYIIECTBIIACTCS COBMECTHAS! MHXKCKIHS B PACIUIaB IPAHYIHPOBAHHOTO MarHHS M M3BECTH B IIOTOKE a30Ta. DTOT Mpo-
necc peanuzoBad U B ITAO «MMK». B KUCIIOpOIHO-KOHBEPTEPHOM 1ieXe Ha YCTAHOBKE AeCyIb(ypaluy 4yryHa yia-
nsercs B cpeHeM 83,5% cepsl ¢ onmydenreM ee octaTodnoro cogepskanus 0,003% (maHHEIE 3a 15 Mecanes padoThr).

Knrwuegvie cnosa: ;xunkuii 4yryH, KOBII, AeCyIbdyparys, IPOLECChl, CPABHCHNE, IPOMBIIUICHHAS PealH3aLiis.

— KOBILIEBOH 00pabOTKM xuAKOro 4yryHa. Jlecyib-
(ypanust 4yryHa MMeeT NMpeuMYILECTBO IO CpaBHeE-
HHIO C yJlaJleHHeM cepbl U3 cranu [3—-5]. Oto cBs3aHO
C TOBBIIIEHHON XMMHUYECKOH aKTUBHOCTBIO CEpbl B
4yryHe, OOYCJIOBICHHOW BBICOKMM COJCpXKaHHEM B
HEM YIVIEpO/ia U KPEMHHUSL.

BBenenue

B Meramnypruy mocToOsHHO y»KECTOYaloTCsl Tpe-
0OBaHMA K COJEP)KAHHIO CEPbI B BBIIIJIABIAEMON CTa-
JIM. DTO OOBSCHSCTCS YBEIMYCHUEM CIIPOCA HA CTAllb
¢ HuzkuM (He Gonee 0,005%) m ocoOoHM3KUM (HE
6ouee 0,001%) coneprxkaHueM cepbl, B YaCTHOCTH IS
TpyO MarkCTpalibHbIX ra30IPOBOIOB, PAOOTAOIIKNX B
yenoBusix Kpaiinero CeBepa mit MOpCcKoro dacceiiHa

TIponeccnl coBpeMeHHOI KOBIIEBOH
Aecyabdypanuu 4yryna

(«Cesepnniit [Totok-2») [1, 2].

Jl1st Ipou3BOZCTBA HU3KOCEPHUCTOH KOHBEpTEp-
HOH CcTann HEeoOXOAMMO MUMETh HM3KOE COACPKaHHUE
cepbl B IJIABHOM IIMXTOBOM MaTepuale — KUIKOM
yyryHe. OJJHAKO MOJyYEeHUE NEPEIEIbHOrO YyryHa ¢
conepkanreM cepsl Hke 0,015% cpszaHo ¢ yxyn-
LIEHHEM TEXHMKO-IKOHOMHYECKUX IOKa3aTelnell 10-
MEHHOT'0 IIpoliecca, MOITOMY HIMPOKOE PacIpocTpa-
HEHHe HOTYYWIH Pa3iudHble METObl BHEIOMEHHOH

© VYmaxkos C.H., burees B.A., Cronspos A.M.,
Tloranosa M.B., 2019

OCHOBHBIMH TPOLIECCAMH COBPEMEHHO KOBIIe-
BOH Iecynb(yparu 4yryHa sBistorcs [6]:

— «Kanbara Reactor (KR)»,

— «MMTIy» («Ukraine-Desmagy),

— «Co-injectiony.

TIpouecc «KR» 6buT pa3pabotan B SInoHUM KOM-
nanuent «Nippon Steel» B 1963 r. OCHOBHBIM peareH-
TOM SIBJIACTCS H3BECTh, HHOT/IA C T0OABICHHEM OKOJIO
10% ot obiero pacxoza miaBukoBoro mmara (Cak’)
i rimHo3eMa (A1,0;). PeareHT BBOIHUTCS B Yyr'yH
Yyepe3 BpalIalONIylocs CO CpeHell CKOPOCTEHIO
100-120 06/mun pypmy B motoke azora (puc. 1).
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Puc. 1. Cxema ycTanoBku mporecca «KR»:
1 — 3anMBOYHBII KOBII C XKHUIKUM YYTYHOM;
2 — poTop-Meranka; 3 — KOJImaK st
MBUICYIaBIHBAHKS: 4 — Iof1a4a JecynbdypaTopa;
5 — orBOA razos

dypMa OCHaIIEHa YETHIPhMsSI MACCHBHBIMH JIO-
MIATKaMU I HHTEHCHBHOTO TI€PEMEIINBAHHS TyTyHa
B 3aJIMBOYHOM KOBIIE. BenencTeue nepemerBanus
pacIizaBa pasMep ITy3BIPHKOB TPAHCIOPTHUPYIOIIETO
ra3a yMEeHBIIAETCs, a BPeMsl KOHTAKTa M3BECTH B Uy-
T'YHE YBEITHYMBACTCS 110 CPABHEHHIO CO CTATUUECKON
HMHXKEKIHeH.

Peaxuus necynbdypanun

[FeS] + CaOy,= (CaS) + (FeO) )

KHHETHYECKH 3aTPY/HEHA, TaK KaK M3BECTh CHadasa
JIOJDKHA aCCUMIJIMPOBAThCS IIUIAKOBOH (aszoil u
JIMIIB TIOCNIE 3TOTO HPHHSATH Y4acTHE B pauHUPO-
BOYHOM IIporiecce. Pacxon M3BECTH Ha KOBLIEBYIO
Jiecyab(dypaluio 4yryHa JOBOJIBHO BBICOK, YTO HPH-
BOJUT K 3HAYUTEIBHOMY OXJIKJICHHUIO MeTaia,
YBEJTMYCHUIO KOJIMYECTBA LIAKA M €ro 3aryICHHUIO.
DTO CIIYXXUT NPUYMHON TOTEPH YyryHa NPH CKadH-
BaHWM IIUTaKa M3 KOBIIA mocne obpaborku. Hemo-
CTaTKOM IIPOLIECCA TAKXKE SIBJISETCS ITOBBIIICHHBII
H3HOC (hyTEPOBKM CTEH 3aJMBOYHOIO KOBIIA M HEOO-
XOJIMMOCTb B OOJIBIIOM CBOOOJHOM OOpTE KOBIIIA.

TIpoutecc «MMI» («Ukraine-Desmagy») Obin
paszpaboran B 1969-1971 rr. B HaunonanbHo#t aka-
nemun Hayk Ykpaunsl (CCCP). B stom mpouecce
JUIst Iecynb(ypaln 4yryHa HCTIONB3YeTCsl OAUH U3
caMbIX 3(()EKTUBHBIX PEAreHTOB — I'PaHYJIHPOBAH-
HBIIf MarHuii.

Jecymnbhypaiys 4yryHa IPOHCXOIUT O PEAKIHH
[FeS] + {Mg} = (MgS) + Fey. ?2)

Texnonmornueckne 0COOEHHOCTH AeCyIb(ypanun
YyryHa MarHueM OOYCIIOBJICHBI €ro (pU3HYECKHMH
CBOMCTBAMH: HHU3KOH IUIOTHOCTBIO B  TBEPOM
(1,67 t/™’) 1 xumxom (1,58 T/m”) coctosHmm, upes-
BBIYAHHO HU3KMMH TEMIIEPATypaMH  ILIABJICHHS
(651°C) n xunenus (1110°C). Ilpu Temmeparype
yyryHa 1300— 1400°C BBeneHHbIH B HEro MarHuit
MEPEXOUT B COCTOSIHUE IIEPErperoro mapa. 1o, ¢
OJIHOHM CTOPOHBI, CIIOCOOCTBYET Jy4IlIeMy KOHTAaKTy
peareHTa ¢ 4yryHoM, a ¢ JPyroi — BeJIeT K BO3MOX-
HOCTHU BbIOpOCA METaJlla U3 KOBILA U CrOPaHUs TapOB
MarHus B BO3AYHIHOH arMocdepe. Ilostomy s
JIY4IEro IpOTEKaHUs MpoLecca Jecyibdypauun
4yryHa HeoOXOIMMO 3aMeUICHUE UCTIApEHUS] MarHUS
U yBEIIMYEHHUE BPEMEHU NPeObIBAHUE €ro B IIyOUHE
MeTauIndeckoi BaHHbL /[l 3TOro B mpolecce
«MMI» rpaHynMpOBaHHBIA MarHuil MCHOJIB3YETCS B
BuJie yactull pazmepom 0,5-2,0 MM, IOKDBITBIX CO-
JITHOM TUIEHKOM, W BBOJMTCS B pAacIUlaB B ITIOTOKE
HHEPTHOro ra3a uepe3 QypMy, HAKOHEUHUK KOTOPOH
umeer (GpopMy KOJIOKOIA — HUCHAPUTENBHON KaMepbl
Juist Maraus (puc. 2).

Puc. 2. Ilpouecc «MMI» («Ukraine-Desmag»)

Henocratkamu 1poriecca MOHOMHKEKLMM Mar-
HHS SBIISIIOTCS] BO3MOXKHOCTB IIPOTEKAaHHA pecynbdy-
paruy ¥ HeOOJbIIOe KOJIMYECTBO IIAKa.

IIpouecc «Co-injection» — 3TO COUHKEKIUS
(coBMecTHas HIDKEKIUs) MarHus H u3BecTd. OH co-
geTaeT B ceOe JOCTOMHCTBA OOOMX BBIIIEPACCMOT-
PEHHBIX TPOLECCOB. Maruuii Mo3BoiseT OBICTPO
yIanATh Cepy, a U3BECTh — JOCTHYb €€ HU3KUX KOH-
HeHTpanuil. 3BecTs MHOTAA 3aMeHACTCA KapOHIoOM
KaJIbLIUs, KOTOpBIA sBisiercst Oonee 3()(HEKTHBHBIM
peareHToM, HO M3-3a MpoOjeM 0e30MacHOCTH 3TOT
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BapUAHT IPAKTUYECKU He ucnonbzyercs. CoBmecT-
HOE BBEJICHHE PEarcHTOB OYCHb IIMPOKO HCIIONB3Y-
ercsl Ha METaJUTYPrHYecKHX IpennpusTisix. Pearen-
THI XPAHSATCS B Pa3IMYHBIX OYHKEpaxX M CMEIINBAIOT-
csl TOJNBKO BHYTPU HArHETATeIbHOH JMHHY. [lecyib-
(ypaTopsl BBOZATCS B YYTYH dUepe3 IIOABIKHYIO
¢dypMy, oOIyckaeMyl0 CBepXy, 4depe3 OIHO BEpTH-
KaJIbHO PacIOIOKEHHOE OTBEPCTHE WIH uepe3 OOKo-
BbIE OTBepcTus (puc. 3).

PearenTs!

f

Puc. 3. Cxema nporecca «Co-injection»

B kauecTBe TPaHCHOPTHPYIOLIETO ra3a OObIYHO
ucnonb3yercst a3or. IlepemelBanyue 4yryHa B KOB-
1Ie CO34aeTcs ra30M-HOCHTEIEM M IapaMH MarHus.
D10 obecreunBaeT JOCTaTOYHO XOpOLIee pacipese-
JICHHE PEearcHToB No BceMy oObemy kopmia. Ilpe-
HMMYILECTBO COBMECTHON HHXEKIMH B TOM, 4TO B
cilydae HeOOXOAUMOCTH OTHOIICHHE MEX]Y pearcH-
TaMU MOXKET JIETKO U3MEHSTHCSL.

CpaBHeHHE TpeX IPOLIECCOB KOBLIEBOH JeCyIib-
¢dypaimu yyryHa [6] BO3MOXHO 110 HECKOJIBKUM I1a-
pamerpam (tada. 1). s ynoGcTBa cpaBHEHUs 3Ha-
YEHMs! TapaMeTpoB MPHBOIATCS B OTHOCHTENBHBIX
3HaYCHHUSAX (MUHHUMAJIbHOE 3HAUY€HHE IPUHATO paB-
HBIM €JIMHUIIE).

TIpoo/mKUTENbHOCTh 00PaOOTKU 3aBHCHUT OT TO-
r0, KaKk OBICTPO peareHThl MOTYT pearpoBath C ce-
poii. Tak kak MarHuii HamMmHOro >(deKTHBHEE, YeM
u3BeCTh, TO Tpouecc «MMI» sBisercs HauMmeHee
npojomkuTenbHbM.  [Iponece  «Co-injection» mipu
COBMECTHOM HCIOJIb30BAaHUM MAarHusi U H3BECTH
npumepHo Ha 10% mombure, yem mporecce «MMD»,
OJIHAKO TPH HCHOJB30BAHMM MarHus M KapOuza
KaJIbIMsl OH MOXeT ObITh Jake ObicTpee. IIporecc
«KR» Tpebyer HauOOBIIEr0 BPEMEHH, YTOOBI
TIPEOTBPATUTh BO3BpALIEHHE NPUMECEH U3 JIOMEH-
HOTO IITaKa B SKHJIKHI YYTYH BO BpeMs IepeMemin-

Banus. OH 3aHUMaer B cpexHeM Ha 15% Ooublue
BpeMeHH, yeM npouecc «Co-injection».
Tabnuua 1

PC3yIIBTaTBI CpaBHEHHUS PAa3JIMYHBIX TIPOLIECCOB
KOBILIEBO# Jecylbdypaluy 4yryHa

Iponecc
Tapaverp «Kanbara| «MMID» «Co-
Reactor |(«Ukraine-|. .
(KR)» | Desmag») injection»

ITpOOIKATENBHOCT 13 | 11
06paboTKu i >
Pacxon peareHToB 1 2,1 2,3
[Torepu xene3a 2,5 1 1
Tlorepu reruia 3 1 1
H3Hoc 060pynoBaHus 2,4 1,7 1
Hroro 10,2 6,8 6,4

B npornecce «KR» pacxoj] H3BECTH HEBBICOKOTO
kayectBa MoxkeT ObiThb 10-20 kr/r uyryna. Pacxon
JIOPOroCTOSAIEr0 MarHus B mpouecce «MMID s
necynsdyparun coctasiusier 0,5-1,0 kr/t uyrysa.
IIpu coBMECTHOM UHKEKLIUU B CPEAHEM PACXOLYETCS
0,5 xr/t maraus u 2,0 kr/tT u3Bectu. B Taéa. 1 otHO-
CHUTENIbHBIE 3HAYEHHs PAcXOfla PEareHTOB B Pa3HBIX
poreccax MPUBENEHBI C Y4ETOM X CTOUMOCTH.

Totepst xene3a B mpolecce CKauMBaHUs LIIaKa
M3 KOBIIA SIBJISIETCSl CEPhE3HOM MpoOIeMoid Uit Me-
TaJUlyprudeckux npeanpustuid. Karmm skenesa mo-
[afaloT B IIUTAK, 00pa3ys ¢ HUM 3MYJIbCHIO. B meiom
OKOJIO TOJIOBUHBI Macchl LUIAKA — 3TO JXKENe30 B
omynbcuu. ClienoBartenbHO, udeM Oonblie Macca
muiaka, TeM Ooblle MOTepH JKelesa. B mpomecce
«KR» moTepy ene3a B CpeiHeM B 2,5 paza Goblie,
4yeM B CpaBHHBaeMbIX IIporeccax. B mpoueccax
«MMI» n «Co-injection» TIOTEpH Kele3a MPUMEPHO
OJIMHAKOBBI U COCTABIIAIOT OKOJIO 1%. DTO 00BsCHS-
eTcs TeM, 4To, XOT4 nporecc «MMD» XapaKkrepusyer-
Csl MUHMMAJIbHBIM KOJIMYECTBOM MIIaKa, HO B LJIaKe
13-33 €r0 HU3KOH OCHOBHOCTU COIEPIKHTCS OOIBIIe
JKeJle3a B OMYJIbCHU.

B mporecce KOBIIEBOH Jecymb(ypaniy TeMIle-
patypa 4yyryHa cHuxaercs. Ilorepu Tera Bo3pacTa-
10T C yBEIMUECHHEM MPOIOKHTEIFHOCTH 00paboTKy,
pacxona M3BECTH M TypOyIeHTHOCTH paciuiaBa, C
YMEHBIICHHEM  KOJIMYECTBA  TEIJIOU30JIUPYIOLIEro
niaka u pacxoga maraus. Ilpomece «KR» mmeer
HaHOONBIINE TIPOIODKUTENBHOCT M PAcXol H3Be-
CTH, BBICOKYIO TYypOYJIEHTHOCTb, 4YTO BEIET K
HauOONBIIMM TOTepsM Teruta. OHU B CPEJHEM B TpU
pasa BblIllIE, YEM B IBYX JPyrux npoueccax. ITorepu
TeIula TIPU MOHO M COBMECTHOM MHIXKEKLIMH MpHUMep-
HO OJJMHAKOBBI — CHIDKCHHE TEMIEpaTypbl YyryHa B
npouecce 06paborku He npesbimaer 10°C. 310 00b-
SICHSIETCSI TEM, YTO, XOTS MPOLECC COMHKEKIIMH NMe-
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€T HECKOJIBKO OOJBIIYI0 HPOJOKHTEIBHOCTD II0
CPaBHEHUIO C MOHOMHIKEKIHEH, HO B HEM HIDKE Typ-
OyJICHTHOCTb pacIulaBa M TOJILE CIIOH IITaKa.

W3Hoc obopynoBaHus (OrHEYHOpHOH (yTepoBKH
KOBIIA M (YpMbI) JIIMUTHPYETCS TeMIepaTypHBIMH
YCIOBUSIMH TIPOLIECCa M KOPPO3HOHHBIM BO3ICHCTBH-
eM Merawia ¥ uviaka. s npouecca «KP» TypOy-
JIEHTHOCTb, CO37aBaeMasi Bpamaiomieics (ypMoi,
SIBIISIETCSL OIHOH M3 OCHOBHBIX IPHYHH M3HOCA. Tak-
xKe cama ¢ypMma Oonee ysA3BHMa K H3HOCY, TaK Kak
JIOIIACTH MOTYT OTOPBAaThCA. YMEHBIIEHHE paboueit
TIOBEPXHOCTH JIONATOK MPUBOIHUT K MEHBIIEH TypOy-
JIGHTHOCTH H, CJI€OBATEIBHO, IIPOLIECC CTAHOBUTCS
meHee o¢dekruBHbM. Ilponece «MMI» umeer
MEHBIIIe TpobeM ¢ M3HOCOM, YeM Ipomece «KR»,
n3-3a MeHbleil TypOynentHocTH. OHAKO, TOCKOIb-
Ky HCHOJIB3yCTCs MarHuii BMECTO HU3BECTH, OCHOB-
HOCTh IIJJAKA CTAHOBHTCS HIDKE, UTO NPHBOAUT K
YBEJIMYEHUIO KOPPO3MOHHOTO M3Hoca. IIporecc coB-
MECTHOW MHXEKLMH HMMEET MEHBLIYI TypOyJIeHT-
HOCTb, YEM IIPOLIECC MOHOMHXXEKIMH, U Ooliee BbICO-

KyI0 OCHOBHOCTb 1IUIaKa, 103TOMY (pyTepOBKa KOBLIA
1 (pypMa M3HAIINBAIOTCS. MEHBIIIE.

CpaBHeHHE 3HAa4YeHHMH HUTOrOBOTO IapaMeTpa
TpeX IPOLIECCOB KOBIIEBOH NecynbdypalHd IyryHa
(cM. Tada. 1) mokaseiBaer, 4to Hamboiiee paruo-
HaJbHOE — MUHUMAJILHOE 3HAYEHHE MMEET TapaMeTp
npouecca «Co-injection». IlooTomy B Hacrosiiee
BpeMs OH Hambolee BOCTpeOOBaH Ha MeTaJLTyprude-
CKHX NPEINPHATUSIX MUPA.

Hecyabgypanust 4YyryHa
B yciaoBusix [TAO «MMK»

B kucnoponHo-konseprepaom nexe ITAO «Mar-
HUTOTOPCKHMII METaJUTypru4ecKuii KOMOMHAT» I10-
CTPOEHA M 3KCILTyaTUPYETCsl HOBas YCTaHOBKA je-
cynbdypaiuu uyryna (Y/IU) cOMHXKEKUMM pearcH-
ToB. Texnuueckas xapaxkrepuctuka YU npupesnena
B Tadu. 2 [7].

CxeMma yCTaHOBKH JIeCy Ib(ypaLuu 4yryHa mpes-
CTaBJICHAa Ha pHC. 4.

Tabmuma 2
Texuuueckas xapakrepuctuka ¥/ 14
ITapamerp 3HayeHue

T'onoBast mpoN3BOAUTENBHOCTE YCTAHOBKH, MIIH T 4yTr'yHa 3,0
KomuyectBo Mect 11t 00paboTKH, 1IT. 1
MuHEMAaBHOE COIEpIKAHNE Cephl B UyryHe Iocie 00paboTky, Y% 0,002
TponomkuTensHOCTh 00pabOTKN METala OJHOTO KOBILA, MHH 30
TIpoA0mKUTETFHOCTD IPOAYBKH OT HCXOAHOTO comeprkanus ceps 0,025 %, MuH 15

YV aenbHbIH pacxo/ BAyBaeMoii (hIrOnAN3HPOBAHHOM H3BECTH, KI/T 1,81

V nenbHbIH pacxoj BAyBaeMOro MarHusi, Kr/T 0,48
T'a3-HocuTens a3oT

TTbecoopHiK

TTbI1ecOOpHIK

H3BECTH

MarHus

Tonaua asora

Mammna
3aMepoB
T1apamMeTpoB
IIaBKH
Tponysounas
dypva |

Tocr ynpasienus

(ypmoii n M3III

MainHa ckaduBaHus
ItaKa

— - !_?:‘_ —

IMoct ynpasnenus
MammHoH
| cKauMBaHWs HLIAKa

TpanCIOPTHBII TIPHILEI C H3BECTHIO

Tpascrioprreiii npHuen ¢ Markuem  Uyrynoos ¢ TaisTepom LLtakosas uania

Puc. 4. Cxema ycTaHOBKH Jecyabdypanuu yyryHa
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B 3arpy3ouHslii nposer KOBIIM C YyTYHOM BMe-
cTuMocThio 320 T JIOCTaBILSIIOTCS UYYTYHOBO3OM H3
ydJacTKa IepenuBa 4yryHa 110 TpaHIlee, OTKyaa KOB-
1M 3aJIMBOYHBIM KPAaHOM IEPElaloTCs Ha YCTAaHOBKY
necynbyparyy, TAe YCTAaHABIMBAIOTCS HA OJUH H3
yyryHoBo30B Y/IU. B KOBII C JKHIKHM UYYyryHOM
OITyCKaeTCsl OrHeyIopHasi hypMa, yepe3 KOTOpYH B
TIOTOKE a30Ta BJLyBAaeTCsl CMECh PEAreHTOB U3 (IoH-
JIM3UPOBAHHOI U3BecTH U MarHus. Ha pasrpyszounyio
IUIOIIAAKY (hIIIOMIM3UPOBAaHHAS M3BECTh U IPAHYIIH-
POBaHHBIA MarHMil JOCTaBIAIOTCS B CIEIUATBbHBIX
TPY30BHKaX-IHCTEPHAX, HCKIIOYAIOMNX BO3MOX-
HOCTh B3aHMMOJECHCTBUS HM3BECTH C aTMOCHEPHBIM
BO3/IyXOM U 00OpY/IOBaHHBIX YCTPOHCTBAMH IS BbI-
TPY3KH TIOPOIIKOBBIX MAaTEpHAIOB C TIOMOIIBIO
TPaHCIIOPTUPYIOLIETro rasa-a3ora. B kauectBe pado-
4eil cMecH HCIob3yloTes Mariuit Mg97 npounsBoa-
crBa CONMKaMCKOTO 3aBOJa JeCyb(pypaTopoB H
(ronmmsnpoBanHas u3Becth mpousBoacTBa ITAO
«MMK». KagectBo (itonan3upoBaHHOW HU3BECTH
OLICHUBACTCSI CIIAYIOIIMMH [TapaMeTPaMu :

— MaccoBasi I0Jisl OKCHAOB KaJbLUs U MarHus —
98,0%;

— MaccoBas jgons (pakuuu 6onee 100 Mkm —
3,2% (ue 6onee 4,0 %);

— HOTEPU Macchl TpH npokammsanuu — 1,4% (ne
6onee 3,5 %);

— HaCbIITHAs MJIOTHOCTb BO (NIIOMM3HPOBAHHOM
coctosiiuu — 0,7 r/cMm3.

Tlocne oxoHuaHUsT 0OPaOOTKM KOBII HAKIOHSET-
cs, U LIUIAK C MOBEPXHOCTH UYYryHa CKa4YMBAeTCsl B
LIAKOBYIO Yally MalIMHOH CKpeOKOBOro THma. 3a-
TeM 4yryHoBo3 YJIU mnepemeraercss Ha IO3ULIUIO
MoJbeMa KOBLIA 3aJIMBOYHBIM KpaHOM (JBE IO3M-
LIMHK), ¥ KOBLI OTIIPABIISIETCS] K KOHBEPTEPY.

