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AHHOTALUA

B mepBoil yacTu MarucTepckor AHMCCEpPTalMU paccMaTpuBaiach HCTOPUS
CO37aHUSI W PA3BUTHS BHHTOBBIX 3a00WHBIX JBUTATENICd Ha MPOTSHKCHHH BCETO
BpemeHu. [logpoOHO omucaHo MpeaHa3HAaYeHUe, YCTPONUCTBO M MPUHIMI PAOOTHI
B3Jl. B memnom Ha cerogHsIIHUN JeHh BUHTOBBIC 3a00MHBIC JBUTATEIN UMCIOT 7

Kiaccu(ukanuii, a MIMEHHO:

1. JIBurarenu oOIIero Ha3HAUYCHUS: JIJIsi OYpEHUS BEPTUKAIbHBIX CKBAKHH.

2. CexIMOHHBIE BUHTOBBIC 3a00MHbIE THIPABINYCCKUE TBUTATEIIN.

3. JlpuraTenu aJis peMOHTa CKBOKUH M OyPEHUS JOTOJHUTEIBHBIX CTBOJIOB.
4. JIBuraTenu AJisl MPOKJIAJIKU MOA3EMHBIX KOMMYHHUKAIIMI U crieu(PUIecKux

TEXHOJIOTUM (HarpuMep, st OypeHus Ha KOJITIOOUHTE).
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JIBuraTenu 115t oTO00pa KepHa.
6. TypOOBHHTOBBIC IBUTATEIIH.

7. JlBuratenu ¢ pazeiaEHHbIM IIOTOKOM

B3]l, kak 1 Bce MEXaHU3MBbI UMEET CBOII MOTOPECYPC, HA KOTOPBIN BIIUSIOT
pasznuuHbie (AKTOphl. DTH (PaKTOPHI OMUCAHBI BO BTOPOM 4YACTHU, MOMHUMO STOTO
ONMCAHBI TAIBHEUIIINE YT CHUXKEHUS UX BIUSHUS U YBEIIMUEHUE MOTOpPECYpca 3a

CYET COBEPIIICHCTBOBAHUS PabOUMX OPraHOB.

B Tpetneit wacTu mpoBeneH OoJiee MOAPOOHBIM CTATUCTUYECKUN aHAIW3
MPUYMH BbIx0aa U3 cTposi B3/l, v BBISBIICH 3JIEMEHT, KOTOPOW BBIXOJUT U3 CTPOS B
49%. DTUM >3IEMEHTOM OKa3zajach pabouas mapa «pOoTOp-CTaTop», KOTOPBIH
SBJISIETCS] JIMMUTHPYIONIUM 3JIEMEHTOB B BMHTOBOM 3aboiHOM paBuratene. Ha
JUTUTEIIbHOCTh padOoThl paboueil maphl BIUSIOT TAKKE TPUYUHBI: A0pa3uBHBIA U3HOC;
nedopMmaisi pe3MHOBOM OOKIaAKK (d1acTomepa); MomepedHble KOJIeOaHUsl Kak

pOTOpa, TaK M KOpIyca JABUTaTeNsl.

B derBepToit yacTH akiEHTUpPYETCs BHUMaHHE Ha JAehOpMaiiu pe3nHOBOM
OOKJIaIKK(dJIacCTOMEpa), B PA3JIMYHBIX MPOMBIBOYHBIX JKUIKOCTAX M Hambosee

OIacHbIe 30HBI JeOpMaIUU 31acToMepa. 3/1eCh pealn3yeTcsi Hanboee OnacHbId
2



BU/I U3HAIIIMBAHMS TP KOHTAKTE MIOBEPXHOCTEH, 00YCIIOBIICHHBIN CKOTBKECHUEM, —
aOpa3vBHBIN, KOTOPBIA XapaKTEPU3yeTCd MAKCUMaJIbHOM HMHTEHCUBHOCTHIO.
[IpuBenensl rpaduyeckue U300paxKeHUsT paclpe/ieICHUN HampsHKeHU B MecTax
KOHTAKTa IMOBEPXHOCTEW POTOpAa M cTaTropa. bpUIO MOKa3aHO, YTO KOHTAKTHOE
JaBJICHUE IOCTUTAeT MaKCUMyMa IPU CONTPUKOCHOBEHUH 3y0a poTopa co BIaJAMHOM
cratopa. B cBsi3u ¢ ATUM, NpU U3TOTOBJICHUM BUHTOBBIX 3a00MHBIX JBUTATENEH
HEOOXOMMO YIPOYHEHUE U YHUCTOBasi 00paboTKa 3yObeB POTOPOB, UTO BIHUSET Ha

