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BBEJAEHHUE

AKTyaJlbHOCTH PadoThl. 3azemiraroniye ycrpoicTsa (3Y) SBISIOTCA OJIHUM W3
Haubosiee pacnpoOCTPAaHEHHBIX 3AIIUTHBIX CPEJICTB U HUCIOJB3YIOTCS HE TOJIBKO IS
o0ecrieyeHuss  DIEKTPOOE30MacHOCTH W HOPMAJBbHOTO  pekuMmMa  paboThl
JJIEKTPOYCTAHOBKM, HO M TpU 3aIlIUTE€ OT aTMOC(EpPHBIX U KOMMYTAI[MOHHBIX
NEPEHAIPSHDKEHUH, a TaKKe, B psAe CIydyaeB, A O0eCHeueHUs AJIEKTPOMarHUTHOU
coBMecTUMOCTH. CHcTemMa 3a3eMJIEHHS HCIOJb3YEeTCSl TAKXKE BO BTOPHYHBIX LEISX
TpaHCc(HOPMATOPOB TOKA U HATIPSKEHUS IS LI€TIeH peeHOM 3aIlUThl U aBTOMAaTHKHU.

N3menenne mapameTpoB 3V BO3HUKAET MOJ JICUCTBUEM PA3IUYHBIX (haKTOPOB
OKpyXamlIel  cpeapl  (XMMHUKO-MUHEPAJIbHBIM  COCTaB  TPYHTA,  BJIAXKHOCTD,
TEMIEpaTypa,  KUCIOTHOCTb,  OaKTepualbHBIA  COCTaB,  Ta30BbIil  COCTaB,
AIIEKTPOIPOBOIHOCTD, @ TAKXKE BUJ TPYHTA) U MPOUCXOAUT HENPEPbIBHO. B pesynbTrare,
C TEYECHUEM BPEMEHM, IPOLECC KOPPO3UU 3JIEMEHTOB 3a3€MIIUTEIN YCKOPSETCS, YTO
IIPUBOJUT K POCTY CONPOTHUBIICHHS pacTeKaHUIO ToKa 3Y. KOppo3noHHBIE pa3pylIeHUs
OTJIEJIBHBIX 3JIEMEHTOB 3a3€MJIMTEJECH B Cllydae BOZHMKHOBEHUSI aBapUUHBIX PEKHMOB
(KOpOTKO€ 3aMblKaHHE, aTMOC(HEpPHOE M KOMMYTALIMOHHOE MEpeHANpsKEeHUus U JIp.)
NPUBOAAT K OTKa3y cpaOaTbiBaHUs PENEWHOM 3allUThl U aBTOMATHKH, MOSBICHHUIO
BBICOKOI'O HaNpsDKEHUS Ha KOPIycax 3JeKTpooOOpYyAOBaHUs, pa3pyLICHUIO U30JISLUN
IIEKTPUYECKHUX aIllIapaTOB U MOTYT SBJIATHCS IPUYNHOMN 3JIEKTPOTPABM.

OTMeTuM, YTO YBIIA)KHEHHWE TIPYHTAa CIOCOOCTBYET YMEHBIICHHIO YAEIbHOIO
JIEKTPUYECKOTO  CONPOTHBIIEHHWS TpPyHTa W, CIEJOBAaTEIbHO, CONPOTUBIECHUS
3azemumTens. OgHAKO 3TO YMEHBLIEHUE CYHIECTBEHHO BIIMSIET HAa MPOLECC KOPPO3UH,
YTO TPUBOJUT K CHIDKEHUIO cpoka ciyxO0bl 3Y. Ha nuio mpoTuBopedre MeExIy
(dakTopaMu, ONpenesSIOUIIMI OCHOBHbBIE XapaKTepUCTUKH 3V .

CornacHo JENCTBYIOUIUM HOPMATUBHO-TEXHUYECKUM JIOKyMEHTaM
KOPPO3HMOHHOE COCTOSIHME JJIEMEHTOB 3Y  omnpenensercs IyTeM IPOBEACHUS
BU3YaJIbHBIX OCMOTPOB (B OCHOBHOM, CO BCKPBITHEM TPYHTA) U pacdera MnapaMeTpoB
3Y, NO3BOJAIOIIMX OLCHUTh €ro cocTosgHue. KosmdecTBEeHHas OLEHKAa KOpPPO3UHU

3JIEMEHTOB 3a3€MJICHHUSI MPOU3BOJIUTCS BBHIOOPOYHO IO y4YaCTKaM KOHTPOJIHPYEMOIO
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anemMeHTa 3Y TIyTeEM H3MEpPEHHs] XapaKTEPHBIX pPa3MEpPOB, 3aBUCAILIMX OT BUAA U
CKOpPOCTH Koppo3uu. Pa3zMmepbl omnpenenstorcss Mocjie yAAJeHHsT € IOBEPXHOCTH
anemeHTa 3Y CleloB KOPPO3UH. YUUTHIBASI, UTO BEPTUKAIBHBIC AJIEMEHTHI 3Y OOBIYHO
HaxojATcsa Ha riryoune ot 0,7 o 1,5 M, a ux cpeuss IiuHa ot 3 10 5 M u 6ojee, Takue
OMepalliy BbI3BIBAIOT YBEIMUYCHHE BPEMEHHBIX 3aTpaT M SIBJISIOTCS JOCTATOYHO
TPYIOEMKHMH.

N3BecTHBIE METOIBI OMPEICIICHUSI COCTOSIHUA 3Y HE MO3BOJISIIOT B MOJIHOW Mepe
OMPENICIUTh KOPPOZMOHHOE COCTOSIHUE AJIEMEHTOB 3azemiutens. [loaTomy paspaboTka
CUCTEMBI OLIEHKM COCTOSIHMS 3a3€MIISIIOLLIEr0 YCTPOMCTBA, MO3BOJISIONIEH YCTPaHUTH
MMEIOIIME HENOCTaTKu U OOOCHOBAHHO pa3padaThiBaTh MEPOIPHUSATHS, MOBBIIIAIONINE
JIOJITOBEYHOCTh PabOThl 3a3eMIISIIOIIETO YCTPONCTBA, SIBIACTCS aKTyaJlbHOW Hay4HO-
TEXHUYECKOM 3a/1auei.

Hea, pab6orbl. OOOCHOBAHWE W CO3JAHUE CHUCTEMBI OLIEHKA COCTOSHUSA

3a3eMJISIFOLET0 YCTPOUCTBA.

JI1st AOCTHKEHUS 3asIBJICHHOM 11€7TM OBUIN MOCTABJICHBI CIICYIONINE 3a0a4u:

1. Pazpabotath J1a0OpaTOpPHYIO YCTAHOBKY JUISl HCCIEAOBAHUS  BIIASHHUS
pasTuYHBIX (HAKTOPOB OKpPYXKAIOMIEH cpeApl W OMYKIAIOMUX TOKOB Ha TIPOIECC
KOppO3uH 37eMeHTOB 3Y.

2. Pa3paboTarh METOJIMKY M BBINOJHUTH JKCIEPUMEHTAIbHBIE HCCIEIOBAHUS
BIUSHUS Pa3IUYHBIX (AaKTOPOB OKpYXKalomeld cpenpl W ONyKIaoIuX TOKOB Ha
poIIecC KOPPO3UH JIeMEHTOB 3Y.

3. Ha ocHOBaHMM yKa3aHHBIX WCCJICIOBAHWA OOOCHOBATh KPUTEPHUH BBISBICHUS
pe3yAbTaTOB MpoIecca KOPPO3HUH FIeMEHTOB 3.

4. TTocTpouTh MaTeMaTUUECKUE MOJIEIH JIJIsl OTICHKW COCTOSIHHS 3JIEMEHTOB 3V .

5. PazpaboTath croco® M METOAMKY OMNPENCICHHUS COCTOSIHUS 3JEMEHTOB 3V,

OCHOBAHHBIX Ha U3BMCPCHHNH KOCBCHHBIX ITapaMCTPOB.
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O0beKT nccae0BaHUA — 3a36MIISIFOIINE YCTPOMCTBA MOACTAHLUUM PA3IMYHOIO
BUJIa U HA3HAYECHUSI.

IIpeaMer wuccjieq0BaHUSL — BBISIBJICHUE 3aKOHOMEPHOCTEM B W3MEHEHUHU O]
JEUCTBUEM KOPPO3UU COCTOSIHUSA 3JIEKTPOIOB, 00Pa3YIOIIUX 3a3eMIISIOIIEe YCTPOUCTBO.

MeTtopnoJiornueckasi M TeopeTHYeCKasi OCHOBA HCCJEAOBAHMS. B OCHOBE
JaHHOW paloThl JIeXKAT HCciaeAoBaHUsS Takux yueHblX, kak P.K. bopucos, B.B.
Bbyprcaopd, F0.B. [demun, I1.A. Jomun, P.H. Kapskun, H.I1. Katurpo6, A.b. Ocon,
AN. Cupopos, 0.B. LlenedbpoBckuii, A.M. fAxko06c U Apyrux y4eHbIX, BHECIIUX
00/1bIION BKJIaX B pa3pabOTKy METOJUK, a TAKKE CIIOCOOOB OMNPEJENICHHs OCHOBHBIX
[IapaMEeTPOB 3a3EMILIIOIINX YCTPOMCTB, XapaKTEPUIYIOIINX €r0 COCTOSHUE.

B kauecTBe OCHOBHBIX METOJMK HCCIEAOBAHMS IPUMEHSIUCH: METOIBI
(Gu3MYECKOTO MOJEIUPOBAHMS, IJIAHUPOBAHUS MHOTIO(AKTOPHOIO OTCEUBAIOIIETO
DKCIIEPUMEHTa, a TaKKe MAaTEeMaTUYeCKOro MOJEIUPOBaHUS JJs TOCTPOCHUS
3aBUCUMOCTM IIOTEPM  MacChl METaula, IPUMEHAEMOro Uil  H3TOTOBJICHUS
3a3€MJISIOIMX  AJIEKTPOJOB, W HM3MEHEHHUS CONPOTHBJICHHS PACTEKaHUIO TOKa,
CTEKAIOIIEro C 3JIEKTPOJIOB, OT BIAXKHOCTH I'PYHTA U HAJTMYUS OJTy>KJIal0IIEro TOKA.

J1oCcTOBEpPHOCTH M 000CHOBAHHOCTD MOJIYYEHHBIX PE3YyJIbTaTOB MOATBEPKIACTCS
KOPPEKTHBIM  NPUMEHEHHEM  TEOpHM  IJJAHUPOBAHUS  JKCIEepUMeHTa (IS
NBYX(AKTOPHOTO OKCIEPUMEHTAa) U  OOJNBIIUM OOBEMOM  IKCIIEPUMEHTAIBHBIX
UCCJIEIOBAHNM, BBIIIOJIHEHHBIX B JIA0OPATOPHBIX YCIOBUAX NPU MacIlITaOMpOBaHUU
FEOMETPUYECKUX PA3MEPOB M JIIEKTPUUYECKHX IAPAMETPOB IEMEHTOB 3Y, COIVIACHO
TEOpPUU MO00HUS U MOJEITUPOBAHUS.

HayuyHasi HOBU3HA OCHOBHBIX MOJIOKEHH M Pe3yJIbTATOB, BLIHOCUMbBIX HA
3alIUTY:

1. IToreps Macchl MeTaiia, IPUMEHSEMOTO JJI1 U3TOTOBJIEHUS 3JIEKTPOAOB 3Y, U
YBEJIMYEHHE COIMPOTUBIICHUSI PACTEKaHUIO TOKa 3Y 3aBUCHUT OT BJIQXXHOCTU T'PyHTa U
HaIUM4Msl OJIyKTArOIIMX TOKOB, MPH OTOM HAWOOJbIIAs TOTEePsS Macchl MeTaylia
IIPOUCXOIUT TP BIAXXHOCTHU IpyHTA 25 %.

2. J1nst onpeniesieHusl KOJTMYECTBEHHBIX MOKa3aTeel N3MEHEHUSI MAacChl 3JIEKTPOJIOB

U CONPOTHUBIICHHUS PACTEKAHUIO TOKa 3Y C IMOMOIIBID YPABHEHUS PErpeCCHHM BTOPOM
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CTEIIEHU BIIEPBBbIE IOIYYECHbl YMCIEHHbIE 3HAYEHUS KOI(PPULMEHTOB, MPUMEHEHHE
KOTOPBIX 00€CIIEYMBAET MOTPEIIHOCTh pe3ybTaToB He Oosee 20 %, B 3aBUCUMOCTH OT
BJIQYKHOCTH FPYHTA.

3. Pa3paborana ycTaHOBKa JUIsl MCCIEAIOBaHUS BIMSIHMS (DAKTOPOB OKpYXKaroUleil
cpelbl W OJyXJaroUMX TOKOB Ha IMPOLECC KOPPO3UH 3a3€MILIIOIIMX YCTPOMCTB
(3amMileHa MaTeHTOM Ha MOJIE3HYIO MOJIENb).

4. Pa3paboTaH crmoco0d M METOJUKa KOCBEHHOTO OMpefeNieHusi coctosiHus 3Y, He
TPeOYIOIIEro MPOBEAEHUS BCKPBIIIHBIX pa0oT.

IIpakTH4Yeckasi 3HAYMMOCTb U peajin3anus ee pe3yJbTaToB:

1. Pe3ynbTaThl ~ HccaeAOBaHUS ~ MOTYT  OBITh ~ HMCHOJIB30BaHbl  HAy4YHO-
UCCIIEIOBATEIbCKUMA U KOHCTPYKTOPCKUMH OpraHM3alUsIMH IpU pa3paboTKe U
COBEPIICHCTBOBAHUU CIIOCOOOB OIpPEAENEHUSI CPOKA CIIYKObl 3JIEMEHTOB MOJ3E€MHBIX
METaJUIMYECKUX KOMMYHUKAINI, HAXOASIIMNXCSA MO/ IeHCTBUEM KOPPO3HUHU.

2. PazpaboTaHHasi SKCIIEpUMEHTAJIbHAs YCTAHOBKA IIO3BOJISIET B J1aOOPAaTOPHBIX
YCIIOBUSIX OMNpPEAENITh BIUSHUE BJIAKHOCTU TPYHTA, €r0 BOJOPOJAHOrO MOKa3aTels,
XUMHUYECKOTO COCTaBa M HaJIW4yus ONyXJAalOUMX TOKOB Ha IMPOLIECC KOPPO3UHU
JIEMEHTOB 3a3€MJISIIOIINX YCTPOMCTB.

3. [lomyueHHble aBTOPOM pE3yJbTaThl MCCICJOBAHMS HCIIOJNB3YIOTCS B TIPOIECCEe
U3Y4YEHUS CTyJAeHTaMu TaJPKUKCKOTO TEXHUYECKOIO YHMBEPCHTETA MMEHU aKaJeMUKa
M.C. Ocumu u HHctuTyTa 3HEpreTkn TaJKMKWUCTaHAa NHCIUILIMH «be3onacHOCTh

KU3HCACATCIIBHOCT) U <<3HGKTpO6630HaCHOCTI>».

CooTBeTCTBHE AMCCEPTAIMN MACHOPTY HAYYHOI cnenuajabHOCTH. HaydHbie
MIOJIOKEHUS, TIPUBEJACHHBIE B JIUCCEPTAIMH, COOTBETCTBYIOT OO0JIACTH HCCIICOBAHUMN
cnenuanbHocT 05.26.01 — OxpaHa Tpyna (2JI€KTPOIHEPreTHKa), B YaCTHOCTH, M. 3

«Pa3pa60TKa MCTOAOB KOHTPOJIAI, OOCHKHM WM HOPMHPOBAHHA OIIACHBIX WM BPCAHBIX

(haKTOpPOB MPOU3BOJICTBA, CITOCOOOB U CPEJICTB 3AIUTHI OT HUXY.

AnpobGauuss pa6oTbl. OCHOBHbBIE TOJOXKEHUS TUCCEPTAMOHHONW pabOThl ObLIN
JIOJIO)KEHBI M TMONy4Yusin onoopenue Ha: VI MexayHapoaHoi 3a04HOM HaydHO-

MPaKTUYECKON KOH(DEepeHIMu «DHEepreTuKa B COBPEMEHHOM Mupe», r. Yura, 2013 r.;
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LI-LV MexayHapoaHbIX HAy4YHO-TEXHUYECKNX KOH(pepeHIUsIX «JloCTKEeHUs HayKu
— arpoNpPOMBIIIICHHOMY KOMIUIEKCY», T. Yensounck, 2014-2016 rr.; 6—8 HaydHBIX
KoH(pepeHuuax acnupanToB u goktopanTtoB OYpl'Y, r. Yensbunck, 2014-2016 rr.;
66—68 Hayunsix koHpepenuusx «Hayka FOYpl'Y», r. YUenabunck, 2014-2016 rr.; 111
Bcepoccuiickoit  cTyneHueckoi KOH(pEpeHHHH (C MEKIyHapOAHBIM  YYaCTHEM)
«be30nacHOCTh KU3HENEATEIbHOCTH TJIa3aMu MoJojiexu», T. Yensounck, 2014 r.; VI
MexnynapoHou Hay4YHO-TIPAKTUYECKOU KOH(pEepeHIIUU «be3onacHOCTh
KUBHEJEATENIbHOCTY B TpPEeTheM Thicauenetun», T. Yensbuuck, 2015 r1.; XI
MEKTyHaApOIHOM HAy4YHO-TIPAKTUYECKON KOH(epeHInU «be3omnacHocTh
KU3ZHENIECATCIbHOCTH MPEINPUSATAA B NPOMBIIUIEHHO PA3BUTBIX pErHOHax», T.
Kemeposo, 2015 r.; VII orpacieBoil Hay4yHO-TEXHUUYECKOU KOH(PEPEHIIUU MOJIOJBIX
PYKOBOAMTENEH W  CHENUAIMCTOB  «MOJIOAE)KHBIE  MHHOBAalUMU  IOBBIILIEHUS
3 ()EKTUBHOCTH M HAAECKHOCTH TpaHcmopTa rasza», I. EkarepunOypr, 2016 r.;
MEXIYHAPOJHON Hay4dHO-TeXHUYeCKOM KoHpepeHuuu <«lIpoM-UHKuHUpUHTY, T.
Yensabunck, 2016 r.; Ha ceMHHapax AacCONUPAHTOB M AOKTOpaHTOB Kadeapwl «BXKJ»
HOYpl'Y (HY), r. Yenabunck, 2013-2016 rr.

Myoankamuu. [lo Teme muccepranuu omy6nukoBano 20 medaTHbIX paboOT, U3
HuX | paboTa — B mepuoinyecKoM U3aaHuu, pekomeHaosanHoM BAK P®, 1 pabota — B
NEePUOIMYECKOM HW3JIaHUU, BXOHsIIEeM B 0a3y JaHHBIX SCOPUS, moJiydeH | maTeHT Ha
MOJIE3HYIO MOJIETb.

Ctpykrypa M 00béM auccepramuu. [luccepranoHHas padoTa COCTOUT W3
BBEJICHUS, TPEX IJIaB, OCHOBHBIX BBIBOAOB, ClIMCKa auTepaTypsl (147 HanmeHnoBanuil), 4
npuwioxkenusi. Copepxut 111 cTpaHull MamIMHOMUCHOTO TEKCTa, B TOM 4ucie 25

PUCYHKOB, 32 TaOIHIIbI.
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1. AHAJIN3 COCTOSAHUA BOITPOCA U OBOCHOBAHMUE 3AJTIAY
NCCIEAOBAHUA

1.1 ®dakTopsl, BJAMSIOIINE HA KOPPO3HUIO JIEMEHTOB 3a3eMJISIIOIIUX YCTPOMCTB

Cucrema 3V sBIs€TCA OJJHUM U3 OCHOBHBIX AJIEMEHTOB YHEPIreTUUYECKUX CHUCTEM,
BIUSIIOIIUX Ha €ro yCTOWYMBOCTBH, HAJIEKHOCTH OOOPYIOBaHUA M Ha OE€30MaCHOCTh
OOCITY>KMBAIOIIET0 MepcoHaNa. 3a3eMJISIONIEe YCTPOMCTBO BBIMOJIHAET PAa3IUYHbIE
(GYHKIIMM, OCHOBHOM W3 KOTOPBIX SBISIETCS CHU)KCHHE YPOBHS TMOTEHIMAla Ha
METAJIMYECKUX HETOKOBEAYIIME YacCTAX 3JIEKTPOOOOPYIOBaHMS MPU BO3HUKHOBEHHUH
KOPOTKHUX 3aMbIKaHUU WM 3aMbIKaHUW Ha KOPITYC.

Cucrema 3V BritouaeT B ce0sl €CTECTBEHHbIE M MCKYCCTBEHHBIE 3a3€MIIMTENH, a
TaKXKe 3a3eMJISIOLINE IIPOBOJTHUKH JUISL IIPUCOEINHEHHUS KOPILyCOB
3JIEKTPOOOOPYIOBaHMS K 3a3emiuTesim [2, 5, 19, 24, 51, 63, 73, 83, 94, 133, 139].

Hiusa 3Y mo0oro BHIa M Ha3HAYCHUs] HCIOJIB3YIOTCS, B IEPBYIO OYepelb,
ecrectBeHHble 3azemumrenu [117, 141]. OHM CBS3BIBAIOTCS C MAaruCTPaIsIMH
3a3eMJICHMII MUHUMYM JIByMs MPOBOAHUKAMH, MPUCOEAMHEHHBIMH K 3a3€MIIUTEIIO B
pa3HBIX MECTax, KpOMe€ MeTaNIM4ecKuX 000JIoueKk Kabened, Omop BBICOKOBOJBTHBIX
avaui (BJT) 1 TOBTOPHBIX 3a3eMJICHHI HYJIEBOTO 3alTUTHOTO MpoBoAHMKa [118].

OcHOBHbIMU 35ieMeHTaMu 3Y SBISAIOTCS BEPTUKAJIbHBIE W TOPU3OHTAJIBHBIC
NIEKTPOJBI, 3a3€MILIIOIIME CETKM M 3a3eMJISIOIIME NPOBOAHMKHU, CIy)Kallue IS
NpHCOCIMHECHUS 00opyaoBanus K 3azemiutensm [30, 68, 71, 83, 74, 105, 107, 109,
113].

EctecTBenHbIMU 3a3eMinTeNIsIMU MOTYT ObITH [30, 54]:

- MOJI3€MHbIE UJTU TTOJIBOJIHBIE YACTH CTAJIbHBIX U )KEJIE300€TOHHBIX KOHCTPYKIUH
U COOPYKEHHUH; BCE METaJUIMYECKUEe TPyOOIpPOBOIbI, 3a UCKIIOYEHHEM TPYOOIPOBOIOB
TOPIOYMX M B3PBIBOOIACHBIX BEIIECTB M CMECEH, KaHajdu3allud M LEHTPaJIbHOTO
OTOIUIEHUST; 00CaHbIEe TPYOBbI U PEIbChI; TEXHOJIOTHUECKHUE KaOeIbHbIE U COBMEIICHHBIE
(cTanmbHbBIE U XKeNe300€TOHHBIE) 3CTAKaAbl MPOMBILUICHHBIX MPEANPUATH; CBUHIIOBBIE

000JI0YKH Ka6enep”1, IMPOJOKCHHELIX B 3EMIJIC, IIPU 4YHCJIIC KaOCeJIbHBIX JIMHHI HE MCHEe

JBYX;
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- JKeJ1e300€TOHHbIE (PYH/IaMEHThI TPOU3BOICTBEHHBIX 3/JaHUN U COOPYKEHUN;

- 3azemyutenu onop BJI, coenunenHbie ¢ 3Y 31€KTPOYCTaHOBKH MPU MOMOLIA
IPO303alIUTHOTO TpOCca JTUHUHU.

[Ipu otcyrctBUM WM  HEIDPEKTUBHOCTU €CTECTBEHHBIX  3a3eMIIUTENCH
UCTIONIB3YIOT UCKYCCTBEHHBIC 3a3€MIIUTENH, JUIMHA U TIyOHMHA MOTPYKEHUS IEKTPOJIO0B
KOTOPBIX 3aBHUCUT OT KJIMMAaTHYeCKUX ycioBui [64, 147]. YacTto B 3JeKTpOyCTaHOBKAaX
UCTIONB3YIOTCSL U T€, U JAPyTUe 3a3eMJIUTENH, MOAKIIOUEeHHbIe nmapamuiensHo [95]. s
U3TOTOBJICHUSI DJCKTPOAOB HWCKYCCTBEHHBIX 3a3eMJIMTENICH TMPUMEHSETCS CTajb.
DneKTpobl 3aChIMaOTCs OJMHOPOJIHBIM TrpyHTOM [22, 28, 105, 134], He coaepKanum
1IeOHSI U CTPOUTENIBHOI'O MyCOpa, C YTpaMOOBKOM Ha pa3HbIX TITyOHHAX.

O¢pdextuBHocTh 3V ompenensercs, B NEPBYIO OYEpedb, €r0 CONPOTHUBICHUEM,
KOTOpPO€ 3aBUCUT OT pa3IU4HbIX (PAKTOPOB, B TOM 4YHCIE€ M OT COCTOSHUSI €ro
AJIEMEHTOB, HAXOASIUXCd B TpyHTE. COCTOSIHME 3JIEMEHTOB 3Y, B CBOIO OYEPENb,
3aBUCHUT OT KOPPO3UINHOW aKTUBHOCTH I'PYHTA.

B TAroBeIX mMOACTAHIMAX, TAE 3a3eMIISIONINE YCTPOIMCTBA HCIOJB3YIOTCS B
KayecTBe pabodero 3a3eMJICHUS, KOPpPO3Ws 3a3eMJIISIONINX DSJIEMEHTOB BO MHOTOM
OIpEeIeIIIeTCS BEIMYMHAMU OJTy K IaoIMX TOKOB [125].

Ha sHeproo0bekTax, kak npaBuiio, paspyarorcs [87, 143]:

- 3a3eMJISIIOIIME MPOBOJHUKM B MECTaxX BXOJla B T'PYHT, HEMOCPEACTBEHHO IOJ
MOBEPXHOCTHIO TPYHTA;

- CBapHbIC COCTUHEHMSI B TPYHTE;

- TOPU3OHTAJILHBIE 3a3€MIIUTEIIH;

- HIDKHUE KOHIIBI BEPTHKAIBHBIX AJICKTPOIOB.

[ToBpexneHne 3JIEMEHTOB 3a3eMIISIOIINX YCTPOUCTB MPUBOIUT K HEHOPMAJIbHBIM
pexxrMaM paboThl AMEKTPOYCTAHOBOK M CO3JIAET OMACHOCTh MOPAKEHUS IIEKTPUUECKUM
TOKOM JIIOJIEN U KUBOTHBIX.