B nepuos ocBOSHUsI TEXHOIOTMH KOBILIEBOH 00-
paboTKH dYyryHa OBUI IPOAHAJIU3UPOBAH MACCHB
MIPOU3BOJICTBEHHBIX NaHHBIX U3 89 mmaBok [8]. Cre-
NeHb Jecyiab(ypanuy 4yryHa M3MEHsUIach B LIMPO-
koM nmanasoHe ot 50 no 87,5%. B pesynbraTe aHa-
JIM3a YCTaHOBJICHBI CTATUCTHYECKH 3HAYMMBbIC JIH-
HEWHbIe 3aBHCHMOCTH CTEIEHU Aecyibdypanuu ay-
ryHa (S, %) OT NPOROIKUTENBHOCTU BIyBaHUS Ma-
TEpHAJIOB A30TOM (7,4, MHH), CYMMapHO# Macchl pea-
TeHTOB (R, KI'), OTHOIICHHUS Macchl (IIOMIH3HPO-
BaHHOM n3BecTH K Macce MarHHs (Opucr):

Sou=0,489- 7,5+ 67,66, r=0302, ry,=0272.
Sou=0,0282: R, + 54,82, 7=0,552,  rpg0,= 0,343,
So0=129,34 — 11,56 Opex, ¥ =— 0,689, 7,99= 0,343.

C yBenM4YeHHeM NPOJOIKUTEIBHOCTH MPOLYBKU
a30ToM 0T 8 710 30 MHH M CyMMapHOH MacChl BIyBa-
eMBIX peareHToB oT 295 no 1210 kr creneHs je-
cynbdypaiuy uyryHa JiHeitHo Bo3pacraer. CpaBHe-

HHe aOCOMIOTHBIX 3HAYCHUH KOI((DHUIMEHTOB TapHOI
KOpPPEISIMY 7 HOTy4eHHBIX 3aBUCHMOCTEH MOKa3bl-
BAeT, YTO HaHOONee CHUIBHOE BIMSHHE Ha IIPOIECC
Jecynb(ypaniy 4yryHa OKa3alo OTHOLICHHUE MAcChl
(IIIOHIM3UPOBAHHON U3BECTH K Macce MarHus BO
BIyBaeMoil cMmecH (pHuc. 5).

35 4.0 4.5 5,0 55 6.0 6.5 10
OTHOIIIEHHE MACCHI qJJ'IlOI/I,ELI/ISI/lpOBaHHOﬁ HU3BCCTH
K Macce MarHus

Crenens aecynsdypanuu ayryHa, %
2

Puc. 5. 3aBucuMOCTb CTENEHU AeCyNb(ypaun
YyryHa OT OTHOLIEHUsI MacChl (DIIIOMIU3UPOBAHHOMN
U3BECTU K Macce MarHus

C yMeHbIIIEHHEM ATOT0 OTHOMLIEeHHUs oT 6,5 10 3,8
3¢ deKTHBHOCTH 00PabOTKU PACTET, YTO CBUIACTEIIb-
CTByeT 0 Oonee BBICOKOH Iecymbhypupyomei cro-
COOHOCTM MarHMs B CMeCH peareHToB. lcxommoe
coaepxkanue cepbl coctasisuio ot 0,014 no 0,036%
(B cpemnem 0,022%). Koneunoe cozepkanue ceprl B
yyryHe wu3MeHsioch B wuHTepBaize ot 0,003 no
0,008% u B cpentem pasusuioch 0,005%.

Takum obOpasom, npu onpoOoBanuu Ha YU
TEXHOJIOTHH KOBIIEBOH Jecynb(ypallii dyryHa C
YIACTBbHBIM PacXo0M (IIFOUAN3UPOBAHHOM H3BECTH U
maraus 1,9 u 0,4 Kr/T COOTBETCTBEHHO IPH IPOYBKE
JUIMTEIBHOCTBIO 10 15 MUH JOCTUTHYTa CpeHss
creneHb aecynbdypaunn 77,3%.

PesynbraThl  MPOMBINUICHHOW — 3KCIUTyaTalln
V4 3a 15 mecsiieB npuBeaeHs! B Tad1. 3.

Ta6nuua 3
Pe3ynbTaThl KOBIIEBOH 00pabOTKY YyryHa
ITapamerp 3HaueHune
KonydecTBo KOBIIEH YyryHa, HIT. 5058
[Tpo10MKHUTENBHOCTD, MUH:
MPOYBKH 9,2
00paboTkn 34,6
Cpennuit pacxos, Kr/T:
(ronzupoBanHas
H3BECTh 1,72
MarHui 0,35
CHmKeHHe TeMneparypbl 4yryHa, °C 6
Cpennee cozepixanue cepbl, %:
110 06paboTKN 0,020
riociie 00paboTKH 0,0033
Cpenusisi cTeneHs aecyinbdyparyu uyryHa, %o 83,5
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V3 npe/cTaBiIeHHBIX [aHHBIX BHJHO, YTO I1OCIE
OCBOCHHUSI TEXHOJIOTMM KOBLIEBOHM Jiecyib(ypariii
YyryHa yJajJoch MOIy4YaThb COJCpKaHHUE Cephl Ha
ypoBre 0,003%, creneHs HecynbypaldH MeTaia
yBenmumiach 10 83,5%.

Jocturayrsie Ha YU KKI[ [TAO «MMK» mo-
Ka3aTeld KOBILICBOW JeCyibpypaluy 4yryHa Haxo-
JIITCS Ha YPOBHE IIEPEIOBBIX METaJLTypPrHUeCKHUX
npeanpusTuid. TeXHONIOT S MPOLIECCOB Aecybdhypa-
LM 9yr'yHa B «OOJIBIION» METAITYPIHUU MOKET OBITh
HCTIONB30BaHA U B IMTEHHOM IPOM3BOACTBE [9].

3aki0ueHue

Ha coBpeMeHHBIX METaTypTHUECKUX MPEApHUs-
THUSAX JUI KOBILEBOH Jecyab(ypauun 4yryHa Haubo-
nee BOCTpeOOBaHHBIM sBisieTcst npouecc  «Co-
injection», B KOTOPOM OCYILECTBJIIETCSI COBMECTHAsI
HMHXKEKIMS B PACIIaB TPaHYJIMPOBAHHOIO MarHus 1
M3BECTH B MOTOKE a30Ta. DTOT MPOLIECC PeaIM30BaH
u B [TAO «MMK». B KHCIOPOJHO-KOHBEPTEPHOM
LIeXe Ha YCTaHOBKE Aecyibdypaluu yyryHa ynans-
ercst B cpeHeM 83,5% cepbl ¢ MOJIy4YeHHEM ee OCTa-
ToyHoro conepxanus 0,003%.
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Abstract. This paper examines the main processes of la-
dle desulfurization of cast iron, which include Kanbara

Reactor (KR), MMI ("Ukraine-Desmag") and Co-
injection; describes the equipment set-up used, desulfuri-
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zation reactions, as well as advantages and disadvantages
of each process. The authors compare three different pro-
cesses guided by the following parameters: processing
time, consumption of reagents, iron loss, heat loss,
equipment wear. For convenience, relative values of the
parameters are given (the minimum value is assumed to
be nominal, i.e. one). Comparison of the cast iron ladle
desulfurization processes based on the final parameter
values showed that the Co-injection process (the co-
injection of magnesium granules and lime in the nitrogen
stream) has the most rational — i.e. minimal — value. This
process is adopted by numerous steel makers around the
world, including MMK PJSC. A new iron desulfurization
unit (IDU) was built and is now in operation at MMK’s
BOF site. The paper provides the IDU characteristics.
During the adoption phase, probably significant linear
dependencies were established of the desulfurization de-
gree on the nitrogen injection time, the total weight of the
reagents, the weight ratio of fluidized lime and magnesi-
um. The iron desulfurization degree varied within a wide
range of 50 to 87.5% and was on average 77.3%. The co-
injection process is the most popular cast iron ladle desul-
furization process in today’s steel industry. It is also im-
plemented at MMK PJSC. The iron desulfurization unit
of the BOF shop removes an average of 83.5% of sulfur,
and its residual concentration is 0.003% (data for 15
months).

Keywords: Liquid iron, ladle, desulfurization, processes,
comparison, industrial implementation.
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3D COUPLED THERMO-MECHANICAL FE ANALYSIS OF EFFECT
OF PROCESS PARAMETERS IN RING ROLLING PROCESS

Phalke Vikram', Nayak Soumyaranjan®, Narasimhan K.%, Nandedkar V.M.

'Shri Guru Gobind Singhji Institute of Engineering and Technology, Nanded, India
*[ndian Institute of Technology Bombay, Mumbai, India

Abstract. Radial-axial ring rolling is an incremental metal forming technique which is used to produce seamless rings.
The advantages associated with the process include close tolerance, short production time and significant saving in ma-
terial. The process marks non-uniformity in temperature and plastic strain variation. The process parameters such as
mandrel feed rate, rotational speed of the main roll and axial roll feed rate have an impact on temperature and strain
distribution. A coupled thermo-mechanical FE analysis is carried out in ABAQUS/Explicit to study the effect of various
combinations of process parameters on the uniformity of temperature and deformation. Taguchi method is employed to
find optimum process parameters. ANOVA (ANalysis Of VAriance) is carried out to assess the effect of process pa-

rameters on plastic strain and temperature.

Keywords: ABAQUS, Process Parameters, Ring rolling, Thermo-mechanical, Taguchi, ANOVA.

Introduction

Ring rolling forging is used to produce precision
axis-symmetric hollow mechanical parts. The
technology of ring rolling has evolved over a period
of 150 years, with a significant amount of research
work in the area being done in the past 40
years[1].This process can be divided into two major
types, which are, radial ring rolling (RRR) and
radial-axial ring rolling (RARR). Fig. 1 shows the
working principle and motion of the different rolls
involved. RARR is accompanied by two
compressions, one is the radial compression in
between the mandrel and main roll and axial
compression which takes place in between the axial
rolls [2].The main roll rotates about its own axis.
Friction between the surfaces of the preform and
main roll causes the preform to rotate. The mandrel
is provided with a translational motion towards the
main roll, the mandrel is free to rotate about its own
axis because of friction. The axial rolls compress the
sample in the axial direction, themselves rotating
about their axes and have retrieval motion
depending on the ring growth velocity [3]. Both
radial and axial compression of the ring leads to
decrease in the cross-sectional area which leads to
circumferential extrusion of the ring and an increase
in the diameter of the ring is observed.

© Phalke Vikram, Nayak Soumyaranjan, Narasimhan K.,
Nandedkar V.M., 2019
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Radial pass

Axial pass

Axial rolls

Mandrel

Main roll  Guide rolls Ring blank

Fig. 1 Schematic of Radial-axial ring
rolling process[3]

During plastic deformation of the ring, several
attempts have been made to study the deformation
behaviour, distribution of temperature and plastic
strain of across the thickness of the ring. Zhou et
al. [2] looked into the effect of changing the size of
the rolls on deformation and temperature
distribution. Increasing the main roll diameter, the
strain distribution of the rings rolled becomes
furthermore non-homogenous while the distribution
of temperature became more uniform. On increasing
the mandrel diameter, uniformity in the strain
distribution is seen first followed by a decrease in
uniformity  later, whereas the temperature
distribution becomes more non-uniform. Zhou et al.
[4] looked into the plastic and temperature
distribution across the thickness of the ring using

FE simulation. The plastic strain decreases from
the ring surface to the centre of the cross section of

BecmHuk MITY um. .M. Hocoea. 2019. T.17. Ne2
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the ring, while the reverse trend observed in
temperature distribution.

Li et al. [8] developed 3D thermo-mechanically
coupled FE model to analyse the effect of feed
speed of rolls on the outer and inner diameter of the
ring and plastic strain distribution across the ring
thickness. Berti et al. [9Jused FE simulation to
determine the stable kinematic condition of different
process parameters such as main roll rotation speed,
mandrel feed rate etc. and to determine initial
dimensions of the preform. Yang et al.[10]
developed 3D FE — model to study the movement
and position of guide roll in order to form precise
quality rings. Zhou et al. [11] developed a finite
element model of the RARR process to look into the
effects of lubrication conditions and feed rate on
temperature and strain distributions and their
uniformity across the thickness of the ring. Giorleo
et al.[12] looked into the effect of preform height on
energy and force required in upsetting, piercing and
during ring rolling process using FE modeling.

In the present study, effect of the combination of
different process parameters on distribution of
temperature and plastic strain is studied using thermo-
mechanically coupled FE model developed in
ABAQUS/Explicit. Taguchi method is used to find the
optimal process parameters in the ring rolling process
and analysis of variance (ANOVA) is carried out to
find the impact of each process parameters.

Stable forming conditions

1. Rotational Speed of Main Roll (n,)
and Axial Roll (n,)

The actual ring rolling process the linear speed
of ring should be kept within the range of 0.4 to 0.6
m/sec to guarantee stability of rolling process[4]
The range rotational speed of the main roll is
given by the following equation:
04 <n < 06 (€
Rl Rl
Axial rolls rotational speed(n,;)corresponding to
the main roll can be calculated as follows [3]

_Rm

n, R

@

al

2. Feed Speed of Mandrel (Vy)
and axial rolls (V,):

The feed speed ranges of the axial roll and man-
drel depend on the draft (Ah), the radius of the main
roll (R;), the rotation speed of main roll (n;), and
initial (D,) and final (Dy) diameter of the ring[3]:

www.vestnik.magtu.ru

2Ah,, Rn, <V, < 2Ah,, Rn, 3)
0 D/'
2Ah,,, R, (b, —b,) < 2Ah,, R, (b, ~b,) W
Dn(hnfhf) Df (hllihf)

3D Finite Element modelling

In order to predict the influence of the combina-
tion of different process parameters on ring rolling
process a 3D FE model is developed in
ABAQUS/Explicit.

A thermo-mechanical coupled model with 8
nodes hexahedron elements (C3D8RT) is effectively
used to simulate high-temperature ring rolling pro-
cess as shown in fig. 2 (a). The convergence study is
carried out in order to decide an optimum number of
elements as shown in fig. 2 (b). The mass scaling
and hourglass control is used to reduce computation
time. The adaptive meshing technique is used to
preserve the quality of mesh during the simulation.
Heat convection coefficient; heat radiation coeffi-
cient and thermal contact conductance are defined in
order to envisage the temperature variation of the
ring with respect to rolling time. The initial tem-
perature of the workpiece is assigned in ‘predefined
field’ in ABAQUS at each node of the element. The
workpiece is treated as deformable body and rolls as
analytical rigid bodies. The Point mass and rotary
inertia are defined to rigid bodies. The coefficient of
friction is defined between the mandrel, main roll,
axial rolls and the ring surface. The interaction
amongst guide rolls and workpiece is kept as fric-
tionless. The local coordinate system (rectangular)
is defined and boundary conditions are applied on
this coordinate system to control the movement of
axial rolls. The developed FE model is validated
with the model developed in Guo et al [3] for radial
and axial force variation with respect to time.

Model validation

Table 1 shows the geometrical and process pa-
rameters. Fig. 3 shows the variation of axial and
radial force with respect to time. Predicted forces by
simulation are measured with the simulation and
experimental done by Guo et. al [3] and it is found
that the simulation results and experimental results
are in good agreement. There is an error in experi-
mental and simulation data to some extent. This var-
iation is due to material properties, friction between
the rollers, the measurement technique used for
force in experiment etc.
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Fig. 2 a) Model developed in ABAQUS

b) Convergence study

Table 1
Geometrical and Process Parameters[3]

Process Parameters Value
Outer diameters of the preform D,, mm 483.1
Inner diameter of the preform do mm 360
Height of the preform h,, mm 84.8
Radius of the main roll R, mm 550
Radius of the mandrel Ry, mm 130
Taper angle of the axial rolls 6° 35
Radius of the axial rolls Ra; mm 72.6
Initial temperature of the ring, °C 1020
Temperature of the rigid bodies, °C 300
Temperature of the environment, °C 20
Rotation speed of the main roll, n, (rad/sec) 1.5
Feed rate of the mandrel, V¢ (mm/sec) 0.98

The selection of process parameters

In order to produce a stable forming condition,
there is certain upper and lower limit for process
parameters as mentioned in equation 1 to 4. For the
above validated model, the range of feed rates of the

mandrel is ¥, €(0.1087,1.60). The range for feed

rates of axial roll is ¥, €(0.07,0.82), and the range

for rotation speed of the main roll is
n, €(0.72,2.90).

In the present study combination of different
process, parameters are taken into account to find
the effect of these process parameters on the distri-
bution of strain and temperature. The parameters
chosen for study are in the range of stable forming

condition as shown in Table 2.
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Fig. 3 a) Axial and b) Radial force variation
with respect time
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Table 2
Parameters chosen for study
Vi (mm) 0.5 0.98 1.47
V, (mm) 0.4 0.67 0.8
n, (rad/sec) 0.75 1.5 2.25

Results and Discussion

1. Plastic Strain and temperature Distribution

The Simulations were carried out with Lo or-
thogonal array. Fig. 4 shows the distribution of
equivalent plastic strain (PEEQ) and temperature in
the cross-section of the ring. From the fig. 4 it can
be found that PEEQ and temperature distribution is
not uniform along the thickness of the ring. The
maximum PEEQ found at the ring’s outer and inner
surface while it is minimum at the center region of
the cross-section, the reason for this is that the ring
is more plastically strained at the surface then at the
bulk of the ring. The ring temperature is also non-
homogenous; it increases from the outer surface of
the ring to central region along thickness and again
decreases from central portion to inner surface the
ring. The reason for this is maximum heat loss takes
from the surface of the ring due convection, radia-
tion and due to thermal contact conductance be-
tween the rolls and the ring and deformation heat
also adds to the temperature of the central region.

2. Quantifying Uniformity of Deformation
and Temperature

In order to quantify the degree of deformation
and temperature, the standard deviation can be cal-
culated using the following formula[4]:

SD= \/[Z(X_NX)Z] ©)

i=1

Where X is the value of PEEQ or temperature at
the i element, X, is the average value of all the el-
ements and N is the total number of elements con-
sidered.

3. Design of Experiment and Taguchi Method

Taguchi method is an optimisation technique
which is widely used in engineering analysis.The
quality characteristic used here is:

Smaller-is-better (minimize),

[S/N]ss = -10log (lz‘yzj )
niog

Where the n is number of observation and y is
the observed data.

In the present work, the objective was to mini-
mise standard deviation for strain and temperature
so smaller-is-better quality characteristic was used.
Three process parameters: mandrel feed rate (D)
mm/s, axial roll feed speed (E) mm/s and main roll
rotational speed (F) rad/s with three levels were
used and is shown in Table 2.

The three values of response (SDP and SDT)
were calculated at three cross-sections of the ring
90° apart as shown in Table 3. The average values
of response were taken for further calculations. The
signal to noise ratio (S/N) were found out by using
smaller to better quality characteristic as shown in
Table 4. The average S/N ratio values of the three
factors at each different levels are shown in
Fig. 5.The peak S/N ratio values were taken for each
process parameter which represents the optimum
condition [17]. It has been observed from the
fig. 5(a) that optimal combination of parameters
involved in the process for uniform distribution of
equivalent plastic strain is D;E;F;. It has been ob-
served that the optimal combination of parameters
involved in the process for uniform temperature dis-
tribution is D;E,F; in fig. 5(b).

Table 3
Average SDP, SDT and S/N ratio
Simulation No. SDP SDT
1 0.3548 03714 0.3416 6.5253 6.3346 6.6227
2 0.6845 0.6346 0.6820 6.2648 6.2987 6.1446
3 0.9081 0.8483 0.7633 5.4047 5.2502 5.2704
4 0.6343 0.6387 0.6167 4.8503 4.7931 4.9440
5 0.5015 0.4870 0.458 4.8925 4.8943 4.9515
6 0.3010 0.3221 0.2020 5.3471 5.1778 5.2046
7 0.3983 0.4186 0.3473 5.5300 4.3270 43731
3 0.5377 0.4809 0.4883 3.8095 3.7995 3.8295
9 0.2223 0.3619 0.1902 4.4404 4.4579 4.4616
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Fig. 4. PEEQ and Temperature distribution

Table 4
Average SDP, SDT and S/N ratio
Simulation | Average .| Average .
No. SDP S/N Ratio SDT S/N Ratio
1 0.3559 8.9669 | 6.4942 |-16.2505
2 0.6670 | 3.5118 | 6.2360 |-15.8982
3 0.8399 1.4937 | 5.3084 |-14.4993
4 0.6299 | 4.0135 | 4.8624 |-13.7371
5 0.4821 6.3298 | 4.9127 |-13.8265
6 0.2750 | 11.0563 | 5.2431 |-14.3919
7 0.3880 8.1957 | 4.7433 |-13.5217
8 0.5023 59692 | 3.8128 | -11.625
9 0.2581 | 11.4145 | 4.4533 |-12.9736
Main Effects Plot for SN ratios
A B c
g’
£ /
7 /
i \/
i
5
4
3
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28

Main Effects Plot for SN ratios
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Fig. 5 Mean of S/N ratio for a) strain distribution
b) temperature distribution

4. Confirmation Test

The optimal combination of parameters involved
in the process has been determined using Taguchi
method. The confirmation test is carried out to de-
termine and verify observed data by using optimum
combination of process parameters. The optimum
parameters for strain lie in the Ly orthogonal array;
therefore confirmation test is not mandatory for
strain distribution. The confirmation test is carried
out for optimum parameters A;B,C; for temperature
distribution. The percentage error of 0.65% found in
between mathematical equation and in anactual run.
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Optimal value = Y'+(D'=Y')+(E'=Y")+(F'=Y')  (8)

Y N ©

Where,

Y': Average of total response value

T: total of average SDT for each simulation

N: number of simulations

D',E' AF': Average values of SDT and SDP
for process parameter at their respective optimal
level

5.1. ANOVA for PEEQ

Table 5
Confirmation Test
The optimum | Optimum value
Sr.No | value of SDT of SDT % Error
by Eq. by actual run
1 3.7139 3.7383 0.65

5. Analysis of variance (ANOVA)

ANOVA method is used to explorethe signifi-
cance of parameters involved in the process in terms
of percentage contribution. This analysis is carried
out at 95% confidence level and 5% significance
level. The last column of the ANOVA table 7
demonstrations the contribution of each process pa-
rameter in terms of percentage, which indicates the
influence of each process parameters on the re-
sponse. The total sum of the squared deviation is
given by the following equation[18]

88 Y yi-CF. (10)
i=1

Where n is the number of simulations in the or-
thogonal array, y; is the response for i" simulation
and C.F. is the correction factor.

C.F. can be calculated as[18]:

2
cr-1 (11)
n

T is the total of the response.

In ANOVA table, the contribution of each pro-
cess parameter is calculated by dividing the sum of
squared deviation for each parameter by the total
sum of squared deviation. The mean of the squared
deviation is found out by dividing the sum of
squared deviation by a number of degrees of free-
dom (DOF). Fisher test (F-value) is carried out to
find which process parameter has a significant effect
on response.

Table 6 shows the outcomes of ANOVA for
plastic strain distribution.

Table 6
Analysis of variance for PEEQ
Source DF Sum of | Mean F-Value| %C
Square | Square

Mandrel
Feed 15 | 0.0881 | 0.0440 | 2028 | 2921
Speed
(mmy/s)
Axial Roll
Speed 2 0.0113 | 0.0056 | 2.66 3.75
(mmy/s)
Main Roll
Rotation | 2 0.1921 | 0.0960 | 44.20 | 63.65
Speed (1/s)
Error 2 0.0043 | 0.0021 3.38
Total 8 0.3018

5.2. Analysis of Variance for temperature

Table 7
Analysis of variance for temperature
Source DF Sum of | Mean F-Value| %C
square | Square

Mandrel
Feed "1y 1 42718 | 21359 | 55.97 | 76.44
Speed
(mm/s)
Axial Roll
Speed 2 0.2843 | 0.142 | 13.73 | 5.08
(mny/s)
Main Roll
Rotation | 2 0.9629 | 0.4814 | 12.62 | 17.23
Speed (1/s)
Error 2 0.0763 | 0.0381 1.25
Total 8 5.5884

It can be concluded that the main roll rotation
speed has the largest contribution of 63.65% in uni-
form plastic strain distribution, mandrel feed speed
has the contribution of 29.21% and axial roll feed
speed has least contribution of 3.756%. Table 7
shows the outcomes of ANOVA for temperature
distribution. It can be concluded that mandrel feed
speed has the largest contribution of 76.44% in uni-
form temperature distribution, main roll rotation
speed has the contribution of 17.23% and axial roll
feed speed has the contribution of 5.08%
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Conclusion

The effect of combinations of various process
parameters on the degree of deformation and tem-
perature distribution were studied using FE analysis.
It can be concluding that:

1. The optimum combination of process parameters
for uniform stain and uniform temperature distribu-
tion are D;EsF, and D;E>F; respectively was found
out using Taguchi method.