B snexrpoycranoBkax 3amnagHo-CuOUpCKOM KeIe3HOW JOPOTH OBLIN MPOBEACHBI
WCCIICIOBaHMsI, PE3yJbTaThl KOTOPBIX IOKa3aldd, 4YTO CKOpPOCTh Koppo3uu 3Y He
npesbiiiaer 37,5 — 125 MkM B roja. ABTOpsl pabOThl yKa3aHHbIC pe3yibTaThl [15],

OOBSICHSIIOT CPAaBHHUTEIBHO HHU3KOM KOPPO3MOHHOW aKTUBHOCTHIO TpyHTa. Ha 3Tmx
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NOJCTAHIIMAX, TJ€ OTCYTCTBYET JApPEHaKHas 3al[uTa, KOPPO3UOHHAs AaKTUBHOCTh
CYILIECTBEHHO BBIIIE U 3TO CKA3bIBACTCS HA MOBPEKICHUSIX 3a3€MJIIUTEINICH TOJACTaHIUH.
Ha noxacraninusix, SBISIIOIIUXCS OCHOBHBIMU B 3JIEKTPOCHAOKEHHM TATOBOM CETH, 3a
nepuoi ciyx0bl oT 5 1o 30 ner kopposuiiHble moBpexaeHus: nocturaioT 0,45 mm.

Takue BUIbI TOBPEKAECHUIN TPUBEAECHBI HAa pUCyHKax 1,1 u 1,2.

Pucynok 1.1 — CoueTanne A3BEHHBIX U JJOKAJIBHBIX KOPPO3UOHHBIX MTOBPEKIACHAN

Pucynok 1.2 — PaBHOMEPHOE KOPPO3HMOHHOE PA3pYyLIEHUE IIEMEHTA
3a3€MJIAIOLIEr0 YCTPOMCTBA
Haunbonee omacHbIM SIBISIETCS COYETaHHE S3BEHHOTO M JIOKAJIBHOTO BHJIOB
pa3pylLIeHUs JIEMEHTOB 3a3¢MIIOIIMX YCTPOMCTB. B 3TOM ciiydae Ha MOBEPXHOCTH
MeTaJljla HabJII01aeTCsl YePEJOBAaHUE YYACTKOB C MEHBIINM WM OOJIBLIMM CKOIUIEHHEM

A3B, BIUIOTb OO HX CIUSAHHA B BHUAC JIOKAJIBHOI'O ITOBPCIKIACHMA. HOTepH CCUCHUA
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3a3eMJIUTEIIS B 3TOM ciiydae MOKeT cocTaBisTh oT 20 1o 80%. DTo nMpuUBOIUT K POCTY
COIPOTHBIICHUS pacTekanuio Toka 3V [29, 101, 145].

Taxum 00pa3oM, MOKHO ClIeJaTh BEIBOJ O TOM, UTO KOPPO3UOHHBIE TTOBPEKICHUS
3a3eMJIMTENIE HMEIOTCS KaK Ha TATOBBIX MOJCTAHIMSIX, TaK W HA TMOJCTaHIUAX
NEPBUYHON CHCTEMBI 3JIeKTpocHa0keHus. OHAKO U3 MPUBEACHHBIX JAHHBIX CIEAYyET,
YTO BEpPOSITHOCTh BO3HMKHOBEHHUS HEAOMYCTUMBIX KOPPO3HMOHHBIX Ppa3pylICHUMN
3a3eMJIMTENICH Ha TATOBBIX MOJCTAHIIUSX MHOTO BBINIE (M3 — 32 BIUSHUS OJTy>KIArOIINX
TokoB) [108].

Koppo3uitHasi akTUBHOCTh TPyHTa 3aBUCUT OT MHOTHUX (DAKTOpOB, K YHUCIY
KOTOPBIX OTHOCSTCS XUMHUKO-MHHEpAJIbHBI COCTaB TPYHTA, €ro BIAKHOCTH,
Co/Iep’KaHHe Ta30B, CTPYKTYPa, 3JICKTPOIIPOBOAHOCTD U OaKTepHabHbIi cocTas [4, 6, 9,
11, 14, 18, 20, 35, 75, 97, 102, 104, 111, 117, 127, 130, 144]. OnHOBpEeMEHHOE BJIMSHUC
MHO’KECTBa (DAaKTOPOB JENaeT HEBO3MOXKHBIM Ha OCHOBAaHWU KAaKOTO — JHOO OJIHOTO
IPOCTOrO TOKa3aTesss TOYHO XapaKTepHU30BaTh KOPPO3HMOHHYIO AKTHUBHOCTh T'PYHTOB.
[TosToMy mpu ee OIEHKE ONpEesfOT TOJBKO OJWH OCHOBHOM WM HECKOJBKO
noKasaTeneil, KOTOphle TO3BOJIAIOT  OIEHUTh CTEMEHb CKJIOHHOCTH TpyHTa
CHOCOOCTBOBAaTh  BO3HHUKAIOLIMM  3JIEKTPOXUMUYECKUM  IpoleccaM  KOPPO3UH.
MeTtoaudeckasi CIIO)KHOCTh BO3HUKAET €€ M MOTOMY, YTO KOPPO3MOHHAS aKTUBHOCTH
I'PYHTOB MOKET MEHATbCs depe3 Kaxzable 2 — 3 M. [losTomy B mpoiecce M3bICKaHUM
ClIeyeT J1aBaTh OIEHKY MaKCUMalbHO HEOJaronmpUATHBIM U CPEIHUM KOPPO3HMOHHBIM
YCIIOBHUSIM Ha OTJACJBHBIX y4acTKaX ¢ J0CTaTOYHOM TOYHOCThIO [47, 48, 81, 138, 142].

Ha xopposuiiHyt0 aKTHUBHOCTh TPYHTOB OTPOMHOE BIMSHHUE OKa3bIBACT
BJIQXKHOCTH. B a0COMIOTHO CyXHMX TpyHTaX KOpPpO3us HEe HaOII0AaeTCs U3-3a OTCYTCTBHS
AJIEKTPOJINTA, HEOOXOIMMOTO ISl CO3JIaHUSI KOPPO3HOHHBIX 3JIeMeHTOB. OHAKO yXe
Py HEOOJIBIIION BIIAXXHOCTH, KOT/Ia B TPYHTAX CYIIECTBYET TOJIBKO MPOYHOCBS3aHHAS
BO/Ia, KOPPO3WOHHBIE TPOIECCHl HAYMHAIOT TMPOSBISITHCS, XOTS CKOPOCTH KOPPO3HUU
Oyaer He3HauuTedbHOW. JlanbHelllee yBETMYEHHE BIIAXXHOCTU TpPyHTA BBI3BIBACT
YBEJIIMYEHUE CKOPOCTH KOPPO3WHU B pE3yNbTaTe YBEIMUEHUS MHTEHCUBHOCTH PaOOTHI

KOPPO3HOHHBLIX 3JICMCHTOB U YMCHBIICHUS COIIPOTHUBJIICHUSA UX LCIIN.
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Tabnuua 1.1 — 3aBUCUMOCTb KOPPO3UH OT BIAKHOCTH CBSI3aHHBIX TPYHTOB

BaaxHocTh XapakTepucTHKA IPYHTA € TOYKHU XapakTep CKOPOCTH KOPpO3UH
TJIMHUCTBIX 3peHuUs1 BJIAKHOCTH
TPYHTOB
0 ['pyHT cyxoii Koppo3zuu et
10-12 Bo3spacranue Bi1a)xHOCTH 10 YBenuueHne CKOpoCTH KOPPO3UH 0
KPUTHYECKOTO 3HAYCHHUSI MaKCHMaJTbHOW BETUIHHBI
12 -25 CoxpaHeHHe KPUTHIECCKOTO 3HAUCHUS Bo3M0OXXHO JOCTHIKEHHE
MaKCUMAaJIbHOW CKOPOCTH KOPPO3UHU
25-40 O06pa3oBaHuE CIIOIIHOTO CJIO0S BOJIBI CHIKEHHE CKOPOCTH KOPPO3HH
Csbiie 40 VYBennueHue TOJNUHBI CIUIOIIHOTO HeBbIcokast MOCTOSIHHAsA CKOPOCTh
CJI0S1 BOJIbI KOppO3UH

[IpenenvHasi BIaXXHOCTh, OOECIIEUMBAIOIAs BO3paCTaHUE CKOPOCTH KOPPO3UU 0
MaKCHMaJIbHOM, B CBSI3aHHBIX TpyHTaXx cocTaBisgeT 10 — 12 %, B meckax oHa HECKOJIBKO
Hke. [Ipu nocnenyroiieM yBeIMYEHUHU BIaXKHOCTH MaKCUMalbHasi CKOPOCTh KOPPO3UU
OCTaeTCs MPAKTHYECKH IMOCTOSHHON 0 HEKOTOporo mpeneia Biaxkuoct (20 — 25 %)
[6, 127].

Kputeprun Kopp0o3MOHHOM aKTUBHOCTH TPYHTA Pa3IUYHbBI JJIs pa3HBIX METAJIOB.
Tak, Hampumep, I CTadd KOPPO3HWOHHAsi AaKTUBHOCTh TPYHTA OICHUBACTCS
JIOCTATOYHO TMOJHO MO 3HAYEHHUIO €r0 YJENbHOr0 3JIEKTPUYECKOrO COMPOTUBIICHUS
(rabmuua 1.2 [29, 60, 61, 67, 102, 110, 111]).

Tabnuua 1.2 — 3aBHCUMOCTHh KOPPO3UU OT yIETBHOTO AIEKTPHUUECKOTO

COITPOTUBJICHUSA CBA3AHHBIX I'PYHTOB

YaenbHoOe dJIEKTpHYeCKoe Csblie
CONMPOTHBJIEHHE TPyHTa, OM * M 100 20-100 10-20 5-10
Koppo3nonnasi akTHBHOCTH Huskas Cpennsist [ToBbIIeHHAS Beicokas

JIns XxapakTepUCTHKUA KOPPO3HUOHHOW AKTUBHOCTU TPYHTOB IO OTHOIICHUIO K
YIIAEPOJUCTON  CTalld  UCIOJIB3YIOT BEIMYHMHY HMX VOeIbHO20  91eKMpPUiecKko2o
conpomugnenus. ITO CBONCTBO TPYHTOB caMO IO cebe He SBISETCS NPUYHUHOM,
BBI3BIBAIOIIEH KOPPO3HID, HO B CpPEAE C MajblM YJEIbHBIM 3JIEKTPUUYECKUM

CONPOTHBIIEHUEM CHJIa TOKAa OOpPa3yIOIIUXCS KPYMHBIX IO pa3Mepy KOPPO3UOHHBIX
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DJIIEMEHTOB MOJKET JOCTUTHYTh BEJIUYMHBI, YIpOXKArOIIEH COXPAaHEHUIO CTalbHBIX
KOHCTPYKIMH. MeXay 3JIEKTPUYECKUM CONPOTUBIIEHUEM TPYHTOB M MX KOPPO3UHWHOU
AKTUBHOCTBIO B ONPENEIECHHBIX IMpEeJenax CYyIIECTBYET MpsAMas 3aBUCHUMOCTb: YEM
MEHBIIIE COIPOTHBIICHUE, TEM OOJIbIIIE BO3MOXHOCTh Koppo3uu [127].

OnennBasi KOpPpO3UHHYIO AaKTUBHOCTh TPYHTOB IO OTHOIICHHUIO K CBHHILY,
IPUXOJIUTCS yuuThiBaTh pH rpyHTa, colepikaHne OpraHMYeCKHX BELECTB, HUTPAT —
noHOB. (Tabyuma 1.4) [10].

Tabmuua 1.3 — Koppo3noHHasi akTHBHOCTb TPYHTOB 10 OTHOIIEHUIO
K YTJIEPOJIUCTOM CTAJIXA B 3aBUCHUMOCTH OT U YAEIBHOIO 3JIEKTPUIECKOTO

conpotusienus rpyara (I OCT 9 015 — 74)

Koppomonnaﬂ AKTUBHOCTH 'PYHTOB YaeanHoe JICEKTPHYECCKHUE COIIPOTHBJICHUE, Om'Mm

Huskas >100
Cpenusis 20 - 100
IToseItreHHas 10-20
Bricokas 5-10
BecbMa BeICOKast <5

Tabmuua 1.4 — Koppo3noHHasi akTHBHOCTh TPYHTOB MO OTHOILIEHUIO

K CBHHIIOBOM 00oouke kadens (I'OCT 9 015 — 74)

Conep:xaHue KOMIIOHEHT, % 0T MacChl
Kopposunounas pH rpynra BO3IYIIHO — CyXOI'0 IPyHTa

AKTHBHOCTEL 'PYHTOB Oprannyeckux BelecTs Hutpar —
(rymyca) HOHA
Huskas 6,5-75 1o 0,01 1o 0,0001
Cpennsist 50-6,4 0,01-0,02 0,0001 - 0,001
7,6-9,0 >0,001
Bricokas >5,0 >0,02
<9,0

Ha akTUBHOCTH KOpPpO3UM rPyHTa HAauOOJIbIIIEE BIUSHAE OKA3bIBAIOT XUMUYECKUM
COCTaB TPYHTAa B NEPBYIO OUYEPEAb BOJOPACTBOPUMBIE coeauHeHud. Koppo3uonHas
aKTUBHOCTh TPYHTOB CYILIECTBEHHO 3aBUCUT OT XMMHUYECKOTO COCTaBa IPYHTOB W, B

YaCTHOCTHU, OT HAJIUYIUA U COCTAaBa BOAOPACTBOPUMBIX COC,III/IHGHI/II\/'I.
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KucnotHocTh rpyHTOB, Kak ykasbiBan B.A. ITlputyna [127], He3HauuTeIHHO

BJIMSICT Ha IIPOLECC KOPPO3HMU. HccnenoBanue IIOKa3aJid, 4TO I3TOT IIPOHCCC MOKCET

IIPOUCXOANTh U B KHCIBIX, M IIEIOYHBIX rpyHTaX. [Ipu 3Hadenusx pH (2-3) u (11-14)

I'PYHTOB KOppo3usi craHoBurcs uHTeHcuBHOW [10]. Ilpm pH, paBEMy 7, mporuecc

KOPPO3HH OIPENEIAEeTCA IPYruMu (PAKTOPaMHU.

OnacHocTh KOPPO3HUHU KPUTCPUAIIBHO OIIPCACIIACTCS 110 BCIMYUMHC TOKA YTCUKHU

C eIMHUITBI TOBEpXHOCTH MeTainia (tadymna 1.5 [18, 20, 25, 124]).

Tabmuua 1.5 — Ilotepu MeTanmia npu 3JI€KTPOKOPPO3UH

DNEeKTPOXUMUYECKUI O6bemubIe
Meramn [110THOCTE SKBHBAJIEHT motepit | HopmanbHbIi MOTEHIHAT,
r/em?® MI/A TO1 Kr/A-rox Ch:;:r:zn B
Kemneso 7,83 0,2824 9,12 1165 -0,44
AnroMUHUR 2,7 0,0932 2,93 1035 -1,67
Caunerg 11,35 1,0376 33,8 2970 -0,126
Menp 8,6 0,6588 26,6 3100 +0,345

HpﬂMe‘laHﬂe: HOpMaJ'ILHLIﬁ NMOTCHIHAJI — MOTCHIIMAJI METaJlJIa B paCTBOPE €ro COJIMU MO OTHOLMICHUIO K

MOTEHIIMATY BOAOPO/Ia, IPUHUMAEMOMY 33 TOUKY OTcUeTa (HyJIb).

Takum oOpa3zom, OCHOBHBIMH (haKTOpamH, BIUSIOIMIUMHU Ha TMPOIECC KOPPO3HUH

ANEMEHTOB 3V, SBISAIOTCSA BIAXHOCTh I'PYHTA, €r0 CTPYKTYpa, XMMHUKO-MHHEPAIbHBIN

CoCTaB, OaKTepHaIbHBIN COCTaB, KUCIOTHOCTh, COJACpKaHHWE B HEM ra3oB W HAIHYHE

OJTy>KTafOIINX TOKOB.

1.2 MeToabl U CPeACTBA KOHTPOJISI COCTOSAHUSA 3Y

[Ipobnema SKCIUTyaTallMOHHOTO KOHTPOJISL CHCTEM 3a3eMJICHHSl BCerja Oblia

OJTHOM M3 OCHOBHBIX 3a/1a4 y CIEHHAIMCTOB. DTO OOBSCHSIETCS TEM, YTO KOHTPOJIb,

HpOBCI[CHHBIfI B IIOJHOM OOBEME U C COOTBCTCTBYIOIIIMM Ka4YCCTBOM IIO3BOJIACT

BBISIBUTH HEJ0YCThI, BOSHUKIIKNE B pE3yJIbTaTe, HAIPUMEP, MPOCKTHBIX omuoOok [16, 19,

84, 132].
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N3mepenust napameTpoB 3Y MO3BOJISIOT B IOJDKHOW Mepe OIICHUTh COOTBETCTBHE
peanibHOTO 3Y ero mpoeKTHOMY 00paszy.

N3mepenne mapamerpoB 3V OCYIIECTBISIIOT MPUOOpaMHU, PEKOMEHJIOBAHHBIMU
HOpMAaTHUBHBIMH JoKyMeHTamu [86, 87, 88, 96, 100]. Jlns npoBeaeHMs K€ IPOBEPOUHBIX
pacueToB, Kak MPaBUJIO, HCIOJIB3YIOT KOMIBIOTEPHBIE MPOTpaMMbl, MPUBEICHHBIC,
Hanpumep, B [27, 34, 40, 55, 56, 58, 59, 65, 69, 71, 72, 73, 76, 77, 93, 114, 115, 118].

IIpu npoBepke cocrossHuAs 3Y  3JIEKTPOYCTAHOBOK B  IOJHOM 00OBEMeE
BBITIOJTHSIIOTCSL clienytomue Buabl padbot (cMm. pucyHok 1.3). CorjlacHO CTpYKTypHOMU
CXEME aHaJM3UPYIOTCS OCHOBHBIC DJIJIGKTPUUECKHE U MEXaHUYECKUE MapaMeTphl
a5IeMeHTOB 3Y, XapaKkTepHu3yeTcsi €ro COCTOSHUU M PEKOMEHIYeTCsl JabHEHIIHA CPOK

CITYKOBI.

MeToapl onpeeIeHusl COCTOSIHUS 3a3€ MIISTFOIIINX YCTPOMCTB
(ITpu mpoBepke cocTostausi 3Y B MOJIHOM 00bEME BBITTOIHSIETCS CJIEAY FOIE BHIBI pabOThI)

v v v y

OmnpeneneHue
COOp UCXOAHBIX OmnpeneneHue 1p -
HN3mepenune VICTIOJTHUTEJIbHOM
JTaHHBIX U IMOTCHITNAJIOB U
. COITPOTHUBJICHUS CXEMBI
BU3yaJIbHbIA o TOKOB HOPMaJIBHOT O
METaJIJIOCBsI3 et 3a3 eMIISTFOII ETO
KOHTPOJIb pexnma .
ycTpoiicTBa

! | ! !

OmnpeneseHue OrmnpeneneHue OmnpeneneHue
P P P OmnpenesieHue
YJICIIbHOT O COIIPOTHUBJICHUS HaMpsHKCHU ST Ha
HaTPsKCHU ST
COITPOTHUBJICHUSI 3a3EMUIISIFOIIIETO 323 EMJISIFOII[EM
. o MPUKOCHOBCHUSI
rpyHTa ycTpoicTBa yCTpoHcTBe
v v v v
4 I 4 I 4 4 I
OmnpeneneHue
OmnpeneneHue pacripeneneHus
pacripenaeneHust HMITYJIbCHBIX
I[MOTEHINAJIOB U OrmnpeneieHue HAIIPSH>KEHU N TP
1p - 1p p OmnpenesieHue
TOKOB TEILJIOBOM KOPOTKHX
. . KOPPO3HOHHOTO
O POMBIIIJICHHOMI YCTOHYUBOCTH 3aMBIKAHHUSAX Ha
. COCTOSTHUS
4acTOTHI 110 3a3eMIIMTEIIEH, 3eMJIIO, yaapax
3a3 EMUISIFO LI X
3JIEMEHTaM 3a3eMIISIFOIIMX ITPO- MOJHUHU B
HPOBOJHUKOB U
3a3 EMIISIFOLLLETO BOIHHKOB U MOJIHUEOTBOAbI U -
. . 3a3eMIIHTEICH
ycTpoiicTBa npu IKpaHOB Kabenei MPOTEKaAHUU TOKOB
YCTaHOBHBIIUXCSI qepes
Tokax K3 OrpPaHUYMUTEIINA
\_ IEpEeHanpsDKeHUH )

Pucynok 1.3 — CtpykTypHas cxema NpoBEpKU COCTOSIHUA 3Y
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1.2.1 COop wucXOAHBIX JAAHHBIX M BH3YaJbHbIH KOHTPOJb. [[ns1 cbopa
UCXOJHBIX JAHHBIX W MPOBEACHHUS BU3YaJIbHOTO KOHTPOJISI COCTOSIHHS DJIEMEHTOB 3Y
BBITIOTHSIOTCS CIISAYOIINE BUABI paboT (cM. Tadsmity 1,6) [88].

HeoOxomumpiMu TapamMeTpaMu TpU CcOOpPE HCXOTHBIX JAHHBIX —SIBISIOTCS
3HaUYCHWE TOKOB OJMHO(GA3HOTO MU JBYX(a3HOTO KOPOTKOTO 3aMBIKAHWUW, MPOCKTHAs
cXeMa 3a3eMIISIONIETO YCTPOMCTBA, CEUEHHE 3a3eMIIUTENIed MW 3a3eMIISIONINX
MPOBOJTHUKOB M KJIUMATHYECKHUE YCJIOBHS B MECTE TOTPYKEHHUS BEPTUKAIBHBIX U
TOPU30HTAIBHBIX AJIEKTPOIOB.

Ta6J'II/IHa 1.6 - I/ICXOI[HBIG JaHHBIC JJIA IIPOBCPKU COCTOAHUA 3a3CMJILAIOIICTO

YCTPOWCTBA
Ne | HaumeHoBaHUe HCXOHBIX JAHHBIX Ha3nauenue mcxoaHbIxX IIpumeuanue
n/n JaHHBIX
1 Cxema nepBUYHBIX COEAMHEHUN CxeMy UCTIONB3YIOT IS
DJIEKTPOYCTaHOBKH O3HAKOMIICHUA C

3JIEKTPOYCTAaHOBKO,
ompezaeneHus TpeOOBaHUA K
3a3eMJISIIOLLIEMY YCTPOUCTBY U
€ro 3JI€MEHTAM U PacueToB
BBICOKOYACTOTHOM

cocrasisronieii Toka K3

2 | CuryaunoHHBIH IU1aH pacnojoxenus | [ImaH ucnonb3yroT A
NEKTpOycTaHOBKHU. CBENEHUS O BBISIBJICHHUS:
BBIXO/IAIINX 32 IIPEIEIIbI - DJIEKTPOIPOBOIALINX

QJICKTPOYCTAHOBKHU 3a3CEMIIUTCIIAX U 00BEKTOB U KOMMYHI/IKaI_II/Iﬁ

MIPOBOJAIINX KOMMYHHUKAIIMSIX: 3a IIpeenaMu

IIPUCOECIUHEHHUE IPO303aALIUTHBIX JJIEKTPOYCTAaHOBKU U i
TPOCOB BO3AYIIHOM JINHUH K OIpEeIEeTICHUS HAaIlpaBICHUI

KOHCTPYKLUSAM DJIEKTPOYCTAaHOBKH, | pa3HOCA U3MEPUTENIBbHBIX

COCIUHECHUA 000JI0YEK OTXOAAIINX SJICKTPOOOB,

CHJIOBBIX KaOeJel CBS3H ¢ - MECT BO3MOKHOI'0 BBIHOCA
3a3eMJISIOIINUM YCTPOWCTBOM, MOTEHITMAA;
coeluHeHue ¢ 3Y mpuxoAsIInX B - ICTOYHUK BO3MOXHBIX

AJIEKTPOYCTAHOBKY METAJUTMYECKUX | OJIY)KTArOIINX TOKOB,
TpyOOIIPOBO/IOB. pacmoIoKeHHbIC B OJTU3H

AIIEKTPOYCTAaHOBKH.
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MpoAoJIKeHre Ta0auIbl 1.6

3HayeHUs TOKOB OI[HO(I)aSHOl"O
KOPOTKOI'O 3aMbIKaHUA B CCTU

kB u BbIIIIE

110

Jns pacuera HanpsHKEHUS Ha
3a3eMJISIOILEM YCTPOMCTBE,
HaIlpsHKEHUN
MIPUKOCHOBEHUS, pa3HOCTEH
HOTEHIIMAIOB o 3Y u
TEPMHUYECKON CTOMKOCTH
MIPOBOJIHUKOB HEOOXOIUMBbI
3HAYEHUS TOKOB
0/1H0(a3HOTO KOPOTKOTO
3ambikanusi Ha OPY Bcex
KJIACCOB HAIIPSKEHUN, B
COCTaBe: MOJIHBIN TOK
onnodaznoro K3 u Toku B
HeHlTpansix Tpanchopmaro-
POB U aBTOTpaHc(hopMaro-

pOB.

JlormoaHuTeIbHO
MOTYT OBITH
3anpOIICHBI JAHHbBIE
110 TOKaM HYJICBOM
MOCTIEI0BATEIbHOCTH
BO BCEX OOMOTKaxX
TpanchopmMaTopoB u
TOKaM HYJIEBOU
MOCIIEI0BATEIHHOCTH,
HOJITEKAIOLIUE 110

BceMm BJI.

Tox ABOMHOTO 3aMBIKAHHS HA 3EMITIO

B ceTn 6-35 kB

Ucnonb3yercs nis pacuera
Pa3HOCTEMN MOTEHIINAIOB MO
3V ¥ npoBepKHU TEPMUYECKOMN
YCTOMYMBOCTHU 3a3E€MJISIOIINX
MMPOBOJHUKOB, 3a3€MJIUTEIICH

Y DKpaHOB Kabelen.

Tok OI[HO(baSHOFO 3aMbIKaHUSA Ha

3eMJIIO B ceTu 6-35 xB.

Hcnonb3yrores aist
onpeAeseHUs HanpsHKEHUI
HpI/IKOCHOBeHI/Iﬂ Ha

COOTBETCTBYIOIIUX PY.