2. From ANOVA, the contributions of process pa-
rameters for uniform stain distribution and tempera-
ture distribution is main roll rotation speed (n;) >
mandrel feed speed (Vi) > Axial roll feed speed (V,)
and mandrel feed speed (V) > main roll feed speed
(n;) > axial roll feed speed (V,) respectively.
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Annomayus. PanuanbHo-akcHanbHAs pacKaTKa KoJeL
npejcTaBisier co00il METoJ CTYIeHYaToro ehopMupo-
BaHWs, HpHMeHﬂeMBIﬁ TIpU HU3TOTOBJICHUH OECIIOBHBIX
xouer. IIpenMyiecTBa JaHHOrO METO/A 3aKIIFOYAIOTCS B
BBICOKOM TOYHOCTH H3TOTOBJICHUS, KPATKOBPEMEHHOM
TPOU3BOJICTBEHHOM IIMKIIE, @ TAKXKe 3HAYMTENBHON 5KO-
HOMUM Matepuaina. IIpu 5ToM OTMedaeTcst HepaBHOMEp-
HOCTb TEMIIEPATYPhl U KONeOaHHs TIACTHIECKOH Aedop-
Maluu. TexHonornyeckue TIapaMeTpel, TaKHE€ KaK CKO-
POCTh IIOZIa4M PACKATKU, CKOPOCTh BPAIEHHS TJIABHOI'O
BaJIkd M CKOPOCTb OCEBOH IOJAYH BAJKA, OKAa3bIBAIOT
BIIMSAHHME Ha pacrpeeleHne TeMIepaTypsl U aedopma-

1wid. [l u3ydeHus: BO3AEHCTBHS PAa3/IMYHBIX KOMOUHA-
LU TEXHONOTMYECKUX MapaMeTpoB Ha PaBHOMEPHOCTb
TemmepaTypsl U aedopmarmii ¢ MOMOIIBIO KOMIIIEKCa
ABAQUS/Explicit mpoBoIMTCs COMPSDKEHHbBINA TepMOMe-
xannuecknit KD-anamm3. s onpesenenus onTUMaIbHbIX
TEXHOJIOTHYECKUX TMapaMETPOB IPHUMEHSACTCA METOA Tary—
TH. I[Jlﬂ OLICHKHM BJIUAHUSA TEXHOJIOTHMYECKUX I[1apaMETpOB
Ha IMIaCTHYCCKYIO Heq}OpMaLlPHO 1 TEMIIEPATYypy NPOBOIAAT
aHam3 ANOVA, Wi TUCTIePCHOHHBIH aHaJN3.

Knrouesvie cnosa: xommnexc ABAQUS, Texnomornye-
CKHUE TTapaMeTphl, PaCKaTKa KoJell, TePMOMEXaHHICCKHI,
Taryrn, ananuz ANOVA.
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AJIT'OPUTM PACUYETA SHEPI'OCHJIOBBIX TIAPAMETPOB
INPOLHECCA PACKATKH I'JIb3bl B HEITPEPBIBHOM CTAHE
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Annomayus. Pa3purre TpyOOIPOKaTHOrO IIPOU3BOJCTBA IPHBENO K MIMPOKOMY HCIIONIb30BAHHIO HENIPEPHIBHBIX CTAHOB
C yJACpKHBAEMOW OMpAaBKOI M 3-BaJIKOBBIMM KalHOpaMM Ul pacKaTKu T'mib3. B cBoo ouepenb, 3To moTpeboBano
YTOYHEHHS PsAfla TCOPETHUCCKNX MOTOXKCHNH, CBS3aHHBIX C N3MEHEHHEM KHHEMATHKH Tporiecca. B nporecce npokatkn
Ha HEHPEPHIBHOM PACKATHOM CTAHE BAJIKU U OIPABKA SKCIUTYaTHPYIOTCS MPH CIOXKHBIX TEMIICPATYPHBIX YCIOBUSX H
MOCTOSIHHBIX IUKIMYECKUX 3HAKOIIEPEMEHHBIX HArpy3KaX, B Pe3ylIbTaTe Yero MOABEPraloTCs 3HAUYMTEIbHOMY H3HOCY.
B cBoto ouepesib, MPOBEACHHE MPOKATKU TP YCHIIUSIX, JOCTHTAIOIIMX KPUTHUYCCKHX 3HAYCHHUH, MPUBOIUT K BO3HUKHO-
BCHHIO aBapUIHBIX CHTYallMil, BHI3BAHHBIX, B YaCTHOCTH, Pa3pylleHHEM MaTepualia pabouyero MHCTPYMEHTa (BaJKH,
omnpaska). [IpudeM OTMedYEHHBIC OOCTOSTEIBLCTBA HAMOONEE BBIPAIKEHBI B IIEPBBIX KICTSX CTaHa, IJIE METAILT TPYOb
nozBepraeTcs 6onpImMM ooxkaTHsAM. Beujy Toro, uro nedopMarms npu NpoKaTKe TPYO B HENPEPHIBHOM CTaHE pacipe-
JiensierTcst B 5—6 KJIeTsX, 9TO AOHOIHUTEIBHO HAKIAABIBACT OMPEACICHHBIC OrPAHNYCHHS M CHIDKACT BO3MOXKHOCTD Ba-
PBUPOBAHHS TEXHONOTHYECKUMH MTAPaMETPaMH TIPOLIECCA MPOKATKK B G0JIee MIMPOKOM JnanasoHe. B cBa3M ¢ 9THM BO3-
HHKAeT HEOOXOMMOCTh B Pa3paboTKe M aJlanTallid MaTeMaTHYeCKUX MoJeNeil i pacdera, MPOTHO3UPOBAHUS U BEI-
60pa palMOHAIBHBIX PEKHMOB O0XKATUIl UL BCETO COPTAMEHTHOTO psifia TPYO, IPOM3BOANMOIO B HEIPEPHIBHOM pac-
KaTHOM CTaHe. B pamkax JaHHOrO MCCIIe0BaHMS HA OCHOBE DHEPreTHYECKOH TeopHH pa3paboTaHa METOAMKA OMpese-
JICHHS SHEPTOCHIIOBBIX ITapaMeTpoB mporiecca. IIpH cocTaBICHNN YpaBHEHUs PaBHOBECHS MPOCKIHIT CHII HA TIPOJIOIb-
HYIO OCb OIPEJICNICHBI BEIMYHHbI CPEHEr0 JaBICHHUS Ha KOHTAKTe ¢ pabOYMMU BaJIKaMH U OIpaBKoH. PaspabotaHHblie
MaTeMaTHYECKHe MOJIENTH U alTOPUTM pacyeTa SHEPTOCHIOBBIX MAPAMETPOB TPOLECCAa PACKATKH I'MIb3bI B HEMPEPHIB-
HOM CTaHE IO3BOJIMIH C JJOCTATOYHO BHICOKOI TOYHOCTBIO ONPENEIUTh YCHIHS IIPOKATKH TPYO B HEIPEPHIBHOM CTaHE.
IMoyueHHbBIC 3aBUCHMOCTH MOTYT OBITh HCIIOIB30BaHbI KAK B HCCIEIOBATENIBCKUX IEIAX, TAK M IPH pacdere TalIuIy
MPOKATKHU HA TPYOOIPOKATHBIX arperatax ¢ HEMPEePHIBHBIMU PACKATHBIMH CTAHAMH.

Kniouesvie cnosa: nenpepbiBHAs IPOKATKA, TPYObl, KWHHEMATHKA, YCHIINE MPOKATKH.

CHJIOBBIX MapaMETPOB MPOLECCA PACKaTKU THIb3 B
HENpepbIBHBIX PaCKaTHBIX cTaHax [7, 10, 11, 14].
OCHOBHBIM HEJIOCTATKOM 3THX METOJHK SIBJISCT-

BBenenue

B nacrosmee BpeMs U1 TIPOU3BOJACTBA GeciIoB-

HBIX TPYO Bce Oosee MIMPOKOE NMPUMEHEHHE B MHpPE
HaXoJAT TPyOONPOKATHBIE arperaTbl ¢ PacKaTHbIMU
craHamu HoBoro nokonenus thna PQF u FQM [1-3,
15-17]. OcoOGeHHOCTSIMH 3THX CTaHOB SIBJISETCS
MpUMEHEHHe pabounx Kiereil ¢ 3-BaJKOBBIMU Ka-
mOpaMu M yaep>xkuBaeMoil ompaBku [4-6]. Otme-
YeHHbI€ OCOOCHHOCTH IPUBOJAT K M3MEHEHUIO KH-
HEMAaTHKH [Polecca IPOKATKH, YTO, B CBOIO OUEePe/Ib,
OKa3bIBACT BIIMSHHE HA BCE OCTAJIbHBIC MAapaMeTphbl
TEXHOJIOrMYecKoro mpouecca. COOTBETCTBEHHO BO3-
HUKAeT HEOOXOMMMOCTh YTOUHEHHUS TEOPETUISCKOr0
OIMCAHMS IIPOLeCCa HEHPEpHIBHOH IPOIOIBHOH
IIPOKATKU TPYO C yUETOM OTMEUYEHHbIX U3MEHEHHI.
Jlns aHanmu3a mpolecca HempepbIBHOW IIPOOIb-
HOW IPOKATKH TPyO Hpeknae BCEro HEOoOXOOUMO
HaJIM9KMe MaTeMaTHYeCKUX Mojenell Uit ompenene-
HHsl SHEPrOCHJIOBBIX IapaMETpPoB Ipolecca U HX
CBSI3H CO CKOPOCTHBIM PEXHMMOM MPOKATHOTO CTaHA.
B Hacrosimiee BpeMst U3BECTEH Psil METOIUK pacuera

© Beiapun A.B., Anb-mxymanmn Moxammen XKacum
Moxammen, Illkyparos E.A., 2019

Cs1 TO, YTO OHU HE YYUTBIBAIOT BJIIMSHUEC HA JHEPro-
CHJIOBBIE MAPAMETPbl MPOAONBHBIX YCHUIIUH, BO3HH-
KaloIMX B MEXKIETEBBIX IPOMEXYTKaX. Y4ecTh
9TOT HEJOCTATOK I03BOJIET METOJHKA, OCHOBAHHAS
Ha PAcCMOTPEHUM YCJIOBMH pPaBHOBECHUS MPOEKLUM
cul, JSHCTBYIOIMX Ha ouar aedopmauuu B panu-
AJILHOM U NPOZIOJIbHOM Harpasiienuu [9]. IIpu stom
YCIIOBHSI PABHOBECHSI IPOSKIHUH CHJI Ha MPOJOIBHYIO
OCbhb TIIO3BOJIAKOT OIPEACIUTh BEIUYUHY CPEAHETO
JIaBJIEHUS HA KOHTAKTE ¢ paOOUMMHU BaJIKaMH.

P =%I:Sko-l (dr ’Sk)’sﬁo_o (dH Sy )] -
nF}\,sm?0 M
. Fy, —Fy a
—fa“pi“F K0 et 70

K

JlaBnenue, peficTByiollee Ha ONpPaBKy B IIpere-
Jax odyara jAeopMalliy, ONPeIeIseTcss H3 yCIOBHA
paBHOBECHS POEKIMI CHI Ha paJpaIbHOEe HAaIpaB-
JIeHHne
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F

F

Kon

a, Fe—Fyy . a,
cosS——-jJo,,———Sm—, (2)
TRAL

K

Pon = Pey

TJIE 71 — YUCIIO BAJIKOB, 00Pa3yIONIUX KaJInuop;

Fy — muomaap KOHTaKTHOM MOBEPXHOCTH TPYObI
C BaJIKOM;

dy — cpenHMil 1uamerp TpyObl Ha BXOJE B oyar
nedopmarm;

dy — cpenHuit trameTp TpyObl Ha BBIXOZE M3 O4a-
ra gedopmarun;

S, — TOJIIIHMHA CTCHKH pr6]:l Ha BXOJ€ B o4ar
nedopmarim;

S, — TOJIMHA CTCHKHU prGLI Ha BBIXO/IC U3 Oo4yara
nedopmanuu;

0) — HaIPsHKEHUE OT 3aJHEr0 IPOAOJIBHOIO YCH-
TS

0; — HaNpsDKEHUE OT MEPEeJHEr0 MPOJOIbHOIO
YCUIINS,

Oyp — YCPEIHEHHOE 110 00BbeMy ouara jedopma-
LMK COMPOTHUBJICHHE METaJlIa IUIACTUYECKOU Jedop-
Malluu;

F — II10Ia/ib 30HBI OIEPEKEHHU;

Fyo — 1I1011a/1b 30HBI OTCTABAHHUS;

0l — YTOJI 3aXBaTa;

fon — KOO(QGUIHEHT TPeHHs Ha KOHTAKTE C IpaB-
KOH;

Fyon — OJIHA TPETh ILUIOIIA M KOHTAKTa MeTajlia C
OIPaBKOM.

Jist onpesiesieHust yria 3axBata BOCIONb3yeMCs
dopmyoit [13]

(€)

rae R, — paquyc Bajika 1o BepuinHe Kanuopa.

BBHIy CJIOXHOCTH TOYHOrO aHAIMTHYECKOTO
oIpesiesieHusl IUIONAJM KOHTaKTHOH HOBEPXHOCTH
JUISL ee pacyera BOCHOJIb3yeMCsl IPUOIMKEHHOH Me-
TOJMKOH, IPUBEJICHHON B pabote [12].

ld” +d,
“ R

s

Q)

JlmnHa oyara aedopmarmu / OmpemesnsieTcsi mo
dopmyae [12]
I=\(d,+d,)R, - 5)
W3 popmya (1), (2) BumHO, UTO 11 BHIYUCICHHS
3HAYEHUH CPETHUX KOHTAKTHBIX JABJICHUH HE0OXO-
JIIMO TIPEK/E BCEro 3HATh 3HAYCHMsS! MPOAOJIBHBIX
HaNpsDKEHUH, BOZHHUKAIOMIMX B MEXKKJIETEBBIX HPO-
MexXyTKax. Benuuunsl oy, 01, Fy, Fii onpenenstorcs
KMHEMaTHKOH TIpoLlecca HENpPEepbIBHOH pacKaTKH
TUJIB3, U VISl UX BBIYKMCIICHUS MOXKET OBITh IPUMEHEH
SHEPreTUUEeCKUH MeToJ, Oa3HpyroLmiics Ha ypaBHe-

HUM 0OajlaHca MOIIHOCTEH.

MeroauKa MX ONpEIeNeHUs] OCHOBBIBACTCS Ha
creyroneM. BBuIy TOro, 4to MociuenHss KieTh He-
MPEPHIBHOTO CTaHa, KaK MPaBHIIO, SBISETCS MpPOIJla-
JKUBAIOLIEH, KOAQ(QULUEHT BBITSHKKA B Heil HEOOIb-
LIOM ¥ COOTBETCTBEHHO M3MEHEHHE CKOPOCTH TPYyObI
TaKKe He3HAYNTENIbHO. Ha OCHOBaHMH 3TOr0 MOXKHO
MPHHATH, YTO CKOPOCTH TPYObI Ha BBIXOZE U3 IIO-
CIICJIHUI KIIETH K-KJIETeBOro CTaHa paBHSETCS Cpel-
Hel JIMHEHHON CKOPOCTH BAJIKOB ITOCIEIHEH KIETH.
B cBoto oyepenb, CpeHssl JIMHEHHAsE CKOPOCTh Bajl-
KOB OIPEJEIISIeTCs CIEIYIOIMM 00pa3oM:

Ve :%(db. +d,). (6)

I'JIE Ny — YACTOTA BPAILCHNS BAJIKOB A-i KIETH CTaHa;
dg n dg — nuametp GOYKM BaJKa M MaMeTp IO
JIHY Kauopa.

OmpezienM cocTaBILIONIE OaTaHca MOITHOCTEH
VTS CITydas TIPOJIOIBHOM packaTKu b3kl [Ipu aHa-
JH3¢ KMHEMaTUKU DPACKaTKU THIB3BI B CTaHE HPO-
JONBHOM IPOKATKU HCIONB30BaJOCh IOJE CKOpO-
cTeid, npuBeieHHoe B pabote [16]:

v, =V, 1{[—“’1](17;) ;
i

O P 2_5] Lz %)
§ I\ l)|rR,
rae v — IPOJOIBHAS CKOPOCTh TPYOBI Ha BBIXOJE 3
ouara eopmanun;

1t — KO3 OULIHMEHT BBHITDKKH.

Jlnst 5TOro mosst CKOpocTel MHTEHCUBHOCTBH Ka-
caTeNbHBIX HAIPSDKEHHUH MOCIe HEKOTOPBIX YIIPOLe-
HHI MOXKET OBITB 3alMCaHa B BUIC

o S
H:2vl\/§ “ - ®)
3, = 1,5[&)(25,1]
(d,+d)R 1 71

COOTBETCTBEHHO MOIIHOCTE  (HOPMOM3MEHEHHUSI
Oyner paBHa

N, :1,15;1\Pvlau dird 5.
3 2

I 750 | PR
(d,+d )R, | u 6(d, +d,)R,

)

Jinst onperneneHus IUTomazeil 30H OTCTaBaHUS H
oIepekeHus, BXOIAIMX B ypaBHeHue (1), HeoOxo-
JUMO 3HATh YpaBHEHHE I'PAHUIbBI MEXIy dTHMH 30-
HaMHU. DTO ypaBHEHHE MOXKHO MOIy4YUTh, IIPHPABHSAB
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TOPU30HTAJIBHYIO IPOEKIUIO BEKTOpa OKPYXHOH
CKOPOCTH BaJka K TOPU3OHTAIBHON IPOEKINH BEK-
TOpa CKOPOCTH MeTaula. B pesynbrare momydnm
ypaBHEHHE

Vi

Ry +R, — X

27mn,

V)

OJHaKoO B CBSA3H C TEM, UTO ILIONIA/lb KOHTAKTHOM
MOBEPXHOCTH IIPUHATA B BHIE HPSIMOYIOJIbHMKA,
TPAHULLy MEXKIY 30HAMM OIEPEXECHHUS U OTCTaBaHHS
TaKKE LeIecO00pa3sHO NPUHATH B BHJE MPAMOI JH-
HUH, NEPNIEHMKYIPHON HAIPaBJIEHUIO NPOKAaTKH. B
9TOM cllyyae z,~z,~const. Torma z, ompeznensercs
Kak cpefHee apu(Mernyeckoe Mexmy 3HaueHHsSMH
10 BEpIIMHE KaauOpa M Ha IPOJOJIBHOH TIpaHMLE
ouara Jiehopmarnuu (puc. 1).

(10)

-
~

Puc. 1. K onpenenenuo KoopJAUHATEI Z,

B cootBercTBuE ¢ opmyoit (9) z, B BepumHe
Kanubpa Oyzer paBHa

o —1]1- I[LJ[IQJ .
pu-1 M

Koopaunara z, Ha NpOJONBHON IpaHHIle Odara
neopmarnun OyeT paBHa

an

- 27n, «

vl
U RCE

e (r,+n)

z,=11-
l 2
x| R +R —\[R =

3Hast rpaHuIly MEX/y 30HAMH ONEPEKEHUS U OT-
CTaBaHUsI, MOXXHO OIPE/ICIUTh MOIIHOCTh aKTUBHBIX
CHJI TpeHUs [6], MOIBOMMMYIO BaJKaMH B odar Jie-
dopmauuu:

T+
_ Wt
N, =fo.m 5 x

(13)
X2y, (1 Ry B | 200
: u ol 3/ 3u

B mponecce packaTKi 3aTpadMBaeTCs MOIIHOCTh
CHIJI TPEHMSA-CKONBKCHHS Ha KOHTAKTe BHYTPEHHEH
TIOBEPXHOCTH TPYOBI ¢ onpaBKoi. Mcmomns3ys momxo-
Ibl, omucaHHble B pabore [13], oHa MoxeT ObITH

orpeziesieHa 1o gpopmyie
2+
# - v(m 4
3u

TJIE V,y, — CKOPOCTb EPEMEILEHHS OIPABKH.

Crnenyer orMeTuTh, 4To (hopmyina (14) nomyuena
Ul yCIIOBUH IOJHOIO OXBAaTa OIpPaBKH METalIOM
TpyO. B peanbHBIX yCIIOBUSX METAJUl OXBATbIBAET
OIpPaBKy HE IO BCEMY LEPHMETPY, I03TOMY B (op-
myiie (14) uenecooOpasHo BBECTH MHOXHTENb k={/T,
I7ie i — YTroJ 0XBaTta OIpaBKu MeTasioM [3].

Hapsimy ¢ oTMedeHHBIMH BBIIIE BHAAMU MOIIHO-
CTH, K odary JedopMalyH IpH packaTKe I'MIb3 MO-
IyT TIOABOIUTBCS MOIIHOCTH, CO3JaBaeMble IIpO-
JONBHBIMU YCHIIMSIMA B MEKKJICTEBBIX MPOMEKYT-
kax. CorjgacHO H3BECTHBIM (POPMyNaM MOIIHOCTH
3agHero Ny M mepefHero N, HPOAONBHBIX YCHINH
PaBHBIL:

N, =2r fyo,l [ Vi (14)

2 —
N, =noys, v, [7” % j H 1s)
u

N, =rosv(2r,—s,). (16)

Toncrasnsas popmynst (8), (12), (13), (14) u (15)
B ypaBHEHHe 0allaHca MOIIHOCTEH, MOTy4HM BBIpa-
JKEHHe JUIS Olpe/IeNICHUs HATPSDKEHHS Oo:

_fou(n+n)
2ms,-(2r, =s,)

x| 2z, [1-#L Defy B )| 2EH )
i uo 1 21 3u

_ 2fodp (2+p v, to -
s, (2r,-s,) !

"

0

an

=
—_
—
—

r - 50’
|t (=) -
2, +1)Ry 12(r, +7,) R,
Opnnako dopmyna (17) He MO3BONSAET BBIYHCIHUTD
Gy, T.K. B He€ BXOJUT HEM3BECTHASI BEIMYMHA G.
JUtst ompesieneH s BEITHIUHBI TPOIOIBHBIX YCH-
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IIMii, BO3HUKAIONIUX B MEXKKICTEBBIX MIPOMEXYTKAX,
B pabote [9] mpezacTaBieHa METOAMKA, HCIIOIb3YIO-
Imasi ypaBHeHHe OanaHca MOIIHOCTEHl, 3alHcaHHOE
UL BCETO HEMpPEpHIBHOrO packaTHoro craHa. C mc-
IOJIE30BAHHUEM 3TOH METOIUKU OHPEIeIIseTCsl BEIt-
YUHAa CEeKyHIHOro obbema. OfHAKO IOIydYEHHOE
YpaBHEHHE SBJIACTCS OYEHb TPYHOSMKHM IS pele-
HHS, JJaXKe C MCTIOJb30BaHHEM COBPEMEHHOH KOMIIb-
1otepHol Texuuku [14]. IToatomy s penieHus mo-
CTaBIICHHOU 3aJ[auHl Ipearaercs CIemylomuid an-
TOPHUTM:

1. Ha ocHOBe NpHMHATON TMIOTE3BI O TOM, YTO
CKOpOCTb BBIXOZa TPYOBI M3 HENpPEepHIBHOIO CTaHa
paBHsIeTCS cpeHeH JIMHeHHOH CKOPOCTH BaJKOB I10-
CcIIeTHEH KIIETH, ONpENeNsAeTcs BEIMYMHA CEeKyHJIHO-
ro obpema:

=v‘"%(D5+DB)-Sk, (18)

ek~ Vek
rae Sy — IUIOmAb HOMEPeIHOro CeUeH s TPyObl Ha
BBIXOJIE M3 HENPEPHIBHOI'O CTAHA.

2. IlomydeHHasl BeIMYMHA CEKYHIHOTO OObeMa
MOJICTABISIETCS. B ypaBHEHHE OajaHca MOIIHOCTEH
1-i1 xyetH cTaHa H, ¢ y4eTOM TOTO, UTO st He€ 3a1-
Hee HATKEHHE PAaBHO HYJIIO, ONpPENENAeTcs Nepen-
Hee HaTSKEHHE.

3. Ilepennee HaTsDKEHHWE AT MEPBON KIICTH SB-
JIS€TCA 3a[HMM HATSKEHHEM Ul BTOPOH KieTel
ctaHa. COOTBETCTBEHHO, 3HAs 3a/IHEE HATSHKEHHUE IS
BTOPOH KIIETH M BEIHYHHY CEKyHIHOTO o0beMa, U3
ypaBHeHHs 0anaHca MOIIHOCTEH Ompesensercs Ime-
penHee HaTsHDKEHUE TSt 2-if KIeTH.