[To cxeme 1 ocMOTpOM
OTPEICTISIFOTCS TAKIKE
HOMUWHAJIBHBIC TOKU
PEaKTOPOB MK
PE3UCTOPOB,
YCTAaHOBJICHHBIX Ha

MOJICTAHIINH.
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MpoAoJIKeHre Ta0auIbl 1.6

6 Bpewms otkimtouenust K3 ocHoBubiMu | [[71s1 onipeienenus
U PE3EPBHBIMH 3aIIUTAMHU. JIOMYCTUMBIX 3HaYEHUMN
Bpewms pabotsr YPOB. HaIpsKEHUN IPUKOCHOBE-
HUS, pacyeTa TEPMUYECKOMN
YCTOHYMBOCTH 3a3eMJISIIO- -
LIMX IPOBOJIHUKOB, SKPaHOB
U METAJTMYECKUX 000JI0YeK
Ka0eneid.
7 [IpoexTHas cxema 3a3eMIISIOIIEro J17151 HOBOTO CTPOUTENBCTBA U
yCTpoOiicTBa (C yueToM PEKOHCTPYKIIMH 00bEKTA
BBITIOJTHEHHBIX PEKOHCTPYKITHIN). BBITIOJHSIOT IPOBEPKY
[TacnopT 3a3emMstoniero COOTBETCTBUS 3Y MPOEKTY.
YCTPOICTBA. s neiictByromero oobexTa
BBITOJIHSIOT IIPOBEPKY -
COOTBETCTBUS IIapaMETPOB
3VY 1 UCHOIHUTENBHOU
CXEMBI MMACTIOPTHBIM JIaHHBIM.
8 KnumaTtnueckue ycnoBusi: Jns nepecueta k Hanbosee
TEeMIIEpaTypa, AaBJIEHUE, BIAXXHOCTh, | HEOIArONpUSTHBIM
OCaJKH, COCTOSIHUE TPYHTa — CyXOM, | YCIOBHUSM. -
BJIQKHBIN U T.J.
9 ['eoanextpuyecknii paszpes [ns pacuera napametpos 3Y. | Ilo mpoekty
IUIOLIA/IKHU 3JIEKTPOYCTAHOBKH. (pe3ynbTathl mpes
MIPOEKTHBIMU
M3BICKaHHSIMH).
10 | CBenenus 00 oObeKTE, BKIFOYAS: Jlnst cocraBieHus

- tun PY (OPY, KPYH, KPVYD,
KPVY, 3PVY);

HCIIOJIHUTENLHOHN CXeM

pacuera mapameTpoB 3V.

Bl,
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OKOHYaHue tadauue 1.6

10 | - 3maHus ¥ COOPYKEHUS HA
teppuropuu (OITY, P, PY, AT),
PEaKTOphI, BCIIOMOTaTelIbHbIC 31aHUS
U COOPYKEHHS;

- BUJIbl MOJITHUEOTBOJIOB: OTAEIIBHO
CTOSIIIIME, TOPTAJIbHBIE, CETKA,
MIPOKEKTOPHBIEC MAUThl, aHTEHHbIE
MauThl;

- MaTepual, npopuiib, CEUCHHE -
3a3eMIIMTENEN U 3a3€MIIIOIINAX
MIPOBOJIHUKOB;

- TUI KaOeNbHON KaHAIU3AINH U
KabeJen;

- TpyOOIIPOBO/IBI;

- I0pOTH;

- OIPaXKEHNUS,

- KOJINYECTBO OTXOASIIMX CUIIOBBIX
kabeneii 6-110 kB, Bxiroyas
kaOenbHbIE BcTaBKu nepen BJI;

- OTXOAsIIKE KaOenu CBA3H,

TCICMCXAaHUKU U T.II.

BusyanbHasg mpoBepka MPOBOAMTCSA C LEIbI0 KOHTPOJIS KayeCcTBa MOHTaXa U
COOTBETCTBHSI CEUCHHUS 3a3EMJISIOIINX TPOBOJHUKOB TpeboBaHusIM nipoekta u [TYD.

[IpoBoauTCSA M3MEpPEHUE CEUYEHHUS DJIEKTPOAOB M 3a3€MIIIIOIIMX MPOBOJHUKOB U
CPaBHUBAETCA U3MEPEHHOE 3HAYCHUE CO 3HAUEHUSIMU, MTOJTYYEHHBIMU B pacueTax.

Koppo3usi BBI3BIBAET H3MEHEHHE CEUEHUS 3a3€MISIFOIIUMX IPOBOJHUKOB, C
MOMOILBIO KOTOPBIX KOpIyca 3JeKTpooOopyAoBaHus noakiaoyatores Kk 3Y. Ilpu stom
HanOOJIbIIIEe U3MEHEHUE MTPOUCXOANT B MECTE BXOJIa B TPYHT YKa3aHHBIX MTPOBOTHUKOB
[88, 107].

BusyansHbIM KOHTpOJIEM Ha pacnpenenurenbHoM ycTpoiictBe (PY) mposepsitor

HaJIMIUC W YUCJIO 3a3CMJIAIOIIUX IMPOBOJHHUKOB Y KaKJ10T'O O60py,Z[OBaHI/I$[ H Ka4CCTBO
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MOHTaXa. bBoJTOBbIE COEMUHEHUs JOJKHBI OBbITh HAAEKHO 3aTSHYTHI, CHAOKEHbI
KOHTPralKoi u mpyXKuHHOM 11aii6oi [89].

Bremnee cocTostHUE 371EMEHTOB 3Y MPOBEPSETCS BU3YAIBHO.

1.2.2 WU3MepeHne CONPOTHBJIEHUS MeTajiocBs3eil. OnpenerneHue KadyecTBa
METaJUIOCBSI3U 3JIEKTPOOOOpYyaOoBaHUsA C 3Y OCYHIECTBISIETCS MYTEM OMNPEICICHUS
MEePEXOAHOTO COMPOTUBIICHUSI KOHTAKTHBIX COCIMHEHUN 3a3eMIISIFOIIIMX TTPOBOJHUKOB C
3a3eMIIIIOIIMMHU  DJIEKTpOJaMu.  BBIMONHSETCS  OmpejesieHne  HEempepbIBHOCTH
3a3eMIITIOIINX MPOBOIHUKOB [19, 27, 28, 40].

KoHTakTHBIE COETUHEHUS MPOBEPAIOT OCMOTPOM, MPOCTYKUBAHHMEM, a TaKXKe
BBIOOPOYHO M3MEPEHUEM TEPEXOTHBIX COMPOTUBICHUN MOCTaMH, MUKPOOMMETPAMHU U
10 METOJly aMIIEpMETPa-BOJITMETPA.

B coorBerctBun ¢ [100] kadecTBEHHOE NPUCOEAMHEHUE K 3a3€MIIUTEINIO
oOecrnieunBaeTcsl MpU TMEpexoqHOM compoTuBieHuu He Oonee 0,05 Om. Cxema
U3MEPEHUS] CONPOTUBIIECHUS KOHTAaKTHBIX COEIMHEHUH METOJIOM aMIlepMeTpa-
BOJIbTMETpa npuBeeHa Huxe (pucynke 1.4). KoHTakTHBIE COTPOTUBICHUS H3MEPSIOTCS

B IICPBYIO O4YCPCAb B MCCTAX COCAMHCHUA U OTBCTBJICHUSA 3a3CMIIAAIOININUX 3JICMCHTOB.

3azeMngeMoe o00pyIOBaHHE

]

3a3e MR
IPOBOIHHK - .
oAl
< )—6a

Pucynok 1.4 — CxeMa u3MepeHust COMPOTUBIICHHS] KOHTAKTHOTO COEUHEHHUS

HNuTepBanbl Mexay TOKOBOM M IOTEHUMAJIBbHOM LEMOYKAMHU IPHU IOTPYKEHUE

TOKOBBIX ¥ MOTCHIIMAIBHBIX 3JICKTPOJIOB B TPYHT JOJDKHBI paBHsThCs 1M [34, 35].
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1.2.3 Onpenenenue NCMOJTHUTEIBLHOM CXeMbl 3a3eMJISI0ILETr0 YcTpoiicTBa. Ha
UCTIOTHUTENIbHOM CXeMe 3a3eMIISIOIEro YCTPOMCTBA JODKHBI  OBITH  YKa3aHbI
€CTECTBEHHBIE W HMCKYCCTBEHHBIE 3a3€MJIMTENHM W 3a3€MJIIIOIIME NPOBOJHUKH: CXema
MPOKJIAJIKK; MaTepHall, poguib (1Mojaoca, MPyTOK, CTEPKEHb, apMaTypa) U MONEPEUHOE
ceyeHue; riayOMHa NPOKIAJKU 3a3eMIIMTENIeH; MecTa COCIUHEHHI 3a3eMiuTeNed U
3a3eMJISIOIINX MMPOBOJIHUKOB C 3a3emiuTeliem [23].

CxeMy NOpOKIAJKH 3a3€MIIATENEH W 3a3€MIISIIOIIMX MPOBOJHUKOB HAHOCAT Ha
pabounii miaH oObEKTA.

Ha pabouem miiaHe NOJDKHBI OBITH MOKa3aHbL: 3[JaHUS U COOPYXKEHHS; CHIIOBOE
o0opyioBaHue; METALIOKOHCTpYKIMKM; onopbl BJI; mepexomubie mnyHkThl KII;
MOJIHME€OTBO/IbI ¥ MOJIHUE3aUTHBIE Tpockl; OITH u pa3psaHuky; mposkeKTOpHBIE
W aHTEHHbIE MauThl; TOpPTajbl; TPYOONMpPOBOABI; KaOenbHas  KaHaJIU3allus;
OHOJOrnyeckas 3aluTa; KJIEMMHBbIE MIKa(bl; CBAPOYHBIE IMOCTHI; MECTa 3a3€MIICHHUS
HelTpaineit TpancdopmaTopos; qoporu [64, 66].

Jnst  3maHuid AOJOKHBI  OBITh  COCTaBIIEHBI TMOATaXKHbIE padouue IJIaHbl
pa3MelieHus OoOOpyAOBaHMs, HAa KOTOPbIE HAHOCAT HCIOJHHUTEIBHYIO CXEMY
BHYTPEHHET0 3a3eMJIIIOIEr0 YCTPOMCTBa (CUCTEMBbl ypaBHMBaHMs moTeHIManoB). Ha
CXEeM€ JIOJKHBI OBITh YKa3aHbl 3a3€MIISIFOIIME MPOBOAHUKU, MArucTpajid 3a3€MIICHHUS,
3aKJIa/IHbIE METAJUIOKOHCTPYKITUHU; MEXKITAKHBIC COSTMHEHUS MarucTpalei 3a3eMICHUS
¥ MeCTa IMOAKIIIOUCHHS K BHEIITHEMY 3a3eMIIIONIeMY YCTpoicTBy [134].

Tpacchl TPOKIAIKM 3a3€MIIMTENS W 3a3€MJIISIOIIMX TPOBOJHUKOB B TIPYHTE
ONPENAENSAIOT C TOMOUIIBIO CIEUUATbHBIX MPUOOPOB, MO3BOJISIIOIMIMX ONPEICIUTD
MECTOITOJIOKECHHE U TIyOHHY 3ajieraHus MOA3¢MHBIX KoOMMyHuKanui [15, 135].

Jlnia onpenienieHrs Tpacchl MPOKIIAIKY 3a3eMIINTENS] UICTOYHUK IEPEMEHHOTO TOKa
MOJKJTIOYAIOT K Pa3TUYHBIM YAAJICHHBIM APYT OT Apyra Toukam 3VY.

1.2.4 OmnpenesieHue yaeJbHOT0 3JIEKTPUYECKOr0 CONMPOTHBJIECHHUS TPYHTA.
VY aenbHOE 3JeKTPUUECKOE COTPOTUBICHUE IPyHTa HEOOXOIMMBI JIJIsl pacueTa
napamMeTpoB 3Y U OLEHKM €ro COCTOSIHMSI C ydyeToM Haubosiee HeOIaronmpusiTHbIX

KJIMMaTHYECKHX ycaoBwuii [64, 67, 72, 128].
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YaenbHOE ANEKTPUYECKOE COMPOTUBIECHUE TPYHTA HU3MEPAIOT METOJIOM
BEPTUKAJIIBHOIO 3JIeKTpuyeckoro 3oHaupoBanus (B33). Meron BDO3 mno3Bomser
BBISIBUTH DJICKTPUYECKYI0 HEOTHOPOIHOCTh CTPYKTYpPHl TPYHTAa — YHUCJIO W TOJIIUHY
CIIOEB C Pa3IMYHBIMU 3HAYCHUSMHU YICIBHOTO JICKTPUUECKOTO COMPOTHBICHUS TPYHTA
[34, 38, 40, 109].

1.2.5 U3mepeHune cONMPOTHBJIEHHSI 3a3eMJISIOIET0 YCTPOIMCTBA IPOBOJIATCS
METOJIOM aMIIEPMETPa-BOIBTMETPA, KOTOPHI HWMEET KakK JOCTOMHCTBA, TaK U
HEJI0OCTaTKU. B 4acTHOCTH, pacmoio’keHHE TOYCK BHEAPEHUS B TPYHT MOTEHITUATBHBIX U
TOKOBBIX AJICKTPOJOB HA MPAKTUKE HE OCTAIOTCS MOCTOSHHBIM. DTO, B pAJie CIydacs,
NPUBOJAUT K pe3yibTaTaM, TIOKA3bIBAIOIIMM YMCHBIICHHE COMPOTHBICHUS 3Y
pactekanuio Toka [58, 88, 89]. Takas ommbka MOXET CKa3aThCsA KaK Ha HaJEKHOCTH,

TakK U 3J'I€KTpO6€30HaCHOCTH BJIGKTpOCHa6>K€HHH.

Onopaas Touxa

Pucynok 1. 5 — Cxema n3mepeHuns COPOTUBIICHUS PACTEKAHUIO TOKA 3Y
I1 — moTeHIMaNbHBIN 3JIEKTPO, T — TOKOBBIN 3JIEKTPOL
1.2.6 Onpenenenue HANPsIKEHUs1 HA 3a3eMJIA0IIEM ycTpolicTBe. KoHTpoJb 32
COOTBETCTBHEM TPEOOBAHHUSIM HOPMATUBHBIX JOKYMEHTOB 3Y, pacCUMTAHHBIX TIO
JOITYCTUMOMY HaIPSKEHUIO MPUKOCHOBEHUSI, TPOBOJAUTCS MyTEM M3MEPEHUS MaJCHUS
HANpsOKEHUST Ha COMPOTHMBIICHWH pacTekanmio Toka 3Y [59, 87, 109, 140, 146].

[IpuMeHsieMbIe B 3TOM CiIy4dae CXE€Mbl U3MEPEHUS MPEICTaBICHBI HA pucyHKax 1.6 u 1.7.
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Pucynok 1.6 — Cxema n3mepeHns HanpsKEHUs PUKOCHOBEHUS

obopymoeanue

HarpysKa
Pzilsr
3azeMITTHOmITT

[IPOBOOHHE

S ,i/

o ad o =

3A3CMIMNTEIE

Pucynok 1.7 — Cxema usmMepeHust COpOTUBIICHUS] OCHOBAHUS

M — MmeraommeTtp, 1- g1ocka, 2 —IOpPOJIOH, 3 —Me/IHas CeTKa; 4 - MOKpas TKaHb.

1.2.7 CpencrBa pajsi omnpeaejeHust cocTosinust 3jaemeHToB 3Y. Jlusa
ONpENENECHNUST TOJIILMHBI KOPPO3MHM, KOTOpas BO MHOIOM 3aBHCUT OT HaJIU4YUS
Oy maroux TokoB [22, 76, 77, 95, 106, 112, 115, 119], ucnois3yroTes:

- MHKPOMETP WJIH IITAHTC€HIIUPKYJIb;

- MHKPOOMMETD;

- MeraomMmeTp (MU3MEepUTEINb CONMPOTUBIEHUS 3Y).

TonmHa KOppO3uU BOKPYT 3a3€MIISIIOIIETO 3JIEKTPO (apMaTyphl) U3MEPSIETCS C
NOMOILBI0 MHKPOMETpa. MHKpPOMETpP MO3BOJISIET TOYHO ONPEAEIUTh MEXAHUYECKOE
COCTOSIHUE 3a3E€MJISIIOLLUX 3JIEKTPOIOB.

B Hacrosimiee Bpems I ONpEAEIeHUs] TOJIIIMHBI KOppo3uu 3Y HCHOJIB3YIOTCS

COBpEMEHHBbIE MUKPOMETPHI pa3HbIX Mozened. OAHUM M3 TakuX MPUOOPOB SIBISAETCS
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rdposoit MukpomeTp Tuna MKII, BHemHUI BU KOTOPOTO MPUBEJEH Ha pUCyHKE 1.8,

a B Tabnuie 1.7 maHel ero xapakrepuctuku [49, 90].

Tabnuna 1.7 — Xapakrepuctuku uPpoBeix MUKpoMeTpoB Tuna MKIL]

Haumenosanue Kinacc Pabouwnit JuckpeTHOCTh [Torpemnoctu
Jarna3ox M U3MEpEHUS
MM cM
MKII-25 (5) 1 0,0 -24,99 0,0001 0,0002
MKII-25 (5) 2 0,0 -24,99 0,0001 0,0004
MKII-50 (5) 1 25,0 - 49,99 0,0001 0,0002
MKII-50 (5) 2 25,0 - 49,99 0,0001 0,0004
MKII-75 (5) 1 50 —74,99 0,0001 0,0002
MKII-75 (5) 2 50 —74,99 0,0001 0,0004

Pucynox 1. 8— Iudpooit mukpomerp MKI]

Jlist onpenesieHrss KOHTAaKTHOTO (MEPEXOJHOr0) COMPOTUBIICHUS 3JEMEHTOB 3Y
UCHOJNB3yeTCcsl MUKpooMMeTp. CoBpeMeHHbIe IU(PPOBbIE MUKPOOMMETPHI MO3BOJISIOT

HU3MEPATDH KOHTAKTHOC COIIPOTHUBIICHUEC MCETAJITIOCBA3HU C HE3HAUYNUTEIIbHOM
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HOTPENIHOCThI0. B KauecTBe Takux MpuOOPOB UCHOIB3YytoTCs MUKpoommeTpsl MKC-5,
M4104 u TC-3.
[Ipubop MKC-5 mnpegHazHaueH [Uisi ONEPATUBHOIO HW3MEPEHHUS HHU3KOIO

QJICKTPUYCCKOI'O COIPOTUBJICHUA IIOCTOSAHHOMY TOKY, B TOM YHCIC IICPCXOAHOIO

COIIPOTHBIICHUS BRICOKOBOJILTHBIX BBIKJIFOUATENCH U pazbeauautenei [80].

[Ipubop MKC-5 mo3BossieT U3MEPATh  DJIEKTPUUYECKOE  COMPOTUBIICHHE

HU3KOMHIYKTUBHBIX IIETIEH APYrMX MallMH M anmaparoB B auamasone or 0 go 10

MKOM.
Tabnuua 1.8 — Xapakrepuctuku muppoBoro mukpoommerpa tuna MKC-5
Hanpsixenue
Temmnepatypa | OtHocutenbHas | ATmocdepHoe | Hampspkennocts | HampspkeHHOCTD MUTAOIICH
OKpY’KaloIeH BII&YKHOCTh JaBJIeHHe ANEKTPHUIECKOTO MarHUTHOTO ceTn
cpensbl BO3yXxa M0JIST YaCTOTOU IOJIS1 YaCTOTOU NEPEMEHHOI'O
kIla 50 T 50 I'n TOKa, MPU
oC % kB/M A/M ygactote 50 I'ny
B
-20...55 90 84...106,7 105 10 400 220+22

Jlnarna3oH u3MepsieMOro 3JIEKTpUUECKOro conpoTtusiieHus coctasisier 0...10000
MKOWM. [Ipenensr qonyckaeMor OCHOBHOM OTHOCHUTEIBHOW MOTPEITHOCTH U3MEPEHUSL:

+ (0,2+0,01(10000/R-1))%, (1.1)
rae: R — u3mepeHHoe 3HaueHne CONMpPOTUBIICHUS, MKOM.

Jlommyckaemasi JOTOHHUTENIbHASS OTHOCHTENbHAS TIOTPEITHOCTh WU3MEPCHHS TpHU
U3MEHEHUH TEMIEPaTyphl OKPYKAIOIIETO BO3yXa OT HOPMAJIbHBIX 10 MPEACTbHBIX
3HaUCHWH B paboueM JWamna3oHe TeMIlepaTyp HE [OJDKHA TIPEBBINIATH Tpesena
JoIycKkaeMoit ocHoBHOM norpemHoct (£ (0,2+0,01(10000/R-1))%,

rae: R —u3mepenHoe 3Hauenue conpotuniienus, MkOM) Ha kaxbie 20 °C.

Jlommyckaemasi JOTIOTHHUTEIIbHAsT OTHOCHTENbHAS TIOTPEITHOCTh W3MEPCHHS TpU
HaJMYUW BHEITHETO MarHUTHOTrO 1o yactoror 50 I'm HanpspkeHHOCTHIO 10 400 A/M
HE JOJDKHA TIPEBBIIATH  Mpesesa OCHOBHOM

JOITyCKaeMOU [IOIPEITHOCTH

(£(0,2+0,01(10000/R-1))%, rne: R — usmepeHHoe 3HaueHUE CONPOTUBIICHUS, MKOM).
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Pucynox 1.9 — Lludpposoii mukpoommerp MKC-5

ComporuBiienst 3Y  3JE€KTPOYCTAHOBOK PaHbIIE HM3MEPSIIMCh HM3BECTHBIMU
aHanoroBeiMu npuOopamu M416, ®4103 u gp. Ceiluac HCHOIB3YIOTCS pPa3HbIE
U poBbIE MPUOOPHI C MAJIBIMU MOTPEUIHOCTAMU U yIOOHBIMU JUIS SKCIUTyatauuu. B
Ka4eCTBE TaKOro MprOoOpa MOKHO MCIIONIB30BaTh nudposoi Mmeraommetp MC-10 [57],
MRU-105 u MRU-120.

B Hacrosimee Bpems B Poccuu 1 M3MepeHust CONPOTUBIICHUS 3Y U YAECIBHOIO
COMNPOTHUBIIEHUS TPYHTA HCNOJb3yeTCs LUPpoBoi coBpemenHblil npudop UC — 10, Tak
KaK OH BCEM [OCTyNEH, yAO0OeH i U3MEpeHHs M HMeeT OoJIbLIOW JuarnazoH
U3MEpPEHHUS.

N3mepenue comporuBnenuss 3Y ¢ nomombto MC-10 ocymecTBigeTcs mno
YETBIPEXTIPOBOAHOMY U TPEXMPOBOAHOMY MeToaaMm. Cxema MOAKIIYEHUS] TOKOBOTO U

MOTSHITMAIBHOTO JJICKTPOIOB MTpHOOpa moka3zana Ha pucyHke 1.10.

nc-10 nc-10
™ nM n2 T2

™M M N2 T2
|

3y fox i 100% 3Y Jo% 100 %
a) 6)

Pucynox 1.10 — Cxema u3mepeHus: COMPOTHBIICHUS 3a3¢MIICHHUS

a) YEThIPEXITPOBOIHBIM METOJIOM 0) TPEXIPOBOJAHBIM METOI0M
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Ananuz MCTOAOB MU CPCACTB, IMPUBCACHHBIX B AAHHOM Haparpa(be, ITOKa3bIBACT
OTCYTCTBHC KaKux-J1100 HpI/I60pOB HJIN MCTOJHUK, KOTOPBIC ITO3BOJIAIN OBI OLICHUTD
COCTOAHHUE 3a3€CMJLAIOIICTO YCTpOﬁCTBO, IMPEKAC BCCIro €ro KOPpO3MOHHOC COCTOSHHC.
YCTpaHeHI/Ie 9TOro HCJOCTAaTKa MOXKCT, 110 HAICMYy MHCHHIO, JOCTUTHYTO H3Yy4YCHHUCM

BIIMSTHUS pa3NUYHBIX (DakTOpOB Ha 3Y ¢ TOMOIIBIO MOJEIUPYIOIIUX CUCTEM.

1.3 MoaeanpoBaHue 3a3eMJISIIOIIUX YCTPOHCTB KAK CIOCO0 M3yYeHUsA

BJMSHUS PA3JINYHbIX (AKTOPOB HA UX COCTOSIHUE

DneKkTpuyecKue MOAeId (PU3NYECKUX CUCTEM U (PU3MUECKUX MOJIEH MOJYYHIId B
HACTOSAIIEE BpeMsl IIMPOKOE NpPUMEHEHHUE Onarojnapsi CpaBHUTEIBHON IMPOCTOTE HUX
OCYIIIECTBIICHUS M 00cmykuBanus [ 121].

DONEeKTpUYECKHE MOJEIM  MCHOJB3YIOTCS NPH  HM3YYEHUM CTAallMOHAPHBIX
COCTOSIHMM, B OCOOEHHOCTH IIMPOKO MPUMEHSIOTCS MPU UCCIETOBAaHUN TUHAMUYECKUX
ITPOLIECCOB.

[IpenmyniecTBaMu NMEKTPUUYECKUX MOJETEH SBIISIOTCS MPOCTOTa HAbOpa CXeM U
U3MEHEHUs MX [apaMeTpoB, YAOOCTBO M TOYHOCThb BJEKTPUUYECKUX H3MEPEHUH,
BO3MOYKHOCTh OCHMJUIOrPA(UYECKON pPErucTpalu MpOIEcCOB BO BpeMmeHu. [lpu
OCYILIECTBJICHUHM JJIGKTPUUYECKUX MoOJeled He TpeOyeTcss BbBIMOJHEHUS TOYHBIX
MEXaHUYECKUX pabdoT M NpPUMEHEHUs JAeTaled TOYHOM MeXaHuku. HM3roroBieHue
MOJICJICH TPOU3BOJMUTCS OOBIYHBIMH METOAaMHU 3JeKkTpopaguomoHTaxa [31, 70, 82,
136].

Ha pucynke 1.11 noxkazana kiaccudukanusi COBPEMEHHBIX Mojenied. 37ech
MOJIENIA TOAPA3JEISAIOT HA JIBE OCHOBHBIE I'PYIIBI: BEIIECTBEHHbIE (MaTEpHAJIBHBIE,

npUOOPHBIC) U CUMBOJIMYECKHE (s13bIKOBBIC) [126].
[TepBbie HA3BIBAIOT MIPOCTO «MOJIEITH.

Bropsie Moxenu, rae ¢gukcanus, TOCTPOCHUE, OMTUCAaHUE OOBCKTA WIIM SBIICHUS
JAIOTCS. Ha TOM HJIM WMHOM s3bIKE, MO3BOJISAIOT IpuMeHATh DBM. OcoObiii 3ddekT

MOXET OBITh IIOJIy4€H TOoraa, Koraa MOJJACIb YAACTCA OIMMCAaTb MAaTCMAaTHUYCCKHUM
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A3BIKOM, T.C. YCTAHOBUTb AHAJIUTHUYCCKHE 3aBHCHUMOCTH. I[aﬂee 9Ta MOJIACJIb MOXKCET

HCClIeI0BaHa JI00BIM U3 CII0CO00B, puBeaeHHBIX B [98, 134, 136, 137].

Moaean
L
Bemecteeuneie CHMEBOmMYecEe
|
CII0EeCHO-OTHCATEIbHEIE Marematiaecse
d
AganuTiueceie Mumrargpiodssie
A
CrpyeTvpHBIE DvarIMOHATEHEIE
4
DopuansHeIe TeopeTiiuecre

Pucynok 1.11 — O6mas knaccudukaims Moaeei

[IpumMeHeHre WMHTAIIMOHHBIX  MOJENCH  TO3BOJIIET OLEHHUTH  KAa4eCTBO
yIpaBJICHUS] MU 110 HEKOTOpOMY Tlokazatento 3¢ dexruBaocTu [33].

B psine ciiyqaeB MOryT NPUMEHSITHCS HUMHUTAIMOHHO-MAaTEMAaTHUYECKHE MOJIEIH
[120].

OYHKIIMOHAIBHBIE K€ MOJIEJM JIOJDKHBI  OMHCHIBATHCS  COOTBETCTBYIOIIEH
cucTeMoi ypaBHeHui [79].

MopenupoBaHue 3a3eMIISIONIMX YCTPONUCTB OOJerdaer 3agady il U3MEpEeHUs
napamMeTpoB 3a3eMJICHHBIX JJIGKTPOJOB. YIOOCTBO MOACIA TIPU TMPOBEIACHUU
OKCIICPUMEHTOB  3aKJIIOYaeTCsd B CICAYIOIIEM:  IPOCTOTAa  KOHCTPYKITUH,
MaJiorabapuTHOCTh, 0€30IaCHOCTh, YA00CTBO HabmoaeHus [1, 33, 103, 114].

Takum oOpa3zom, MOZIeTTh — 3TO HEMOJHAsT KOmus 00bekTa. UTOOBI MOAYEPKHYThH
3TO OOCTOSITENBCTBO, MHOTAA TOBOPST, YTO «TOYHAs MOJCIbh HE HYKHa, a CIUIIKOM

HEeTOYHas OecIoJie3Ha, IPU TOYHOW MOJEIH HET MOJI00HsI, a €CTh TOXIecTBO» [31].
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duznIeCcKoe MOJCIUPOBAHHUC BJICMCHTOB 3V mno3BoisieT B J'Ia60paTOpHBIX YCIIOBUAX

HCCIIEIOBATh MPOIECC KOPPO3UH U €€ BIUSHUS Ha MapamMeTphl 3a3€MIIUTES.
1.4 3agauu ucciaeno0BaHus

AHanu3 BIUSHUS (DAKTOPOB OKpY’Kalolled cpenbl U OJyKIaroluX TOKOB Ha
IpOLECC KOPpPO3UU HJIEMEHTOB 3Y M H3yYEHUE JMTEPATypHBIX HCTOYHUKOB O
3aBHCHUMOCTSIX JJICKTPOTEXHUYECKUX XapAKTEPUCTHK OT (PaKTOPOB KaK XUMHUYECKOTO,
TaK U AJIEKTPUUECKOTO XapaKTepa, I0Ka3alld, 4YTO OTCYTCTBYIOT KaKHe-TUOO0 pe3yIbTaThl
HKCIIEPUMEHTOB O BIUSHHUSA KaXJ0ro, U3 paHee YNMOMSAHYTHIX (PaKTOpOB, Ha MpPOLECC
KOPPO3HH 3a3€MJIUTENS WM METOJMK, KOTOPBIE MO3BOJUIN Obl ONPEAENSITh BIUSHUE
kaxaoro Qaxrtopa. IlogoOHble wHccneaoBaHHS HMMEIOT, B IEPBYIO O4Yepenb,
TEOPETHUYECKOE 3HAUEHHUE, PACIIMPSS Halle MPeJoCTaBlIeHUE O (aKTopax, BIUSIOMIUX
HAa TEXHUYECKOE COCTOSIHUE 3JIEMEHTOB 3V .

JlJ11 KOTMYECTBEHHOTO UCCIEI0OBAaHUS BIUSHUS (DaKTOPOB OKPY’KaIOLIEH Cpebl U
OJIy>KIal0IIMX TOKOB Ha MPOIECC KOPPO3UU FTEMEHTOB 3Y MPEI0NaraeTcs BHITOIHUTD
clIeLyIolIee:

1. CpopmynupoBath TpeOOBaHUSA, HA OCHOBAaHUU KOTOPBIX pa3paboTaTh
HKCIIEPUMEHTAJIbHYIO YCTAaHOBKY JJIi HCCIENOBaHMM B 1a00paTOPHBIX
YCIIOBHUSIX.

2. PazpaboTaTh METOAWKY WCCIENOBAaHUS BIMSHHUS (PAKTOPOB OKpYKaOIIEH
cpeasl U OTyKJIAr0IUX TOKOB Ha Iporiecc Koppo3uu 3VY.

3. IlpoBectn 3KCHEpUMEHTAIbHBIE HCCIEAOBAHUSI BIMSHHUS KaXI0ro (axropa
OKpYXarollel cpe/ibl U OJTyKIal0IIUX TOKOB B Pa3HbIX JUANa30HaX.

4. YCcTaHOBHUTH 3aBUCUMOCTbH XapaKTEPUCTUK 3Y OT BcexX (PaKTOpOB, BIUSIOLIUX
Ha €ro COCTOSIHUE, UX MHTEHCUBHOCTH U MPOJ0KUTEIILHOCTH BO3JIEHCTBHUS.

5. Ha ocHOBaHMM TMOJIy4€eHHBIX JAaHHBIX pa3paboTaTh  MNPEIIOKECHHUS,
KOPPEKTUPYIOIIME HOpPMAaTUBHBIE JOKYMEHTHI, B YacTHOCTH, pa3paboTaTb

METOUKY JUIsl OTpeIeSICHUs] COCTOsIHUA 3Y 03 BCKPBITUS IPYHTA.
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Pemenune npezmonaraeMoﬁ BBIIIC 3aJa4uu ITIO3BOJIACT pa3pa60TaTb
MAaTCMaTUICCKYI0 MOJCJb, A OIPCACICHHUA COCTOSAHUS 3JICMCHTOB 3a3CMIIATOIINX

YCTPOMCTB 0€3 BCKPBITHSI TPYHTA, B 3aBUCUIMOCTH OT KOCBEHHBIX (hPaKTOPOB.
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2. JKCHEPUMEHTAJIBHBIE UCCJIEAOBAHUA BJIUAHUSA PAJIMYHBIX
®AKTOPOB HA COCTOSHUE 3A3EMJISAIOIINUX YCTPOMCTB

Kaxk 6p11a mokazano B § 1.2 mporiecc KOppo3uu METALTHISCKUAX JIEMEHTOB, B T.
4. 00pa3yoIIMX 3a3eMJISIONINE YCTPOMUCTBA, 3aBUCUT OT psifa ¢pakTopos. [Io HeKoTopbIM
U3 HHUX YCTAaHOBJICHBl KOJMYECTBEHHBIE COOTHOILUEHUS, IO3BOJSIOIIME OLEHUTh
pe3ynapTaT KOPpPO3WH, MPH ATOM 3aBUCHMOCTH, KOTOPHIE CBS3BIBAIM Obl BOEIHUHO
paznuuHble (QakTopbl, HaM Heu3BecTHhl. Hambonee mpocTo yCTpaHUTh YyKa3aHHBIN
HEJOCTATOK MOXHO 3KCIEPUMEHTAIBHBIM ITyTEM.

2.1 Pa3pa0oTKa 3KCHIEePUMEHTAJIBbHOM YCTAHOBKH

AHanu3 JUTEepaTypHbIX HCTOYHMKOB HE TO3BOJWJI BBIABUTh HAJIM4Ke
HKCIIEPUMEHTAJIbHBIX YCTAHOBOK JUIsl UCCIIEAOBAHUS BIMSHUS Pa3IMYHbIX (DAKTOPOB HA
npouecc koppo3uu 3V, 0HAKO MU 3TOM ObLIM HalIeHbl YCTAHOBKH JIJIsl HCCIIEAOBAHNUS
BJIUSIHUS Ha KOPPO3HIO OTIEIBHBIX (DAKTOPOB.

Hanpumep, n3BecTHa yCTaHOBKA Ui UCCJIEAOBAHUSA KOPPO3MOHHON aKTUBHOCTHU
IPYHTa, KOTOpasi BKJIIOYAET: UCTOYHUK MUTAHUS MOCTOSIHHOTO TOKA; MUJIJTMAMIIEPMETD;
PEryJsATOp TOKA; MUJUIMBOJIBTMETP; SYEHKY (METaNIMYECKYI0 BaHHY, BBIMOJHSIOLIYIO
GYHKIHUIO HAapYXKXHBIX 3JIEKTPOJOB), U BHYTpEHHUE 3JeKTpoabl. C MOMOIIBIO JTaHHON
YCTaHOBKHU MOYKHO ONPECIIUTh KOPPO3IUHHOCTH JF000TO THIIA TpyHTA [ 124].

JUist uccnenoBaHUsl BIMSHHS Pa3IUYHBIX (PAKTOPOB OKpPYXKAIOWIEH Cpelbl U
OJTy>KIaI0IIMX TOKOB Ha CKOPOCTh KOPPO3UH 3a3€MIISIFOIIMX YCTPOUCTB B J1a00paTOPHBIX
YCIIOBUSIX HUJI€AJbHBIM BapUAHTOM SIBJISIETCS UCIIOJIB30BAHUE JUAJIEKTPUUECKOW BaHHBI,
3aChIMIAEMONl TPYHTOM C Pa3HbIM YACJIbHBIM CONPOTUBICHUEM, IOCKOJIbKY IS
BOCCO3/IaHUSI TPOM3BOACTBEHHOTO IIPOLIECCA KOPPO3UM BJIEMEHTOB 3a3€MIIUTEIICH
HEO0OXOMMBI OTIPE/IETICHHBIE AJIEKTPOXUMUYECKHUE YCIOBHUS.

C uenpio obOecrieueHUs] XUMHUYECKMX U DJICKTPOXUMHUECKHUX YCIOBUHM Jif
BOCCO3J]aHUSl KOppPO3UM B JabOpaTOpHBIX YCIOBUSIX Ha Kadenape «be3omacHOCTh
xusHenesarenpHoct» HOYpl'Y Obuta pa3paboTaHa SKCIEpUMEHTANbHAS yCTaHOBKA
(pusuueckast MoJIeTb) 711 UCCIICOBAHMSI BIMSIHUSI BHEITHUX (PaKTOPOB U OTY>KIAIOIINX

TOKOB Ha KOPPO3HOHHOE cocTosiHue aementoB 3Y [1, 3, 129].
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[Ipepyaraemass HaMM  YCTaHOBKAa  TMO3BOJIAET  IPOBECTH  KOMILUIEKCHOE
UCCJIETOBaHKE BIUSHUS Pa3HBIX (PAKTOPOB HA MpoLecc KOoppo3uu 3V, a UMEHHO:

- Oy IAIoMIEToO TOKA,;

- BII&YKHOCTH TPYHTA;

- pH rpynra;

- XMMHYECKMX MUHepaJioB rpyHTa (koHnenrpauus SO4%, Cl).

OcCHOBHBIMU AJIIeMEHTaMH1 YCTaHOBKH ABJIAETCS 1a00paTOPHBIN
aBroTpancopmarop (JIATP) 1, pasmenurtensHblii TpaHchopmarop 2, ammnepmerp 3,
BOJIBTMETD 4, TUAIEKTPUUECKUE BAaHHBI 5, B KOTOPBIE 3aChIIIaH IPYHT 6, 3a3€MIISIOIIME
ANEKTPOBI 7, MeAHYIO (onbry 8 u mpulop A1 u3MepeHus BiaaxHoctu U pH rpyHra 9.
[IpumeHeHne 4YeThIpEX OUANEKTPUYECKUX BAaHH MO3BOJIIET OJHOBPEMEHHO IPOBECTH
HKCIEPUMEHT I10 OLEHKE COYETaHHOTO BIMSHUS (DaKTOpPOB Ha mpouecc Koppo3uu 3VY.
Uctounuk nutanus JIATP B mensx 0€30MacHOCTH MOAKIIOUEH K YCTAHOBKE 4Yepes
pasaenurenbHblid TpancpopmaTop. KoHTposb CBOMCTBO IpyHTa OCYIIECTBISIETCS KaK C
UCIIOJIb30BAaHUEM MpuOopa il M3MEPEHUs BIAKHOCTH M KHUCIOTHOCTA TPYHTA U
TEPMOMETPA, TaK U C OTOOPOM MPOO I MOCISAYIONIEr0 XMMHUIECKOTro aHam3a [41 —
44]. KOHTpOJb 3MEKTPUYECKUX MAapaMETPOB — C IOMOUIbIO aMIIepMETpa U BOJIbTMETpA.

BonbT™meTp umeeT 00Jb1110€ BHYTPEHHEE COMTPOTUBIICHUE.

. 2
) JIATP / @/

3 7 7
Barza Nel Barna Ne2

Lh

Banma Ne3

\ );
<
P

Pucynok 2.1 — [IpuHnunuansHas 3JIeKTpuUecKas cxema MOJIeNu
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Jlist uccrnenoBaHus BIMSHHUS OJIy>KIAaOIIMX TOKOB Ha Mpollecc Kopposuu 3Y
MOAKITIOYAEM KaK/IbIi 3JIEKTPOJI MOJIETIM K UCTOYHUKY MUTaHUs (pUCYHOK 2.1.).
B ocranpHbIX ciydasx (IIpyU UCCIAEAOBAHWU BIUSHUS BIAXHOCTH TpyHTa, ero pH u
KOHILIEHTpallMd XUMHMYECKMX MHHEpPAJIOB Ha Tpouecc Koppo3un 3Y) 3IEKTPOJbI

MOTPYKAKOTCA B I'PYHT, HO HC INOAKIIOYAIOTCA K HCTOYHHUKY ITUTAHUWA.

Pucynox 2.2 — Cxema pacronoeHus dIEKTPOI0B B JUIICKTPUUSCKUX BaHHAX

B kadecTBe Marepuaina ISl SJIEKTPOOB 3a3eMIISIOIINX YCTPOMCTB MCIIOIB3YETCS
CTajab 0€3 aHTUKOPPO3UOHHOTO MOKPHITUS. Bee 21eKTpo bl B KaXK10M BaHHE COSTMHEHBI
MEXTy COOOM TMapajieIbHO M COCTABIISIIOT KOHTYP 3a3€MJICHHUS.

['eomeTpudeckue pasmepbl U IJICKTPUUYECKUE TapaMeTphl SJIEMEHTOB MOJIENU
OBUTN OMpe/eeHbl COTJIACHO MPUHITUITY TEOPUH MOA00US U MOJEIUPOBaHUS, T.€. TIPU
MOJICIUPOBAHUU  3a3€MIIMTENICH  KPUTEPUM  MOA00US  CBOJATCA K  YCJIOBHSIM
F€OMETPUYECKOT0 TMOJA00MSI U COONIOJIGHUI0 OCHOBHBIX KPUTEPHEB TOA00US
9IIEKTPOMArHUTHBIX mporeccos [2, 7, 32, 33, 36].

IIpu pacyeTe OCHOBHBIX T'€OMETPHUECKUX PA3MEPOB 3a3eMIISIFOIIUX DJIEKTPOJIOB
YCTAHOBKH OBLIU MOJYYEHBI CIETYIONINE Pa3MEPhI:

- TUAMETP BEPTUKAIBHOTO 3JiekTpoja D1 = 6 MmMm;

- niuHa snektpoaa L = 120 mwm;

- PacCTOSHUE MEXAY BEPTUKAIBbHBIMU 3JIeKTpoaMu & = 105 mmM;
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- CeYEHHEe TOPU30HTAIBHOTO 3JIeKTpoaa Sy = 12 cM?;

- TTyOWHA TIOTPY>KEHUS TOPU30HTAIILHOTO ATekTposa t; = 10,5 M.

DneKTpoabl OBLIM M3rOTOBIEHBI M3 cTamu (CT3, MOCKOJBKY CTaldb TaKUX MapoK
IIUPOKO MCTIONIb3yeTcs B 3Y 3JIeKTPOyCcTaHOBKaX pa3myHoro Haznadenus [100].

JInst co3maHusi KOHTypa MNPOTEKAHUS TOKA HA JHE KaXJIOW IUIJIEKTPUYECKOU

BaHHBI pa3MelnieHa MeaHas ¢oibra (pucyHok 2.3).

Pucynoxk 2.3 — Cxema pacnosnoxeHus 371€KTPOI0B YCTAHOBKHU
1 — ropu30HTANIBHBIN NEKTPOA, 2 — BEPTUKAIIBHBIN 31€KTpoa, 3 — MeaHas (onbra

Ha pucynke 2.4 noka3an o01muii BUJT SKCTIEPUMEHTAILHON YCTaHOBKH.

Pucynoxk 2.4 — O0wmuii BUJ1 SKCTIEPUMEHTAIbHON YCTaHOBKH
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VYcranoBka 3amuiieHa mnateHToM PO Ne 161812 (Ha mone3Hyro MOEHb),
«YcTaHOBKa JUIsl WCCJICNOBAaHUS BIUSHUSA (PAKTOPOB OKpPYXKAIOMEH Cpefpl W
OJIy>KIalOIIMX TOKOB Ha MpOoLiecC KOPPO3uu 3azemirstronux ycrpouctsy (IIpunoxenue
b).

[lepeq wucHbITAHUEM MOBEPXHOCTh 3a3€MIISIIOIIMX  AJIEKTPOJOB  OYMILAEM,
00€3:KUPUBAEM 1 B3BEIIMBAEM Ha JICKTPOHHBIX JIabopaTopHbIX Becax Tuna RV412D, a
3HaYCHHE MACChI 3JIEKTPOAOB 3aHOCUM B Ta0uiry 2.1.

[lo 3aBepmIeHHIO Ka)XAOro JTana HCCICJOBAaHUN H3BIEKAEM 3a3eMJISIOIINE
AIIEKTPOJIBI U3 JTUAJICKTPUUYECKUX BAaHH U 00padaThIBa€M €ro MEXaHWYECKUM METOJIOM
[50]. [ocne ynameHus: MPOIYKTOB KOPPO3UH C 3a3€MIIIOMIETO JICKTPO/IA, TIIATEIBHO
MPOMBIBAEM  NPOTOYHOM  3aT€M  JUCTWUIMPOBAHHOW  BOAOW,  BBICYIIMBAaEM
bunpTpoBaHHOU Oymaroii, B3BemuBaeM ¢ TodyHocThiO 710 0,0001 T u onpenensieM macca
MeTajula 3JIEKTPOJOB MOCEe MIpolecca IKCIepUMEHTa. Pe3ynbTaT M3MEHEHHE MacChl
3aHOCUM B Ty ke Ta0nuiry 2.1.

Pa3Huneit Macchbl AJIEKTPOJOB 10 U MOCJE MPOLECcca HKCIEPUMEHTa ONpenessieM
BIUSIHUE HCCIEAyeMoro (Qakrtopa Ha Mpolecc Koppo3uu. s 3Toro HeoOXoIuMo
KOJJMYECTBEHHO  OIIEHWBATh  KOPPO3MHHOCTh  KaXJOrOo  JJekTpojga  (mocie
JKCIepuMeHTa). ISl KOJIMYEeCTBEHHOrO OIIEHKa KOPPO3UU 3a3€MJISIOIIUX AJIEKTPOI0B
oOpabaTbiBacM pe3y/IbTaThl FKCIIEpUMeHTa coracHo [50].

st obecriedeHust yCIOBUNA 3KCHEpUMEHTa HEOOXOIUMO pa3paboTKa METOJMKH
UCCIIEIOBAHUSI TPYHTA M BOCIIOJIB30BATHCSI METObI PEryJIMPOBAHUS CBOMCTBO TPyHTa B
Pa3JIMYHBIX IHANa30HaX.

2.2 MeToauka MccjaeI0BaHUA

UccnenoBanus Ha pa3pab0TaHHOM HAMH SKCTIEPUMEHTAIBHON YCTAHOBKE
MPOBOJSITCS B CJIEIYIOIIEH MOCIE0BATEIbHOCTH:

1. OnpenensroTcs UCXOIHBIE XapaKTEPUCTUKHU TPYHTA;

2. YcraHaBIMBaeTCs NUAMAa30H BapbUPOBAHUS (DAKTOPOB;

3. OmnpexaensieTcs BIUsIHUE KaXI0T0 pakTOpa Ha mpoiiecc koppo3uu 3Y;

3.1 Braxuoctu;

3.2 llenounoctu u kuciaotHoctu rpyHTa (pH);
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3.3 XMMHKO-MUHEPAILHOTO COCTaBa, T.€. coaepxkanus noHos SO42 u Cl;

4. BeigBasieTcs o01ias MaTeMaTH4eckasi MoJIelb nmpoiecca kopposuu 3Y.

4.1 Onpenensercs 3aBUCHMOCTh MOTEPU MacChl 3JEKTpoaoB 3Y oT (akTopos,

BIIMSAIONIMX Ha IMPOLIECC KOPPO3HUHU:

KoHTpoib coaepxanust cyab(aToB B IPYHTE OCYIIECTBIUICA TPABUMETPUUECKUM
METOZIOM C ocaxaeHueM cyib(ata (SO4%) MoHamu Gapus M3 BOAHON BBITKKH [44].
OmnpeneneHue coaep:kaHue XJIOPUI-UOHOB MPOBOAMIM apT€HTOMETPUUECKUM METOJI0M
[43].

2.2.1 MeToabl uccjIeI0OBAHUA TPYHTA

Onpeodenenue enaxcnocmu  cpynma. VI3mepeHune  BIQKHOCTH TPYHTA
ocymiectisieM mpudopom tuna TK100S. ITpubop umeer pocratounsiit auana3zon (0 —
60%) u JOMyCTUMYIO TMOTrpemHOCTh u3Mepenus =+5%. IlpoBoaum u3MepeHuUs
CIICAYIOIMIMM 00pa3oM: MOTpyKaeM SJIEKTPOJbl MPUOOpa B TPYHT AUDIICKTPUYECKON
BaHHbBI U CHUMAEM TOKa3aHUs C IUCILIes: mpubopa.

Jlns ompeneneHus aJeKBATHOCTH HACTPOEK NpuOOpa ompenensieM BIaKHOCTh
IpyHTa METOJIOM BBICYIIMBAHUS 0 MOCTOSHHOM Maccel [20], 6epemM mpoObl TpyHTa W3
KKJIOW JAURJIEKTPUUYECKONM BaHHBI, 3aMOJIHSEM THUIJIM, B3BEIIMBAEM M MPOCYIINBAEM B
cymibHOM mikady npu temmneparype He 6osiee 105 °C [45]. IIpocymmBaem rpyHT 10
ITIOCTOSIHHOM MAacCCHI.

[Tocne mnpoxokaeHWss Tpollecca CYIIKHM B3BEIIMBAEM CyXOWl TpyHT Ha
nabopatopHbix IUPpoBbIX Becax ¢ TouHocThio a0 0,0001 T. m mo morepe Macchl
ompenesiieM  BJIAXKHOCTh TpyHTa. V3MepeHuss BIAaXXHOCTH TPYHTa METOJOM
BBICYIIIMBAHUS J0 MIOCTOSSHHOM MacChl OCYIIECTBIISIEM CIIEAYIOIINM 00pa3oMm:

- B3BEIIIMBAaEeM U (PUKCUPYEM MacCy TUTJICH;

- 3arojHsAeM MPOObl TPYHTA M3 KAXKIOW MUAICKTPUYECKON BAHHBI B OTIIEIBHBIN
TUTEJb, B3BEIINBaEM U (PUKCUPYEM OOIIYIO MaccCy;

- CTaBUM BC€ TUIJIM B CYIIWJIBHBINA TIKad, 3a7aBas TeMIepaTypy, U 3ammycKaem

IPOLIECC CYIIKH;
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- TOCJIe TIPOXOKCHHUS MPOIECCca CYIIKHA B3BEIIMBAEM Ka)Iblii TUTEb. Pa3Huia
Macc mpod A0 W TOCIEe TPOCYIIKH ONpPEIENseT COJCpKaHWE BIaru B TPYHTE H
omnpenaensiercs mo popmyne 2.1 [20].

By = —EZBJ 100 %
- B (2.1)

rie s - ICKOMas BIIAYKHOCTh, % OT MacChl CyXou Mmo4Bkl; B - macca Turis, T;

B1 - Macca turiis ¢ BiIaXXHOM ITOYBOM O CYIIKH, T

B, - Macca turiis ¢ cyxoi mo4BOM MOCIE CYIIKH, T.

Onpeoenenue pH cpynma. Ilokazatens pH rpyHTa ompenensercss 1o BOJIHBIM
BBITSDKKAM M3 TPYHTA, MMOJTYYCHHBIM 110 METOIUKE, TIPUBEICHHON B [45].

YpoBeHb KHCIOTHOCTH WM IIEJIOYHOCTH TpyHTa (BenumunHa pH) wusmepsem
npubopom Tuna ST-23. IlpuBoauM TONOXKEHHE MEpeKIoyaTessi B pexxuM «pH»,
MOTPyKaeM 3JIEKTPO bl MpUOOpa B TPYHT U (PUKCUpyeM MOKa3aHMUS.

Kpome Toro, nzmepsiem Benuuuny pH rpynra npu6opom tuna pX-150 mo BogHOIM
BRITSDKKE. bepem 20 M BOJHOM BBITSDKKH, IPUTOTOBJICHHON mo [45], morpyxkaem
anexTpoa pH-MeTpa u cHUMaeM nokaszanue npuoopa.

Onpeoenenue cooepycanusn uonos cyivpama (SOs>) 6 zpynme. Conepxanue
cynab(aToB B IPyHTE ONpeEJeIseM IPABUMETPUUYECKUM METOJOM ¢ ocaxaeHueM SO4%
WOHaMHU Oapus U3 BOJAHOMW BBITSOKKH [44].

Onpeodenenusn cooeprcanus uonos xinopuoa (Cl) 6 epymme. ConepkaHui0 HOHOB

XJIOpHJIa TPYHTA OIPEaeisieM apreHTOMETPHYSCKUM MeTo10M 110 [43].

2.2.2 MeToabl peryJJMpOBaHNs CBOWCTB IPYHTA
Pecynupoeanue enaxcnocmu zpynma,

1. BeicymuBaeMm TrpyHT B cymwibHOM Mikady mnpu temneparype t = 105 °C go
BeuuuHb! 10 — 12 %:;
2. Perymupyem BI@XHOCTh TpyHTa IyTeM pa3OpbI3TUBaHUS  HEOOXOAMMOIO

KOJINYECTBA JIUCTHILIMPOBAHHOM BOJIbI HA TPYHT (Tabmuia. 2.1).
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Tabnuua 2.1- Jluana3zoH BapbUPOBAHUS BIAKHOCTH T'PYHTA B KAXKI0U

I[I/I3J'ICKTpI/I‘IeCKOI‘;1 BaHHC

Ne | Homepa auanekTpuueckux BaHH Hckomas Tpebyemas H20

/1 BII&YKHOCTBH, %0 BIIAYKHOCTBH, %0 MJI
1 I 10-11 14-15 500
2 I 11-12 19-20 550
3 i 11-12 24 - 25 800
4 v 11-12 29-30 1000

PerynupoBanue pH, KOHLEHTpauuu HOHOB Cysb(aTa MU MOHOB XJOpUAA I'PyHTa
OCYILIECTBIISIEM IyTeM JA00aBieHUs pacTBopa ruapookucu HaTpus NaOH, comnsHoM

kucinotel HCI, cynbgara Hatpust Na,SO4 u xnmopuaa varpus NCI, nmpornopiun KOTOpbIX

npuBeeHbI B Tabmumnax 2.2 — 2.9.