4. Tlpouecc BBIYHCICHUII AHAJIOTMYHO HPOIOI-
KaeTcs BIUIOTH JI0 Iocieneii k-if kietn crana.

5. Tocne atoro mo ¢popmynam (1), (2) onpenens-
ercs JaBJICHUE HA BAJIKM M ONPABKYy B KaXIOW U3
KyeTeil HenpepbIBHOIO PACKATHOT'O CTAHA.

MOMEHT Ha BaJlKax OIPEACIISIETCS 110 NU3BECTHBIM
3aBUCUMOCTSIM, HAaIlIpUMep, NPEICTABICHHbIM B pabo-
Te [14]:

M :PRKsinO;—“J_r(TO—Tl)R,, (19)

rae P — ycume, IeHCTBYIOIIee Ha BAIOK;
T)) — 3aHee IPOIOIBHOE YCUIIIE;
T; — nepeHee NPOLOIBHOE YCIIIHE,
R, — pamyc Bajika, COOTBETCTBYIOLMA KOOPAH-

HaTe z,, (KaTalomuii paauyc).

JInst TpoBepKU aleKBaTHOCTH pa3pabOTaHHOM
METOAMKH M aITOPHTMAa pacyera SHEPrOCHIOBBIX
MapamMerpoB MpoLecca MPOKATKH OBbLIO IMPOBEICHO
COIIOCTABJICHHE PE3YJIBTATOB C MPOU3BOJICTBEHHBIMU
JaHHbIMA. VICXO/IHBIC JaHHBIE, TIPUHSATHIC TPU pacué-
T€, COOTBETCTBOBAJIM TEXHOIOTHH TPOKATKH TPYO

HapY)XHBIM JJUaMeTpoM 325 MM C TOJIIMHON CTEHKH
8,0 MM C HCHONB30BaHHEM HMelomIeiics JKcrepu-
MeHTalnbHOH MH(opManuu. Pe3ynbraThl cornocrasiie-
HHSI IPE/CTABIICHBI Ha PHC. 2.

6

»

Yeunue wa Banku, MH

1 [
o]
3 4 5

N2 Knetn
©Mat. Mogens aFDA-offine
Puc. 2. Pe3ynbraThl cOmocTaBieHNs BETNINHbI

YCHIINSI HA BJIKH 110 KIeTsM ctana FQM

3akia0uenne

Takum 00pa3oM, Ha OCHOBE 3SHEPreTHUECKON
TEOpUH TPOKATKH pa3paboTaHa METOAMKA pacyera
SHEPrOCHJIOBBIX I1apaMETpPOB MPOLEcca HPOKATKH
TpyO C HCMOJB30BAaHUEM HEMPEPBIBHBIX PACKATHBIX
CTaHOB HOBOI'O ITOKOJICHHUSI.

CormocraBieHie pe3yJabTaToB pacyera ¢ Ipou3-
BOJICTBCHHBIMH JIAHHBIMH I10KQ3aJI0 BBICOKYIO CTe-
HEeHb CXOMMOCTH, B OCOOCHHOCTH B MOCICIHUX (4H-
CTOBBIX) KJIETAX CTaHAa, YTO B CBOI O4Yepenb MOJ-
TBEPAMJIO aJICKBaTHOCTh Pa3pabOTaHHOIrO alIropuT™Ma
M MaTeMaTH4YecKux Mojeneil. PasHuia Mexmy ycu-
JIMSIMA Ha BaJIKM JUIS YEPHBIX KIETeH cTraHa, moiy-
YEHHBIMH PACUYETHBIM IIYTEM U 3aMEPEHHBIMH B [PO-
M3BOJICTBEHHBIX YCIIOBUSIX, OOYCIIOBJIGHA MpPEXIE
BCEro IOrPEIIHOCTBIO ONMPEICICHUS IUIOMAAH KOH-
TakTHOH moBepxHOCTH. C LENbI0 JabHEHIIEero co-
BEPILICHCTBOBAHMUSI Pa3pabOTaHHON METOIMKH ¥ all-
rOPUTMa pacyera SHEProCHIIOBBIX IapaMeTpPoB Tpe-
Oyercs MpOBEICHUE JOMOIHUTEIBHBIX KCIIEPHMEH-
TAIBHBIX HCCJEAO0BAHUH, HEOOXOAUMBIX JUIS BBISB-
JICHHS] 3aKOHOMEPHOCTEH BIMSHHS [1apaMeTpOB IPO-
1ecca MpoKaTH Ha YroJl 0XBaTa ONPaBKH U BEIMYUHY
YLIUPEHUS pacKaTa.
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Abstract. The development of pipe rolling has led to the
widespread use of continuous mills with a retained man-
drel and 3-roll gauges for rolling hollow billets. Conse-
quently, this required the updating of a number of theo-
retical positions related to changes in kinematics of the
process. In the rolling process on a continuous rolling
mill, the rolls and the mandrel are operated under difficult
temperature conditions and constant cyclic alternating
loads; as a result, they are subjected to considerable wear.
Therefore, when force values reach critical ones, rolling
contributes to emergency situations caused, in particular,
by the destruction of the material of working tools (rolls,
the mandrel). Moreover, the stated circumstances are
mostly found in the first mill stands, where the pipe mate-

rial is subjected to great reductions. Due to the fact that
the deformation during pipe rolling on a continuous mill
is distributed among 5-6 stands, this additionally imposes
certain limitations and reduces the possibility of varying
the rolling process parameters in a wider range. In this
regard, there is a need to develop and adapt mathematical
models for calculating, predicting, and selecting an opti-
mal rolling schedule depending on the product mix of a
continuous tube rolling mill. As part of this study, a
method for determining the energy parameters of the pro-
cess has been developed on the basis of the energy theo-
ry. When preparing the equilibrium equation for the pro-
jections of forces on the longitudinal axis, the authors
determined average values of pressure at the contact with
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work rolls and the mandrel. The developed mathematical
models and the algorithm for calculating the energy pa-
rameters of the process of rolling hollow billets on a con-
tinuous mill made it possible to determine with a suffi-
ciently high accuracy rolling force on a continuous tube
rolling mill. The dependencies found can be used both for
research purposes and the calculation of rolling tables on
tube rolling machines with continuous rolling mills.

Keywords: Continuous rolling, tubes, kinematics, rolling
force.

References

1. Vydrin AV., Struin D.O., Chernykh I.N., Shkuratov E.A.,
Bunyashin M.V. Teoreticheskie i prakticheskie problemy
protsessa raskatki gilz na sovremennom nepreryvnom
stane [Theoretical and practical problems of the hollow bil-
let rolling process on a modern continuous rolling mill]. St.
Petersburg: Polytechnic University Publishing House,
2015, pp. 72-82. (In Russ.)

2. Shkuratov E.A. Optimizatsiya protsessa nepreryvnoy
raskatki gilz s tselyu povysheniya tochnosti goryacheka-
tanykh besshovnykh trub. Diss. kand. tekhn. nauk [Optimi-
zation of a hollow billet continuous rolling process to im-
prove the accuracy of hot rolled seamless pipes. PhD
diss.]. Chelyabinsk, 2017, 166 p. (In Russ.)

3. Struin D.O. Sovershenstvovanie tekhnologii prodolnoy pro-
katki trub na osnove sozdaniya i ispolzovaniya novykh
nauchno obosnovannykh tekhnicheskikh resheniy. Diss.
kand. tekhn. nauk [Improved pipe longitudinal rolling tech-
nology by creating and using new science-based technical
solutions. PhD diss.]. Chelyabinsk, 2017, 170 p. (In Russ.)

4. J. Wu. Characteristics of the manufacturing process and
equipment of @ 508 mm 3 roll pipe mandrel PQF mill. Steel
pipe, 2013 (6), vol. 42, no. 3, pp. 44-50.

5. X.Li, Q. Bai, X. Zhou, X. Yin. Optimized design and appli-
cation of rolls of @ 258 mm mandrel PQF mill. Steel Pipe,
2012, vol. 41, no. 1, pp. 64-68.

6. Sh. Sun, X. Guan, H. Ding, Sh. Ma. Development of tech-
nology of PQF process for rolling heavy-wall, extra-sort
tube. Steel pipe, 2016, vol. 45, no. 4, pp. 42-45

7. Potapov I.N., Kolikov A.P., Druyan V.M. Teoriya trubnogo
proizvodstva [Theory of tube production]. Moscow: Metal-
lurgy, 1991, 424 p. (In Russ.)

8.

Kolikov A.P., Romantsev B.A. Teoriya obrabotki metallov
davleniem [Theory of metal forming]. Moscow: MISIS Pub-
lishing House, 2015, 451 p. (In Russ.)

Pyankov B.G., Vydrin A.V., Shirokov V.V. Developing a
computer model of the pipe rolling plant with FQM to
measure the impact of disturbing parameters on the rolling
process. Shornik dokladov mezhdunarodnogo nauchno-
tekhnicheskogo kongressa OMD 2014. Fundamentalnye
problemy. Innovatsionnye materialy i tekhnologii [Proceed-
ings of International Scientific and Technical Congress
OMD 2014. Fundamental problems. Innovative materials
and technologies]. Part 2. Moscow: LLC White wind, 2014,
pp. 95-102. (In Russ.)

. Druyan V.M. Gulyaev Yu.G., Chukmasov S.A. Teoriya i

tekhnologiya trubnogo proizvodstva [Theory and technolo-
gy of tube production]. Dnipropetrovsk: RIA Dnepr-VAL,
2001, 544 p. (In Russ.)

. Vydrin A.V., Shirokov V.V. Computer simulation of pipe

continuous rolling speed. Stal [Steel], 2011, no. 2,
pp. 56-58. (In Russ.)

. Osadchiy V.Ya., Vavilin A.S., Zimovets V.G., Kolikov A.P.

Tekhnologiya i oborudovanie trubnogo proizvodstva [Pipe
production technology and equipment]. Moscow: Intermet
Engineering, 2007, 560 p. (In Russ.)

. Vydrin V.N., Fedosienko A.S., Krainov V.. Protsess nepre-

ryvnoy prokatki [Continuous rolling process]. Moscow:
Metallurgy, 1970, 456 p. (In Russ.)

. Khramkov E.V. Povyshenie effektivnosti izgotovleniya

goryachedeformirovannykh trub na osnove fizicheskogo i
matematicheskogo modelirovaniya protsessa redutsiro-
vaniya. Diss. kand. tekhn. nauk [Improving the efficiency of
manufacturing hot worked tubes based on a physical and
mathematical simulation of the reduction process. PhD
diss.]. Chelyabinsk, 2017, 165 p. (In Russ.)

. H.Ku, G. Xiao, Y. Chang, P. Zhang. Development of struc-

ture of 3-roll mandrel pipe mills and relevant comparative
analysis. Steel Pipe, 2015(6), vol. 44, no.3, pp. 59-62.

. X. Wang, W. Yang, F. Hu, K. Xia, C. Bai. Optimization of

process equipment and production practice of @460 mm
PQF plant. Steel Pipe, 2014, vol. 43, no.3, pp. 49-54.

. Q. Fan. Advanced technologies and equipment applied to

2159 FQM 3-roll mandrel mill plant. Sichuan Metallurgy,
2015(2), vol. 29, no. 1, pp. 19-22.

Received 15/04/19
Accepted 13/05/19

Oopazen 1S UUTHPOBAHHUS

Boitpun A.B., Amb-mxymanmn Moxammen XKacum Moxammen, Ikypatos E.A. Anroput™ pacuera SHEProcHJIOBHIX MapaMETPOB Mpoliecca
PACKaTKM THIIB3BI B HEMPEPHIBHOM CTaHe // BecTHHK MarHHTOropcKoro rocyapcTBEHHOro TeXHH4eckoro ynnsepentera um. I.1. Hocosa. 2019. T.17.

Ne2. C. 32-37. https://doi.org/10.18503/1995-2732-2019-17-2-32-37
For citation

Vydrin A.V., Al-Jumaili M.J.M., Shkuratov E.A. Algorithm for cdlculatmg the energy parameters of the process of rolling hollow billets on a
okhnich

continuous mill. VL\tmk Magni; skogo Gosudars

Universiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State

Technical University]. 2019, vol. 17, no. 2 pp. 32-37. https://doi.org/10.18503/1995-2732-2019-17-2-32-37

www.vestnik.magtu.ru

37



TEXHOIIOMMU O6PABOTKU MATEPUAIIOB

TEXHOJIOTHH OBPABOTKH MATEPHAJIOB

UDC 669.1 https://doi.org/10.18503/1995-2732-2019-17-2-38-48

SUSTAINABLE STAINLESS STEEL — A REVIEW
ON ACID REGENERATION SYSTEMS FOR APPLICATION
IN CONTINUOUS PICKLING LINES
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Abstract. Steels go through several processing steps to reach the desired state of delivery. Properties and quality of
stainless steel are mainly determined by the quality of the product surface. In high temperature processes, such as an-
nealing, rolling and forging, scale layers of 5 to 10 um thickness consisting of oxides and oxide hydrates are formed on
the steel surface. Furthermore, underneath the scale layer the chromium content of the alloy is depleted by diffusion
effects, leading to reduced chemical stability. Thus, the chemical removal of both the scale layer and the chromium de-
pleted layer in pickling processes is a fundamental step to achieve clean and homogeneous surfaces. Most of the steels
are pickled at least once, usually several times. Strong mineral acids are commonly applied as pickling media. For stain-
less steel pickling, usually mixtures of nitric acid and hydrofluoric acid — so called mixed acids - are applied. Due to the
chemical reaction, an enrichment of the pickling medium with detached scale particles, dissolved metal salts (bound
acid), as well as a depletion of active acid (free acid) takes place. In this way, the pickling medium loses its effective-
ness and must be replaced or refreshed. This causes significant emissions of acidic waste streams, which need to be
treated to comply with regulations. The waste streams contain considerable amounts of dissolved heavy metals, nitrates,
and free acid. Commonly, precipitation neutralization is applied; however, this leads to a loss of the dissolved valuables.
Furthermore, significant amounts of neutralization sludge are generated, which need to be disposed of, as they consti-
tute hazardous wastes. For both environmental and economic reasons the loss of valuables should be avoided. For this
reason, pickling media are continuously regenerated in modern pickling lines. The focus may be on acid recovery only -
this is referred to as partial regeneration - or on a combined acid and metal recovery - this is referred to as total regener-
ation.

Keywords: Stainless steel finishing, pickling, acid pickling, scale removal, acid recovery, metal recovery.

ing elements are added, such as nickel, manganese

Introduction or others [3, 4].

Stainless steels are designed especially for de-
manding, high-quality applications, where heat re-
sistance, chemical resistance or resistance against
any kind of corrosion is required. The term “stain-
less steel” comprises a group of alloys mainly based
on iron, carbon and chromium. Chromium serves
for the formation of a dense, tightly adherent pas-
sive layer, which separates the alloy from the medi-
um [1]. The passive layer consists of different and
hard chromium oxides, as well as a chromium de-
pleted metal layer of several pm thickness under-
neath the oxide layer. Chromium depletion leads to
reduced corrosion resistance [2].

To improve specific properties — such as hard-
ness, strength or corrosion resistance — further alloy-

© Rogener F., Lednova Yu.A., Andrianova M.Yu.,
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Worldwide, there is a growing demand for stain-
less steel products in food and beverage [5], chemical,
nuclear [6, 7], oil and gas industries [8]. It has become
increasingly popular to prevent reinforcement corro-
sion of buildings, transport and energy infrastructures
[9, 10]. Stainless steel is used as bipolar plate material
for the production of Proton exchange membrane fuel
cells (PEMFC) [11-13].

The ever-increasing globalization of the world
economy has led to a shift in the market shares of
stainless steel producing countries. In 2017, more
than 50% of all stainless steel melt shop products
were generated China, s. Table 1.

Increasing stainless steel production exacerbate
global environmental problems, if the production
does not follow the best available technologies.
Cold rolling lines — comprising a combination of
different annealing and pickling steps — generate
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Table 1
Stainless melt shop products in 1,000 metric tons
in 20082017 [14]

Country/Region 2011 2012 2013 2014 2015 2016 2017
China 14,091 | 16,087 18,984 21,602 | 21,562 | 24938 | 25774
Total EU 7,559 7,455 7,147 7,52 7,169 7,280 7377
Germany 1,502 1,313 1,091 864 459 414 436
Russian Federation 125 112 152 123 95 90 ni.
USA 2,074 1,977 2,030 2,389 2,346 2,481 2,754
Total World 33,621 | 35917 38,130 41,686 | 41,548 | 45778 | 48,081

n.i. not indicated

gaseous, solid and liquid waste products that are
hazardous and toxic for the environment. Preven-
tion, reuse and recycling can be achieved by imple-
menting a number of BATs that are briefly intro-
duced in the following.

Only when the stainless steel surface is clean
and homogeneous, a passive oxide film based on
oxides and hydroxides of chromium can be formed
that is chemically inert [1, 15].

Hot working of stainless steel — such as anneal-
ing, rolling and forging - is always accompanied by
oxidation and chromium diffusion phenomena, thus
surface finishing is an essential production step,
which may comprise mechanical treatment, electro-
lytic descaling, and chemical pickling followed by
water rinsing [16, 17].

Microstructure of the steel and complexity of
scale layers influence the mechanism and kinetics of
pickling. The respective microstructure of the re-
spective steel grade — austenite, ferrite, martensite,
and duplex steel — require different heat treatment
(annealing) conditions — such as varying tempera-
tures and annealing times, as well as reducing and
oxidizing furnace atmospheres. This leads to the
formation of complex multilayered oxides. Scale
formed during annealing of standard austenitic
steels AISI 301, 304L and 309L is dense and has a
thickness < 1 pm, whereas the scale formed during
hot rolling and annealing was found to have a thick-
ness > 1 pm and a more porous structure [18].

Only a clean, homogeneous stainless steel sur-
face has a high corrosion resistance [19]. Accord-
ingly, scale and chromium depleted layer need to be
removed from the surface. Also, the generation of
surface defects caused by hot and cold rolling have a
significant effect on the pickling process [18].

Scale layers are complex in structure. Therefore,

the descaling process for stainless steels comprises
several steps, such as mechanical descaling, electrolyt-
ic pickling and final chemical pickling, occasionally a
subsequent blank pickling and passivation of the sur-
face takes place. For pickling of high-alloyed austenit-
ic grades, higher acid concentrations are required than
for ferritic grades. There is no pickling solution, which
can be applied for all kinds of stainless steels. On the
one hand, this depends on the fact that the respective
oxides and base metals have a very different dissolu-
tion behavior. On the other hand, the different dis-
solved metal ions show different inhibiting influence
on the dissolution of the base metal. Therefore, opti-
mal acidity and optimum metal concentration must be
found for each material group [20]. Pickling of stain-
less steels is predominantly carried out with aggressive
solutions composed of nitric acid HNO; and hydroflu-
oric acid HF, referred to as mixed acid [21-23]. Pick-
ling with nitric acid alone would quickly lead to pas-
sivation of the stainless steel surface. HNO; and HF
have different tasks: While the strong oxidant HNO;
mainly reacts with the metal oxides and the chromium
de?lcted metal la;/er, which results in the formation of
Fe*, Cr’" and Ni** ions, HF is a strong chelating agent
that will form complexes with the generated Fe*", Cr’"
and Ni*" ions. At concentrations > 40 g/l the fluoride
complexes can precipitate [24]. Mixed acid pickling
solutions are used at temperatures up to 60°C [25].

Up to the present, HNO;-free pickling solutions
are used to a minor extend, as the application range
is limited and the pickling process is harder to con-
trol [26, 27].

Due to the chemical reaction, an enrichment of
the pickling medium with detached scale particles,
dissolved metal salts (bound acid), as well as a deple-
tion of acid that can still react with metals (so called
free acid) takes place. In this way, the pickling medi-
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um loses its effectiveness and must be replaced or
refreshed, although it still contains a significant
amount of unspent acid [28]. The best pickling effect
can be achieved within a range of 35 to 70% of the
saturation concentration of the appropriate metal
salts. Table 2 depicts the typical concentration range
of sludge, spent acid, and rinse water.

Table 2

Composition of waste streams from stainless steel rolling
plants [29-31].

Sludge Spent acid | Rinse water
Fe 18 wt.% 28-45 g/l 0.5 g/l
Cr 40 wt.% 5-15 g/l 0.05 g/l
Ni 2.5 wt.% 3-10 g/l 0.02 g/l
F 0.5 wt.% 15-80 g/l 0.5 g/l
NOy 100-180 g/l 1g/l
Free acid 3 mol/l 0.02 mol/l

Precipitated metal salts as well as detached scale
are dispersed in spent pickling solutions [2]. Accord-
ing to Ito et al. the particle size ranges from <0.5 um
up to 30 um [33] and the concentrations of suspended
solids is between 9 mg/L to 800 mg/L [34]. Measure-
ment of the particle size distribution showed a time
depending increase of the particle size (median value)
from 9 to 53 um. Accordingly, the sedimentation ve-
locity amounts to ca. 3.1 10™ m/s [33].

Characterisation of the sludge particles revealed
following composition [33]:

SS304: Mainly Fe,0s, FeCr,O4; the total Cr con-
tent was about 30 %.

SS405: FeO, FeCr,0,4, Cr,0s; the total Cr con-
tent was about 40%.

Today, the disposal of spent acid and rinse water
is still often done using precipitation neutralization
with lime milk, a dispersion of solid Ca(OH), in
water. The generated neutralization sludge is de-
watered in chamber filter presses and then dumped.
The main disadvantages of precipitation neutraliza-
tion are the loss of valuable metals as well as still
active acid, and high costs of neutralization chemi-
cals and disposal.

Regeneration

Up to 50% of the total acid purchased ends up in
the waste products generated by pickling lines, such
as metal oxide containing sludge, spent acids, acidic
gases, and wastewater from rinsing processes [35].
These wastes must be treated to meet the respective
environmental standards. Accordingly, acid regen-
eration technologies contribute to reduced operating
costs and reduced environmental impact of pickling
lines. They can be divided into partial and total re-
generation of the components. Partial regeneration

40

denotes those processes, which aim at the recovery
of the free acid only. These include diffusion dialy-
sis, electrodialysis, crystallization, and acid-
retardation.

Total regeneration denotes those processes that
aim at the recovery of both, free acid and bound ac-
id. The technical and economic suitability of a spe-
cific partial or total regeneration process depends on
the type of acid and the amount of pickling acid to
be treated.

For the treatment of nitric / hydrofluoric acid
containing pickling solutions, diffusion dialysis,
retardation, and pyrohydrolysis are of particular
technical relevance. The advantages and disad-
vantages, as well as any development prospects of
this processes are briefly described below.

In the recent past, several reviews have been
published with focus on the treatment of spent acid-
ic solutions in the metal finishing industry [36] or
on spent pickling solutions from steel processing
[30]. Agrawal and Sahu [36] only focus on the
treatment of different acidic waste solutions contain-
ing hydrochloric acid and sulfuric acid. Regel-
Rosacka [30] considers the 3 most important steel
pickling solutions. However, she makes errors in the
description of the characteristics of regeneration
methods. E.g., she wrongly denotes retardation as a
process for metal recovery. Actually, a direct recov-
ery of the acids is possible with retardation, while
dissolved metals are transferred into the by-product.
Metal recovery from the byproduct would be feasi-
ble only with additional technology. Furthermore,
she stresses that pyrohydrolysis (spray roasting)
serves for acid recovery only. In fact, pyrohydroly-
sis is a process for the total recovery of both, free
acids and metals dissolved in spent acid (bound ac-
ids). And pyrohydrolysis is only one part of a pro-
cess chain.

1. Pre-Treatment

To prevent blocking or mechanical damages of
subsequent treatment steps as well as blocking of
the pickling tanks, the suspended solids must be re-
moved continuously from the pickling solution. To-
day, mainly four technologies are industrially ap-
plied, namely

- Sedimentation in external sedimentation tanks
or lamella clarifiers. Sedimentation is affected by
the high specific liquid gravity of the solution and
convection currents due to the high temperature.
Another specific disadvantage of sedimentation is
the high water content of the slurry withdrawn from
the bottom of the sedimentation tank [34].

- Multi-media filters, which can be used to re-
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move particles up to 1 um. For the application in
acid recovery, the applied filter material must be
resistant to chemical attack. Multimedia filters
consist of at least two layers, a coarse particulate
material serves for the removal of the multitude of
suspended solids, and a finer layer which serves for
the removal of traces of suspended solids. During
operation, the suspended solids accumulate in the
filter material, which leads to an increasing pres-
sure drop. Accordingly, the filter must be back-
washed. Generally, operating costs of multimedia
filters are low, because the filter media does not
need to be replaced [34, 37].

- Cartridge filtration using filter clothes. The
feed is pressed perpendicular through the filter cloth
surface, thus the rejected particles build up a dense
filter cake, which acts as a separate filter medium
with a small cut-off. According to the resulting flux
decline or pressure, the cartridge filter is back-
washed with compressed air or with a mixture of
filtrate and compressed air [38].