Tabnuna 2.2 — Jlnana3oH meI04YHOCTH TPYHTA

Ne | Homepa auanexktpuueckux BanH | Mcxonnsiii pH rpyHTa O6beMm Tpebyembrit
n/n NaOH, r noka3zarenb, pH
1 | 7,38 50
2 I 7,61 5,9 8,8-9,2
3 I 7,64 6,0
4 v 7,88 6,5
Tabnuna 2.3 — Jluana3oH mea04YHOCTH TPYHTA
Ne Howmepa Hcxonnsiii pH O6bem H20 Tpebyempblit
/0 | JUAJIEKTPUYECKUX BaHH TpyHTa NaOH nokasarens, pH
r MJI
1 I 7,38 9,0 500
2 I 7,61 9,5 550
3 I 7,64 9,0 800 10-10,5
4 v 7,88 9,5 1000
Tabnuua 2.4 — J[nana3on BapbUpOBaHUS KUCIOTHOCTH IPYHTA
Ne | Homepa nuanextpuueckux |  Hcexognsiii pH O6beMm H20 Tpebyempbrit
n/n BaHH rpyHTa HCI nokaszarens, pH
MJT MJI
1 I 7,38 35 480
2 I 7,61 40 430
3 I 7,64 50 584 4,8-5,1
4 v 7,88 60 730
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Tabnuua 2.5 — J[nana3on BapbUpOBaHUS KUCIOTHOCTH IPYHTA

Ne Howmepa Hcxonnsiii pH O6bem H20 Tpebyempbrit
/T | JAUDJICKTPUYECKUX BaHH rpyHTa HCI MoKa3aTelb
MJI MJI pH
1 I 7,38 50 475
2 1 7,61 50 420
3 I 7,64 60 575 3,5-338
4 \Y/ 7,88 65 725
Ta6J'II/IHa 2.6 — I[I/IaHaSOH BapbHUPOBAHUS HOHOB Cy.]'lb(l)aTa I'pyHTa
Ne Howmepa Ucxonnas O6bem H20 Tpebyemas
/T | JUDJICKTPUYECKUX BaHH KOHIICHTpAIIUs Na2SO4 KOHIICHTpALUS SO
SO4? rpynTa, % r MJI %
1 I 0,317 155 350
2 I 0,323 127 423
3 II 0,331 139 660 4.4-45
4 \Y/ 0,337 113 890
Tabnuna 2.7 — JIuana3on BapbUpOBaHUS HOHOB CyJb(hara rpyHTa
Ne Howmepa Hcxonnas O6beMm H20 TpeOyemast
/T | AWDJICKTPUYECKUX BaHH | KOHLIEHTPAIHS Na2S04 konnenTpanus SOs>
SO4* rpynra, % r MJI %
1 I 0,443 155 350
2 1 0,461 140 423 59-6,0
3 i 0,452 150 650
4 [\ 0,447 155 850
Tabnuua 2.8 — Jlnana3on BapbUpOBaHUS HOHOB XJIOPUIA TPYHTA
Ne Howmepa Ucxonnas Macca H20 Tpebyemas
0/11 | JAWDICKTPUYECKHUX BaHH | KoHUeHTpanus Cl° NaCl KOHLEHTpaLus
rpyHra, % r MJI Cl
%
1 I 0,0136 48 450
2 1 0,0136 30 520
3 11 0,0132 30 760 0.3-0.31
4 1\ 0,0132 30 970
Tabnuua 2.9 — J[nana3on BapbUpOBaHUS HOHOB XJIOPUJIA TPYHTA
Ne Howmepa Hcxonnas Macca H20 Tpebyemast
/0 | JUAJIEKTPUYCSCKUX BaHH | KoHueHTparws Cl° NaCl konrenrpanus Cl
rpyHra, % r MU %
1 I 0,30 24 475
2 1 0,30 15 535
3 Il 0,30 15 785 0.44 -0.45
4 1\ 0,31 14 986
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Ha nepBom »sTane wuccinenoBaHusi (UKCHpYyeM HCXOAHbIE: BeauuuHy pH,
xonnenTpamuioo SO;% u Cl. 3amaeM BIaKHOCTh IPYHTA: HA IIEPBOM JMAIEKTPHYECKOM
BaHHe 4 — 5%, Ha BTOpoH 14 — 15 % Ha Tpetbeit 24 — 25 % u Ha yerBepToii 29 — 30 % u
3amycKaeM Impoliecca dKcrepuMenTa (Tabnuma 2.2).

Jlis coxpaHeHus HYXKHOTO Iuana3oHa BIAQXHOCTH TPYHTAa KOHTPOJHPYEM €ro
€KETHEBHO.

Ha BTopom stamne Bappupyem pH rpyHTa mpu TOM e ypOBHE BIQKHOCTU TPYHTA
(Tabmuma 2.2). [IpoBoIuM SKCIIEPUMEHTHI B YCIOBUSIX MIe0YHOCTH rpyHTa, pH =~ 7 — 10
u kuciotHoct pH = 7 — 4 (tabauiel 2.3 — 2.6). T.e. mpoBepsieM BIUSHUE BeIU4IUHbI pH
IPY MaKCHUMAJIBHBIX ¥ MUHUMAJIbHBIX 3HAUYCHUSX IIEIOYHOCTH W KHUCIOTHOCTH TPYHTA
Ha mpouecc koppozuu 3Y. 3amgaem BenuuuHy pH rpyHTa BCeX TUANEKTPUUECKUX BaHH
OJIMHAKOBOM IMPU pa3HOU BIAXKHOCTH IPYHTA.

Ha Ttperbem stane BapeupyeMm copepxkanme SO,> B rpynte. Ilepsbli pas
IPOBOJIMM BKCIIepuMeHT npu kKoHuentpauuu SOz* = 0,3 — 0,35% B rpyHTe, a BTOPOii
pas-nipu SO4% = 0,4 — 0,45% (Tabnuue! 2.7 — 2.8).

Ha geTBepTom sTarme sKcriepuMeHTa poBepsieM BiHsiHUE XJiopuaa noHa npu Cl™ =
0,2-0,3% u 0,3 — 0,4 % (tabaumm: 2.9 — 2.10).

[TATBIM 3TArOM UCCIICIOBAHUH SBJISIETCS MMPOBEPKA BIUSHUS OJTyKIAIOIINX TOKOB
Ha npoliecc kopposuu 3VY.

Jnsg  wuccnenoBaHus BIUSHUS ONYKJAIONIETO TOKa Ha TMPOIECC KOPPO3UU
aJIeMeHTOB 3Y MOorpykaeM BCe 3a3eMIIIOIINE DJIEKTPOIbI B TPYHT IUIICKTPUUECKUX
BAaHH U MOJKJIIOYAEM UX K UICTOUHHMKY MUTaHUsI (PUCYHOK 2.1).

B tabmune 2.10 npruBeneHb! UCXOHBIC KOHIICHTPAIIMA XUMUYECKUX MUHEPAJIOB U
ero pH Bo Bcex IUAIEKTPUUECKUX BaHHAX YKCIIEPUMEHTATILHON YCTAaHOBKH.

Tab6numa 2.10 — McxomHast KOHIIEHTpanust XuMudeckux Mmunepanos u pH rpynra

Ne Conepxanue XHMHYECKHX MHHEPAJIOB,
n/n | Jdusnextpuyeckas % pH rpynra
BaHHA SO42- Cl-
1 I 0,317 0,0136 7,38
2 ] 0,323 0,0136 7,61
3 I 0,331 0,0132 7,64
4 Y 0,337 0,0123 7,88




MIPOBEJICHHBIX HAMU OMBITOB Ha pa3paO0TaHHON yCTaHOBKE MO MCCIEAOBAHUIO BIUSHUS
pa3nuyHbIX (PAKTOPOB (BIAXKHOCTU TpPYHTAa,
COJEep)KaHUE XMUMHUYECKUX MHUHEpAJIOB, U HalIMuue OJyKIAIOLUIMX TOKOB) Ha IPOLECC

Koppo3uu 3eMeHToB 3Y. Jlnana3oH BapbUpPOBaHUS BIAXKHOCTU IPYHTA IPHUBOJIUTCS HA

B tabmumax 2.11 — 2.16 u Ha pucyHkax 2.5 — 2.7, NPUBOIATCS Pe3yJbTaThl

pucyHkax 2.5 — 2.7.
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€ro BOJOpPOAHBIA TMoOKa3aTenb pH,

Tabnuua 2.11 — [ToTepst Macchl AAEKTPOIOB TP Pa3HON BIAXKHOCTH TPYHTA

Ne Macca 35eKTpoJIoB, T [Torepst macchl
y Bnaxnocts o
Ry IpyHTa, o ocie MOTEeps. MACChI SJICKTPOAOB, 70
% AKCIEPUMEHTA | DKCHEPUMEHTA 3JIEKTPOJIOB
1 5 8.5523 8.5503 0.0020 0,0233
2 20 8,4525 8.4409 0.0116 0,1372
3 25 8,1281 8.1147 0.0134 0,1648
4 30 8,3252 8.3158 0.0094 0,1129

Tabnuma 2.12 — [ToTepst Macchl AJIEKTPOIOB B pa3HBIX AuanazoHax pH rpyHTa

Ne | Bopoponnsiit [ToTepst maccel 31eKTpo10B, %0
I/ | IoKasarenb (TIpu BIQXXHOCTH TpyHTa, %)
TpyHTa 15 20 25 30
1 3,5 0,0988 0,1582 0,1593 0,1303
2 7,38 0,1223 0,1468 0,1598 0,1135
3 10,5 0,0872 0,1423 0,1578 0,1211

Ta6numa 2.13 — Ilotepst Macchl 2JIEKTPOJIOB B pa3HbIX UAMa30HaX KOHICHTPAIIMU

CyJb(haT-uOHOB TPyHTA

Ne | Konuenrpanus [ToTepst macchl 351eKTpo10B, Y0
n/mn | cynbdar-uoHOB (TIpu BIQKHOCTH TPYHTA, %)
B IpyHTE, % 15 20 25 30
1 0,317 0,0988 0,1388 0,1659 0,1136
2 0,45 0,1225 0,1564 0,1594 0,1386
3 0,6 0,1195 0,1426 0,1592 0,1204
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Ta6nuna 2.14 — Ilotepst Macchl JIEKTPOJIOB B pa3HbIX JIMaNa30Hax KOHIICHTPAIIMU

XJIOPUA-UOHOB IPYHTA

Ne | Konuenrpanus [ToTepst macchl A1eKTPo10B, Y0
1/I1 | XJIOPHJ-HOHOB B (TIpu BIAXXHOCTHU TPYHTA, %)
TpYHTE, % 15 20 25 30
0,0136 0,0988 0,1388 0,1659 0,1136
0,3 0,1349 0,1578 0,1597 0,1401
0,45 0,1331 0,1563 0,1592 0,1398

Ta6Jmua 2.15- HOTep}I MAaCChI SJICKTPOAOB B PA3HBIC AWAIIA30HbI 3HAYCHUA

6J1y>1<z[a}0u11/1x TOKOB

No 3HaueHue [ToTepst macchl A51eKTPO10B, Y0
/i | GuyRKAaroumx (Ipu BIaXXKHOCTH TPyHTA, %)
TOKOB 15 20 25 30
0 0,0988 0,1388 0,1659 0,1136
120 0,1348 0,1369 0,1378 0,1632
150 0,1368 0,1572 0,1688 0,1603
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Kak cnegyer w3 aHanmu3a 3KCIEPUMEHTANbHBIX JAHHBIX, MPEICTABIECHHBIX Ha
PUCYHKE 2.5, BIQXHOCTh TPYHTa BIHMSET HA NPOLECC KOPPO3UU 3a3EMIIAIOIINX
EKTPOJOB pazHoobOpazno. Kopposus mpu BmakHoctd 5 — 25 % yBenmuuuBaeTtcs, a
HanOoJiee YCKOPEHHBIN MPOIEeCcC KOPPO3UU METalIa, TPUMEHSEMOTO JIJIsi U3TOTOBJICHUS
3a3€MJISIIOLLETO 3JIEKTPOIa, HaOMogaeTcss B auamna3one 15 — 25 % BIaXHOCTH TPYHTA.
JlanbHeillee yBenWYeHUE BIAKHOCTH TPyHTa 3aMeljisieT mpoliecca Koppo3uu. B
nuanazone 25 — 30 % BIaXHOCTU TPYHTA MIPOUCXOTUT 3aMeJIEHUE TIPOIEcca KOPPO3UH
3a3eMJISIIOLUX JIEKTPOJIOB.

OcTtanbHble TOKa3aTeNM TPYHTAa SKCIEPUMEHTAIbHON YCTaHOBKM, TaKHE Kak
BOJOPOJHBIN MOKa3aTedb U KOHUEHTPAUU XUMHUYECKUX AJIEMEHTOB ObLIN ONPEEICHBI
no tabmuire 2.10.

Ha pucynkax 2.6 — 2.9 npuBonsarcst pe3ysibTaThl S3KCIEPUMEHTOB IIPU U3MEHEHUH
3HaueHud pH, coaepkaHus XUMHUYECKHX MHUHEPAJIOB W OIYXKIAIOUX TOKOB JIs
pasHbIX 3HaUeHUH BiaxxHocTH rpyHTa (15, 20, 25 1 30 %). B HmKHEM mose KaKaoro
PUCYHKA MPUBOMASTCS YCIOBHO rpaduyeckoe 0003HAYCHHUE Pa3HbIX JIMHUH, BIAKHOCTU
TpyHTAa.

BinsiHME BOJOPOIHOIO MOKa3aTelsd IpyHTa Ha IPOLECC KOPPO3UH 3a3EMIISIOIIUX
AIIEKTPOJOB HAaMOOJIEE CII0AKHO U MPHU PA3HBIX 3HAUCHUSIX BIIAXKHOCTH IPYHTA BEJIET ce0s
no-pazHomy. Haunbonee MakcUMalbHBIM THpoIlecC KOPPO3UH MPOUCXOAUT MPH
kucnotHoctd pH = 3,5 u Bnaxunoctu rpyHra 25 %. Hanmmensmee Bnusaue pH Ha
nporiecc kopposuu Hadbmonaetrcs npu pH = 10,5 u Bnaxknoctu rpynTa 15 % (pucyHok
2.6).

Konuentpanusi cynb(dar-uoHOB TpyHTa BIMSET Ha mpouecc Kopposuun 3Y
paznu4YHBIM 00pa3oMm, Hampumep, npu BiaxHoctd 20 — 25 %, yBenuueHue
KOHIIEHTpaIus Cyiab(haT-uoHa BeleT K YCKOPEHHUIO Ipoliecca Kopposuu. JlanpHeliiee
yBenuueHue BiakHocTu rpyHTa (10 30 %) ¢ pocToM KOHIIEHTpaluu cyiabdar-uoHa
COIPOBOXKIAETCSA 3aMeJICHHEM TMpoiiecca Koppo3uu (pucyHok 2.7). MuHHMaIbHas
noTeps MeTajyla, MNPUMEHSEMOIrO JJisi M3TOTOBJIEHUS 3a3eMIISIONIETO AJIEKTPOJa,

HaOJIoaeTcs Mpy KOHLEeHTpauu cyiabdar-uona 0,6 % u BnaxHoctu rpyHTa 15 %.
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VYBenuueHne HOHOB XJOpUAA TPyHTAa BEAET K POCTY CKOPOCTU KOPpPO3UU
3a3€MJISIOLIUX 3JEKTPOJIOB, HO MHPHU ITOM CHJIBHO 3aBUCUT OT BIJIAXKHOCTH TPYHTA.
MakcuMalbHBIE CKOPOCTh KOPPO3HHM MPOMCXOAMT MPH COAEPKAHUU XJIOPUA-HOHA
0,0136 % u 25 % BIaXKHOCTH IpyHTa (pUCYHOK. 2.8). 3aMenieHue npoiecca Koppo3uu
BO3HHMKaeT npu 15 % BIaAKHOCTM TpPyHTA, IPU TOM K€ IOKa3aTesie XJIOPHA-HOHA
(0,0136) [122].

AHanu3 3KCEepUMEHTAIBHBIX UCCIEI0BAHUH MOKA3bIBAET, YTO OJYKIAIOMINNA TOK
CYLIECTBEHHO BIJIMAET HAa MPOLECC KOPPO3HH METalljla, MIPUMEHSEMOTOo  JUIs
M3TOTOBJICHMSI 3a3€MJISIIOIIETO JIEKTPOJa. DKCIEPUMEHTHI ObUIM MPOBENEHBI MPU TPEX
pa3HbIX 3HAYEHMSIX ONYXIAIOLIEro TOKAa M Pa3HbIX 3HAYEHMSIX BIAXHOCTH TPYHTa
(pucyHoK 2.9).

Jlist  ompezesieHUss KOJIMYECTBA ONBITOB, BHIOOpaA YINpaBisgeMblX (HaKTOPOB,
CYLIECTBEHHO BIIMAIOIIMX Ha IMporecc Koppo3un 3Y, U KOJIMYECTBA OTKIMKOB
MIPUMEHHUM TEOPHUIO TUIAHUPOBAHUS SKCIIEPUMEHTA.

2. 3 DkcnepuMeHTAbLHOE UCC/Ie10BaHNe BIUSIHUS Pa3IHYHbIX GaKTOpPOB

HA Npolecc KOPPO3HH 3a3eMJISIIOIIMX YCTPOICTB

JIns MUHUMM3alMM TPYAOBBIX U BPEMEHHBIX 3aTpaT, BOCIOJIB3YEMCS TEOpUEH
IJIAaHUPOBAHMSI MHOTO(AKTOPHOTO OTCEMBAIOIIETO AKcrepuMenTa. [loa nnanupoBanuem
OKCIIEPUMEHTa TOHMMAETCA TMpOIeAypa BbIOOpAa dYHCIIA OMNBITOB M YCIOBUH UX
NPOBENCHUS, HEOOXOOUMBIX [JIsl pEIICHUsS TIOCTaBJIEHHOM 3ajadyu ¢ TpedyeMou
TouHOCThIO [17, 21, 37, 39, 62]. Bce mepeMeHHbIE, OMPELIISIONTNE N3YyIaeMblii OOBEKT,
WU3MEHSIOTCS OJHOBPEMEHHO MO CHEUWAlIbHBIM IpaBuiaM. Pe3ynbrarsl 3KCIIEpUMEHTA
NPEACTABISAIOTCS B BHJE MaTeMaTHYE€CKOW MO, O00Jalaroliei orpeaeeHHbIMU
CTATUCTUYECKUMHU CBOMCTBAMH.

Jlsig mOCTpoeHUs] MaTeMaTHYeCKONH MoJeIu OOBEKTa HCCIENOBAHUS MPUMEHUM
KHOEPHETUYECKYIO0 CUCTEMY, HA3bIBAEMYIO «UEPHBIM SIIMKOM». DTO CHOCO0 U3YUEHUS
CUCTEMBI, B KOTOPOM HaMEpPEHHO OTKa3bIBAIOTCA OT M3YYEHHS! CTPYKTYpPbl CHCTEMBI,
CBSI3EH MEXKy DJIEMEHTAMH CUCTEMBI, a UCCIAEAYIOT TOJIBKO BO3JIEUCTBHS HA CUCTEMY U

peakiiy CUCTEMBI Ha 3TH Bo3jaekcTBus (pucyHok. 2.10) [131].



. CHcTeMa .

T

Pucynok 2.10 — Cuctema uyepHOro simka

ql

Bce ¢akropsl, Bo3aeiicTByrolME HAa cUCTEMY, pa3douBaeM 1o rpynmnam X, Z, q,
(Tabnuia 2.11):

X — (akTopsl, KOTOpPbIE BIMUSIOT HA OBEJIEHUE CUCTEMbBI U KOTOPBIMU MBI MOKEM
YIOPABISTH MO ONPEIEICHHBIM 3aKOHaM (MaTpHLam);

Z — QaxkrTopbl, KOTOpbIE BIUSIOT HAa IMOBEJICHHUE CUCTEMBI, HO YNPABIATb UMU
BCJIE/ICTBUE OTpaHUYEHUN  (TEXHUYECKHUX, TEXHOJOTMYECKUX, HKOHOMUYECKUX,
COLIMAJIBHBIX U JIP.) HE MIPEACTABIISECTCS BO3MOXKHBIM;

g — ¢akTopbl, KOTOPBIEC BIMSIOT HA NMOBEACHUE CUCTEMBI, HO YIPaBJIEHUE UMHU HA
JTAHHOM 3Tare pa3BUTHS [IUBUIM3ALUHA HEBO3MOKHO.

Y — peakuuu CHUCTEMbl Ha BO3JCHCTBUS, MapaMeTpbl ONTUMHU3ALMH, ILIEJIEBbIC
byHKIUU.

Kaxxnp1il pakTop MOKET NPUHUMATh B ONBITE OJIHO U3 HECKOJBKUX 3HAUYCHUM.
[Ipu pemieHun 3agaun OyAeM HCIIOJIb30BaTh MaTEMaTHYECKHE MOJAETU O0beKTa
ucciaenoanus. Ilog MaremarMyeckod MOJENBIO Mbl [OHMMAE€M  YPAaBHEHUE,
CBS3BIBAIOLIEE MMapaMeTp ONTUMHU3ALMU C (pakTopaMu. ITO ypaBHEHHE B OOLIEM BHUJE
MO’KHO 3aIIMCBIBaTh Tak [8, 116, 123]:

Y=1(X)+el+e2, (2.2)

Z = const; q = const, (2.3)

rae: Y, X, Z, ¢ — COBOKYIIHOCTb COOTBETCTBYIOLIUX 3JIEMEHTOB «YEPHOIO
ALK

el, e2 — morpemHOCTH CHUCTeMBbI 1-T0O W 2-r0 poaa (CHCTEMAaTHYECKHE W

CIly4ailHbIE).
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B kauecTBe KOHCTaHT JJIA Z u q PCKOMCHAYCTCsA IIPHHUMATh HAWJITY4IIHC

3HAYCHUS dTUX (PaKTOPOB.

B kadecTBe OTKJIMKA, XapaKTEPU3YIOLIEr0 CUCTEMY, IPUMEM:
Y1 — IOTEPIO0 MACCHI 3a3€MJISIFOILINX AIEKTPOAOB, MKT.
Y2 —M3MEHEHHE COITPOTHUBIICHHS PACTEKAHUIO TOKA 3a3€MIISIIOIIUX 3JIEKTPOIOB, %

Ta6muma 2.16 — dakTopsl, BO3ACHCTBYIONMIKNE HA CUCTEMY «UEPHBIN SIIHUK

Ne Homep | Kiaccupuxanus Pacuu¢poBka 1 1uana3oH BapbMpOBaHUSA
n/n | ¢axkropa ¢paxTopos peryjmpyeMsbix (akTopos
1 r X1 Braxuocts rpynTa (5 — 30 %)
2 r2 X2 Bomopoausiii mokasarens rpynta (3,5 — 10,5)
3 rs X3 Konnenrpanus nonos cyiabdara (0,45 — 0,65 %)
4 rs Xa Konrenrpanus nonos ximopuaa (0,3 — 0,45 %)
5 I's Xs Hanuune 6myxnaromux TokoB (0 — 150 MA)
6 13 Zy Temmnepatypa rpyHra, ° C
7 r7 Z; DIEeKTpONPOBOHOCTh TpyHTa, OM'M
8 rs Z3 Bun rpynra
9 rg a1 BakrepuanbHbIi cOCTaB TpyHTa
10 lo 02 l"a30BbIil cocTaB rpyHTa
11 ra1 Zy YacroTa npunoxeHHoro Hanpsbkenus, 50 I'ng
12 r2 Zs O6beM audneKTprueckoi BaHHHL, (0,37 M°)
13 r3 Zs I'my6una nuanexTpudeckoil BaHHBI, (165 M)
14 l4 Z7 MecTo pacnonoKeHus JIEKTPOI0B
15 rs Zs dopma 31eKTpOo10B (IIUITUHAPUIECKAST )
16 l6 Zy I'my6uHa 3aneraHust 31eKTPoJIoB, (35 MM)
17 r7 Z1o TTnomazp >1eKTpoaoB, (990 Mm?)
18 ls Z1 Marepuai 371eKTpoJI0B, (CTaiab 6€3 aHTUKOPPO3HOHHOTO
MTOKPBITHUS)
19 l9 Z12 I'eomeTpuueckas popMa KOHTYypa (MIPSAMOYTOIbHAS)
20 20 Z13 ITnomams KorTYpa, (351 cm?)
21 21 Z14 I'my6Guna pacnonoxxeHust KOHTYpa, (3 MM)
22 r22 Z15 Marepuan KoHTYpa, (cTaib 6€3 aHTUKOPPO3HOHHOTO
MTOKPBITHSA)
23 r3 Zi OO6parsblii poBoa (MeaHAs (HOTbTa)
24 r24 Z17 Mnomans pomsru, (112 cm?)
25 25 Z1g HcTouHMK OMyKIaroIuX TOKOB
27 y1 [Torepst Macchl 31eKTpo10B, %
26 y2 W3MeHeHne COTPOTHBIICHUS pACTEKaHUS TOKA 3a3EMIISTFOIIINX
3JIEKTPOJIOB, %
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Onupasch Ha pganHble Tabmuubl 2.12, moctpoum 1ian Ilnakerta-bepmana
(Tabmuua 2. 16) ¢ KogupOBaHHBIMH M (U3HUECKUMHU (pakTopamu, 0003HAUas 3HAKAMU

«+», «-» ¥ Auamna3oH (U3NUECKOro 3HaYCHHS Kakoro (akropa [8, 85].

Ta6mumna 2.17 — Ilnan [lnakerra-bepmana

Ne YpoBHu pakropos OTKIIHKH
onbITa X1 X2 X3 X4 Xs Y1, Y2,
% %
kon | ¢um3. | kox | ¢m3. | koxm | ¢m3. | xox | du3. | kom | us.

1 + 30 + | 10.5 - 045 | + | 045 - 120 | 0,1604 | 4,732
2 - 5 + | 10.5 + 0.6 - 0.3 + 150 | 0,1381 | 1,236
3 - 5 - 3.5 + 0.6 + | 045 - 120 | 0,1352 | 1,132
4 + 30 - 3.5 + 0.6 + | 045 | + 150 | 0,1724 | 5,023
5 - 5 + | 10.5 - 045 | + | 045 | + 150 | 0,1359 | 2,321
6 + 30 - 3.5 - 045 | - 0.3 + 150 | 0,1721 | 6,123
7 + 30 + | 10.5 + 0.6 - 0.3 - 120 | 0,1345 | 4,221
8 - 5 - 3.5 - 045 | - 0.3 - 120 | 0,0233 | 0,689

W3BecTHO, 4TO, MpPU H3YYEHHIO KaKOTO-HUOYIb CJIOXHOTO TEXHOJOTHYECKOTO
nporiecca, MPUXOASITCS BKIIOYATh B UCCIIEOBAHUE OOJBIIOE KOMUYECTBO (hakTopoB. B
nanbHEeNIeM OOBIYHO OOJbINas YacTh MX OTCEMBAETCS, KaK HE3HAYUMbIE (DaKTOPHI.
[TosToMy BechMa BaXKHO C IEIbI0 YMEHBIICHHS BPEMEHU W 3aTpaT Ha MPOBEIACHHE
OTCEeMBAIOLIMX 3KcnepuMeHToB [78]. ns 3Toro ompenenseM BIUAHHUS (PAKTOPOB
CYUIECTBEHHO BIIMSAIOIIMX Ha TMPOLECC KOPPO3UM 3a3eMIISIOIIUX JIIEKTPOJIOB U
WU3MEHEHHUIO COTPOTHUBIICHHUS PacTeKaHUIoO Toka 3Y.