- Microfiltration. With a membrane cut-off of
0.1-0.2 um about 99% of the particle load of typi-
cal pickling solutions be removed. Microfiltration
results in a particle free filtrate (permeate) stream
and a retentate stream (suspension), which contains
nearly all of the removed particles. The maximum
concentration of particles in the retentate is re-
stricted due to the density of the generated suspen-
sion [39-41].

2. Partial Regeneration

With the help of partial regeneration, the con-
sumption of fresh nitric and hydrofluoric acid, can
be significantly reduced. However, metal containing
waste solutions are generated, which have to be
treated. All in all, partial regeneration has a positive
impact on the operating costs of pickling lines and
on the environment.

According to literature, the most important par-
tial regeneration processes for spent stainless steel
pickling solutions are diffusion dialysis and retarda-
tion. Other processes which are often mentioned are
electrodialysis (ED) and nanofiltration (NF) and
extraction. However, these processes have never
been used as single plants in large rolling mills.

2.1. Diffusion dialysis

Diffusion dialysis (DD) for acid recovery is a
membrane separation process, the driving force of
which is a concentration gradient on either side of
special anion exchange membranes. The membrane
stack consists of a multitude of compartments
formed by anion exchange membranes, which allow

acids to permeate from the spent acid solution into a
clean phase, but which retain dissolved metals due
to their charge and the selectivity of the membrane.
The depleted feed (dialysate) leaves the upper part
of the stack as an effluent containing high concen-
trations of metal salts and a low concentration of
remaining acid [42].

With DD about 80-90% of the free acid from ni-
tric acid containing spent pickling solutions can be
recovered, the metal rejection is between 71% [43]
and 93-97% [44]. The total amount of wastewater
cannot be reduced with DD, as about 1 m® of spent
acid generates about 1 m* wastewater [45].

The separation behavior of a DD membrane can
be influenced by different operating parameters,
such as flow velocity, feed concentration, tempera-
ture and differences in hydrostatic pressure between
diffusate and dialysate. Fluoride has a stronger af-
finity to iron in the complexed compounds of the
mixed acid and gradually replaces nitrate. Thus, a
nitric acid recovery of > 100 % becomes possible
[46, 47]. Furthermore, these effects can be explained
by the concentration depending diffusivity of HNO;
through the membrane [47].

Kun et al. [48] investigated diffusion dialysis on
lab scale for the recycling of spent pickling liquors
based on nitric acid. They observed that acid recov-
ery rate decreased with the increase of feed flow rate
and acid concentration. The acid recovery rate was
more than 80% and metal rejection was more than
95% at equivalent volume flows of feed and water.

2.2. Retardation

Generally, acid retardation is a fully automated
process comprising two major steps: In the first
step, spent pickling solution is passed through a res-
in bed consisting of strongly alkaline anion ex-
changers, which adsorb the contained acid, while the
remaining de-acidified metal salt solution — referred
to as byproduct — leaves the resin bed. The byprod-
uct forms a waste stream, which needs to be treated.
As soon as the adsorption capacity of the resin is
exhausted, the second step is started: The acid
bound to the resin is released with desalted water
due to osmotic pressure differences. Afterwards, the
described cycle is repeated. Typically, the total cy-
cle comprising acid adsorption, acid desorption and
solution displacement last between 3 and 5 minutes.
The total volume of the waste solution is not re-
duced. Similar to diffusion dialysis 1 m* of spent
acid generates about 1 m* wastewater [20, 49].

With the help of retardation, about 98% of nitric
acid and 80-90% of the fluoric acid could be recov-
ered, metal removal was 80-90% [49].
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2.3. Electrodialysis

Electrodialysis (ED) is a membrane process for
the enrichment of charged substances (here: metals,
protons, nitrate, fluoride) in aqueous solutions apply-
ing ion-selective membranes - alternating anion ex-
change membranes AEM and cation exchange mem-
branes CEM — in an electric field The electrodialysis
module consists of alternating anion-selective and
cation-selective membranes (ion exchange mem-
branes) which are separated by so-called spacers. Un-
der the influence of a direct current electric field the
anions are transported through the anion exchange
membranes and the cations are transported through
the cation exchange membranes, while the respective
ions are rejected by membranes with the same charge.
Thus, in adjacent chambers alternately a concentration
and dilution occurs. Electrodialysis allows both, the
recovery and concentration of acids and the separation
of metals from a solution. The recovery of nitric acid
is about 80%. Industrial-scale investigations showed
that the nitrate content in the wastewater generated as
a byproduct of retardation or diffusion dialysis could
be reduced by 55% [50-52]. However, recovery of the
costly hydrofluoric acid was only about 5 %-10 %.
This is explained by the formation of undissolved HF
and a multitude of complexed salts with different
electric charges [53-56].

To prevent damage of the membrane stack, flu-
oride resistant electrodes have to be used. ED is
not suitable for the direct treatment of spent acids,
as — due to Faraday’s law — the applied power is
proportional to the intended concentration differ-
ence between feed and product. However, ED can
be used to further decrease the nitrate content of
retardation byproduct or diffusion dialysis dialy-
sate. In the European stainless steel industry, there
are 2 large-scale electrodialysis plants in operation,
which help to reduce the eutrophication of the re-
ceiving waters [57].

A variation of conventional ED is electrodialy-
sis with bipolar membranes (EDBM), which can be
used to convert dissolved salts into their corre-
sponding acids and bases, as bipolar membranes
promote water splitting. The membrane stack con-
sists of bipolar membranes in conjunction with
conventional cation and anion exchange mem-
branes. EDBM requires an applied current density
between 500 and 1500 A/m® [58]. The industrial-
scale application of EDBM is shown in chapter 2.3.

Negro et al. [59] describe a two-stage process
for the treatment of a stainless steel pickling acid
based on HNO; and HF. In the first stage, diffusion
dialysis serves for the recovery of about 97% of
HNO; and 50% of HF. While the diffusate is fed

back to the pickling line; KOH is fed to the dialy-
sate, which is acid depleted and contains nearly all
of the dissolved metal salts of the initial solution,
forming metal hydroxide sludge. The sludge is
separated from the neutralized solution and
drained. The neutralized solution is split in an
EDBM plant into mixed acid - which is fed back to
the pickling bath - and base solution — which
serves for neutralizing the DD dialysate.

Disadvantages of bipolar ED are especially the
high energy demand, as the current density is com-
paredly high (about 100 mA/cm?) and proton per-
meation through the bipolar membranes.

2.4. Extraction

Solvent extraction is a separation technique
based on the partition equilibrium of substances
between two immiscible liquid phases - an aqueous
phase (spent acid) and an organic phase composed
of an extractant and an organic solvent. Basically,
extraction is divided into 3 steps:

- Mass transfer of the desired component from
the initial aqueous to the organic phase (extraction)

- Removal of impurities from the organic phase
into the aqueous phase (scrubbing)

- Mass transfer of the desired component from
the organic phase to another aqueous phase (re-
extraction or stripping) in order to recover the ex-
tractant.

The initial aqueous phase depleted of the de-
sired component is referred to as raffinate.

3. Total regeneration

A major limitation of partial regeneration pro-
cesses is that they can only recover free acids,
while a significant part of hydrofluoric acid and the
dissolved metals cannot be recovered since they
are lost as metallic fluoride salts in the waste solu-
tions that must be treated by neutralization-
precipitation to meet the respective legal limits.
Thus, several processes were developed with the
aim to recover both, free and bound acid.

3.1. Pyrohydrolysis

The most important total regeneration process-
es in terms of installed plants are based on thermal
processes, namely pyrohydrolysis, which is based
on several high temperature chemical reactions
[60], s. Table 3.

In the high temperature reactor, the metal salts
are transferred into solid metal oxides, the respec-
tive respective acids are transferred to the gaseous
phase. Accordingly, they need to be recovered
from the flue gas of the reactor in absorption col-
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umns. Drawback of pyrohydrolysis is the decom-
position of a part of the nitric acid leading to the
formation of NOx [61]. In a downstream oxidation
column these NOx gases are converted into HNOs.
Thus, the total recovery rate is increased substan-
tially [60]. However, remaining NOx in the ex-
haust gas must be eliminated by catalytic treatment
(denitrification) which results in the formation of
harmless N, [62].

For the pyrohydrolytic regeneration of spent
pickling solutions containing HNO; and HF, two
basic reactor principles are applied, spray roaster
and fluidized bed reactor [63]. The Austrian com-
pany Andritz provides the spray roaster concept
(Pyromars), the German company Steuler provides
the fluidized bed technology with integrated down-
stream nanofiltration to achieve a higher HNO;
recovery (STAR process) [64]. CMI UVK provides
both, spray roasters and fluidized bed reactors.
Spray roasters and fluidized bed reactors especially
differ in size and quality of the generated oxides.
Thermal regeneration processes allow the recovery
of up to 99% HF and up to 90% of HNOj, if nano-
filtration is applied prior to the thermal processes.
Up to 99% of Fe, Cr and Ni are recovered in the
generated oxide, which can be reused in the steel
smelting process.

Due to the higher recovery rate of the expen-
sive fluoric acid, pyrohydrolysis can be a more
economic option compared to retardation. The dis-
advantage of the thermal processes is the consider-
able technical and financial effort for installation
and operation. Thus, economic operation of pyro-
hydrolysis is only feasible for spent acid volume
flows > 0.3 m*/h or a required metal discharge of
about 100 kg/h [64].

Spent acid is not the only acidic wastewater
that is generated during pickling. Due to carry over
of pickling acid into the subsequent rinsing zones
of pickling lines, the rinsing water quality decreas-
es. Andritz invented the ZEMAP process for the
treatment of spent rinsing water as an addition to
the PYROMARS process. Spent rinsing water is
neutralized by ammonium in a first step, which
results in the formation of soluble ammonium salts,
such as NH4F and NH4NO;. The neutralized solu-
tion is fed to the pyrohydrolysis reactor as well.
The ammonium salts decompose under the given
process parameters and the metal salts form metal
oxides [60].

www.vestnik.magtu.ru

3.2. Kawasaki Process

The Kawasaki process was initially invented by
Nisshin Steel Corp. Kawasaki Steel developed it
further and in 1982 they commissioned an industri-
al-size regeneration plant with a capacity of 24
m*/day spent acid at their Chiba site. Basically, the
process comprises following stages, s. Table 4:

In a first step, Fe*" is selectively extracted from
the spent pickling acid using 30% D2EHPA and
70% n-paraffin (in table 2 the extractant is abbre-
viated as HR). During subsequent stripping, Fe**
extracted in the organic phase reacts with NH,HF,
(aq) and forms a ferric ammonium fluoride com-
plex (NH4) FeFs in the aqueous phase, which pre-
cipitates as crystals. These crystals are decomposed
at about 500°C and form solid Fe,O; and gaseous
fluoride, which is removed from the flue gas by
absorption. The iron depleted spent acid (raffinate
of the 1™ extraction) is mixed with HCl. Thus,
nickel and chromium chloride is formed and HNO;
is released. In a next step, HF and HNO; are ex-
tracted from the resulting solution using 70% TBP
and 30% n-paraffin. From this organic phase, the
mixed acids are stripped by water and can be recy-
cled back to the pickling line. The acid depleted,
metal salt enriched solution (raffinate of the 2™
extraction) is neutralized, this causes metal hydrox-
ide precipitation. The hydroxides are separated and
mixed with sulfuric acid. Then, they undergo a
chemical conversion, during which mixed metal
oxides are generated that can be re-used. Iron ex-
traction of the process was about 95%, nitric acid
recovery was about 95%, and hydrofluoric acid
recovery was about 70% [65].

3.3. OPAR-Prozess

Outokumpu’s acid recovery process (OPAR)
was developed for a capacity of 1.4 m*/h spent acid
and was commissioned in their Tornio site in 1985.
In a first process step concentrated sulfuric acid
(80-85%) is added to the spent mixed acid at an el-
evated temperature of 160—180°C. This leads to the
precipitation of metal sulfates. The solution is fed to
a vacuum evaporator, where HF and HNO; are sepa-
rated from the remaining solution. The metal salts
are afterwards removed by fractionated precipita-
tion. The recovery of nitric acid and hydrofluoric
acid is 95% and 99%, respectively [66].

3.4. Allied Signal Corp. process
at Washington Steel

Washington Steel implemented a regeneration
system based on bipolar electrodialysis (EDBM)
supplied by Allied-Signal Corp., s. Table 5.

43



TEXHOIIOMMU O6PABOTKU MATEPUAIIOB

Table 3
Simplified reactions of pyrohydrolysis processes, after [60]
Process step Unit operation Reaction
Reactor Evaporation H,0 (1) » H,0 (g)
HNO; (aq) — HNO; (g)
HF (aq) — HF (g)
Chemical conversion FeF; + 3 H,0 — Fe,0; + 6 HF
CrF; + 3 H,0 — Cr,05 + 6 HF
NiF, + 3 H,O — Fe,05 + 6 HF
2 HNO; — NO, + NO + O, + H,0
NO, »NO+1/20,
Acid adsorber Absorption HNO; (g) — HNO; (aq)
HF (g) - HF (aq)
Oxidation column Chemical conversion NO + 1/2 0, & NO,
Catalytic de-nitrification Chemical conversion 2 NO,(g) + O, +4 NH;(g) <> 3 Ny(g) + 6 HO(g)
(Denox) 4 NO(g) + O, + 4 NHs(g) — 4 Na(g) + 6 HyO(g)
Table 4

Simplified reactions of the Kawasaki Steel process,
after [65]

Process step Unit operation

Reaction

Iron separation from the spent Fe Extraction

acid

FeF,” +3HR — FeR, + H" +2HF
FeF; + HR — FeF,R+ H*

Fe Stripping

FeR, +3NH ,HF, —3HR +(NH,), FeF,
FeF,R +3NH HF, — HR + (NH,), FeF, + 2HF

Iron oxide formation from the

crystals generated after stripping |about 500 °C

Thermal decomposition at

(NH ), FeF +%O2 —>3NH4F+%F2 +%Fe203

Absorption

2F,+2H,0—»4HF + 0,

Acid recovery from the iron de- |Chemical conversion
pleted solution (raffinate of the 1%

extraction)

Cr(NO,), +3HCl — CrCl, +3 HNO,
Ni(NO,), +2 HCI — NiCl, + 2 HNO,

Acid extraction

HNO, + TBP <> HNO, - TBP
HF +TBP < HF -TBP

Acid stripping

HNO, - TBP <> HNO, + TBP
HF -TBP <> HF + TBP

Ferrite formation from the iron Neutralisation
and acid depleted solution (raffi-

nate of the 2™ extraction)

(3-x—y)Fe™ +xCr’* + yNi** +(6+x)OH"
— Ni,Fe, . ,Cr,(OH)s,,
H,50, +2 NaOH —> Na, SO, + 2 H,0

Chemical conversion

. 1 X
Ni Fe, _ Cr.(OH),., + (E - Z)Oz

— NijFe, , Cr.O,+ (3 + g]HZO

HR = extractant comprising D2EHPA and n-paraffin

overbars denote components in the organic phase
TBP = tributyl phosphate
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Table 5

Simplified reactions of the Allied Signal Corp. EDBM Process at Washington Steel [67]

Process step Unit operation

Reaction

Neutralisation of spent acid |Chemical conversion

2KOH + HF + HNO, — KF + KNO, + H,0
FeF, +3KOH — Fe(OH), ¥ +3KF
CrF, +3KOH — Cr(OH), ¥ +3KF
NiF, +2 KOH — Ni(OH), ¥ +2KF

EDBM of the neutralized
solution

Electro chemical conversion

KF + H,0 — KOH + HF
KNO, + H,0 — KOH + HNO,

Conventional ED of the Concentration / dilution

EDBM diluate

In an initial step, spent acid is mixed with KOH
to promote neutralization of the solution, and to re-
lease fluoride from bound acid. This way, metal hy-
droxides are generated which precipitate, while KF
is dissolved. After separation of the hydroxide parti-
cles, the neutralised solution is fed into a 3 chamber
EDBM that is operated batch wise in order to
achieve a high efficiency. In the EDBM stack, the
KF containing solution is split into KOH and mixed
acid, while the initial solution is depleted (diluate).
The generated mixed acid is fed back to the pickling
line, while the generated KOH serves for neutraliz-
ing the spent acid. The EDBM diluate is then treated
in a conventional ED to recover a higher concentrat-
ed KF solution that is also fed to the EDBM feed.
The ED diluate is used for rinsing the filtered hy-
droxide sludge. The whole process aims at closed
loops of the respective solutions. Between 1989 and
1990 about 1.5 Mio. Gallons/year of spent pickling
acid were processed and about 90% of the employed
acids could be recovered. This led to a ROI < 3
years [67].

Summary

In the production chain of stainless steels, pick-
ling is a particularly quality determining step. Pick-
ling with aqueous acid solutions comprising HNO;
and HF has the largest industrial relevance. During
the pickling process, a portion of the scale layer and
parts of the base metal are dissolved and form metal
salts, the concentration of which increases gradually
in the pickling solution. At the same time, the con-
centration of the free acid decreases. Both effects
lead to a decrease of pickling efficiency, so that up-
on reaching a certain concentration of dissolved
metals the pickling bath must be regenerated or dis-
carded. This entails a comprehensive sewage or
concentrate treatment. Several commercial process-
es based on either the recovery of acid or the total
recovery of acids and dissolved metals are available.

Their application depends on country-specific con-
ditions, such as energy costs or the infrastructure for
further processing of the recovered metal oxides.

This collaboration was made possible by the kind
support of the Erasmus+ mobility project
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Annomayua. Cranu npoxoisT HECKOIbKO JTAnoB o0pa-
60TK]/I, 9TOOBI JOCTHYB KECJIAEMOI'o COCTOSTHHUA TOCTaBKHU.
CBOIiCTBa M KayeCTBO HEPKABEIOIIeH CTajau B OCHOBHOM
OMNPEALIIAIOTCA Ka4YCCTBOM ITOBEPXHOCTH U3IACIHA. B BBI-
COKOTEMIIEPATyPHBIX IIPOLECCaX, TAKMX KaK OTIKHI, MPO-
KaTKa M KOBKa, Ha OBEPXHOCTH CTAIN 00pa3yloTCs OKa-
JIMHBI TOJIIUHOM 0T 5 10 10 MKM, COCTOSIIINE U3 OKCHIIOB
M TUJpaTOB OKCHAOB. KpoMe TOro, moj cioem OKalHHBI

COJeprKaHIE XPOMa B CIUIABE UCTOLIACTCS 3a C4eT Aud-
dy3noHHBIX 30 (EKTOB, YTO MPHBOAUT K CHIDKCHHIO XH-
MHUYECKOl cTabmibHOCTH. TakuM 00pa3soM, XHMHYECKOE
yAaJeHue KaK Clos OKATMHBI, TaK U CJI0sI, 00€THEHHOTO
XpOMOM, B IIPOIECCAaX TPABICHHUS sBIsAeTCS (QyHIaMEH-
TaJbHBIM IIATOM JUIS JOCTHKCHUS YUCTBIX M OJHOPOJ-
HBIX TOBEpXHOCTeH. BONBLIMHCTBO CTanel NpoTpaBiH-
BAalOT KaK MHHHMYM OJIMH Pa3, OOBIYHO HECKONBKO Pa3.
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CubHBIC MHHEPAIIbHBIC KHCIOTHI O0OBIMHO PUMEHSIOTCS
B Ka4yecTBE TPABHIBHBIX cpej. s TpaBiIeHUs HepKaBe-
JOIIeH CTaIM OOBIYHO HCTIONB3YIOT CMECH A30THOM M IIa-
BHUKOBOW KHCIOT - TaK Ha3bIBaGMbIC CMEIIAHHbBIC KHCIIO-
Tel. B pe3ynbrate XMMHYECKOW pPEaKUMM HPOMCXOIUT
oborameHne TPaBUIbHON Cpe/ibl OTCTOMBIINMHECS YaCTH-
L[AMU OKaJIMHbI, PACTBOPEHHBIMHU COJISIMH METaJlIOB (CBSI-
3aHHOH KHCIIOTOH), a TakXKe MCTOLIEHWE aKTHBHOW KHC-
70TEI (cBOOOIHOM KHCIOTHI). TakuM 00pa3oM, TpaBUiIb-
Hast cpesia TepsieT CBOIO S(G(MEKTUBHOCTD U JOIKHA OBITH
3aMEHeHa WM OOHOBIEHA. DTO NMPHUBOAUT K 3HAUHUTEINb-
HBIM BBIOPOCAM TIOTOKOB KHCIIBIX OTXOZIOB, KOTOpBIE
HEo0XouMO 00padoTaTh B COOTBETCTBUH C IIPABUIAMH.
[ToToKkn OTXOMOB COZEPKAT 3HAYUTENHHOE KOTMIECTBO
PACTBOPEHHBIX TSDKENIBIX METAJIOB, HUTPATOB U CBOOOJ-
HOM KHCHOTB. OOBIMHO NPHUMEHSETCS HEeHTpaM3alus
0CaJIKOB, OHAKO 3TO IPUBOJUT K IOTEPE PACTBOPEHHBIX
nenHocreil. Kpome toro, obpasyercst 3HaUHTEIbHOE KO-

JINYECTBO HEHTPAJIU3YIOIIEro OCajika, KOTOpbI HEoOXo-
JIUMO YTHIIU3UPOBATh, IIOCKOJIBKY OH IPEJICTAaBIIAET CO-
00l ormacHsIe OTXO/BbI. [To 3xoNMOTrHMUYECKUM U SKOHOMHUYEC-
CKUM IIPHYMHAM CIeIyeT M30eraTh MOTEPH IICHHOCTEH.
Ilo sT0it npUunHE TpaBUIbHBIE CPEACTBA IOCTOSIHHO pe-
TCHEPUPYIOTCSI Ha COBPEMCHHBIX JIMHUAX TPaBJICHUA.
AKIIEHT MOKeT ObITb CJIEJaH TOJIbKO Ha W3BJICYEHUU
KHUCJIOTBI — 3TO HAa3bIBACTCS YaCTHUYHOU pereHepauHefz’I.
W Ha KOM6]/IHPIPOB&HHOM M3BJICUCHUU KHUCIOTBI U MEC-
TaJIa — 3TO HA3bIBACTCS TOJIHOH pereHepaItei.

Knrouegvie cnosa: uucroBasi o0paboTka Hep)KaBeroIeH
CTaJu, TPABJICHHE, TPABJICHUE KHCIOTOMU, y[aJeHUe OKa-
JIMHBI, U3BJICYCHUE KUCJIOTHI, U3BJICUCHHUE METAJlIa.

DOmo compyoHuuecmeo cmano 603mMoACHbIM O1a200aps
06e3HO nodOdepdIcKe npoekma mobunbrocmu Erasmus +.
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TRANSFORMATIONS OF FINE STRUCTURE AND CARBON ATOMS
DISTRIBUTION IN 100-M DIFFERENTIALLY HARDENED RAILS
UNDER LONG TERM OPERATION
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Abstract. Using the methods of transmission electron microscopy, the authors of this paper show that the lamellar per-
lite grains, ferrite-perlite grains and structurally free ferrite grains constitute the main morphological components of
category DT350 differentially hardened rails. The level of mechanical properties and the quality of steel rails comply
with the Russian standard GOST R 51685-2013. The authors looked at the evolution of the carbide phase and the redis-
tribution of carbon atoms in the surface layers of differentially hardened rails (the passed tonnage is 691.8 million tons)
at the depth reaching 10 mm along the rail head centre line and the rail web. The authors found two complementary
mechanisms of carbide phase transformation taking place in the surface layers when the rails are in operation: (1) cut-
ting mechanism of cementite particles with the following departure in the bulk ferrite grains or plates (in the perlite
structure); (2) cutting mechanism of cementite particles followed by their dissolution, transfer of carbon atoms onto
dislocations (in Cottrell atmospheres and dislocation nuclei), transfer of carbon atoms by dislocations in the bulk ferrite
grains (or plates) with the following repeated formation of nanosized cementite particles. The first mechanism stands
for changing linear dimensions and morphology of carbide particles. The elemental composition of cementite does not
see any significant changes. And the structural changes in the carbide can follow the second mechanism. The main
cause of cementite dissolution is related to the energy of carbon atoms localized in dislocation nuclei and subgrains,
which is higher compared with the cementite lattice. The binding energy ‘carbon atom — dislocation’ is 0.6 eV, and in
cementite it can sometimes be 0.4 eV. It was found that the carbon atoms that stayed in the cementite lattice are located
on the lattice defects, i.e. dislocations, grain and subgrain boundaries.

Keywords: Cementite, perlite, fraction, carbon atoms, rails, mechanisms, operation.

service conditions resulting in the formation of
structural phase states with atypically high
microhardness and nanoscale grain sizes. In a
relatively small number of papers [1-6] it is shown
that already after the passed tonnage of 100-300
min.t the cementite plates are either bent or
fractured, and at the interphase boundaries the
extremely high dislocation density is observed,
cementite dissolution and austenite formation occur
at the expense of the reverse y—a transformation
[1-6]. These processes result in the redistribution of
carbon and it is finally reflected on the level of
mechanical properties [7-10].

As the mass production of 100m differentiatedly
hardened rails began only 4 years ago in Russia, the

Introduction

The processes of formation and evolution of
structural phase state and properties of rail surface
layers under long service conditions represent a
complicated complex of interrelated scientific and
technical problems. The importance of information
in this field is determined by the depth of
understanding of fundamental problems of solid
state physics, on the one hand, and the practical
importance of the problem, on the other hand.

In the modern condition of high loads on axis
and speeds of movement the rail surface layers
undergo the severe plastic deformations under long

© Yuriev A.A., Gromov V.E., Grishunin V.A., Ivanov Yu.F.,
Qin R., Tang G., Konovalov S.V., Semin A.P., 2019
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determination of nature and evolution laws of
carbide phase, fine structure and carbon atoms
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distribution in the head of these rails under long
service conditions is of high priority and practical
importance.

The majority of the used techniques of
cementite phase evolution analysis lack the enough
degree of locality. It does not permit to follow the
evolution of the plate taken individually. Electron
diffraction microscopy is the most developed
method of aiming analysis of structural phase state
of a material to date. This method enables to carry
out simultaneously the complex analysis of the
morphology and defect structure (the light field
image method), phase composition (dark field
method combined with imaging and indexing of
electron-diffraction patterns) with the enough (for
the problem being analyzed in the paper) degree of
locality [11]. Carbon quantity in a- and y — base
solid solutions is usually estimated by the relative
change in crystal lattice parameter of these phases
[12]. The estimates of carbon quantity in carbide
particles are made on the basis of the chemical
composition of the carbide, the type of crystal
lattice and the volume fraction of carbide phase
particles in steel.

The purpose of the research is the determining
and analyzing of the evolution mechanisms of
carbide phase, fine structure and carbon atoms
redistribution in rails under long service conditions
by methods of layer-by-layer transmission electron
diffraction microscopy [TEM] and X-ray phase
analysis.

Materials and methods of study

The samples of differentiatedly hardened rails
DT 350 manufactured at the joint stock company
«EVRAZ-WSMC» after the passed tonnage of
691.8 min. t brutto at the experimental ring JSC
«VNIIZhT» were used as the test material.
According to the classification given in the paper
[13] it corresponds to the severe plastic deformation.
In the content of all chemical elements revealed as a
result of the verifying analysis of chemical
composition of rails metal it satisfies the
requirements of Russian Standard R 51685-2013.

The study of phase composition and defect
substructure of rails were performed by methods of
electron diffraction microscopy [14-19]. The test
foils were manufactured by methods of electrolytic
thinning of plates cut out by electric spark method at
the distance of 0.2 and 10mm from the tread surface
along the central axis and along the fillet (Fig.1).
The study of crystal lattice state was realized by
method of X-ray phase analysis.

50

Fig.1 Diagram of rail sample preparation when
studying its structure by methods of optical and
electron diffraction microscopy. The solid lines
designate the directions along the central axis (1)
and the fillet (2); the dotted lines designate the sites
of location of metal layers used for foils preparation
(0,2 and 10mm from the surface)

Results and Discussion

The estimation of quality after long service con-
ditions showed that by the level of mechanical prop-
erties (Table 1), content by nonmetallic inclusions,
macro- and microstructure the quality of metal satis-
fied the requirements of Russian Standard R 51685—
2013 for rails of DT 350 category. The main mor-
phological components of rail steel are the lamellar
pearlite grains, the grains of ferrite-pearlite mixture
and the grains of structurally — free ferrite.

The relative grain content of structurally — free
ferrite amounted to 5% (note that the relative con-
tent of ferrite grains is practically independent of the
distance to the tread surface) at 10 mm distance
from tread surface; the grains of ferrite-carbide mix-
ture — 5%; the balance - pearlite grains. At 2 mm
distance from tread surface the relative content of
grains of ferrite-carbide mixture increased by 10%
in the surface layer (the layer adjacent to tread sur-
face) it amounted to 35%. It is evident that these
transformations of the structure were realized at the
expense of fracture of lamellar pearlite grains. The
studies of structural morphology of rails’ surface
layer showed that the relative content of pearlite
grains, where the lamellar structure retained,
amounted to 25%; the balance — pearlite grains in
which the cementite plates were cut into separately
located particles by the sliding dislocations. These
particles have the globular shape and their average
sizes range within 30—50nm.

Two mechanisms of cementite plate fracture un-
der deformation of pearlite structure steel are mainly
discussed in scientific literature [20-28]. The first
mechanism consists in the cutting of the plates by
moving dislocations and carrying out the carbon
atoms by them to ferrite to the field of stress dislo-
cations. Estimations given in the research [20] show
that in this case the maximum effect of cementite
disintegration can not increase the tenth parts of a
percent from the available quantity of cementite.

BecmHuk MITY um. .M. Hocoea. 2019. T.17. Ne2
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Table 1

Mechanical properties of rails after passed tonnage
of 691.8 min.t

. . Ultimate . . . . Impact toughness
Material Y1elc§\];/)0mt2, strength, c,, Elorllgatlt(l)ln su nol/t Contractl;n ratio, KCU at temperature
oz, N N/mm? perfength, 0, 7o v, 7o +20°C, J/em®
DT 350 820 1270 11.5 40 34
Requirements of Russian
standard R 51685 — 2013
for DT 350 category rails 800 1180 90 250 150
not less

The second mechanism consists in the pulling of
carbon atoms by dislocations from the carbide phase
lattice with the formation of Cottrell atmospheres
due to the substantial difference of average energy
of carbon atom bonds with dislocations (0.6eV) and
atoms of iron in cementite lattice (0.4eV) in the
plastic deformation process. The diffusion of carbon
occurs in the stress field formed by dislocation sub-
structure that is formed around cementite plates. In
this case the degree of cementite disintegration must
be determined by the value of dislocation density
and the type of substructure. So, according to the
author’s opinion [20, 21] the model of cementite
disintegration may be presented in the following
way. The plastic deformation of pearlite steel causes
the formation of cellular substructure with cell’
boundaries located near the interphase boundary
«cementite-ferrite». With the presence of thermody-
namic stimulus (the bonding energy of carbon atoms
with dislocations is higher than that with iron atoms
in cementite) the carbon atoms, whose mobility is
initiated by plastic deformation, are transferred from
the cementite surface layers to the dislocations lo-
calized at the interphase boundary.

The first process occurring by the mechanism
of carbide particles cutting and pulling their frag-
ments apart is accompanied only by the change in
their linear sizes and morphology (Fig.2). The
change in elemental composition of cementite in
the process of fragmentation is minimal. During
the occurrence of the second process (the action of
the mechanism of dissolution «at the site») quite a
different picture is observed. At the initial stage of
transformation the cementite plates of pearlite col-
ony are entangled by the sliding dislocations
(Fig.3). It is accompanied by breaking the cement-
ite plates into separate weakly disoriented frag-
ments. Then, with the increase in the degree of
plastic deformation of the material the change in

the carbide structure may occur due to the pulling
of the carbon atoms out of cementite lattice.

The second transformation stage of cementite
plates of pearlite colony being realized by the mech-
anism of dissolution at the site and consisting in the
pulling the carbon atoms out the cementite crystal
lattice is accompanied by the change in defect sub-
structure of carbide that is caused by the penetration
of sliding dislocations from the ferrite crystal lattice
to the cementite crystal lattice (Fig.4). Therefore, at
this stage of cementite plates dissolution the inter-
phase boundaries «a-phase / cementite» play a par-
ticular role. The coherent and half-coherent bounda-
ry [22] facilitate the penetration of dislocations from
a-phase into cementite and inversely, and thereby it
favours the fracture and dissolution of carbide. The
large-angle incoherent interphase boundary stabiliz-
es the carbide structure and leaves the possibility
only for diffusion mass transfer. That is why the
cementite plates in pearlite colony break down and
the spherical particles of cementite retain at the
boundaries of grains and subgrains.

The revealed quantitative regularities of change
in the parameters of tread surface structure in the
center of the head enabled us to analyze the carbon
distribution in the structure of steel. The estimates
concerning the content of carbon atoms on the struc-
tural elements of steel were made on the basic of the
expressions generalized in table 2. The results of
the estimates made are presented in table 3.

The estimates made showed that the operation of
rail steel was accompanied by the essential redistri-
bution of carbon atoms in the surface layer of rails.
If in the initial state the main quantity of carbon at-
oms was concentrated in cementite particles then,
after the operation of rails the site of carbon loca-
tion, along with the cementite particles, was the
crystal structure defects of steel (the dislocations,
boundaries of grains and subgrains).

www.vestnik.magtu.ru
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Fig.2 Electron microscopy image
of tread surface structure
a — light field; b— microelectron of pattern; ¢ — dark
field obtained in reflection [012] Fe3C; in (b) the
arrow designate the reflection of obtaining of dark
field (c); in (c) cementite particles.

| Shed BRI

Fig.3 TEM image of pearlite colony structure
being formed on dissolution of cementite plates
by mechanism “at the site’; (the first stage
of transformation process of cementite plates
of pearlite colony). The arrows designate
the frag-ments in cementite plates

Fig.4 TEM image of the second stage of
transformation process of cementite plates of pearlite
colony being realized by mechanism ’at the site’

Fig.5 TEM image of the third stage of transformation
process of cementite plates of pearlite colony being real-
ized by mechanism of dissolution ’at the site’. The arrows
designate the nanodimentional particles of carbide phase
in the structure of cementite plates.

Table 2
Analysis method of carbon distribution in steel
lSIteS.Of carbon Estimate expressions Literary
ocation source
. . _ 0

a-iron base solid | Ao _ Ay %% qqp [32, 33,
solution “ “39+4 * 34]
Particles of carbide -~ ) [32, 14,
phases AC(Fe;C) =0,07-AV; 35]
Elements of defec- ACy=Cy—AC, - [32, 35]
tive structure AC(Fe;C) ’

*Here AV, AV, — volume fraction o-Fe and carbide phas-
es, respectively; o, — present day parameter of o-phase lattice;

ag = 0.28668 nm; a, = 0.28782 nm; C, — average content of

carbon in steel.
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Table 3

Carbon distribution in rail steel structure after passed
tonnage of 691.8 min.t brutto

Carbon concentration, weight %
10 mm
Structural elements 2 mm from
Surface from the
the surface
surface
Cementite particles 0.33 0.71 0.75
o-Fe crystal lattice 0.0284 0.0 0.0
Defects of crystal 03816 0.03 0.0
structure
Conclusion

By methods of modern physical material science
the studies of structure, phase composition, defect
substructure and redistribution of carbon atoms be-
ing formed at different distances along the central
axis and the fillet in the head of 100-m differentiat-
edly hardened rails after long service were carried
out and the fracture mechanisms of lamellar pearlite
were analyzed. The structure of rail steel is present-
ed by pearlite grains of lamellar morphology, and
the grains of ferrite — carbide mixture and structural-
ly free ferrite.

It is shown that the long service life of rails is
accompanied by the occurrence of two processes of
structural transformation and the phase composition
of lamellar pearlite colonies simultaneously: (1) the
cutting of cementite plates and (2) the dissolution of
cementite plates. The first process being realized by
the mechanism of carbide particles cutting and pull-
ing of their fragments apart is accompanied only by
the change in their linear sizes and morphology. The
second process of cementite plates fracture of pearl-
ite colonies is realized by the escape of carbon at-
oms from cementite crystal lattice to dislocations in
consequence of which the phase transformation of
rail metal is possible. It is noted that carbon atoms
being leaved the cementite crystalline lattice are
located at the defects of steel crystalline lattice (dis-
locations, grain and subgrain boundaries).
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BaHHO 3aKaJICHHBIX penbcoB kateropuu AT350. YposeHs
MEXaHHYECKHX CBOUCTB M KayeCTBO CTAJNBHBIX PEIbCOB
ynosnerBopsier Tpedosanuam [OCT P 51685-2013. Uzy-
YeHa IBOJIOLKS KapOUIHOI (asbl U mepepacipeieieHue
aTOMOB yIJIepojia B MOBEPXHOCTHBIX CHOAX uddepeH-
IIMPOBAHHO 3aKAaJCHHBIX DENbcax (MPOIyIICHHBIH TOH-
Hax 691,8 muH T) Ha miybune 1o 10 MM BAOIb LieH-
TPaJbHOM OCH M LIEHKH T'OJIOBKU pelibca. Y CTAaHOBJIECHO
JieficTBMe  JIByX ~ B3aMMOJOMOJHSIONHUX  MEXaHH3MOB
TpaHcdopMalmK KapOumHOH a3kl B TOBEPXHOCTHBIX
CJIOSIX CTAIM MPU paboTe MpHU KCIUTyaTaluu penabcos: (1)
PEKYIIMIT MEXaHH3M 4YacTHIl LEMEHTUTAa C IOCIEIYyIOo-
UM TIepeMelIeHHeM B 00beM (EPPHTHBIX 3EPeH HIIN
MIacTuH (B CTPYKType mepiuta); (2) pexymmii mexa-
HH3M H IOCIIEAYIOIIee PACTBOPEHHE YACTHI[ LIEMEHTHTA,
MepeHoC aTOMOB yIJIepoja Ha JHCIOKaluu (B aTMocde-

pax KorTpenna u JUCIOKalMOHHBIX Apax), Mepemelie-
HHAC JHUCIOKalMsAMHU aTOMOB yriiepoJa B o0BemM ('l)eppI/IT-
HBIX 3epeH (WX IUIACTHH) C HOCIEAYIOUMM ITOBTOPHBIM
O6pa30BaHHeM HaHOPAa3MEPHBIX YaCTHL IEMCHTHTA.
HepBLIﬁ MEXaHU3M COIIPOBOXKIACTCA HU3MEHCHUEM JIN-
HEHHBIX pa3MepoB U Mopdoorun yacTur kapouna. Ms-
MEHEHHE 3JIEMEHTHOIO COCTaBa LIEMEHTHTA HE SIBJIAETCA
CyIIECTBEHHEIM. M3MeHeHHe CTpyKTyphl KapOuaa MOKeT
MPOMCXOJUTH 110 BTOPOMY MeXaHu3My. OCHOBHOM MpHYH-
HOW pAcTBOpEHHsS LIEMEHTHTa SBIACTCA SHEPreTHUecKoe
MPEHMYIIECTBO JIOKAIM3AlA aTOMOB YIJIepoja B spax
JIUCIIOKALUK M CyO3epHax IO CPABHEHHIO C PELICTKOH Lie-
MEHTHTA. DHEPrusi CBS3U «aToOM YIJIEpoia - AUCIOKALIUS
cocrasiser 0,6 3B, a B HEKOTOPBIX CITy4asix B LEMEHTHUTE
oHa cocrasisier 0,4 3B. YcTaHOBIEHO, UTO aTOMBI yTiIepo-
J1a, OCTABIIHECS B KPHCTAILUTMIECKON PeIIeTKe [EMEHTHUTA,
PAacIONOXKeHbI Ha Je(eKTaX KPHCTAILIMYECKOH PeIleTKH
CTaJIN (IMCITOKALIMH, TPAHUIIBI 36PEH U Cy03epeH).

Knroueswie cnosa: nevenrur, TepJInT, (bpa]cum, aTOMBbI
yrnepoaa, penbChl, MEXaHU3MBI, JKCILJIyaTalus.

Moctynuna 07.11.18
MpuuaTa B nevats 10.12.18
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HAJJEHHOCTD H [JONITOBEYHOCTD
METAJIIYPTHYECKOTO ObOPY[R0BAHHA

VIIK 534.014.3

PEAKTUBHAS 1 TOJTHASI MEXAHUYECKHUE
MOINHOCTHU BUBPAIIMOHHBIX MAIIINH

https://doi.org/10.18503/1995-2732-2019-17-2-55-59

Tonos W.II.
Kyprancxknii rocyiapcTennsiii yausepcuret, Kypran, Pocenst

Annomayua. PaccMaTpHBarOTCS Pa3HOBUIHOCTH MEXAHWIECKOH MOIIHOCTH B BHOPAIMOHHBIX Tporieccax. IIpu pabore Bub-
PALMOHHBIX MAIINH Pa3BHBACTCS KHHETUUECKAs! SHEPIHS 32 CUCT JBIDKCHHS MACCHBHBIX TEJI M TEIUIOBAs 3a cdeT TpeHus. Mx
TIPOM3BOHBIC OMPEICIISIOT PA3INYHbIC BUIbI MEXAHUYECKOH MOIIHOCTH — MEPEMEHHYIO PEaKTHBHYIO M HEOTPULATEIBHYIO
TemoBylo. JlyanbHO-MHBEPCHEIM AHANIOTOM PEAKTHBHON MEXaHMJECKOH MOIIHOCTH SIBIAETCA PEAKTUBHAS JIIEKTpUYEcKas
MOMIHOCTB. TeroBoil MexaHHYeCKOH MOIITHOCTH COOTBETCTBYET JIEKTPUUECKast aKTUBHAsA MOIIHOCTE. LleJibio padoTsI sBIIs-
€TCsl TEOPETHIECKOe ONKMCAHHUE PA3HOBUIHOCTEH MOLIHOCTH, UMEIOLIEH MecTo mpu paboTe BUOPALMOHHBIX MAlIMH. 3a/a4a
3aKITIOYAETCS B AHAMMTUYECKOM TIPE/ICTABIICHNN YHEPIeTHIECKOTO ACTIeKTa BHOPAIMOHHBIX SBIEHHH. AKTYaTbHOCTB HCCIIENO-
BaHMS 00YCIIOBIICHA HETaTUBHBIM BIMSHUAEM MEXaHMYCCKOI PEaKTMBHON MOIIHOCTH Ha KaueCcTBO TOKA IHTAromIeH cet (11o-
SIBIICHHE TAPMOHHKH C YaCTOTON MEXaHMUYECKUX KoneOaHui, TpaHc(hopMaIys MEXaHHYECKOH PEaKTUBHOW MOIHOCTH B JIEK-
TPUYECKYIO PEAKTHBHYIO MOITHOCTB M JIp.). PaccMOTpeHre OCHOBAaHO HA TOM, YTO B Y/IOBICTBOPHTEIBHOM MPHOIIKCHHH Tie-
PEeMeIleHre MacCHBHOIO pabovero opraHa BHOPOMEXaHM3Ma MOKHO CUHMTATh FapMOHMYECKHM. TaK ke KaK aKTHBHAs MOITI-
HOCTb B DJIEKTPOTEXHUKE, ONPEJIENACTCA MEXaHNIeCKas! IUCCHTIATHBHAS MOIHOCT P = FV/ cos @, Tae ¢ Tpe/CcTaBIseT co-
60ii pasHOCTb (ha3 KoneOaHuil peICTaBIeHHBIX BeMYMH. Tak e Kak PeaKTHBHAS MOITHOCTb B 3JIEKTPOTEXHHKE, ONpe/enser-
€Sl MEXaHHMIECKAst PEaKTHBHAS (HHEPIMOHHAS) MOITHOCTE O, = FV sin ¢ . B anekTpoTexHike NpuHATO, UTO P — 9TO CcpenHee

3HaueHue, a O — aMIUIMTY/a. 371ech Bce OOCTOMT TOUHO TaK xke. Tak jke Kak B 2JIeKTPOTEXHHKE, ONPEIENseTCsl MOMHAS MOLL-
HOCTh S = \]Qf + P = FV . OHa HaxoJMTCsl KaK YMHOXEHHE JCHCTBYIONIMX 3HaUCHUH BenuuH. [IpescTaBiensl KOMILIEKC-
HOE ¥ BEKTOPHOE OIMCAHHS TMCCUIIATHBHON U PEaKTHBHBIX MOIIHOCTEH. MaTepraabHbIM BOIUIOIICHAEM BUPTYAIbHBIX Bpa-
LIAIOIIMXCS BEKTOPOB B BUOPALIMOHHBIX MPOLIECCAX SIBJISIOTCS KPUBOLLIMITEI BPAILATENHO-IMHEHHBIX IIPeoOpa3oBaTenei.

Knroueevie cnosa: peakTuBHasA MOILIHOCTb, aKTUBHAs MOIIHOCTD, [MOJIHAsi MOIIHOCTh, KOMIUIEKCHOE MPE/ICTaBJICHUE,
BEKTOPHOE MPECTaBICHUE.

3ajgava 3aKI0O¥acTCs B AHAIMTHYECKOM IPEa-
CTaBJICHUHM JHEPreTHYECKOro acleKkTa BHOPAIOH-
HBIX SIBIICHHUM.

AKTyalbHOCTH ~ HCCIIEJIOBaHHMsI  OOYCIIOBJICHA

Beenenue

MexaHndeckast MOIIHOCTb SIBJISIETCS HPOU3BO-
HOM dHepruu 1o BpemeHu. [Ipu padore BHOpaioH-

HbIX MalvH [1, 2] pa3BUBaeTcs KHHETHYECKAs SHEP-
TUS 33 CYET JIBM)KCHMSI MACCHBHBIX TEJ M TEIUIOBAS 3a
cuer TpeHus. VX nNpon3BOHBIC ONPEACTISIOT Pa3iny-
HbI€ BU/Ibl MEXaHUUECKON MOIHOCTH — NEPEMEHHYIO
PEaKTHBHYIO U HEOTPHLATENBHYIO TEIIOBYIO.

JlyanbHO-UHBEPCHBIM aHAJIOIOM PEaKTUBHOU Me-
XaHUYECKOH MOLIHOCTH SBIIIETCS PEAKTUBHAS 3JIEK-
Tpudeckas MOIIHOCTb. TemnnoBoi MexaHuueckoi
MOILHOCTH COOTBETCTBYET 3JIEKTPUUECKAs aKTUBHAs
MOIIHOCTH |3, 4].

Llenbro paboThl SABJIAETCS TEOPETHUECKOE OIKUCA-
HHME Pa3HOBHJHOCTEH MOIIHOCTH, MMEIOLIEH MecTo
npu padoTte BUOPAIMOHHBIX MAILMH.

© TIlomos W.IT., 2019

HETaTUBHBIM BIIMSIHUEM MEXaHUUYECKOW PEeaKTUBHOMN
MOIIHOCTH Ha KaueCTBO TOKA IUTAIOIIEeH ceTH (I10sIB-
JICHUE TapMOHUKH C YaCTOTOH MEXaHHYECKHX KoJie-
OaHuii, TpaHchOpMAaLMs MEXaHUYECKOH PeaKTHBHON
MOIIHOCTH B JJIEKTPUYECKYI0 PEaKTUBHYIO MOIIl-
HOCTB U JIp.).

PeakTuBHas HHEePUHOHHAA U AKTHBHadA
TEIJIOBasg MOIITHOCTH

B ynoBnerBopHTENbHOM HPUOIMDKEHHH HepeMe-
IeHHe MacCHBHOTO pabodero opraHa BHOpomexa-
HH3Ma MOJKHO CYHTATh TAPMOHUYECKHM

x=/sinwt,

www.vestnik.magtu.ru
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r7ie X — KOOpAWHATA; / — aMIUTUTY/a;  — Kpyrosas
4acToTa.

CKkopocTb omnpefensiercs Kak IpPOM3BOJHAS Iie-
pemenieHus

v=x=Ilwcoswt=V, coswt.
3nech
V., =l® —MakcuMabHOE 3HAuUEHHUE.

W3 251eKTpOTEXHUKH H3BECTHO, UTO JIEHCTBYIO-

1iee 3HaYeHNue MEHbIIIe

v lo
V=—>r=——\ 1

B coorBercTBuM ¢ BTOphIM 3akoHOM HbroTona
CHJIa ONPENIENAETCSA KaK

£, =mi=—Imo’sinot . @
Cwuna TpeHus paBHa
S, =i =plocoswr . 3)

3nech [ — K03GGUIMEHT TpeHHUs.
CyMMa 3TUX CHJI UIMeeT BU

[ =f,+f, =-Imo’ sinot + plocos o =

_ 2 2.2 K _
=lo\p +m e [\/ﬁcoswt
w+mo
"M ot
VW + e’ et
Ilycts
w:arctgmf*). @

[Tpu 5T0M YOpMYITy ZITTst CHITBI MOJKHO 3aIIHCATH B BHIIE
f=loyu’ +m’e’ (cospcoswr —singsinmt) =
=lon/p’ +m’ @’ cos(ot + ).
MakcumanbHOe 3HauUeHHE
F,=loJp’ +m’e’ .

COOTBETCTBEHHO JICHCTBYIOIIEE

po B _loli i o
V2 V2o

MOLIHOCTB OMpEENETCs! CIEAYIOIIMM 00pa3oM:

s= fr=loyfu’ +m’e’ cos(ot + @)locosot =

=0,5 w1’ + m*’ [cos@ + cos2wt + )| =
=FV[cos@+cos(2wt+ )] =
=FV (cos@+ cos 2wt cos ¢ —sin 2wt sing) =
:FVcosq)(l+costh)—FVsin(psin20)t. ©6)

Tak ke KaK aKTHBHas MOIIHOCTb B 3JIEKTPOTEX-
HHKE, ONpEIC/SIeTCs MEXaHMYeCKasl [MCCHIIATHBHAS
MOIIHOCTh

P=FVcoso. (7)

¢ TIpeacTaBiser co0oi pasHOCTh (a3 KoeOaHui
[IPE/ICTABIICHHBIX BEINYMH.