[To pesynabraram wHccieAOBaHUN, MPOBEAEHHBIX HSKCIEPUMEHTOB M0 IIJIaHAM
[Tnakera-bepmana Obuta MOCTpOEHA AMArpaMMa PacCEsIHUS BBIACICHUS CYIIECTBEHHbBIX

¢akTopoB pucyHok 2.11 [116].
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Pucynok 2.11 — JluarpamMmma paccesiHusi pe3yJIbTaToOB IEPBOI0O Tana BbIIEICHUS
CYIIECTBEHHBIX 3(PHEKTOB
Pe3ynbrartel uccienoBaHMM MOKa3bIBalOT, YTO Hauboyiee CyIIEeCTBEHHBIMU
(dakTopamu, BIMSIOUIMMU Ha mpouecc Koppo3uu 3V, ABISIOTCS BIAKHOCTb T'PyHTa U
HaM4uue OayKAaroIMX TOKOB (X1, Xs).
st onipenenienrst cocTostHUSL 3Y pacyeTHbIM MyTEM paccMaTpUBaeM YpaBHEHHUS
perpeccuu Juisl ABYX(AKTOPHOTO 3KcrepuMenTa. [IpoBoiuM 3KCIEPUMEHT B yCIOBUAX
U3MEHEHUHU BIIAXXHOCTU TPYHTAa M 3Hau€HUE OJyXJAOIIUX TOKOB M ONpelessieM
K03 GUIMeHTHI perpeccuu 1o [37].
2.4 BuiBoabI
1. Ha ocHoBe aHanmu3a JUTEpPaTYpPHBIX MCTOYHHUKOB U TMOJOOHBIX YCTaHOBOK
pa3paboTaHa SKCHEpUMEHTalbHAsl YCTaHOBKA JUIsl MCCIEIOBaHUS IMpollecca
Koppo3uu 3Y B 1a0OpaTOpPHBIX YCIOBHUSX, Ha KOTOPYIO MMOJIy4€H MaTEHT Ha
MOJIE3HYIO MOJIETTb.
2. Bece reOMETPUYECKUE pa3Mepsl " ANEKTPUYECKUE napaMeTpbl
HKCIIEPUMEHTAIbHON YCTAHOBKH MacCIITAOMPOBaHbI COrTIACHO TEOPUH MO00uUs U

MOJCIUPOBAHMA.
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3. Pa3paborana meroamka WCCIEIOBaHUS BIUSHUS BIAXHOCTH TpyHTa, ero pH,
XUMHUKO-MUHEPAIBHOTO COCTaBa, HAJTUYHS U BEJIMYHUHBI OTY>KIAIONAX TOKOB HA
nporiecc kopposuu 3.

4. Pa3zpaboraHa mMareMaTudecKkasi MOJCIb MPOBEACHUS dKCIIEpUMEHTa (BBIICTICHBI
1 pa3OUTHI HA TPYIITBI (PAKTOPHI, BO3ICHCTBYIONINE HA OOBEKT UCCIIECIOBAHUS, U
BbIOpaHBI AMAMTa30HbI BAPbUPOBAHUS YIIPABISEMBIX (haKTOPOB).

5. Ha ocHOBaHMM TUIaHa OTCEMBAIOUIETO AKCIEPUMEHTa 3HAYUTEIHHO COKPAIICHO
9UCIIO OMBITOB. [loMydeHbl KOJMYECTBEHHBIC OICHKU BIHMSHUS BapbUPYEMBIX

dakTopoB Ha nporiecc koppo3uu 3VY.
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3. PABPABOTKA MATEMATHYECKOM MOJIEJIA JJIS1 ONIPEAEJIEHUASA
COCTOSIHUA 3A3EMJISIONUX YCTPOUCTB
BE3 ITPOBEJIEHUSA BCKPBILIIHBIX PABOT

UccnenoBanusi, pe3yiabTaThl KOTOPBIX TMPEJACTABICHBI BBIIIE, [OKAa3alH, YTO
Koppo3usi 3Y BO3HHKAeT, B OCHOBHOM, 3a CUET BJIAXKHOCTH TPyHTa M OIyXIarOIIEro
TOKa M €€ BJIUSHHE Ha CONMPOTUBIICHUE PACTEKAHUIO TOKA 3a3€MIIUTENS CYIIECTBEHHO.
BMmecte ¢ TeM BBIABHIACH HEOOXOIUMOCTb MOCTPOSHUSI MAaTeMaTHUYECKOW MOJAENH Jis
KOCBEHHOI'O OIpe/iesieHus: COCTOSIHUS 3Y 0e3 MpoBeAeHUS BCKPBIIIHBIX pa0oT.

3.1 IlosryyeHue 3aBUCMMOCTH KOPPO3UH U CONPOTHBJICHHS] PACTEKAHUIO TOKA
3Y oT BJI2KHOCTH I'PYHTA U BEJIMYMHBI OJIyKIAI0LIEr0 TOKA

CornacHO TEOpUM MATEMaTUYECKOTO0 MOJEIUPOBAHUS M TEOPUU IUIAHWPOBAHUS
skcriepuMenTa [52, 91, 92, 99] npu HaauMUMK XOTSA OBl OJTHOM HETMHEHHOW 3aBUCMOCTH
OTKJIMKa OT J000oro BapbupyeMoro ¢akrtopa, HE0OXOAUMO  HCHOJb30BaTh
perpeccHoHHOe ypaBHeHHE BTopol crereHu (3.1), a MaTpuIly SKCIIEpUMEHTa BBIOMPATh
u3 KaTanora [26, 62]. MaTpwuiia 3kciepuMeHTa npeacTasicHa B Tadmmie 3.1.

y=bo+ X b X; +X oy by Xp Xy + Xioi by X5 3.1)

j=i+1
VpaBHEHHE PErPECCHU BTOPOI CTENEHHM JIIs JABYX IIEPEMEHHBIX UMEET BHUI:
y= bo+ by -Xg+ by Xo+ by Xlz + by X22 + b X1t X (3 2)

Tabnuua 3.1 — Matpuiia 1ByxX(pakTOpHOTO SKCIIEpUMEHTA

Ne Ne omeiTa

(axropa 1 2 3 1 5 6 7
X1 +0.5 +1 +0.5 -0.5 -1 -0.5 0
X5 +0.866 0 -0.866 -0.866 0 +0.866 0

JUist 3ajad, KOTOpBIE PEIIAlOTCS M3y4eHHEeM JBYX (akTopoB, 3¢(HEeKTUBHBIMU
SBJISIFOTCS TUIAHBI, B KOTOPBIX 3KCIIEPUMEHTAIBHBIE TOUKHU PACIIONAratoTCsl B BEPIIMHAX
HIECTUYTOJIbHUKA WJIM MSATUYTOJIBHUKA M B LIEHTpax 3TuX puryp. OcoOEHHO LIEHHBIMU
CBOMCTBaMU 00JajaeT IuiaH, oOpa30BaHHBIM BEPIIMHAMU MIECTHYTOJIbHUKA. JaHHBIN
IUIaH JUIs TIEPBOTO U BTOPOTo (haKTOPOB (COOTBETCTBEHHO X3 M Xp) TpeOyeT MsTh

YPOBHEH, a JUIsi BTOPOTO — TPH YPOBHSI BapbHpOBaHus, (pUCYHOK. 3.1).
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0 75 150 X1 (I&.. MA)
| | |
[ T [ T ] -
K| 05 0 +0.5 +1 X1
a)
0 15 30 X2 (Y. %)
| | |
1 | | -
-0.866 0 +0.866 X:
6)

Pucynok 3.1 — BekTtopHoe nzo0OpaxeHnue GpakTopos:
a) BJIAXKHOCTh TPYHTA,; 0) 3HaUeHUE OITYKIAIOUTUX TOKOB

[Ipu maHWpOBaHUU SKCHEpPUMEHTa OBUIO YCTAHOBJEHO, YTO CYIIECTBEHHOE
BIIMSIHUE Ha TpolecC KOppo3uud 3Y OKa3bIBAIOT BIAXHOCTh TPyHTA W HaJIUYHE
Onmyxmaromux TOKOB [116]. YuuThiBas 3T0, JadbHEWIIME HCCICAOBAHHUS PEIICHO
MPOBECTU JUISl TIOJyYEHUS MAaTEeMaTHUYE€CKOW 3aBUCUMOCTH Koppo3uu 3Y 1mpu
BO3J/ICHCTBUM BIQXKHOCTH ITPYHTA U HAJTUYUU OJTY>KAIOIIETO TOKA.

Kopposus 3V Oblna orieHeHa 1o MOTEPE MACChl AJIEKTPOJOB, a UX CONMPOTUBIICHUE
pPacTEKaHHIO TOKa — METOAOM aMIIEpMETPa-BOJILTMETPA.

Tabnuma 3.2 — Matpuiia u pe3ynbTaThl IKCIIEPUMEHTA

Ba)XHOCTh TPYHTA, Hamuuue 61ysKaarommx
No % TOKOB, MA vi, Vo,
n/n Jlata KO/, dusmaeckoe kon. | dusmyeckoe % %

3HAUCHHE 3HAUCHHE

T X Ts Xe
1 +0,5 23,75 0,866 150 0,1717 6,331
2 +0,5 23,75 -0,866 120 0,1610 6,182
3 -1 5 0 135 0,0236 0,986
4 28.02. 2016 +1 30 0 135 0,1141 4,835
5 -0,5 11,5 0,866 150 0,1232 5,238
6 -0,5 11,5 -0,866 120 0,1149 4,921
7 0 17,5 0 135 0,1525 5,932
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Jlist onpeiesnieHus: CpeIHero 3Ha4eHus! OTKIMKOB BOCTIONb3yeMcs popmysioi 3.3.
Yep =2.¥i/ (3.3)
rae N = 3, YUCIIO MOBTOPHBIX OMBITOB.
B Tabnune 3.2 nmpuBeACHO cpelHee 3HAUYEHHE OTKIMKOB (IIOTeps MacChl MeTaa,
OPUMEHSIEMOTO Il M3TOTOBJICHUS 3a3€MJISIONINX JJIEKTPOJOB, U H3MEHEHHE

COIMPOTHUBJICHUSA PACTCKAHUIO TOKA 3a3CMILIIOIINX BJIGKTpOI[OB).

Jliis BerauciieHust kodpurmenToB Do, D1, Dy, D11, b1, D22, BXOASIIMX B ypaBHEHHE
3.2, HE0OXOAMMO BOCIOJL30BaThCs L-marpuieii, npusenenHoir B [26, 79, 99] u
COOTBETCTBYIOIIEH MaTPULIEH SKCIIEPUMEHTA.

Koaddurmmentsr by, b1, b2, D11, D12, b2, Beramcmensr mo dopmymam 3.4, 3.5 u

MpUBEICHBI B Tabue. 3. 3.

by = ZZ:l Qni - yu, (3.4)

u=1
rae Qni— ko3¢ dunment uz L — marpurps, N =0...2;

$u—U-0€ 3HaYCHHUE BJIAYKHOCTH I'PYHTA WJIM OJTy’KJIaroIero Toka, U=1...7 (tadmuma 3.2)

bnn = 2?:1 ani " Vu, (3- 5)
u=1
rae Qnn;— koaddurment u3z L — marpurms, N =1...2;
bam = 2?:1 Qnmi * Vu, (3- 6)
u=1
rae Qnm;— koaddurment u3 L — marpurer, N =1, m=n +1.

Tabnuua 3.3 — Koo duiiueHTsl perpeCCHOHHOTO YpaBHEHUS

Ne n/nn OTKIUKU bo b1 b2 b11 b12 b22
1 V1 0.1525 —0.0205 —0.02359 0.0138 —0.08338 —0.0568
2 Y2 5,932 —0,7692 | -1,01368 0,3245 —2,72325 | — 2,39545

C ydyetom 3HaueHUI KOA(D(DHUIIMEHTOB perpecCHOHHOTO ypaBHeHUs (Tabnuma 3.3),
YpaBHEHUSI PErPEeCCHM BTOPOM CTENCHM IS OINpPEACIICHUS IOTEPH MAacChl MeTaula,
MPUMEHSEMOTO IS W3TOTOBJICHUS JJIEKTPOJOB, W W3MEHEHHUS COMPOTHBIICHUS

pacTeKaHuIo ToKa NpuMyT BUJ 3.7 U 3.8 COOTBETCTBEHHO.
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y1=0.1525 —0.020521 —0.023591 X5 +0.01382,2—-0.083381 25> —0.0568 X, s (38.7)
y> = 5,932 0,76928%; —1,013684s + 0,32452, — 2,7232595* — 2,39545X, X5 (3.8)

s ompeneneHuss MOTEpU MacChl MeTallla, MPUMEHSIEMOTro JUIsl M3TOTOBJICHUS
3a3eMIIIOIIMX AJIEKTPOJOB U HM3MEHEHHUS CONPOTHBIICHUSA pacTekaHuio Toka 3Y, ¢
IIOMOIIbIO TOJNydEeHHBIX HaMu ypaBHeHud (3.7, 3.8), HE0OX0IUMO OIPEICIHUTH
KOJMPOBAaHHOE 3HAYCHHUE I-T0 PaKTOpa, T. €. 3HAUCHUE BJIAKHOCTU TPYHTA U BEIUUUHY
OJIy K Jar0IINX TOKOB.

[lepexom oOT QU3NYECKUX  3HAYCHUH TEPEMEHHBIX K  KOAMPOBAHHBIM
OCYIIECTBIIACTCS ¢ TOMOIIBIO ypaBHeHHS (3.9).

X

=== 100 % (3.9)

rae  qi— KOAMPOBAaHHOE 3HAYCHHUE I-T0 (hakTopa;

Xiy — HaTypanbHOE (pu3rueckoe) 3HaueHue I-ro pakropa;

Xio — HyJeBoe (IICHTpaIbHOE) 3HaUCHHE I-T0 (haKTopa;

Ai— MHTEepBaJ BapbUPOBaHUs I-TO (pakTOpa B PU3NICCKOM 3HAUCHHUH.

[Tocne Toro, Kak MOJIy4eHO 3HAYEHUE YPABHEHMsI PETPECCUU ISl ONpEIesIeHHUs
MOTEPH MAaCChl DJIEKTPOJOB W HW3MEHEHHsI COMPOTHUBICHUS pacTeKaHWIO Toka 3V,
npoBepsieM ajiekBaTHOCTh ypaBHeHui (3.7, 3.8). J{ist aToro BeiOMpaem Jito0oe 3HaYCHHE,
MOJIyYEHHOE B XOJI€ JKCIEPUMEHTAJIBHBIX HCCIEIOBAHUM, ONPEICNIIEM €ro xe
pacYeTHBIM ITyTEM M MPOU3BOIUM UX CPABHCHHE.

[Tocne oTcenBaIEro JKCIEpUMEHTa Oblla MpPOBEIEHA CEpUs ONBITOB C
OCTaBIIUMUCS CYIIECTBEHHO 3HAYMMBIMU (DaKTOpaMH C HCIOJIh30BAaHMEM IUTaHA Ha
HIECTUYTOJIbHUKE, OCOOEHHOCTHIO KOTOPOTO SIBISETCA TO, 4YTO (haKTOPhl HMMEIOT
pa3MyHOE KOJIMYECTBO YPOBHEM: Il Oosiee U3yYeHHOr0 Ha3HA4YaeTcs TPU YPOBHS, JJIst
MEHEE MCCIICJOBAaHHOTO MATHh YPOBHEW. DTO CBOWCTBO IUTaHA OMPEISIHIO €r0 BHIOOD,
TaK KaK MPU dTUX YCIOBUSIX y/IaeTCS MOJYYUTh aJeKBAaTHYI0 MAaTEMaTHUYECKYIO MOJIETh
BTOPOTO MOPSAKA TPH MUHUMAIHHOM KOJIUYECTBE OTIBITOB.

B tabnuie 3.4 npuBOAUTCS CPaBHEHUE ITUX 3HAUYCHUM.
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Tabnuua 3.4 — CpaBHEHUE HKCIIEPUMEHTATIBHBIX JAHHBIX C PACUETHBIMU

Ne JKcnepUMeHTAIbHbIE 1aHHbIe, %0 | PacuerHble 1aHHbIE, %0 Horpemnocts, %
n/n
0,1348 0,1451 7,691
2 0,1369 0,1369 14,77
3 0,1378 0,1378 18,13

I[JISI OIIPCACIICHUA IMOTPCIIHOCTU IIPU HHBIX 3HAYCHUAX BJIAKHOCTH TI'PYHTA OBLI

IIOCTPOCH I‘pa(l)I/IK (HOJII/IHOM) U MCTOAOM HAUMCHBIIMX KBaJApPAaTOB IIOJIYYCHO

yYpaBHEHUE 3aBUCUMOCTH 3HAYEHHM IMOTPEIIHOCTH OT BJIAXKHOCTH IPyHTa (PUCYHOK 3.2).

[ToropemHoCTh B ONpeIEICHHH TIOTEPS MACChI
3MEeKTPoI0B, %0

20

18

16

14

12

10

15 20

BnaxnocTs rpyHTa, %

y =1,0739x - 7,8477

25 30

Pucynok 3.2 — 3aBUCUMOCTD MOTPEIIHOCTH OT BJIAYXKHOCTH TPYHTA

B Tabnune 3.5 mpuBeneHsl pe3yabTaThl OMPEIeICHUS MOTPEITHOCTH TIPH pacyeTe

CONPOTUBJICHUSI pacTekaHuio Toka 3Y, a Ha pucyHkax 3.3 — e€ 3aBUCUMOCTb OT

BJIAJKHOCTH I'PYHTA.

Tabnuna 3.5 — CpaBHEHNE IKCIIEPUMEHTATIBHBIX JaHHBIX C PACUETHBIMHU

Ne JKcnepuMeHTAJIbHbIE JaHHble, %0 Pacuernsnie nanubie, %0 MMorpemnocts, %
n/n
1 4,197 5,023 16,439
4,899 4,343 11,34
3 5,895 5,443 7,653
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18
16
14
12
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y =-0,8786x + 29,383

HU3MCHCHHUIO COIIPOTUBJICHUA
» [¢)] (o]

[ToropemHocTs B ONpeACICHUT
pacTekaHuio Toka 3Y macchl

0 5 10 15 20 25 30
Bnaxxnocts rpyHra, %

Pucynox 3.3 — 3aBUCUMOCTb MOTPEUTHOCTH OT BIAKHOCTU IPyHTA

[locne npoBeNEHHBIX SKCIEPUMEHTOB II0 MATpHIE, T€OMETPUYECKH 00pa3
KOTOPO MPEACTaBICH B BUJE MIECTUYTOIBbHUKA, PE3yIbTaThl 00paboTaHbI MIPH MOMOIIN
nporpammbel  Mathcad. IlonmydeHHble ypaBHEHHUS MPEACTABISIOT  TPEXMEPHYIO

MUHHMAaKCHYIO IIOBEPXHOCTh, IPEICTABIICHHYIO Ha pucyHkax 3.4 — 3.7 [12].

X5=MA 150

Pucynox 3.4 — I'padmyeckas MojieNb MOTEPU Macchl MeTalia, MpuMeHseMoro st 3V,
B 3aBUCHMOCTH OT BJIQKHOCTH I'PYHTA U BETUYMHBI OTYKIAIOITUX TOKOB
(bakTops! B (hU3MYIECKOM 3HAUCHUH)
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X5, MA 150

Pucynox 3.5 — I'paduyeckas Mojiesib U3MEHEHHUS COMTPOTUBIICHUS PACTEKaHHIO Toka 3Y
B 3aBUCHMOCTH OT BJIQYKHOCTH I'PYHTA Y BETUIMHBI OTYKIAIONTUX TOKOB
(akTOopsl B Pr3nuecKOM 3HAUCHUH)

Pucynox 3.6 — I'padudeckas MoeNb MOTEPH MacChl MeTajuIa, MpUMEHsIeMoro Juist 3V,
B 3aBHCHMOCTH OT BJIaKHOCTU IPYHTA U OJTyKJAIOLIUX TOKOB
(paxTophl B KOAUPOBAHHOM 3HAUEHUH )
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Ls

Pucynox 3.7 — I'padudeckas Mojesnb U3MEHEHHUS CONPOTUBIICHUSI PACTEKaHUIO TOKa 3Y
B 3aBUCMMOCTH OT BJIQYKHOCTU IPYHTA U OJIY>KIAIOIINX TOKOB
(pakTOpHl B KOJUPOBAHHOM 3HAYCHHH )
ITocTpoennbie rpaduueckue moaenu (pucyHku. 3.4 — 3.7) HaArJAIHO TTOKA3BIBAIOT,

KaK BIIMSIOT BJIQKHOCTh TPYHTA U 3HAYEHUE OJIYKIAOIINX TOKOB Ha MPOIIECC KOPPO3UU
MeTajula, TPUMEHSEMOTO JUIS HW3TOTOBJICHHS  3a3eMIIIONICTO  JJIEKTpOaa, U
COTIPOTHUBIICHUS PACTEKaHUIO TOKa 3Y.

PaccMoTpuM 3aBHCHMOCTH, H300paXKeHHbIC Ha rpaduveckoil Mojenu (pucyHok 3.4)
s Y1, BepmmHa rpaduueckoil Mosienu onpeaeiieHa UCXOJs M3 3aJaHHbIX HaMU IS
MIPOBEICHUSI DKCTIEPUMEHTA 3HAYCHU X1 U X5 B HATYPAIbHBIX BEIMYMHAX (TIPUBEICHBI
B Ttabiuue 3.3). IlomydeHHbIE pe3yNbTaThl HCCICAOBAHMN IMOATBEPXKAAOT, YTO
Han0oJIee MHTEHCHUBHBIN MPOIIECC KOPPO3UHU 3a3EMIISIIONTUX 3JIEKTPOJIOB MPOUCXOIANT B
nuamna3onax 17 — 25 % BnaxuocTu rpyHTa. [Ipu BraxHocTu rpyHTa 10 5 % Koppo3us
(motepst MeTasuIa 3a3eMIISIOIIMX AJIEKTPOJIOB) MPAKTUUECKU HE HaOJo1aercs, a B 15 —
25 % npouecc koppo3uu yckopsiercs U B 30 % cKopoCTh KOPPO3UU CHUKACTCS.

3aBUCUMOCTH COMPOTHUBJICHUSI PACTEKaHUIO ToKa 3Y OT BIAKHOCTH TPyHTa U
3HA4YeHUs OJYKJAOUIUX TOKOB (PUCYHOK 3.5) BeayT ceOsi MpUOIM3UTENIBHO, KaK U

nporecc Koppo3uu (pucyHok 3.4). BiakHOCTh IpyHTa Ha CONPOTHBIICHHE PACTCKAHHIO
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Toka 3Y BIMSET HEOJHO3HAYHO, T.€. MPU YBEJIWYEHUU BIIAXKHOCTH COMPOTUBIICHUE
TpyHTa YMEHbBIIACTCS, HO, KaKk ObUta Toka3aHo B [13], mosiBIieHHWE KOPPO3HMOHHOMN
000JIOUKH BOKPYT 3a3€MIISIIOIINX 3JIEKTPOIOB MPUBOAUT K YBEITHUCHUIO COMPOTUBIICHHUS
pactekanuio Toka 3Y. 3a c4eT 3TOro sBJICHUS U3MEHEHHE CONMPOTUBIICHUS PACTEKAHUIO
ToKa 3Y NPOUCXOIUT TaKKe, KaK U IMPOLIECC KOPPO3UHU.

Ha pucynkax 3.5 u 3.6 npuBonasrcs pe3yibTaThl SKCIEPUMEHTOB aHAJIOTUYHO
pucynkam 3.5 u 3.5, TONBKO NMPU KOAUPOBAHHBIX 3HAUCHUSAX UCCIETYyEMbIX (aKTOPOB
(Xl nu X5)

B TexHHYeCKMX WCCIEAOBAHMAX II€pel]] HA4YaJlOM HKCIIEPUMEHTAIbHOW YacTh
TPaJAMLIMOHHO  COCTAaBJISIIOT — IepedeHb (HaKTOPOB, BIUSIOIIMX HA  [OBEJACHUE
UCCIIENYEMON CHCTEMBI IIOCPEICTBOM aHAJIN3a JINTEPATYpHBIX HCTOYHHUKOB WJIM Ha
OCHOBE CyOBEKTUBHOM OLIEHKH, YTO HE SIBISETCA CTPOro (popMann30BaHHBIM. B naHHOM
paboTe UCIOIb30BaH APYroi, 6osiee GopMaIn30BaHHBIN MOAXO0J K BIOOPY (hakTOpPOB,
CYLECTBEHHO BIIMSAIOIIMX HA HCCIEAYEMBId IIPOLlECC — METOJ OTCEHUBAIOUIETO
skcnepumenTta 1o Marpuie [lmakerra-bepmana. B pesynbrare mpOBEIEHHOTO
OTCEHMBAIOUIETO AKCIEPUMEHTA YHAlOCh COKPATUTh KOJHWYECTBO BAPbUPYEMBIX
(GakTOpoB C MATH OO JBYX, YTO MO3BOJMJIO CYHIECTBEHHO YMEHBLIUTh PECypC MpH
MIPOBEICHUH PKCIIEPUMEHTAILHON 4acTH padOThHI.

TpexmepHyto Mojenb HEOOXOIMMO TMOCTPOUTH JJisi TOJY4YeHHUs OOIIero
MPEACTABICHUS JUHAMUKU BapbUPYEMBIX (PAKTOPOB HA MPOLECCH KOPPO3UU DJIEMEHTOB
3a3eMJIMTENA U UBMEHEHUSI CONPOTUBIICHUS pacTekanuto Toka 3Y. [locie ananuza sTou
CJIO’KHOW MOBEPXHOCTH (pUCYHKH 3.4 1 3.7) NOTYyYUSIA KaYECTBEHHYIO XapaKTEPUCTUKY
npoliecca KOPpO3UH U U3MEHEHUsI COMPOTUBIIEHUSI pacTekaHuto Toka 3Y (pucyHku 3.6
u 3.7). JIyis moCTpOEHUs] KOJMYSCTBEHHOM 3aBHCUMOCTH U MPOBEJICHHUS ONTUMH3AIIUH,
TPEXMEPHYIO MOJEIb PACCEKIM CEMEWCTBOM T'OPU3OHTAIBHBIX IUIOCKOCTEH B

pe3yibTaTe Yyero nojayyeHbl H30KBAHTHI (M30JIMHUH ), TPUBEICHHBIEC B MPUIIOKEHUE 1.
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3.2 MeTonnka onpejejieHUusi COCTOSIHUS 3J1eMeHTOB 3Y

Omnpenenenre COCTOSHUS AJIEMEHTOB 3Y C MOMOLIBI0 MATEMAaTUYECKOW MOJENN
(ypaBHEHUS perpeccHy BTOPOTO IMOPSIKA) UMEET Psiji MPEUMYIIECTB 10 CPAaBHEHUIO C
JIEUCTBYIOIIMMH METOJMKaM, PUBEICHHBIMU B § 1.2:

- WCIION30BAHUE YpaBHEHUI perpeccud (CoAaep)KallMMHU  IOJNYYCHHBIE HaMU
KO3 GUIIUEHTHI) TT03BOJIAET 3(PPEKTUBHO CHIKATH KOJMUYECTBO BCKPBIIIHBIX PabOT HaJ
AJIEMEHTaMU 3a3€MJIUTEIIEH;

- CHIDKAET KOJIMYECTBO 3aMEPOB MapaMEeTPOB 3a3eMIIUTENS U cOOpa UCXOAHBIX JaHHBIX
JUISL OLIEHKH KOPPO3HMHOCTH 3J€MEHTOB 3Y, COKpAallaeT KOJUYECTBO BHU3YaJIbHBIX
OCMOTpOB;

- CHIKAeT TPYJOBBIE U BPEMEHHBIE 3aTPAThl IPU KOHTPOJIE COCTOSHUA 3JIEMEHTOB 3Y.