Tak ke KaK PeakTHBHAS MOIIHOCTb B JIEKTPO-
TEXHHKE, OIpPEACISICTCS MEXaHHYECKas peaKTHBHAs
(MHEpLIHOHHAS) MOIIHOCTh

O, =FVsing. ®)

B anextporexnuke npunsaTo, uto P — 3T0 cpen-
Hee 3Ha4eHne, a O — aMIUIUTya. 31eCh BCe 00CTOUT
TOYHO TAKXKE.

Tak ke Kak B DJICKTPOTEXHUKE, ONPEAEISICTCs
TIOJTHASI MOIITHOCTh

S=,Q'+P* =FV. )

Ona HaXOIUTCS KaK YMHOXCHUE ﬂeﬁCT'ByIOHII/IX
3HAYCHHUI BEIVYUH.

C yuerom (1), (5) u (8)

O, =FVsingp=
oy +m’e’ o mo  mle (10)
V2 ﬁ\/uz +mie’ 2

B T0 e Bpems
f,v=—Imo’ sinotlocos ot =—0,5°me’ sin 20t =
=—F,Vsin2ot = -0, sin 20t (11)

(cMm. (6) u (10)).
C yuerom (1), (5) u (7)
P=FVcosp=
2 2.2 2 2
:l p+mo” lo n zp.loo. (12)

V2 \5\/p2+m2m2 2

B 10 xe Bpemst

J,v=ulocosotlocosot =
=0,5u/’ e’ (1+ cos2mt) =
=FV(1+cos20t) = P(1+cos2wr) (13)

(em. (6) m (12)).
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PeakmugHas U No/Hasi MeXaHUYeCKUE MOWHOCMU 8UOPAULOHHBIX MALIUH IMonos W.1.
C yuerom (9), (10) u (12) paBHa
2 2 2 2 2 [ 2 2 P=FVcosp=
S:FV:lqurmo)lim:lm\/ermm‘ S L,
2 V2 2 W e’ o i) W

PeakTHBHas 1e)opMALIMOHHAS MOIIIHOCTH

Jlanee paccMaTpHBArOTCS CHIIBI TIPU JIMHEHHON
yrpyroit nepopmaruu [5—8]. MIHepTHOCTH BO BHH-
MaHHe He IPHHAMAEeTCS.

Cita ompenensiercs Kak

fi =kx=klsinot, (14)

k — )KECTKOCTb.
CymMa cuit, IpHHUMast BO BHUMaHue (3), paBHa

[ =/t [, =ksinot +plocoswr =

=/ kz+u2w2[ sinw? +

__k

Vi + o’

M cosr |.
K +’o’

Ilycts
k
@=arctg—.
H®

ITpu sTOM (opMyTy LIS CHIIBI MOXKHO 3aIIHCaTh B
BHJIE

[ =K +p’e’ (singsinot + cospcos ot ) =
=k + o’ cos(o)tfcp).
MakcuMaabHOe 3HaYeHHE
F, =K +1’e .
COOTBETCTBEHHO JICHCTBYIOIIEE

F, _ K + o’

N e

MormHocTh ONPEALIIACTCS CICAYIOIMUM 06p330M :

s=fr=IJk +p’0’ cos(or—@)locosor =

=0,5/>

k4 e’ |:c05(p+ cos(201 —(p):| =
=FV[cos@+cos2or— )] =

= FV (cos ¢+ cos 201 cos ¢ +sin 20tsin ) =

=FVcoso(1+cos2wt)+ FVsingsin 2wt . (16)

Tlo ananoruu (6), (7) u (12) TensoBasi MOLIHOCT

www.vestnik.magtu.ru

V2 V2 \/k2 e’ 2
C yuerom (15), (1), (8) m (16) peaktuBHas 1e-
(hopMaroHHas! MOITHOCTb UMEET B
Q,=FVsinp=
Wi+ P’
_ wo lo k _ - a7

NN N

B To0 e Bpems

f,v=Hklsinotlocoswt = 0,5k wsin 20t =

=FVsin2wt =Q, sin 2ot

(em. (16) u (17)).
TTonnass MexaHuueckas MOIIHOCTb HaXOIUTCA
KakK

(18)

12 kZ 2.2
S=FV = le+p2:w7 VWD_

2

PeakTuBHAs1 rpaBUTAlHOHHAsA MOIIIHOCTH

MOoOMEHT cuitbl IIPpU OTKJIOHCHHUU MAaTEMATUYCCKO-
IO MasATHHUKA OT ITOJIOXKECHHUS PAaBHOBECHUS OIPEACII-
€TCA KaK

m, =mgLa..
3necs L — 1imHa mojiBeca; o — OTKIOHEHHE
(rpan).
IIpu sTom

o=0,sinws.

H])OI/BBO,Z[HaSI OTKJIOHCHHU S

0L = 0L, MCOSOf = Ol % cost .

Mexanndeckast MOIITHOCTb

>
q, =m,&=mgLo, sinwt oco\/%cosoot =

=0,5mal Lg’ sin 20 .

PeaktuBHas TpaBUTAllMOHHAs MOIIHOCThL paBHA

0, =0, SmaZyLg’ .
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KoMniekcHoe npeacraBieHue

TI'apMoOHMYECKYI0 BETMYMHY MOXHO MPEICTaB-
JIATh B BUJE KOMIUIEKCHOH aMIUIMTY/ABI BEKTOpa B
KOMIUIEKCHOM IJIOCKOCTH JUISi HYJIEBOrO MOMEHTa
BPEMEHH.

KommekcHas ckopocTs Ipu MHEPTHOI Harpyske
paBHa

;o il
V, =V,
Nwmeercs B Buaty, 4To

v=V cosot=ReV, .

Ilpu nepexo/ie K ASHCTBYIOIIMM BETHYUHAM

V= Vel ? F = Fel 2

Tak e Kak B 2JIEKTPOTEXHUKE, JUIS ONPEIENeH s
MOJIHOM MOIIHOCTH HEOOXOAUMO YMHOXHUTb CUILy HE
Ha caMy CKOPOCTb, & Ha CONpPAXCeHHblll €1 BEKTOp

S = FV = Fe/ S5 0yeisl? = peitizve-s _
=FVe’® = FVcos@+ jFVsing=P+ jQ,.

Hax KOMIUIEKCHBIMM BENMYMHAMH, HE SIBISIO-
LIUMUCS U300paKEHUAMU TapMOHUYECcKOol QyHKIMM,
TOYKA HE CTABUTCS, TAKHE BEIMYMHBI [OAYEPKUBA-
10TCA.

PeaxtuBHas nehopMAalHOHHAST MOIIHOCTE HMEET
oOpaTHbIi 3HaK

s :FV = ol W20y pminl2 _ pypiti2-e-s2) _
=FVe ' =FVcosp— jFVsing=P+ jO,.

HerpynHo ybenurbcs, 4To

P=ReFV Q=ImFV

IIpeacraBiieHne ¢ HCIOIb30BAHHEM
TpPeXMepHbIX BeKTOPOB

I'apMoHHYECKHE CKOPOCTH M CHIBI JIOIyCKAIOT
BEKTOPHOE NPEJICTABIIEHHE, TIPU KOTOPOM OHHU SBIISI-
J0TCSl IPOEKIMSIMU Ha BBIOPAHHYIO OCh B INTOCKOCTH
BUPTYaIBbHOTO BPAIICHHS.

ITono6HO KOMIUIEKCHOMY IIpEICTaBICHHIO Tap-
MOHHYECKUE BEIMYMHBI MOKHO OTOXIECTBUTH C
MPOEKIMSAMH BPAIIAIONIMXCS BEKTOPOB (B paccMat-
puBaemMoM ciy4ae F u V) Ha opTOroHanbHble OCH B
@azo6oii IIOCKOCTH BpammeHus. PopMysIsl MOIIHO-
creit nproOpeTaloT KOMITAKTHBIA BUJ

P=(F,V), Q=[F,V], $*=(F,V)’ +[F,V].

MartepHanbHbIM  BOIUIOIIGHHEM BHPTYalIbHBIX
BPAIIAIONINXCS BEKTOPOB B BHOPALOHHBIX IIpOLIeC-
cax SBISIOTCS KPUBOIIMITHI BPANIATEIbHO-THHEHHBIX
npeobpa3oBaTeneii.

3akiIl0ueHue

B Hacrosiell paboTe nmpeacTaBiIeHO MaTeMaTH-
YEeCKOEe OIMHMCAaHHE MEXAHHYECKHX KOJIeOaTeNbHBIX
TPOLIECCOB  TMOJ] ACHCTBHEM BHEIIHETO CHIIOBOTO
TapMOHHMYECKOTO Bo3zelcTBus. Pa3BuBaemas mpu
3TOM MEXaHHMYECKasi MOIINHOCTb IIOMHMO JIMCCHIIA-
THBHOH COCTABIIIONICH COMACPKUT JPyTHe BHIbI
MOIIHOCTH — HMHEPLUHOHHYIO, Ae(OPMALUOHHYIO H
I'paBUTALlMOHHYTO. TToroku TMOCJICAHUX TPEX BHUIOB
MOIIHOCTHU  SABJIAIOTCS 06paTl/IMblMl/I — HMCTOYHHK
BHEILIHET0 BO3JEHCTBUS M OOBEKT, COBEPIIAOLIMI
KoJIe0aHus, OOMEHUBAIOTCSI MEXY COOOMH JTIOOBIM M3
3THX BUJOB MOIIHOCTU. B 3Toil cBsA3M Bce BUABI Me-
XaHUYECKOM MOIIHOCTH SBJIAKOTCA aHaAJIOraMu JJICK-
TPUYECKUX BUJOB MOIIHOCTH — AKTUBHOM M peax-
TUBHOM. ITo 3TOI e MpUUMHE MOTHAS MeXaHWYecKast
MOIIHOCTb OIPEALCIIACTCA aHAJIOTUYHO TOJIHOM 3JICK-
TPUYECKON MOIIHOCTH.

‘VKa3zaHHbIE€ BUJbI MEXaHUYECKON MOIIHOCTH J0-
MyCKAIOT KOMIUIEKCHOE U BEKTOPHOE IPEICTaBICHHUS.
Bparmaroniuecst BEKTOPBI IIPH JIMHEHHBIX KOJIEOaHMUIX
MOTYT OBITh aCCOLMUPOBAHBI C KPHBOIIMIIAMH TIPH-
BOJa, NPEOOPA3yIOIIEro BPAIATEIbHOE IBHIKECHUE B
BO3BPATHO-NIOCTYIATEIbHOE.
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REACTIVE AND FULL MECHANICAL POWER OF VIBRATION MACHINES

Igor P. Popov — Assistant Professor
Kurgan State University. E-mail: ip.popow@yandex.ru

Abstract. The types of mechanical power in vibration pro-
cesses are under study. When vibration machines work, ki-
netic energy is generated due to the movement of massive
bodies and thermal energy is produced due to friction. Their
derivatives define different types of mechanical power: vari-
able reactive and nonnegative thermal types. A dual-inverse
analogue of reactive mechanical power is reactive electrical
power. Thermal mechanical power corresponds to the elec-
trical active power. The aim of this paper is to give a theo-
retical description of the varieties of power that occur during
the operation of vibration machines. The task is an analytical
representation of the energy aspect of vibration phenomena.
The relevance of the study is due to the negative effect of
mechanical reactive power on the quality of supply current
(the appearance of harmonics with the frequency of mechan-
ical vibrations, the transformation of mechanical reactive
power into electrical reactive power, etc.). The study is
based on the fact that in a satisfactory approximation the
movement of a massive working body of the vibration
mechanism is deemed to be harmonic, just as active power
of electrical engineering is determined by the mechanical
dissipative power P = FV cos @, where ¢ is the phase dif-
ference of oscillations of the presented values, just as reac-
tive power of electrical engineering is determined by the
mechanical reactive (inertial) power O, = FV sin¢ . In elec-
trical engineering it is assumed that P is an average value,
and Q is the amplitude. Everything is the same in this case,
just as in electrical engineering total power is deter-

mined: S =/Q7 + P> = FV . It is calculated as a multiplica-

tion of the effective values of the quantities. Complex and
vector descriptions of dissipative and reactive power are
presented. The tangible embodiment of virtual rotating vec-
tors in vibration processes are cranks of rotational and linear
transducers.

Keywords: reactive power, active power, full power,
complex representation, vector representation.
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VK 532.13

IHOBBIINEHUE D®@PEKTUBHOCTHU PABOYEI'O TIPOLECCA
MATHUTOAUHAMMYECKOI'O HACOCA

https://doi.org/10.18503/1995-2732-2019-17-2-60-67

Haitrepr K.B.", Ilenumes B.A 2

'FOsHO-Y panbckuii rocyapcTeerHbiil yansepenter (HUY), Yensourck, Poccus
zydmmcmm rOCy/JapCTBEHHbIH aBUALIMOHHBIH TeXHUUYeCKnii yHnuBepcuret, Y da, Poccust

Auuomauuﬂ. Kak HU3BECTHO, 00BEMHBII METOJ PEryInupoOBaHUS HpHBOHHOﬁ CHCTEMBI SIBJISIETCSI Hanboee JHEpreTuie-
CKH 3(1)(1JCKTMBHBIM. B kmaccuueckux THUAPABIIMYCCKUX CHCTEMaxX OpraHu3anus 00BEMHOTO METO/1Ia — 10POrocTosuiee
MH)KEHEPHOE PelICHHe, HO MarHUTOPEOJIOrHYECKHE IPUBOIBI 03BOJISIOT MHHIMH3HPOBATh Pa3HUILY B CTOUMOCTH pea-
IM3anuK 00BEMHOTO M JPOCCEIBHOIO peryanpoBaHust. [109ToMy B CTaThe OMHCHIBAETCS CrOCO0 MOBBIMICHHS P dex-
THBHOCTH XapaKTEPHCTHK MarHUTOJMHAMHYECKUX HACOCOB ITyTeM HPUMEHEHHS BHHTOBBIX YHPAaBIIAIOIINX 3IEKTPOMAr-
HHUTHBIX 10Jied. TIpe/IcTaBIeHO OpUrHHAIBLHOE 3aIIATEHTOBAHHOE KOHCTPYKTHBHOE pellieHne CHhOopMyIUpOBaHHOI 3a-
Jaqa u pa3pa60TaH AJITOPUTM TIOBBIILICHUS 3q)q)eKTHBHOCTPI pa6oqero Tporecca 3a C4eT ONTHMU3AMKA T'€OMETPHH TIPO-
TOYHOH yacTH. KOHCTPYKTHBHOE pelieHne HOBBIIEHNS ) (GEKTHBHOCTH MarHUTOIMHAMHYECKOT0 HACOCa Peajn3yercs
3a CYeT YNpaBICHHS ITOTOKOM MarHUTOPEOJIOrMYECKOil pabodeil cpelibl IIyTeM HAJ0XKCHMS BHEIIHUX IMHAMUYECKHX
BUHTOBBIX JIEKTPOMATHUTHBIX IOJIEH, YTO T€HEPUPYET B HEH ruapoaruHamMuueckue 3G deKTsl 1 cooblaeT MOTOKY pa-
JIMATBHYIO COCTABIIAIONLYI0 CKOPOCTH, (OPMHPYs BUHTOBYIO TPAEKTOPHIO NBI)KCHHS YAaCTHIl MArHHTOPEOIOTHYECKON
JKUIKOCTH. BHHTOBBIE YIPABISIONME OIS HHIYLUPYIOTCS KacKaJoM OJIOKOB 2JICKTPOMATHUTHOIO YIPABICHHS, KOTO-
PBIC COCTOAT U3 DIICMCHTOB zmcpdaepel-lunanm-loﬁ O6MOTKI/Ij PAaCIIOJIOKCHHBIX TI0 OKPYXKHOCTH. Enaroz[apﬂ 9TOMY IIPOHC-
XOIUT MHHIMAINUA BPAIATeIbHO-IIOCTYIIATEbHOIO IBIKEHNS MarHUTOPEOIOr MIeCKON skmIKocTH. PaspaboTanas unc-
JICHHAs MOJIEJIb MO3BOJLIET MOBBICHTH d(P(PEKTHBHOCTh PabOvero MpoLecca M COCTOMT M3 MArHUTOAMHAMHYECKOH H
THAPOAMHAMUYECKON dacTel. [IpumMeHeHne naHHOW YMCICHHOW MOJEIM JAaeT BO3MOXKHOCTH PAl[MOHATM3UPOBATH Xa-
PAKTEPUCTUKHA MAarHUTOAWHAMHYIECKOTO Hacoca. anBelIeH TIOIIAr OBBII QAJITOPUTM TIOBBILICHUS 3(1)(1)CKTPIBHOCTH pa6o—
4ero npouecca MarHuTOAMHaMHU4ECKOro Hacoca, onucmsammuﬁ TI0CJIEA0BATEIIbHOCTD OIPEACIICHUA TpeGyeMMx Iapa-
MCTpPOB U 33KOHOMCPHOCTSﬁ. PaLII/IOHaJ'II/BaL[I/Iﬂ KOMITOHECHTOB CKOPOCTH IIPOBEACHA IPH ITOMOIIH ITapaMeTpa, XapaKTe-
PH3YIOIIEro HHTCHCUBHOCTh BPAILCHHS II0TOKA. B pe3ynbTaTe YHCICHHOr0 3KCIEPHMEHTa MOIyYeHbl CTaTHIECKUEe Xa-
PAKTEPUCTUKUA MarHUTOJUHAMHMYECKOrO0 HAcoca IPH Pa3JIMYHBIX 3HAYEHMAX IapaMeTpa, XapaKTEPU3YIOIIErO0 MHTEH-
CHBHOCTB BpallICHHUs TOTOKA.

Knrouegvle cno6a: MarHuTOMHAMHIECKHI HACOC, 9(()EKTUBHOCTH paboUero Mpoiecca, BUHTOBBIC 3JIEKTPOMATHUT-
HBIC TTOJIS, THAPOANHAMHYICCKUE 3(1)Q)EKTBI.

BCEr0, 9TO KOHCTPYKTHBHAS PCAIIN3ALMS JTHHEHHOTO
YCKOPEHHMSI TOTOKA, NPUBOAIIIAS K HU3KHM ITOKa3a-
TENSIM  MOIIHOCTH, MaloOi MPOU3BOAUTEIBHOCTH H
OonpiiuM rabaputaM. Taroke JHMHEHHBIH croco0
TPAHCIIOPTUPOBKH CPE/IbI HE 3AIIMIACT OT SBICHUI

BBenenne

OrpoMHYIO IIOIYJISIPHOCTb 3a IHOCIENHHUE Jecs-
TIUICTHS] IPUOOPEIN MarHUTOPEOJIOIHUECKHE CHCTe-
MBI DTO CBS3aHO € MX XOPOIIMMH AMHAMHYECKUMH
XapaKTEPHCTHKAMH M GOMBILION TIyGHHOIl peryupo- — MPOM3BOIBHONO obpaTHOro ToKa paboueid cpesbl ye-
BaHMsI, & TAKKE C IPOCTOTOH peansali B MarauTo- ~ Pe3 pabodyl0 IONOCTb  MArHUTOAMHAMUYECKOrO
PEOIIOTHYECKHUX KOHTYpax OOBEMHOTO MeToia pery- ~ HAC0CA B CIydae PE3KOro CKauka JABICHHSA B CHCTe-
JIUPOBaHMUsl, IPUMEHEHNE KOTOPOro B KIACCHYECKUX Me. KOHCTpYKIMHK CyHIECTBYONIMX MarHUTOJMHAMU-
IIPABIMUCCKAX CHCTEMaX TPebyeT CymieCTBeHHpIX  ICCKHX YCTPOHCTB mpenctaBiicHsl B [1-9].
MaTepHallbHBIX 3aTpaT. OCHOBHBIM YCTPOWCTBOM, OT Cymectyromme KOHCTPYKIMHK MariuTOAHHAMHI-
KOTOPOrO 3aBUCHT AMHAMHKA MArHHTOpeoNormue-  “CCKOrO Hacoca obnajiaioT Malioii MOIIHOCTEIO H OT-
CKOTO MPUBOJA TPH 00BEMHOM METOJE peryiupopa- ~ HOCHTCIIBHO GolbuMMH raGapuTami, a TakKe He
HUS, SIBJIIETCS HACOCHBIM arperar. ]_HI/lpOKO HCIIONb- Cl'lOCO6H]>I HUCKIIIOUYUTh HEMPOU3BOAUTEIBHOE IIEPE-

3yeMble Ha CETOIHSIIHHI JeHb MarHHTOIMHAMITJe-
CKHME€ HAcOChl 00TafaloT HHU3KUM KO3(PQHUIIEHTOM
T1I0JIE3HOTO }ICI‘/’TCTBHﬂ B 30HaX IrpaBUTALMOHHBIX I10-
Jieil ¥ HeNpPUCIIOCOOIEHHBI K BBICOKMM Pa0O4MM J1aB-
JICHUSIM. HaHHB]C HCIOCTATKHA HAIIPSAMYIO CBSA3aHHBI C
UX KOHCTPYKTHUBHbIMH oOcoOeHHOCTsMH. [Ipexne

© Haiirepr K.B., Lennmes B.A., 2019

TEKaHHEe KUIKOCTH B paboueil kKamepe U He MpHMe-
HHMBI B MArHUTOPEOJIOTHYECKHX KOHTYPaX BBICOKOTO
JaBJIeHUs.. DTO JENaeT aKTyalbHBIM 3a]ady I1OBbI-
menus dddexTuBHOCTH pabouero mpouecca MarHu-
TOJAMHAMUYECKOTO HACcOoCa.

HccnenoBaresnbekass paboTa IMOCBSILEHA CO3/a-
HHUIO KOHCTPYKIMU MarHUTOJMHAMHYECKOrO Hacoca,
CIOCOOHOTO TPU MajbIX rabapuTax o0ecreynTh 3Ha-
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Moebiwerue 3¢¢ekmueHocmu pa60qeeo npoyecca MazHumoduHaMu4yecko20 Hacoca

Hatieepm K.B., jenuwee B.A.

YUTEIBbHBIC II€pEeNaabl 1aBJIICHUS U pa3pa60TKe METO-
JIUKH €ro pacdera, HO3BOHﬂIOmeﬁ NIPOU3BOAUTE pa-
IMOHAJIN3alNI0 €T0 TEOMETPUIECKUX MMapaMETPOB.

KoHcTpyKTHBHOE peLieHHe
noBbIIeHUs P PeKTUBHOCTH
MArHUTOAMHAMHUYECKOIo HaAcOoCa

3HaunTeNnbHAs ITMHA PabOYMX 30H ITOJABISIO-
Imero GOJBITMHCTBA MATHUTOMHAMIYECKHX HACOCOB
CBsI3aHa C pealu3aluell B HUX JIMHEHHOro yCKOpeH s
paboueii cpensl. [To3TOMy NpUMEHEHHE BHHTOBOH
MPOTOYHON YacTH PaboYnX 30H CYIIECTBEHHO CHH-
JKaeT JIMHeHHbIe TabapuThl YCTPOICTBA U MOBBIIIAET
€ro MPOM3BOAUTENBHOCTD. I'eHepupyemblii ruapoau-
HaMHUYECKMI BHUXPb TaKKe SBIAETCS HAJEKHOH 3a-
LUTOH OT 0OpaTHOro Toka pabouell cpelpl IpU
CKa4Kax JaBJIeHHsA B CHCTEME.

Ipennaraemas KOHCTPYKIUS MarHUTOAHMHAMUYE-
CKOT'0 Hacoca peajn3yeT yCKOPEHUEe MarHUTOpPEOsIo-
THUYECKON Cpefibl 10 BUHTOBON TPAEKTOPUH.

BunToBbIe YHOPABJIAOIIME 3JICKTPOMArHUTHBIC
IoNs B MarHUTOJIMHAMIYECKHX YCTPOHCTBaxX obec-
MEYUBAIOT TPOCTOTY PEATU3ALUN PEBEPCUBHOIO pe-
JKHUMa ¥ BO3MOXHOCTb I'€HEPALMM MarHUTOJUHAMU-
YECKUX M THpocKonmu4eckux 3¢dexro. [JanHbie 3¢-
q)CKTI:I TIO3BOJIAAFOT CO3J1aBaTh 3HAYMTECIIBHBIC IIE€PC-
najpl JIaBJIEHHS U TOBBIIATh KMHETHYECKYIO SHEp-
TUI0 MarHUTHBIX YacTULl IIPY PABHBIX 3HAYEHHSX
BOJIbT-aMIIEPHOI XapaKTEPUCTUKH B CPaBHEHHH C
KITaCCUYCCKMMHU KOHCTPYKIUSAMH MarHUTOAMHAMU-
YeCKHX yCTPOIHCTB C IMHEHHBIMH PabOYIMH 30HAMH.

OueBHIHO, YTO HAJIOXKEHHE HA IOTOK MAarHUTO-
PEOJIOrNYECKOi JKMIKOCTH BHELIHUX AUHAMHYECKHX
BHHTOBBIX 3JICKTPOMAarHUTHBIX mojiell CrocoOHO Te-
HEpHpPOBaTh B Hel THApoAMHAMHYECKHE P EKTHI 3a
CYeT COOOMIEHMS IOTOKY PafHaibHOH COCTaBIIAIO-
Imeif CKopocTH ¥ ()OPMUPOBAHUS BHHTOBOI TPAEKTO-
pun  OBWKCHHUS YacCTULl MaFHI/ITOpCOHOFl/l'{CCKOf/‘I
JKUJIKOCTH. BHHTOBOE 10JI€ MHAYLUPYETCA KAacKa oM
OJIOKOB 2JIEKTPOMArHHTHOTO ympaBieHus. Kackapl
0JIOKOB 3JIEKTPOMATHUTHOIO YIPABJIEHHS I1OTOKOM
COCTOSAT U3 2J1eMEHTOB AU epeHIaIbHOi 00MOT-
KH, KOTOPbIE DACIIONIOXKEHBI 110 OKPYXKHOCTH, YTO
HMHUIMUPYET BPaIATENbHO-NOCTYNATENBHOE BHKE-
HHE MarHUTOPEOJIOr MYeCKOH KuaKocTH (puc. 1).

IonpobHoe omnucaHHe KOHCTPYKLMM MAarHUTO-
JMHAMHAYECKOr0 Hacoca W MpUHLMIIA €ro pa60T1>1
onucansl B pabore [10]. KoHCTpyKIs MarHUTOIM-
HAMMYECKOTO HAcOCa OCHOBAHA Ha OPHIMHAIBLHOM
METOJIE YNpPaBJIEHHs PACXOIHBIMH XapaKTepHUCTHKa-
MU MaFHI/ITOpCOJlOFM‘ieCKOI‘/‘l JKHMJIKOCTH, Ol'ly6ﬂl/ll(0—
BaHHOM B paborax [10-14].

Puc. 1. MarautoanHaMudeckuii Hacoc: 1 — IIHeK;
2 — xopmyc; 3 — obrekaTtenb; 4 — Kackaj OJIOKOB
9JIEKTPOMArHUTHOT'O YIIPABIICHHSI [TOTOKOM

YucjeHHasi MojiesIb
MArHUTOAWHAMHUYECKOI0 Hacoca

Ormmcanne pabodero mporecca MarHUTONHMHAMH-
YECKOro Hacoca Leecoo0pasHo pase/IuTh Ha MarHu-
TOIMHAMUYECKYIO M THIPOJUHAMUYECKYIO dacTH. B
paMKaxX peIIeHHs IOCTaBICHHOW 3aJaddl 3HAYCHHE
nMeeT (opMa U aMILTHTYIHO-YaCTOTHBIC XapaKTepH-
CTHKHU YHPABJIIOIIEro Hois. MarHHTOIMHAMUYECKYIO
4acTh MPEICTABUM B cieyromeM Buje [15-18].

BuHTOBOE yIIpaBIIIIOIIEe II0JIE MOXKHO OIHCATh
YHCIEHHBIMI 3aBHCHMOCTSAMH, 3a[aB LVUIMHIpHYe-
CKYIO CHCTeMY KOOPJMHAT ¥ BHHTOBYIO CHMMETPHIO:

0,z

H=H(r,p-oaz). M

OCHOBHOH KaueCTBEHHBII IapaMeTp CHHpaIN
YIPAaBILIIOMIEr0 MO — HANpPSDKEHHOCTh, KOTOpast
BBIPA)KACTCS Yepe3 CKAILIPHBINA MOTEHIHA:

H=V, )

©

O=Hz+ 37 1, (nar)sin[n(0-az)], G)
o

rae H, — HaNPsLKEHHOCTh TTOJI Goka YpaBi€HUA,;

h,, —ammmryna nomst; 1, — ynxuis Hadernsna,

7,(x)

J,, — dynxmus beccenst nepsoro pona [19],

"J, (nx); “4)

J, (x):];](‘cos((x)sin(p—mp)d(p; )

a — ko3¢ duImeHT,

2n
=—; 6
%= (6)

L_ Iar 2JIEMEHTOB OJI0Ka yopaBii€Hus.
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BBCZ[GM JUIL pacCMaTpUBAEMOI'0 yIpPaBJISFOLIEr0

T0JIA Clleyromue KomnanenTsl , H, » H_:

H, = Zjﬁlnhmly (nar)sin[n(p-az)];

*—Z nhmln

H =H,-Y " nh,I,(nar)cos[n(¢-oaz)].

nocr)cos[n((p - ocz)];

1 ” — npoussoaHas GyHkiums MHdenbaa:

,[1

BeKTOpHI:Iﬁ TIOTEHIIHAJI YTIPABJIAIOLIETO ITOJIA:

I’l(ll”

nor)+1,, (nor)]. ®)

A=(4,,4,,0),
B =rotA,
O0A | ~ 4 |~
rord=| -2 |0, 04, .. )
0z oz | °
X
DA S
i x2+yz 0 ’
G|
¢ x2+y2 0

B — marauTHas HUHIOYKIOUSA.
KommonenTtst BCKTOPHOIr'0 IOTCHIHAIa YIIpaB-
JIAFOILIETO T10JIA:

A =- pEm Zn] 1, (nar)sin[ n(¢—oz);
A,=H 7—72 b1, (nar)cos[ n(9—-az)], (10)
A=0.
'YpaBHeHHE MATHUTHOM TTOBEPXHOCTH
y=H, ——rz I, (nar)cos[n(¢—az)]. (11)
T'eoMeTprYEcKUe TIapaMeTpPhl CEYEH s BHHTOBO-

TO YIOpaBJIAIOUIEr O OJIA 110 MarHUTHOH JIMHUH orpe-
JCIAOTCA U3 BBIpa)KGHPIﬁC

a b
_h,I, (nar,)
T WPHn
hmln (nar,)
o H,ru

x=r—r,

a’

y=n(o-0z),
(24 (.00

r, — paauyc OCH BHHTOBOIO IIOJI, paBHLIﬁ

a

(12)

“()= 5

BHEIIHEMY pajiycy KopIryca.

Paunonanu3zanuio pabodyero mporecca MarHu-
TOJMHAMHYECKOr0 Hacoca IPOM3BOJMM 3a CYET
M3MEHEHHs YaCTOTHBIX IapaMeTPOB M OLCHKH HX
BIIMSHUS Ha THAPOJMHAMHYECKHE XapaKTEePHUCTHKU
ycTpoiicTBa.

TuapomuHaMudeckass Mozenb ocHoBaHa Ha [20].
Hcxonss W3 YCIOBUS HEC)KMMAEMOCTH SKHIKOCTH,
CIPABEIUBBI CIICAYIOIINE YPABHCHUS:

ov 1
P (W)= P —~gradP - %
o (wW)v="r, s gra rot (rotv),

P =-VII,

2
a—v+ ov] :—grad[v—+ I +£]— Yrote, (13)
ot 2 p

o = rotv,

oo
—+ (vV)m— ((»V)v =9V’0,
~
ot
e o P — rugpocratnueckoe
naBnieHne; P — BEKTOp IUIOTHOCTH OOBEMHBIX CHII;

V — CKOpOCTh; O — IUIOTHOCTB, 9 — xuHemaTHUe-

— BEKTOp BHXDS;

CKasl BA3KOCTb.

B MarHMTOAMHAMHYECKOM HACOCE HPOUCXOIUT
CO3JJaHHe IIepenaja JaBJICHUsS 3a CUeT ITOBBIIICHUS
KUHETUYECKOH OHEPIUM YacTHIl SKHAKOH Cpensl,
(hopMUpOBaHUSI TPAGKTOPHIT UX IBIKCHUS U FeHepa-
LMH BUXPS BO BHELIHHUX YIPABILIIOMIKX NOJSIX. 3a/1aB
B paloueil Kamepe ycloBUE IpeoOIafaHUs CHII
MHEpIUU HaJ CIJIAMH BSI3KOCTH, IIOJTYYHM CIEIyIo-
IIyI0 CHCTEMY YPaBHEHHH IIISI CKOPOCTH H €€ IIpo-
CTPAaHCTBEHHBIX KOMIIOHEHTOB!
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rotv = kv,
% _
Oz "
10(m) (14)
r or :
ov, v, =hkv,,
oz or ’

0? 0? 0
vz“’+ Vfﬁ-liwz kz—i, =0,
oz or ror ° re

rae k — mapamerp, XapakTepU3YHOLIHMi HHTEHCUB-

HOCTh BpallCHHUsA IIOTOKA,V, — OCEBasd KOMIIOHECHTa

CKOpPOCTH; V, — paaualibHas KOMIIOHCHTa CKOpO-

CTH, V‘p — OKpY>KHast KOMIIOHEHTa CKOPOCTH,

v, (r,2)=U, (r)+U,(r,2),

Uy ()=, (r0). 15)
U, (r.z)=v,(r.z)-v, (r,0).
Baes Ge3pasmMepHble KOOPMHATHI:
R="07=21K=kn, (16)

I

3 5!

rane r, — GonbIIHit paanyc KOJIbIIEBOI'0 KaHaJa.

YpaBHEHHE OKPYKHOH KOMIIOHEHTBI CKOPOCTH
TIPUMET BUJL

ou, U, 1aU,
7z’ % P [Kz 7%}{(]?)’
R (R0 R 17
o (18(RU, ,
R)=—|— UK.
SR 6R[R R ]+ !

C Uenbio YHPOIIGHUS MONYYEHHS pelIeHnit
¢dynximit beccens n Hefimana s rupoguHamMuye-
CKOI 4aCTH MOJENIH 3alliIIeM TPAHUYHbIC YCIOBHUS
HCXOAd M3 JIONYLIEHWS IOXyOECKOHEUHOCTH U
HEIPOHHUIAEMOCTH KOJIBIIEBOIO KaHAaa:

U,(R.2) =00, (R,2) =00,

—_

R0)=0,(R,

) <0,
(18)

CTpyKTypa IOTOKAa MarHUTOPEOJIOrHYECKON cpe-
Zibl B paboueii 30He MpencTaBisieT co00i MOHONHT-
HbI BUHTOBOH O0BEM — EIMHBIA BHXPb, I03TOMY,
TIPE/ICTABUB B BUAE PAAA, TIOIyYaeM:

Z<D G, (R).

R*G, +RG, +G(uR2—)

G, (R) =1 R) (R (1) (1.,
Ji()Y (1, R) = (1, R Y () =0
O, (- K*)®, =1,

(19)

1

1= [/ (R)G, (i, R)RAR | I Gy (1, R) RaR,

R1

rae f, — kod(QUUMEHTBI PAsIOKEHNUs; (I, — COO-

CTBEHHbIC 3HAUYCHHS — KOPHHM ypaBHeHwil; Y, —
¢byukupst Helimana B o6wem Buze [19],
1 () 2 ()eos () 1, (). 0
sin (nm)
3pecs  J_, (x)=(-1)"J, (x). @21

TedeHre BUHTOBOTO IMOTOKA JKMIKOCTH B KOJIb-
LIEBOM KaHaJle — PaCIPEiCICHUE OKPY)KHOH KOMIIO-
HEHTBI CKOPOCTH IIPUMET BT

v, (RZ)=Uy (R) +

.0, uR) | (A

(22)
+§ W -K cos ¢,
ka R
o3 PAR o )]
n=mtl —H,

ANITopuTM NOBbINeHHs 3 PeKTHBHOCTH
pa6ouero nponecca MArHHTOXHHAMHYECKOTO
Hacoca 3a c4eT ONTHMH3AIHH FeOMeTPHH
NPOTOYHOH YacTH

Iar 1: IlpumeM 11t MarHUTOAMHAMHYECKOH U
TUAPOJAMHAMUYECKON YacTell CIIe/lyroliee paBeHCTBO:

r,o=r. (23)

a

Ilar 2: Jlng cBA3M MarHUTOOMHAMHUYECKOW H
THJPOAMHAMUYECKON uacTell 3aJaguM pPaBEHCTBO
OKDYJKHOif KOMIIOHCHTBI CKOPOCTH V,, U YIJIOBOi

Y4aCTOThI 0)(/] :

®, =V,. (24)
Iar 3: OnpenenuM U1t HEOOXOAUMOTO pacxona

TpeOyeMoe 3HauCHHE OKPYMKHOH KOMIIOHEHTHI CKO-
POCTH V, U3 yPaBHEHUs! PAacXoia uepes paboyee ceve-
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HHWE MAarHUTOJMHAMHUYECKOI0 Hacoca:

0=5o,(n). (25)
rae S — pabouee ceuenue.

Ilar 4: B coOTBETCTBMU C 3aJAHHOW OKPYXKHOMH
KOMIIOHEHTOH CKOPOCTH HaiiieM 3HaYeHHe mapameTpa:

_2v,n

K (26)

v,

Iar 5: OntuMM3upyeM XapakTep pacipezene-
HHSl OKPY)KHOH KOMIIOHEHTBI CKOPOCTH V, (R,Z ),
monbupast 3HaYEHHs W, U Pa3IMYHBIX OTHONICHHH
pamuycoB R, NIpHBeneHHBIX B Tabmumax [20], u
orpenessisi Ha X OCHOBE PAllOHAJbHBIC 3HAUCHUS
COOTHOLICHHUSI TEOMETPUM KOJIBLEBOro pabouero ce-
YCeHUSL.

Ilar 6: Haiinem pemrenust pyHxumit beccens n
Wudenbra nus MarauropuHamMuueckoit yactu. Ipu-
mare n=1.

Iar 7: IMonyunm pemenust GpyHxumit beccens u
Heiimana juist rupoJuHaMUYECKON YacTH.

Iar 8: 3agaguM 3Ha4YeHHWE aAMIUIUTYABI yHpaB-
JISIFOLIETO T10JISL U 110 TIOJy4SHHOMY 3HAUeHHIO YIJIO-
BOH 4YacTOTHI omnpenenseM TpeOyeMble 3HAYEHUs
HAIPsDKEHHOCTH 107151 OJIOKa yIpaBIICHUs

H, =h, cos (oowt + \um). (27)

rae ¥, — HadanbHas dasa.

Iar 9: ITo mony4eHHbIM peleHUusIM (YHKLIHH
beccens u Mudensra, a Taroke mapaMerpam MO,
MHAYLUPYEMOro OJIOKOM YHPABIICHHUS, [UIS MarHUTO-
JIMHAMUYECKON YacTH OHpeneauM TpedyeMble TIeo-
METPUYECKHE XAPAKTEPUCTUKH BHHTOBOTO YHpaBIIs-
IOIIETO IO

IHar 10: Onpenenum mHapaMeTpbl MarHUTHOTO
noss nogasHo (2).

IHar 11: OnuieM MarHUTHYIO MHIYKLIUIO OJloka
JIIEKTPOMATrHUTHOTO YIIPABIICHHS:

B =rotd. (28)

Pe3y.m;ra'n,l YHUCJIECHHOI'0 DJKCIEPUMEHTA

Bapuant noBblmenus 3¢G{eKTUBHOCTH padodero
mpolecca OCYLISCTBUM IIyTeM pPaldOHATH3ALHH
KOMIIOHEHTOB CKOPOCTH, IIPOBES COITIACOBAHMS HX
COOTHOLIEHUs B CUCTEME YPABHEHUH CKOPOCTH M €€
[POCTPAHCTBEHHBIX KOMIIOHEHTOB C y4eTOM IeOMeT-
PHYECKHX IIapaMeTpoB IIOTOKA, (HOPMUPYEMOro
YIOPaBISIOMMM IIOTeM, M TpeOyeMBIX PacXOMHBIX
XapaKTePHCTHK MarHHTOAHHAMHYECKOro  Hacoca.

Basupysicb Ha reoMETpUYECKHMX XapaKTepPHCTHKAX
BHHTOBOTO YIIPABILIONIETO IO, TPeOYeMbIX UL
JIOCTUKEHUSI JKEJTAEMOr0  pacxoja, CMOJIEIHpyeM
TPAEKTOPUIO TEYEHUsI MATHUTOPEOJIOTUYECKOH Cpesibl
B OerymieM BHHTOBOM mose (puc. 2). C 1enbio 9Ko-
HOMHUHU BPEMEHH, TPeOyeMOoro JUisl MPOBEIEHHsS pac-
4eTa, PacCMOTPUM OJMH BHTOK TpaeKTopuu. Pammo-
HaJIM3alMI0 KOMIIOHEHTOB CKOPOCTH IIPOILE BCEro
MPOM3BECTH, HCIOIb3Yys MNapaMeTp XapakTepu3yro-
M HHTEHCHBHOCTH Bpalenus notoka k . ITo BuH-
TOBOM TPaeKTOPHH, OCHOBBIBAsICh HA IapaMeTpe, Xa-
PaKTepH3yIOLeM HHTEHCUBHOCTD BPAlLlEHHs M10TOKa,
OIIPE/IENIMM PACXOJIHbIE XapaKTEPUCTHKU MAarHUTO-
JIMHAMHYECKoro Hacoca (puc. 3).

Pe3ynbTaThl YMCIEHHOTO SKCIEPHMEHTa HILIIO-
CTPUPYIOT CYIIECTBEHHYIO 3aBUCHMOCTh PACXOJHBIX
XapaKTepPUCTUK OT MHTEHCHBHOCTH BpAILIEHUA MOTO-
Ka U IOATBEPKJAIOT BO3MOKHOCTh IPUMEHEHUS €e
IIPH MOJIETIUMPOBAHNM PabOYNX XapaKTEpPUCTHK Mar-
HHUTOIMHAMUYECKUX HACOCOB C BMHTOBBIMU YIpPaB-
JISTIONMMHA HOJAMH. B MOIOOHBIX yCTpOICTBAX IBH-
JKEHUE MarHUTOPEOJIOrMYECKOH Cpesibl POU3BOINT-
Csl BpAIATENIbHO-TIOCTYIATENIBHO TOCPEACTBOM Oe-
TyLIEro BUHTOBOI'O 3JIEKTPOMATHUTHOI'O 1101, MH]Ty-
IUPYEMOro KackaJjoM OJIOKOB YIPABIEHHs TIOTOKOM,
KOTOpBIE COCTOSIT U3 3J1eMEHTOB I depeHImanbHoi
00MOTKH. YTpaBisifoliee Oeryiiee 3JIeKTpOMarHiT-
HOE MOJIE UHAYIHPYETCS KacKaJoM 3JIeKTPOMarHu-
TOB MOCPEICTBOM IOCIEAOBATENBHOIO BKIIFOYCHHS
KOHTYPOB, MUTAIOUMX OJOKH M dJeMEHTHl audde-
PEHLHMAIBHOW OOMOTKM OJIOKOB YHPABJICHUS IIOTO-
KOM, BXOJSIIIMX B KacKajl, IPH 9TOM BKJIIOUYEHHE 00-
MOTKHM Ka)K[Or0 MOCIEAYOIEro 0JIOKa HauMHAeTCs
CO CMEILEHHUS Ha OJMH 3JIEMEHT b epeHnanbHoi
0OMOTKH, TO €CTh C yIJIOBBIM caBUroM. O4eBHHO,
YTO TapameTp, XapaKTepU3YHOIMil HHTEHCHBHOCTh
BpallleHHs IIOTOKA, SBJIAETCS MEPOH CKOPOCTH Iepe-
KIIIOUEHHs 3IEMEHTOB au(depeHIaIbHbIX 00MO-
TOK, oOpa3yromux crupaib. [loaydeHHble pe3ynbpTa-
Thl MMEIOT CYLIECTBEHHOE NPUKIIAJHOE 3HAYECHUE U
TIPUMEHUMBI B MH)KEHEPHOM NPAKTUKE.

Puc. 2. Tpaekropus qBHKEHHS TOTOKA
MarHUTOPEOIOrMYECKOI KUAKOCTH B BUHTOBOM
9JIEKTPOMATHUTHOM HOJIe (OJUH BUTOK)
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Q em¥s

S,‘;mz
Puc. 3. Craruueckue XapakTepUCTUKH HAacoca:
1 munus — k=1; 2 muaus — k=2; 3 nunus — k=4

Takum 00pa3oM, pa3paboTaHHas KOHCTPYKLIUS
MarHUTOJMHAMHYECKOT0 HAcoCa OTIMYAETCS OT pa-
Hee M3BECTHBIX TeM, 4TO paboumii mpouecc ycTpoi-
CTBa 3aKJIFOYAC€TCA B CO3JaHUU BHUHTOBOI'O YIIpAaBJIS-
IOIIEro TMOJIS 33 CYET Kackaza ONOKOB yNpaBlICHHMS,
BBINOJIHEHHBIX M3 COOpOK AU((epeHINaIbHBIX UH-
JIyKTOPOB M CITMPAJIbHOIO HAIPABJISIOLIETO arnapara
TIPOTOYHOI YacTH.

Pa3paboTaHHBIi METOJ YMCICHHOTO MOAEIHUPO-
BaHUs [PEJICTABICHHOrO B pa00OTE 3aI1aTeHTOBAHHOIO
MarHUTOJMHAMUYECKOr0 HAcOCa IMO3BOJIAET PaLLo-
HAIM3HPOBAaTh TEOMETPHIO IIPOTOYHOH YacTH H
YHOPABJAOMIErO IOJIs, YTO 3HAYUTEIIBHO YIy4dIlIacT
XapaKTEPUCTUKU Pabo4ero IMpoLecca M IIOBBIILIAET
3¢ eKTUBHOCTD yCTpOiicTBa.

3aki0ueHue

Pa3paGoTaHHBIi MeTOJ yHpaBIEHHS PACXOIHBI-
MH XapaKTepPHCTUKaMH MarHUTOPEOIOrnIecKor cpe-
61 (G (HEKTHBEH U IPOMBIIUICHHO IPUMEHUM.

Pa3paGoTaH MeTOZA palMOHAIM3AINU TEOMETPHU-
YeCKHX NapaMeTpOB KOHCTPYKIIMHM MarHUTOJWHAMH-
YeCKOro HAacoca, 4TO JaeT BO3MOXKHOCTH MOBBICHTB
3¢ deKkTUBHOCTE paboyero mporecca M YIyYIHThCS
TUIPOJMHAMUYECKHE XapaKTEPHCTHKH YCTPOHCTBA.

Ha ocHOBe NpemIoKeHHOr0 METO/a YIPaBICHHS
pPacxofOM CO3JaHA OPHIHHAIBHAS ~KOHCTPYKLIHS
MAarHATOIMHAMUYECKOTO HAcOCa.

Pe3ynmbTaThl 4MCIEHHOTO OKCIIEPHMEHTa MOJ-
TBEPKIAIOT 3(PPEKTHBHOCTh MPEUIOKEHHOTO KOH-
CTPYKTHBHOTO PELICHHS.
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Abstract. 1t is obvious that the volumetric method of reg-
ulating the drive system is the most energy efficient. Im-
plementation of the volumetric method is an expensive
engineering solution for conventional hydraulic systems,
but magnetorheological drives minimize the difference
between costs of using volumetric and throttle control
methods. Therefore, the paper describes a method for
increasing the efficiency of magnetodynamic pumps by
applying helical control electromagnetic fields. The au-
thors presented an unconventional patented design solu-
tion of the formulated task and created an algorithm for
improving the efficiency of the operation by optimizing
the flow path geometry. A design solution to increase
efficiency of magnetodynamic pumps is implemented by
controlling the flow of magnetorheological fluid in the
external dynamic helical electromagnetic fields; it gener-
ates hydrodynamic effects, transfers the radial velocity
component of the flow and forms a helical path of mag-
netorheological fluid particles. The helical control fields
are induced by a cascade of electromagnetic control
blocks, which consist of differential winding elements
arranged in a circle. It initiates the rotating and recipro-
cating motion of magnetorheological fluid. A numerical
model has been developed to improve the efficiency of its
operation and includes magnetodynamic and hydrody-
namic parts. The use of this numerical model makes it
possible to rationalize the characteristics of magnetody-
namic pumps. The paper presents a step-by-step algo-
rithm of improving the efficiency of the magnetodynamic
pump operation. The algorithm describes the sequence of
determining the required parameters and patterns. Speed
components are rationalized by a parameter, which char-
acterizes the intensity of flow rotation. As a result of a
numerical experiment, static characteristics of the magne-
todynamic pump were obtained for different values of the
mentioned parameter.

Keywords: Magnetodynamic pump, efficiency of the
operation, helical magnetic fields, hydrodynamic effects.
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