OCHOBHBIMM HCXOJHBIMU NapaMeTpaMy Ul OINPEACIICHHUs] COCTOSHHS 3JIEMEHTOB
3Y ¢ nomowpl MnpeiaraéMod METOJIWKH, SIBISIIOTCS CPEAHETOJ0BOE 3HAYCHHUE
BJIQXHOCTH TpPyHTa B MECT€ HAXOXKJIEHUSA 3a3€MIISIIOLIUX AJIEKTPOJOB, BEJIMYMHA
OMy>KIAloIIMX TOKOB, BPEMsI HAXOXKJIEHUS 3JIEMEHTOB 3a3€MJIMTENIM B DKCIUIyaTallud U
oOmasi Macca 3a3eMJISIFOLIUX 3JIEKTPOJIOB. B 3aBUCMMOCTH OT MCXOJHBIX MapamMeTpoOB
ONPENENSIIOTCA  MOTEPST Macchbl 3JIEMEHTOB 3Y M M3MEHEHHE COINPOTHBIICHUS
pacTeKkaHuIo ToKa 3Y, 4TO XapaKTepU3yeT ero KOPpO3MOHHOE COCTOSIHUE.

ITorepss maccel anemeHTOB 3V, BbI3BaHHAs KOPPO3HWEH, NMPUBOAUT K CHHUIKECHUIO
CEYECHHMI BEPTUKAIBHBIX M T'OPU30HTAIBHBIX 3JEKTPOJIOB, H K POCTY CONPOTHBICHUS
pactekanuio Toka 3Y. Takue 31eKTpOJbl MOTYT HE BbIAEPKAaTh HauOoJiee BEPOATHbBIC
BEJIMYMHBI BO3HUKAIOIIMX TOKOB KOPOTKOTO 3aMbIKaHUs (01HO()A3HOT0) U UMITYJIbCHBIX
TOKOB.

3.2.1 Onpenesienne o0med Macchl 3J1eMeHTOB 3Y

OOmass Macca 3a3eMJISIIOLUIMX JJIEKTPOAOB B JIUTEPATypHBIX HCTOYHMKAX HE
yKkasbiBaeTcs. Mcxoas M3 mapamMeTpoB MNAacHOPTHBIX JaHHbIX 3Y (10 KOJUYECTBY,
CEUCHMIO, [UIMHE W MapKe OJJEKTPOJOB) MOXKHO ONPEACIUTh IMOJHYI0 Maccy
BEPTUKAJIBHBIX W TOPU30HTAIBHBIX JJEKTPOJOB M HMX BpEMS HAxXOXIEHUS B

OKCILTyaTaluu.
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OCHOBHBIMM ~ TE€OMETPUYECKMMHU  pa3MepamMu  JJIEMEHTOB  3a3eMJIUTEs,
OTIPEEIISIIONTUMU €r0 MaCCy, SIBJISIOTCS

- TMaMeTp, CEUCHUE U MapKa CTaJIu U3 KOTOPOH U3TOTOBIICHBI YJICKTPOIBI;

- KOJIMYECTBO U JIJTMHA TapaJlIeNIbHBIX (BEPTUKAIBHBIX) 3JIEKTPOJIOB;

- 001I1ast ITMHA TOPU30HTAIBHBIX AJICKTPOIOB,;

- Mapkd CTaJd, U3 KOTOPOM H3TOTOBIIEHBI BEPTUKAIbHBIE M TOPU3OHTAIbHBIC

DIIEKTPOJIBI.

Hcxons W3 yKa3aHHBIX pa3MEpOB, OOIIYI0 JIMHY BEPTHKAIBHBIX JIJICKTPOIOB
onpenenstoT no gopmyse 3.10:

I—ZB: n- LB1 (310)

r7e N - KOJUYECTBO BEPTUKAIBHBIX JIEKTPOJOB, Ly-/ITMHA OTHOTO BEPTHKAIHLHOTO
ANEKTPOJIA.

JInHA TOPW3OHTATBHBIX JJICKTPOJOB YKA3bIBAETCS B TMACHOPTHBIX JaHHBIX 3Y.
OO0myr0 Maccy BEPTHKAJIbHBIX U TOPU3OHTAIBHBIX DJIEKTPOJOB OIPENEISIOT 10

dopmyrnam 3.11 u 3.12, a o6mryro Maccy 3azemiutenu — 1o 3.13.

M, = Ly, - k (3.11)
m.-=L;-K (3.12)
Mg =M+ m; (3.13)

rae L. -mumHa ropu30HTaNbHBIX 3JIEKTPOIOB; K - yaenbHas Macca mpoduis (CTEpKHS)
Ha MMOTOHHBIA METP, 3HAYCHHE KOTOPOI B 3aBUCHMOCTH OT MAapKH CTalld ONPEAeIaeTCs
o Tabmuie 3.6 [46].

Tabnuia 3.6 — HomuHanbHBIE pa3Mepsl U yAETbHBIE MACCHI SJIEKTPOJIOB

[Tnommank momnepevHoro Macca 1 m npoduns (K)
Huamerp CCHCHITT CTEPAIT, Teopernueckas, IIpenenbHbie
3JIEKTPOJIOB cm? KT OTKJIOHEHUs, %0

6 0,283 0,222 +9,0
8 0,503 0,395 -7,0
10 0,785 0,617

12 1,131 0,888 +5,0
14 1,540 1,210 -6,0
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OKOHYaHHE TAOJHLEI 3.6

16 2,010 1,580
18 2,540 2,000 +3,0
20 3,140 2,470 -50
22 3,800 2,980
25 4,910 3,850
28 6,160 4,830
32 8,040 6,310
36 10,180 7,990 +3,0
40 12,570 9,870 -4,0
45 15,000 12,480
50 19,630 15,410
55 23,760 18,650 +2,0
60 28,270 22,190 4,0
70 38,480 30,210
80 50,270 39,460

Y aenbHy0 MacCy BEPTUKAIbHBIX M TOPH30HTAIBHBIX 3J1eKTpoaoB 3Y (3HaueHue K)
MOYKHO TakXe OIpEAEIUTh IO KJIAacCy apMarypbl W MapKe CTald, W3 KOTOPOM
W3TOTOBJICHBI 3a3eMJIIONIUE 3IeKTPO bl (Tabuia 3.7) [46].

Tabnuma 3.7 — Kinaccel apMaTypbl ¥ MapKH CTaJIM JUIsl U3TOTOBJICHUS AJIEKTPOIOB

Kunacc apmarypHoii craiau JAunamerp npodu.s, Mapka crajau
MM
A-1 (A240) 6 —40 Cr3xm, Cr3me,
Cr3cn
A-11 (A300) 10 -40 Cr5cn, Ct5nc
40 -80 N8I2C
Ac-H (Ac300) 10-32 10I'T
(36 — 40)
A-111 (A400) 6—40 35I'C, 2512C
6—22 32I"2Pnc
A-1V (A600) 10-18 (6-18) 80C
A-1V (A600) 10-32 20X17200
(36 — 40)
A-V (A800) (6-18) 23X2I°2T
10-32
(36 — 40)
A-VI (A1000) 10 - 22 22X212A10, 22X2I"21P,
20X2I2Cp
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Hcxons u3 kiacca apMaTypbl ¥ MapKH CTalld, IPUMEHSEMOU /Il U3TOTOBIICHHUSI
3a3eMJISIONIUX AJIEKTPOJIOB, MO Tadnwie 3.7 ONpeAeNsioT TUaMeTpP BEPTUKAIBHBIX U
TOPU30HTAIBHBIX JIEKTPOIOB.

3.2.2 OmnpeneJieHue BJAKHOCTH TPYHTa B MecTe HaxoxaeHuu 3Y

Kak ObuTO MOKa3aHO BHINIE, BIAKHOCTh TPYHTA SBIIETCS OCHOBHBIM TTapamMeTpOM,
CYIIIECTBEHHO BIIMAIOIIMM Ha MPOLIECC KOPPO3UU AIEeMEHTOB 3Y, COOTBETCTBEHHO €€
3HAa4YEHHs BEChMa BaKHO JJISl pacyeTa cocTosiHus 3Y.

Jlns  ompeneneHus COCTOSHHUS 3a3eMJIMTENIST HEOOXOIMMO CpelHee 3HaueHHe
BJIQYKHOCTH TPYHTA B MIEPUO]I BBOJIa B AKCILTyaTaIUIO U J0 MMPOBEPKHU cOCTOSIHUS 3Y.

CratucThueckue JaHHBIE, CpeHee 3HAUCHUE BIAKHOCTH TPyHTA I Pa3HOM
riyOuHbI ipuBosATes B [138].

Metonuka ompesaeicHUs BIAXHOCTH TpyHTa mnpuBeacHa B [45]. Omnpenenuthb
BJIQXHOCTh TPYHTa B MECTE€ HaxXOXICHHUS 3Y MOXXHO C TIOMOIIBI0 CIEIHaTbHBIX

puOOpPOB (BJIATOMEPOB).

3.2.3 OmnpenesieHue CONMPOTHBJIEHNUSI PACTEKAHUIO TOKa 3Y

IIpoBepka coCTOSIHUST 3JIEMEHTOB 3Y COTrJIAaCHO JEUCTBYIOIIUM METOJAMKAM
MIPOBOJIUTCS ITyTEM OTIPECIICHHS €T0 OCHOBHBIX JIEKTPUUYSCKHUX TTapaMeTPOB, OJTHUM H3
KOTOPBIX SIBJISIETCSI COMPOTHUBJIEHUE pacTekaHUio Toka. (CONMpOTHUBICHHE PACTEKAHUIO
TOKa 3a3eMJIUTEICH W3MEpsAeTCS MPH TOAKIIOYCHUH TOKOBBIX W IMOTCHITHATBHBIX
AJIEKTPOJIOB K COOTBETCTBYIOIIEMY mpubopy. Ilpum wu3MepeHHH CONMPOTHBICHUS
pacTekaHuio Toka 3Y, KOHKPETHOE MECTO TOTPY)KEHHS TOKOBBIX M IMOTEHIIMATBHBIX
AIEKTPOAOB Mpubopa HE YKaszbIBaeTCs. 3ajaroTcsa paccrosiHue (paauyc) ot 3Y 1o
TOKOBOTO U MOTEHIIUATILHOTO AJIEKTPO10B. [lepemerienue 31eKTpoI0B U3MEPUTEITHHOTO
npubopa TpH TPOU3BOJACTBE W3MEPEHUU COINPOTHUBJICHHUS pPACTEKaHWI0O Toka 3Y B
pasHbIX ToukaX, (HaxoxaeHus 3Y), B pa3HOC BpeMs U B OJTHOM DPaauyce MPUBOIMT K
W3MEHEHHUIO TIOKa3aHWil Tpubopa, T.€. CONMPOTUBICHWE B Pa3HBIX TOYKAX OJHOTO
paauyca HE OCTaeTCsl IMOCTOSHHBIM. OTO CBS3aHHO CO CBOWCTBAaMH TPYHTa, €ro

BJIa’)KHOCTEBIO, TGMHCp&Tprﬁ, XHUMHWYCCKHUM COCTaBOM H T.nA.
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[Tony4yeHHble HAMU JaHHbIE 00 U3MEHEHUH CONPOTHUBIICHHS pACTEKaHUIO TOKa 3Y
HaxXoJATCAd B MPOTUBOPEUMU C PE3yJIbTaTaMH JIPYTUX MCCIEI0BATENEH, HalpuMmep,
MamnoitnoBa B.3. [84]. B cBoeii moHOorpaduu [84] ManoiinoB B.3. ykassiBaet, 4TO C
TEYECHUEM BPEMEHH YIOMSHYTOE COMPOTUBJICHUE 3Y CHUXKAETCS U OOBSCHAETCS 3TO
YIIyUIIEHHEM KOHTAKTa 3a3€MIISIIOIIUX 3JIEKTPOJIOB C TPYHTOM.

MpbI nonaraem, 4To pe3ysbTaThbl U3MEPEHUS COMPOTUBIICHHS PACTEKAHUIO TOKA
3V, mnosydaemble NpPU OYEPEIHBIX MCHBITAHUSX MOCIEAHET0, HE MOTYT CIIY>)KUT
OCHOBAHMEM JJI MPUBEICHHOIO BBILLIE BHIBOJA O CHUKEHUH CONPOTUBJIEHUS 3Y B CUITY
CIICAYIOIINX OOCTOSATEIBCTB:

- TpU IPOBEACHUH HU3MEPEHUN COINPOTUBICHUS pPACTEKaHUIO Toka 3Y B
IPOTOKOJIE YKa3bIBAIOTCS CBEJIEHUS O TOM, KTO HMPOBOAUI U3MEpEHMsI, UH(pOpMaLHs O
IPUMEHSIEMOM Npudope, 1aTe U3MEPEHNUS;

- TOYHOE€ MECTOIOJOKEHUE TOTEHIIMAIBHOTO M TOKOBOro 3iekTpogoB HE
YKA3BIBAETCHAI.

[locnennee Mo3BOJISIET MpeANoiaratb, 4YTo0 CMEIIEHUE DJIEKTPOAOB 1o Ayre (0e3
HapyLIEHUs pacCTOSHUM OT 3Y) MOXKET BIUATH HA PE3ylbTaT U3MEPEHUM.

VYuuThiBas, 4TO CONPOTHUBIICHHUS DPACTEKAHUIO TOKa 3Y SBIETCS OJHHUM U3
OCHOBHBIX TIOKazaTeyneu, xapakrepuszyroumux ero cocrosHue, [IPE/JIAI'AEM
¢ukcupoBaTh MecTa TMOIPY)KEHHUS HM3MEPUTEIbHBIX JJIEKTPOJOB M TpPU  BCEX
NOCJIEYIOUIUX U3MEPEHUSIX MOTPYkKaTh 3TH 3JIEKTPOIbl UMEHHO B 3TUX TOUYKaX.

B »3TOoM ciiydae MBI HE TOJIBKO OO€ECIEYUM COMOCTaBUMOCTH PE3YJIbTATOB
U3MEpPEHMs, HO U MOJIyYUM MCTUHHYIO HH(POpMalMI0 O cOocTosHue 3Y MO TakoMy

IMMOKa3aTCIII0 KaK €0 COIMMPOTUBJICHHUC PACTCKAHUIO TOKA.

3.2.4 OmnpenesieHue HATUYNS 0Ty KIAIOIIUX TOKOB
Pe3ynbTaThl BBIMOJHEHHBIX HAMHU HWCCIEIOBAaHUM TOKa3aldd, 4YTO HAJIUYUE W
BENTMYMHA OJIYKTArONIMX TOKOB CYIIECTBEHHO BIMSIIOT Ha TPOIECC KOPPO3UHU
anementoB 3Y. Ilox nelictBueM OMyKIAarOIIMX TOKOB KOPPO3USl CTAHOBSTCS
AIEKTPOXUMHUYECKON M TOTEpPE MacChl MeTajla, NPUMEHSEMOTro Jisi U3rOTOBJICHUS

3a3CMJBIIOIIUX 3JICKTPOJ0B, YBCIMINBACTCA.
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Hanuune Onyxparommx TOKOB XapakTepHO, NPEXKIE BCEro, s TITOBBIX
MOACTAaHIIUNA MEPEMEHHOTO U MOCTOSIHHOTO TOKOB.

[IpuMeHUTENHPHO K CHUCTEMaM 3JIEKTPOCHAOKEHHS MPOMBIITUICHHBIX MPEATPUSITHIA
Hajau4ue OJYy)KIAoIMX TOKOB OyJeT 0O0YCIOBIMBATHCS NPUMEHEHUEM Pa3IMYHBIX
npeo0pa3oBaTeIbHBIX arperaToB, IMHPOKUM TMPUMEHEHHEM B TEXHOJIOTHYECKUX
Mpolieccax AEKTPOCBAPKU U T.II.

B ropoAckux S3JIEKTPUYECKUX CETSIX Haaudyue ONYyKIarolUX TOKOB BBI3BIBACTCS
PENBCOBBIM TPAHCIIOPTOM.

B  cucremax  2yeKTpOCHAOKEHUS  CEJIbCKOXO3SIICTBEHHBIX  IMOTpeOUTENei
OJTy>K1aloIIKe TOKH, KaK IPaBUiIO, OTCYTCTBYIOT.

OpxHako Ha BCeX MOJCTAHIUAX YKAa3aHHBIX CUCTEM 3JIEKTPOCHAOKEHUS CYIIECTBYET
BEPOSATHOCTh MPOTEKAHUS 10 3JIEMEHTaM 3Y TOKOB HYJIEBOHM MOCIIEIOBATEIIBHOCTH MPHU
BO3HUKHOBEHUU B JIEKTPUUECKUX CETAX HECUMMETPUUHBIX PEKUMOB.

[ToaTOMy, MBI CcuUWTaeM, 4YTO YYe€T HaJIMYMsl W BEIMYUH OJYKIAIOMIMX TOKOB
HEO0OXOIMM Ha JIFOOBIX TJIABHBIX MOHU3UTEIBHBIX MOJICTAHITUSX.

DTOT y4eT MOKET ObITh OPraHU30BaH CJIEIYIOUIUM 00pa30M.

3.3 Metoauka omnpeejieHue MOTEPsi MACChl METAJLJIA, IPUMEHSIEMOT0 /sl
M3rOTOBJICHUS 3a3eMJISIIOIIMX JIEKTPOAOB
[Tocne omnpeneneHus BbINIEYKAa3aHHBIX NAapaMETpPOB IJis pacuera cocTosiHusa 3V,
ypaBHeHueM 3.7, 3.8, ompenesnsioTcs MOTEpPsS MAacChl 3a3€MIISIIOIIUMX JJIEKTPOJIOB H
U3MEHEHHUE €ro COIMPOTUBICHUIO pacTEKaHUsi TOKa JUIs JECATU CYTOK, TaK, Kak
MOJIy4eHHbIe HaMU K03 uImeHToB perpeccun paccuntana Ha 240 yacoB. YUuThIBas
3TOr0, HEOOXOIUMO ONPEACIUTh «KoIpPuyuenm epemenu» Ky, 118 OOJIBIIETO
KOJIMYECTBO BPEMEHHM TaK, KakK 3a3eMJIAIONIME DJIEKTPOJIbl B pealibHbIE YCIOBUS (B
MOACTAHIHUSX, AJIEKTPOYCTAHOBKAX M T.lI.) B TE€UEHHE rofax HaXOIATCS B 3€MIIIO U
NOMNAaaaeT Mo AecTBHEM OoJiee IITUTENBHOTO MPOoIecca KOPPO3HUHU.
Omnpenensiem K, moreps Macchl MeTaula, NPUMEHSEMOTO I H3TOTOBIICHHS

3a3eMJISFOIINX JJICKTPOJIOB U Ky N3MEHEHHS COTIPOTUBIICHUS PACTCKAHHIO TOKa 3.

Koy = % %lcyt (3. 14)
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Kz = Yf%/cyT (3. 15)

rge n = 10 IMPOAOJIZKUTCIIbBHOCTD DKCIICPUMCHTA B CYTKH.

I[J'IH TOYHOI'O pacydeTa MOTCPss MACChl 3a3CMJIIIOIIUX 3JICKTPOJO0B HJIM M3MCHCHMUA
COIMPOTHUBJICHUN PACTCKAHUA TOKa 3a3CMIINTCIINM, YMHOXXACM 3HAYCHHC kB Ha YHCJIO,

MPOAOJLKUTEIBHOCTH dKCIUTYaTauu 3Y.
Am=Kky - T, % (3.16)
AR =k T, % (3.17)
riae AM — morepss Macchl AIEKTPoAoB, AR — M3MEHEHHUs CONMPOTHBJICHUS PAaCTCKAHUS
toka 3Y, T — IpoIOIKUTENBHOCTD dKCIUTyaTauu 3Y.
JI1s KOJIMYECTBEHHOI'O OIPEACIICHUs MOTEPsI MACChl BJEKTPOJOB 3a3€MIIMTEIN

BOCTIOJNIb3yeMcsl ypaBHeHue 3.18.

Am - mX
m=="—"" kr (3. 18)
100

Hpez[ﬂaraeMa;I MCTOJMKA ITO3BOJIACT TOYHO OIIPCACIUTD KOpOBI/IﬁHOCTB JJICMCHTOB
3a3CMJIMTCIIM U U3MCHCHHUA COIIPOTHBJICHHA PACTCKAHHIO TOKa 3V HaxXOIAIIMXCA II0A
BIIMAHHUCM PA3JIMYHBIX OHAIIa30HAX BJIAKHOCTH I'PYHTA WM HAJIUYHUCM 6J1y>1<z[a}011mx
TOKOB. Taxxe MOXKHO OIIpCACIINTD KOpO3PII>iHOCTB JICMCHTOB  3a3€MIJINTCIIN

HaXOJISAIIUXCS B JIFOO0E MPOIOJDKATEITLHOCTH SKCILUTYaTaIlUH.
3.4 BeIBOABI

1. lns wuccrnenoBaHus Ipolecca Koppo3uu diemMeHToB 3Y  pa3palboTaHa
MaTeMaTu4yeckas MOJeNib, OCHOBAHHAas Ha ABYX(AKTOPHOM IUIaHE BTOPOIO
MOPSJIKA.

2. BniepBbie SKCIEpUMEHTAILHBIM ITyTEM MOJTYy4YeHbI 3aBUCUMOCTH MTOTEPH MACChI U
U3MEHEHHS] COMPOTUBJICHUSI pacTeKaHusd Toka 3Y B (QYHKIUU OT BapbUPYyEMBbIX
(aKkTOpOB: BIAKHOCTU TPYHTA ¥ HATMYUS OJIYKTAFOIINX TOKOB.

3. PacueTHbIM TyTeM MOJy4Y€Hbl ypaBHEHHs MJis ONpelesieHuss oOIeld Macchbl
AJIEMEHTOB 3a3€MJINTEIN, 3aBUCUMOCTh TOTEPU MACChl METAJLJIA, IPUMEHSAEMOTO
JUIS. U3TOTOBJIEHUS 3a3€MIIIOIIMX JJIEKTPOJOB, U W3MEHEHHUE COINPOTUBIICHHUS

PaCTCKaHUIO TOKaA 3V oT BlIaXKHOCTH I'PYHTA U HAJIAYIUA 6J'Iy>K,Z[aIOH.II/IX TOKOB.
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4. Ha OCHOBaHMHM pACUETHBIX M DKCIEPUMEHTAIbHBIX JAHHBIX IOCTPOEHBI
rpaguyeckue  MOJEIM W HOMOTPaMMBI,  ITO3BOJISIONIAE  OMPEICIHUThH
KOPPO3HUOHHOE COCTOSIHUE JJIEMEHTOB 3a3€MJIUTEIM B 3aBHCUMOCTH OT

BJIQAJKHOCTHU I'PYHTA 1 HAJTUYIUA 6J'IY)KI[3.I-OHII/IX TOKOB.
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3AK/IIOYEHUE

B I[HCCGpTaHHOHHOfI pa60Te peuicHa aKTyaJlbHasad HAYYHO-TCXHHUYCCKAA 3aaada,

3aKIIOYaromasicsa B OIIPCACIICHUN 3aBUCUMOCTH KOPPO3HMOHHOI'O COCTOSHHA 3JICMCHTOB

3a3CMJIMTCIIA OT PA3JIMYHBIX Q)aKTOPOB I'PYHTA U BEJIINYHNHBI 6J1y>1<}1a}0mer0 TOKaA.

HpOBGI[eHHBIG OKCIICPUMCHTAJIBHBIC HCCIICOIOBAHUA I103BOJIAIOT C(i)OpMYJ'II/IpOBaTL

ciIeayromue OCHOBHBIC PE3YJIbTAThI:

1.

Ha  ocnoBe Teopuum  momoOus U MOJEIMpPOBaHUS  pa3paboTaHa
AKCIIEpUMEHTAJIbHAsL YCTAaHOBKA, MTO3BOJISIONIAS UCCIEA0BATh MPOLECC KOPPO3UU
3V B pasHbIX auana3zoHax (hakTOpOB, BIHUSIOIIMX HA €€ pa3BUTHE. Y CTAHOBKA

3allIMIIICHA IIaTCHTOM Ha ITOJIC3HYIO MOICIIb.

. s uccienoBaHus Tpolecca KOPPO3WM  3leMeHTOB 3Y  pazpaborana

MaTCMaTHYCCKasd MOACJIb, OCHOBAHHAsA Ha I[BYX(I)aKTOpHOM IIaHC BTOPOIO
Imopsaaka, € IIOMOIIBIO KOTOpOfI YCTAHOBJICHO, YTO OCHOBHBIMH Q)aKTOpaMI/I,
CYmCCTBCHHO BJIMAIOMIMMHU Ha IIPOLOECC KOPPO3HWH IJICMCHTOB 3y, ABJIAROTCA

BJIQAJKHOCTD I'PYHTA 1 HAJIMYHC B HCM 6J1y>1<;[a}oumx TOKOB.

.BHepBBIC IMOJYYCHBbI 3aBHUCHUMOCTH IIOTCPHU MACChl MCTaJllIa OBJIICKTPOAOB U

MU3MEHEHHUS CONPOTUBIICHHS pacTeKaHuio Toka 3Y, 00yCIIOBJICHHBIC KOPPO3HECH.
IIpy 5TOM yCTaHOBIJICHO, YTO HaWOOJbIIEE BIMSIHUE HA KOPPO3HIO OKa3hIBACT

BJIQXKHOCTh TpyHTa BenmnuuHou 17-25 %.

. Pa3zpaboTtanbsl cnoco® W MeETOAWKa OMpEeeTIeHUs COCTOSHUS 3JEMEHTOB 3V,

OCHOBaHHbIE Ha W3MEPEHUU KOCBEHHBIX TNapaMeTpoB M He Tpedyrolue

POBEJICHUS BCKPBIIIHBIX PadoT.

.PC3YJIBTaTBI HCCIICJOBAHUS HCIIOJIB3YHOTCA B IMPOHUCCCE U3YUCHHA CTYACHTAMU

TaKUKCKOTO TEXHUYECKOTO YHHBepcuTeTa uMeHu akaaemMuka M.C. Ocumu u
HNucTuryra SHEPreTUKHU Tamxukucrana JTUCHUATIIINH «be3onacHoCcTh

KHU3HCACATCIbHOCTHN» U ((3JIGKTpO6630HaCHOCTB».
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I[TPNJIOXEHU A
MPUJIOKEHUE A Ioctpoenue rpadguyeckoii Mmoaean ¢ nomoubo Mathcad

[TocTtpoenne rpaduveckoil MoOmeNH, W30KBAHTOB, W30JMHUM H30KBAHTOB W
HOMOTpPaMM JUIsl TIpollecca KOPPO3MHM U COMPOTUBJICHUS pacTekaHuio Toka 3Y ¢
nomoniso Mathcad.

Jlns moctpoeHue rpaduueckoi 3aBUCHUMOCTH IPOIECCa KOPPO3UH M U3MEHCHUSI
COIIPOTHBIICHHUS PACTEKAHUIO TOKa 3Y OT BIaKHOCTH FPYHTA M HAIUYHS OJIY)KTAfOIHX
TOKOB HEOOXOIMMO 3HAHHUE THX IBYX (haKTOPOB M BPEMS HAXOXKICHHS 3a3¢MIUTEIS B
sKCIuTyataiui. Mcxoms W3 3TuX mapameTpoB ¢ nomomsio Mathcad mnoctpoum
rpauuecKkue 3aBUCUMOCTH.

3amyckaem mnporpammy Mathcad 14 (pucynok A.1) B pasmene «Mathcad Tipsy,
BCTaBUM Tajiouky B «Show tips on startup» u OTKpouM Mporpammy, HakKaTHeM Ha

«Closey.

r N

Mathcad Tips S

o

\(’Q; Did you know ...

For 3 list of built-in functions with descriptions, choose
Insert > Function.

[¥] Show tips on startup [ Next Tip ] [ Close ]

Pucynoxk A.1 — I'maBublit uatepdeiic nmporpammsr MathCAD 14

OTKpOIOTCSI TJIaBHBI OKHO MpOTpaMMbl ¢ 3jeMeHTamMu wuHTepderica Mathcad
(pucyHok A.1).
Jnsa  moctpoeHus: TpaduYecKo  3aBUCMMOCTH  TOTEpS  MacChl  MeTaia,

INPUMCHACMOI'O JJIsI HM3rOTOBJICHUA 3a3€MIIAIOINNUX JBJICKTPOJOB MW COIIPOTHUBJIICHUIO
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pacTekanus Toka 3Y HEe00X0UMO FOTOBUT AJITOPUTM Ha OCHOBE YpaBHEHHUE PErpeccuu

BTOpoOro nopsiaka s Mathcad.

M Mathcad - [Untitled:1] - o P9
%) File Edit View Insert Format Tools Symbolics Window Help
D-EHSR Y @ \ [me =0l @
INorma\ VIAnaI 'EH B I U |EE= ==
(e ] @

4

Press F1 for help. AUTO NUM Pagel

Pucynok A.2 — I'maBublit uatepgeiic nporpammsl MathCAD 14

[TocTtpoum anroput™m st rpagukoB. s 3TOro BCTaBUM Kypcop B JIEBOM MOJIE
uHTepdeiica u BBoauM gaHHOro tekcta «This QuickSheet can be used to produce level
curves of a function of two variables using a Mathcad contour ploty.

Ha Bropoii HwxkHel ctpoke, mobOaBmsiem Tekct, «Enter a function f of two
variables:». Tlocie »aToro anropuT™M 3aBUCHMOCTH TMOTEPS MacChl MeETajlia,
MPUMEHSIEMOTO ISl M3TOTOBJICHUS 3a3eMIISIOMMX 31eKTpoAoB (A.l) u U3MEHEHUIO
COMPOTHBIICHUS pacTekaHuio Toka 3Y (A.2), B 3aBUCMMOCTH OT BJIQKHOCTH I'PYHTa U
3HAYCHUEM OJTYKIIAIOIIMX TOKOB (X1 U X2). AnroputMm B Mathcad npumyT Bu:

y1(X1, X2) 1= 0.1525 — 0.020599 - X; + 0.0235914 - X, — 0.01385 X;2 —

— 0.0833815x,2 — 0.05681 - Xy - X» (A1)
ya(X1, X2) 1= 5.932 — 0.076928 - x; — 1.01368 - X, + 0.03245 X2 —
— 2.723255%,% — 2.39545 - X1 - X» (A.2)

3agaeM aMana3oHa U3MEHEHHUsS IBYX pe3ynbTaToB (Y1 M Y2) nobasienueMm «Enter the

endpoints of the x range:» (pucynok A.3).
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M Mathcad - [rpaduky (Y1)]
'mFi!e Edit View Inset Format Tools Symbolics Window Help };J‘;J,

|0-#E8RY| BB~ |": (WO |BeO|ws 0
[Normal ~ | acial o | B 7 U |E=E=E|iEE| <
:HMySite v] (“?Go ‘
Enter the endpoints of the x range:
xllow = -1 xlhigh =1
Enter the number of divisions of x1 range: xln = 120
Enter the endpoints of the y range:
low = -1 x2high =1
Enter the number of divisions of x2 range: 2n = 120

Pucynox A.3 — JInana3on usmenenwus yi uYy, B MathCAD

Jliis mocTpoeHust rpauueckux Mojiesei, Heo0XoauMo T00aBUT CIIEIYIOIIETO TEKCTA
B nmporpamme Mathcad «Use CreateMesh to build a grid of values:» u HaumeHoBaTh
KQKJIOTO PUCYHKA (TS Y1 M Y2) CIEAYIOIIHM 00pa3oMm:

F1 := CreateMesh (y1, xllow, xlhigh, x2low, x2high, xIn, x2n) (A.3)

F2 := CreateMesh (y2, xllow, xlhigh, x2low, x2high, xIn, x2n) (A.4)

View the function in a contour plot:

[Tocne Toro, B HWXkHEM moje uHTEepdeiica mosBisieTcs aBe pucynku F1 u F2

(Pucynok A.4).

Mathcad - [[pagwx &
W File Edit View

D-@BEHSRY | tRBB|lo " | AP

Insert Format Tools Symbolics Window Help

© 0jfon o) @

| [ormal ~ [ acial 10 |B 7z u|===|i==| 2 %

ew

F2 = CreateMesh(y2,xllow,xlhigh ,2low,x2high ,x1n,x2n)

View the function in a contour plot:

|
[
»
g
5
o
z
c
k4
o
a
o

Pucynok A.4 — IToctpoenue TpexmepHbix rpadukos B MathCAD
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C momompio, mMpuUBeNeHHON BhIMe anroputMoB (A.3, A.4) B MathCAD, moxHO
MOCTPOUT TpPEXMEpPHasi 3aBUCUMOCTh (pUCYHOK A.4), U30KBAHTOB, W30JIUHUU
M30KBAaHTOB U HOMOTPAMMBI JUIsl ONPE/IeTICHUsI TIOTEePsl MacChl METaslia, MPUMEHIEMOTO
JUISL  W3TOTOBJICHUS 3a3€MIISIIOIUX  DJIEKTPOJOB UM U3MEHEHUIO COMPOTUBIICHUS
pactekanuio Toka 3Y.

N30KBaHThI, M30JMHUHM U30KBAHTOB U HOMOTPaMMBbI aHAJIOTUYHO MOCTPOUTCS, KaK U
TpeXMepHas MOJIeJIb OJIHUM aJITOPUTMOM U JIJISI TIOCTPOCHUS ITUX TPa(UKOB OTKPOEM
okHo Insert, Graph u BeiOMpaem komanmy Surface Plot (Pucynox A.5). 3atem B

HIDKHEM 1oJie nHTepdeiica mosBiseTcs: oO1uii BU HAMOTpaMMbl (pUCYHOK A.S).

4 Mot - Tpsone s ponera I -
Wl File Edit View Format Tools Symbolics Window Help - [=]=
- 0| & BT = o © |0/ o) B
¢ Polar Plot Ctrl+7
Narmal [:5] Matrix... Ctrl+M ‘ = |
#5 Functien... Ctrl+E | &8 SurfacePlot  Ctrl+2 oo
B Unit... Ctrl+U Contour Plot ~ Ctrl+5 °
Picture Ctri+T | %% 3D Scatter Plot o
Arga fily 30 Bar Plot
F2 = Create] .
Page Break Ctrl+) | |35 Vector Field Plot
Math R Ctrl+Shift+A Plot Wizard...
View the function in R ! ! . ot Hizar

Text Region

i® Component...
Data 4 +
Centrol »
Object...
Reference...
Hyperlink... Ctrl+K

Pucynoxk A.5 — IToctpoenue nzokBanToB 1 Homorpamm B MathCAD
[TocTpoeHnHble HAMU W30KBAHTOB W HOMOTPAMMBI JIJIsi ONPENICTICHUSI TTOTEPSI MACCHI,
MeTajuia, MPUMEHSIEMOTO JIJIT U3TOTOBJICHHS 3a3EMIISIFOIIUX 3JIEKTPOJIOB M M3MCHCHHUIO

COIPOTHBIICHHUS pacTeKaHHI0 Toka 3Y, NpUBOAATCS HIKE (B pUCYHKaX A.6 — A.36).
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30
26,85
23,75 : ] : —
20,75

175

BnakHOCTh IpyHTa, %

wa
o
-
o

na

a5

1768 126,34 135 143,EE 182,32
BenmuynHa GIIy’KOAIONIHX TOKOB, MA

Pucynok A.6 — M3o0kBanThI 17151 onipeaeneHus kopposun 3V (%) B 3aBUCUMOCTH
OT BJIQYXKHOCTHU TPYHTA U BEJIMYMHBI OJTYKTAIONTIX TOKOB

(axTopsl B (pr3nyecKoM 3HAUYCHUN)
30

2E,85

23,75

[
=
—
ol

17,5

BrnaxHOCTE I'pyHTA, %0

—
o=
E}
o

na

R

117,64 126,34 135 143,E6 162,32
Bemramnaa GIy:KOAONTHX TOKOE, MA

Pucynok A.7 — I30KBaHTBI 15 ONIPEIEIEHUSI TPOLIEHTA U3MEHEHUS CONIPOTUBIICHUS
pacTekaHuo Toka 3Y B 3aBUCUMOCTHU OT BJIQXKHOCTH I'PYHTA U BEJINYUHBI
Omy>Kaaronux TokoB ((hakTopsl B GU3NYECKOM 3HAUCHUN )
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Pucynok A.8 — M3o0kBanThI 17151 onpenesnenus kopposuu 3Y (%) B 3aBUCUMOCTH
OT BJIQXXKHOCTH I'PYHTA U BEJIMYMHBI OJTyKJAIOUINX TOKOB
(paxTOpBl B KOAUPOBAHHOM 3HAUEHUN )

Pucynox A.9 — M30kBaHTHI JIJ1s1 OTIpE/ICIICHUS TPOIEHTA U3MEHEHUS COTPOTHBIICHUS
pacTekaHuio Toka 3Y B 3aBUCHMOCTH OT BJIAKHOCTH IPyHTa
1 OJ1y’K1aronX TOKOB ((haKTOphl B KOJAUPOBAHHOM 3HAYEHUH )
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Pucynok A.10 — M3omuHumM M30KBaHTOB IS onpeaeneHus: kopposuu 3Y (%) B
3aBUCUMOCTH OT BJIQKHOCTH IPYHTA U BEITUYUHBI OJTYKAAIOITUX TOKOB
(pakTopsl B (prznyeckoM 3HaUYCHUN)
30
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150
Pucynok A.11 — M30n1HUM M30KBAHTOB JIJIs ONIPEACIICHUS] MPOIIEHTa U3MEHEHUS

COMPOTHUBJICHUS pacTeKaHUIO TOKa 3Y B 3aBUCUMOCTHU OT BIAXKHOCTH I'PyHTa U

BEJIMYMHBI OJTY»KJAIOIIMX TOKOB ((haKTOphl B (PU3NUECKOM 3HAUYCHUH )
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Pucynok A.12 — I/I3OJII/IHI/II/I M30KBaHTOB s onpenenenus kopposuu 3Y (%) B

3aBUCHUMOCTH OT BJIAXKHOCTH IPYHTa U BEJIMYMHBI OJTYKJAIOIINX TOKOB
(bakTOphI B KOJIUPOBAHHOM 3HAYCHUH )
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Pucynok A.13 — M301uHUM M30KBAHTOB JIJIsl ONIPEACIICHUS TTPOIICHTA U3MEHEHUS
COIIPOTHUBJICHUS PACTEKAHUIO TOKA 3Y B 3aBUCUMOCTH OT BJIAQXXHOCTU I'PYHTA U

BEJIMYMHBI 0Ty KAAI0IIUX TOKOB ((haKTOPhl B KOAUPOBAHHOM 3HAYEHUN )
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Hcnonb3yss H30JIMHUM HW30KBAHTOB TOCTPOMM HOMOTpaMMy Uil  Pa3HBIX
JIMara30HOB BJIAKHOCTH TPyHTAa W 3HAYEHUEM OIy>KJIamonux TOKOB. B HoMmorpamme
N300pakaeTcs 3HAYCHUS BIAXHOCTH TPYHTA, BEIMYHMHBI ONYXIAIONUX TOKOB, H
BIUSIHUE OTUX JIBYX (AKTOpPOB Ha IMpollecC KOppo3uu (TOTeps Macchl MeTajia,
MPUMEHSIEMOTO JUISI M3TOTOBJICHUS 3a3€MJIIONIUX  DJEKTPOJOB) M  HU3MEHEHUS

CONPOTHUBJIEHUS] CONPOTUBJIEHUIO PaCTEKaHUs TOKa 3Y.

20 [ T [ [ [ I [

26,85 |7 ~ u

2378 \

75 \ -

[
=

—l

o

I

BraxHOCTE TPYHTA, %

—_
=
—1
o

|
|
')
Y
|

ng u

25 - -

5 | I | [ |
117,65 126,34 135 143,56 152,32

Bemiaina OIyXIarOMINX TOKOB, MA

Pucynok A.14 — Homorpamma mporiecca Koppo3uu pu rmotepe He 6oiee 0,13 % macchl
anekTpoaoB 3V (cBeTiast 30Ha)
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Pucynok A.15- Homorpamma nipu He 6osiee 5 % U3MEHEHUN CONMPOTUBIICHUS
pacTekanuio Toka 3Y (cBeTsas 30Ha)

Hcrons3yss MONMy4YEHHBIE MATEMaTUYECKUE MOJEIM M HUX T'€OMETPUYECKHE
IIPEICTABIICHNS B BUJE HOMOTPaMM, BO3MOXHO OIPENEISATH COCTOSIHUE 3JIEMEHTOB 3Y
0e3 TpOBENECHHSI JOPOTOCTOAIIMX BCKPBIMHBIX padoT. Takum oOpazoM, MOJIy4YeH
WHTEJUIEKTYaJIbHbII MHCTPYMEHT JUISl BBISIBJIEHUS MPOTEKAIOIIKX IpoueccoB B 3V, T.e.
OCYUIECTBJISITh UX MOHUTOPHUHT.

IToTepst Maccbl MeTauia, NPUMEHSEMOrO Ul W3TOTOBJICHUS 3a3€MIISIFOLIUX
JIEKTPOJOB M MU3MEHEHUS CONPOTUBIIEHUS PACTEKAHUIO TOKa 3Y B IPYrUX AUana3oHax

BJIQYKHOCTH IPYHTA U BEJIMUMHBI Oty aaronux TokoB npuoastes B [IPUJIIOXEHUE.
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Pucynox A.16 — Homorpamma mporiecca Koppo3uu mnpu norepe He 6omee 0,12 % maccl
3JEKTPOAOB 3Y
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Bemn4nHa Gy KOal0MIX TOKOB, MA

Pucynok A.17 — Homorpamma npu 4 % u3MeHEHUH CONPOTHUBIICHHUS
Yy
PACTCKAHHIO TOKa 3V
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Pucynoxk A.18 — Homorpamma nporecca kopposuu npu norepe 0,14 % maccel
31eKTpoAoB 3Y
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Benu4uHa GITy:KIAOIIHK TOKOB, MA

Pucynok A.19 — Homorpamma npu 6 % M3MEHEHUU COTPOTUBIICHUS
pactekaHuio Toka 3Y
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Pucynok A.20 — Homorpamma npouiecca kopposun npu notepe 0,15 % maccor

a0
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Pucynok A.21 — Homorpamma nipu 2 % M3MEHEHUU COTPOTUBIICHUS

pacTekaHuio Toka 3Y
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Pucynox A.22 — Homorpamma nporiecca kopposuu ripu norepe 0,16 % maccer
31eKTpoAoB 3Y
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Pucynok A.23 — Homorpamma npu 1 % u3MeHEHHUU COPOTUBIICHUS
pactekaHuio Toka 3Y
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Pucynox A.24 — Homorpamma nporiecca kopposuu npu norepe 0,17 % maccel
31eKTpoAoB 3Y
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Pucynok A.25 — Homorpamma npu 0,5 % u3mMeHEeHUN CONPOTUBIICHUS
pactekaHuio Toka 3Y
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Pucynoxk A.26 — Homorpamma nporecca kopposuu npu norepe 0,11 % maccel
3JEKTPOAOB 3Y
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Pucynok A.27 — Homorpamma mporiecca kopposuu mnpu notepe maccol 0,1 %
31eKTpoAoB 3Y
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Pucynok A.28 — Homorpamma mporiecca kopposuu mpu notepe 0,09 % maccel
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Pucynoxk A.29 — Homorpamma nponecca kopposuu npu norepe 0,08 % maccel

3JEKTPo0B 3Y
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Pucynox A.30 — Homorpamma nporiecca kopposuu mpu notepe 0,07 % maccser
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Pucynoxk A.31 — Homorpamma nporiecca kopposuu mpu notepe 0,06 % maccer

31eKTpoAoB 3Y
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Pucynoxk A.32 — Homorpamma nporecca kopposuu npu norepe 0,05 % maccel
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Pucynox A.33 — Homorpamma npornecca kopposuu npu norepe 0,04 % maccel
31eKTpoAoB 3Y
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Pucynox A.34 — Homorpamma mporiecca kopposuu mnpu notrepe 0,03 % maccer
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Bemminna GNy:KIAIONNX TOKOB, MA

Pucynox A.35 — Homorpamma nporecca kopposuu mnpu notepe 0,02 % maccer
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BemanHa GIYKIAIONIHNX TOKOB, MA

Pucynox A.36 — Homorpamma mporiecca kopposuu mpu notepe 0,01 % maccer
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[MTPHJIOKEHUE b

HA ITOJTE3HYIO MOJEJb

Ne 161812

YCTAHOBKA JUIS1 UCCJIEQIOBAHUS BJAUSAHUS
DAKTOPOB OKPY/KAIOHIEU CPEABI U BJYKJIAIOIIINX
TOKOB HA NIPOILECC KOPPO3UU 3A3EMJBIOUNIHNX
YCTPOUCTB

[latenroobnamarenns(sin): Dedepaivroe 20cyoapcmeennoe 01003cemnoe
‘06pazoeametbHoE yUpedcoeHue 8bICUiez0 NPOPHecCUOHANbHO20 00PA306AHUA
"FOcHo- YpanvcKkuii 2ocyoapcmeennsiii yuugepcumem” (HAUUOHATbHbLIL
uccnedoeamensckuii ynueepcument) (O®I0Y BIIO "IOYpl'Y" (HHY)) (RU)

IR KX B BT BT BY RE KA KA BYOBY BY RE RR REORN BT BT RY RN KAORN R B BY KR RNORARE

ABTODP(B1): cCM. Ha o6opome

Bagnka Ne 2015145568

Ipuoputer nosesHoii Moeny 22 okTa6ps 2015 r.
3aperucTpupobano B [0Cy1apCTBEHHOM PEECTpe OJIE3HBIX
moneneit Poceuiickoit Menepayn 15 anpens 2016 2.

Cpox neficraus matenTa nctexkaer 22 okTadps 2025 r.

Pyxosodumens» Dedepanvnoi cayiuctve
10 UNMEANEKMYANLHOL COGCMBEHHOCTNU

:/ Wl Plaswco Il Hsrues

BE BT B KL BY B KT BY B KR B RE RE BY RR R BR KR RE BR KGR RR G BERR KT HERE BT B RE B RR G BEBR K€ HE RR REOBR KR KA
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POCCHUMCKAS ®EJIEPALIMS

19 11) &
TRUM

(51) MIIK
GOIR 19145 (2006.01)

@EJNEPAJIbBHASI CIIVIXKBA
IO UHTEJUIEKTYAJIBHOYM COBCTBEHHOCTH

(12 TUTYJIbHBIA JIMCT OMUCAHHM S ITOJIE3HOM MOJIEJIH K ITATEHTY

(21)(22) 3asiBka: 2015145568/28, 22.10.2015 f (72) ABTOp(bBI):

Ab6nynmnoes Pamason TomubxonoBuy (RU),
Cupopos Austexcannp Usanosud (RU),
Tpsamumsia Anexcauap Bopucosuy (RU)

(24) Mara Hauaya oTcyeTa CpOKa AEHCTBUS 1ATEHTA:

22.10.2015

Tlpuopurer(n):

(22) Jarta nojtaum 3assxu: 22.10.2015 (#2) Hatemmoabnanazan:(i):

®enepabHOE TOCYJAPCTBEHHOE GIOKETHOE

(45) Ony6aukosano: 10.05.2016 Bron. Ne 13 00pa3oBaTenbHOE yIPEKIEHHE BBICIIETO
nipotheccHOHANBHOTO 06pasoBanus "FOxHO-
AJIpec U1 IICpeIHCKM: Vpanbckuit rocyAapCTBEHHBI YHHBEPCUTET"
454080, r. Yenabunck, np. um. B.Y. Jlenuna, 76, (HALMOHAJTLHEIH HCCIIEOBATEIHCKHI
FOVpI'Y, natenTasiit oraen yruepeutet) (PI'BOY BITO "IOYpI'Y"
(HIY)) RU)

(54) YCTAHOBKA JJ1 UCCIEJOBAHU S BIMSTHU S ®PAKTOPOB OKPYKAIOIIEN CPEABI U
BIYVXIAIOHINX TOKOB HA TTIPOLIECC KOPPO3UH 3A3EMJISAIONIUX YCTPOMCTB

(57) Popmyna noae3Hon Moaenu

Yceranoska [Uis HCCNICNOBAHNUS BIMSIHUS (DAKTOPOB OKPYIKAIOLIEH CPEIBI M 6J1yK I I0MINX
TOKOB Ha IIPOLECC KOPPO3UH 3a3eMIISIOIIMX YCTPONCTB, COeprKallas TabopaTOpHbIi
asotpanchopmaTop JIATP, noAKIIOUEHHBIN K pa3AeNuTeIbHOMY TpachOpMaTopy,
3a3eMIISIFOLLME STIEKTPOIbI, COEAUHEHHBIE TTOCTIEJ0BATEIFHO ¢ MHIMAMIIEPMETPOM U
NapauieIbHO C BOTBTMETPOM, U IIOTPYKEHHBIE B TPYHT, 3aChIMAHHBIN B AUJIEKTPUUCCKUE
BAHHBI, HA IHEC KOTOPKIX PACNOJOKEHA MEAHAS (DOJIbIaA, TPU 3TOM B I'PYHT JIOIOTHUTETBEHO
NOTPYKEHBI BJIEKTPO/IBI MPUOOPa i H3MEPCHUS BIIAXKHOCTH U KUCJIOTHOCTH TPYHTA.
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[TPMJIOKEHHME B

MUWHUCTEPCTBO SHEPTETUKH X BOJHBIX PECYPCOB
PECITYBJIMKH TAJDKMKUCTAH

WHCTUTYT SHETETUKM TADKUKMCTAHA
735140 2Kypzan-miobe, yn. b.Tagyposa 27, Ten.: 8322222634, Paxc: 8322222634, E-mail: nazarov-h2013@mgil.ru.

YTBEPXKJIAIO

Pexrop
TamxuKucTana,

CIIPABKA
06 BuCnoIb30BAHHH MATEPHAJIOB AHCCEPTALIMOHHO# paboThI
Abaynnoera Pamaszona TonuGxonoBu4a
«CHcTeMa OUEHKH COCTOSIHHS 3a3eMJISI0MEero yCTpoicTBa»

Pesynbtatel  aucceprauuoHHoi pabotel AGxymnoesa Pamasona TommGxonouda «CrcTeMa
OLEHKHM COCTOSHHS 3a3€MISIOIIEr0 YCTPOMCTBA» MCHOMB3YHOTCA B YyueOHOM mpoLecce
HHCTHTYTa SHEPreTUKH TaIKUKICTaHa, B YaCTHOCTH:

-IpH  M3YYCHMM CTY[CHTAMHM OJHEPreTHYecKoro (axyjbrera CrELUaIbHOCTH 430103
«OnexrpocHabxenue» u 530104-03 «ABTOMaTHKAa M peneifHas 3alIMTa JJIEKTPOYCTAHOBOK)
JVMCLUILTAHBL «NEKTpoOE30IacHOCTE) - 0030p CYLIECTBYIOIIMX METO0B M CPEICTB KOHTPOJS

COCTOSAHHUSA DJICMCHTOB 3a3CMIIAOIINX yCTpOﬁCTB 3JIEKTPOYCTaHOBOK.

3asenyromuii kadenpoit
«OnekTpocHabxeHue u peneiiHas sammray Stumos X.A. %
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I[MTPHUJIOKEHHUE T

YTBEPXIAIO
[Tpopekrop 1o yueOHo# paboTte

Ocuui
" A Yhthy
WBEEET Yo,

CIIPABKA
0 BHeJIPEHHH Pe3yJIbTATOB
aucceprannonHoi padorsl P.T. AGaynnoesa
«CHcTeMa OLEeHKH COCTOSTHHSA 323eMJISIIOLIEro yCTPOiCTBa

PesynbTaTel auccepTalMOHHON paboTel AGnmymnoeBa Pamazona TonubGxonoBuua
«CHcTeMa OILIEHKH COCTOSIHHS 3a3eMIIIOINEr0 YCTPOMCTBa» BHEIPEHBI B Yy4eOHBIN
npouecc Ta/KHKCKOro TEXHUYECKOro yHuBepcuTeTa uMeHu akagemuka M.C. Ocumy, B

YaCTHOCTH:
— Ipu N3y4YC€HUH CTyA€HTaMHU HalpaBJICHUA ((3HCKTpO3HepFeTI/IKa Hu
QJICKTPOTEXHUKA» OHUCHHUIIIIAHBI «be3omacHOCTh KHU3HEAEATEJIBHOCTH» — aHaJIu3

CYLIECCTBYIOIIHUX METOOOB KOHTPOJISI COCTOSHUS 3JIEMEHTOB 3a3€MJIAIOLINX yCTpOﬁCTB
MOACTAHLIUU pa3iindHOTrO BUJa U Ha3HA4YCHUS.

3aBenyromuid kadenpoii

«be30omacHOCTh XU3HEIEeATETLHOCTH

u sxogorun» TTY um. akag. M.C. Ocumu,

KaHIUAAT TEXHUYECKUX HayK, JOLUEHT Unues M.T.