JIOJITOBEYHOCTh CTaTOpa U Apyrux padbouux opranos B3/l

Jlanee paccMOTPEHO BIHMSIHUE TEMIIEPATYPhI HA CKOPOCTh H3HOCA AJ1ACTOMEPA.
TemnepaTypa ABJISIETCSI OTHUM M3 OCHOBHBIX (JaKTOPOB pa3pylieHus u aepopmanuu
PE3UHOBOI OOKJIAKK, TTO3TOMY MPU MPOU3BOJICTBE AJIACTOMEPA OHA[TeMIIepaTypa]
BBICTYNIA€T  KPUTEpHEM  BbIOOpa  ONTUMAJIBHOM  TOJIIMHBI  OOKJIAKU.
[IpoaHanu3upoBaHbl CTATOPHl PA3TMYHBIX KOHCTPYKIUW U BbIOpaH Oosee
ONTUMAJLHBIN BUJI 3JIaCTOMEPA, KOTOPHIN MPHU IKCILUTyaTallMi HAarpeBaeTCs MEHBIIIE

BCCTO.

B nmsgroit  (pacdueTHOM yacTWM) mNpUBEJAEHA METOAMKAa IPOBEACHUS
HKCIIEPUMEHTOB, PE3YJbTAaThl HCCIEAOBaHUS. Takke MoKa3zaHo 000pyI0oBaHUE,

UCIIOJIB3YEMOE MPU MPOBEICHUH IKCIIEPUMEHTOB.

B oSkoHOMHMYECKOW 4YacTHM MPOAHAIM3UPOBAHBI M  PACCUUTAHBI BCE

MaTCPUAJIBHBIC 3aTpaThl HA na60paTopHHe HCCJICAOBAaHUC.

B COHI/IaHBHOI\/'I JacTu pacCMOTPCHbBI OCHOBHBIC HCTATUBHBIC M OIIACHBIC

(akTOphl, KOTOPBIE COMTPOBOKIAAIOT pAOOTHUKA ITPU padoTe HAa OypOBOM YCTaHOBKE.

B 3axkmroueHun CACJIaHblI BBIBOJAbBI JOAaHHOI'O HCCICOOBAHUA BJIMAHUA
TEMIICPATYPbl Ha CKOPOCTb HM3HOCA, YKa3aHbl OCHOBHLIC HAaIIPpaBJICHHA IIYyTHU

COBCPIHICHCTBOBAHUA KOHCTPYKIIUHN BUHTOBBIX 3400 HBIX I[BHFaTeHeﬁ.
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BBenenue

B macrosimee Bpemsi OypeHue HE(TSHBIX W Ta30BBIX CKBAXWUH WIPACT
OOJBITYI0O pOJTH IS YEJIOBEYECTBA, BEAb IPH 3TOM JOOBIBAIOTCS HEPTH W ra3
JOOBIBAIOTCS] BAKHEUIIINE SHEPTETHUECKUE PECYPCHI, KOTOPhIE HA TAHHBIA MOMEHT
BCE €IIIE OCTABJIAIOT 32 COOOM JTMIUPYIOIINE TIO3UITUN B YHEPTETHKE.

B npouiecce OypeHusi UCMONB3YIOTCSl pa3IMyHble TEXHUUYECKHE CPEJICTBA, U
OIHUM W3 OCHOBHBIX TaKHUX CPEICTB SIBIISICTCS. BUHTOBOWM  3a0O0MHBII
neuratensb(B3/]). OnHako, kak u B J00oM JApyroM Mexanusme, y B3J[
MPUCYTCTBYIOT MPOOJIEMBI U3HOCA PAaOOYMX OPTaHOB U, CIEAOBATEIBLHO, CHUKEHUE
€ro MOTOpecypca.

AKTYyaJbHOCTh JAHHOW TEMbI OOYCIIOBJIEHA TE€M, YTO OCHOBHBIM PabO4YUM
OpraHOM, BBIXOJSIIMM U3 CTpOsi OOJIbIlIE OCTaJbHBIX, ABISIETCS pabouas mapa
«potop — craropy». Pabouas mapa «poTop — CTaTOp» HTO JUMUTUPYIOIIUM
AJIEMEHTOM BHHTOBOI'O 3a0OMHOIrO JIBUTaTejsi, IO3TOMY BBISBICHUE MPUYUH €T0
M3HOCA SBJISIETCS OJTHOM M3 MEPBOCTENEHHBIX 3a/1a4, ¢ KoTopoil pabotanmn BHUMUBT
u ero [lepmckuit punuan [1.®. bangenko, 0.B. Bageukum, M.T. I'ycmanowm, HO.B.
3axapoBbiM, A.M. KouneBbim, C.C. HuUKOMapOoBbIM U IpyTHE UCCIEA0BATENM.

Llens manHOW pabOTHI: HMCCIENOBAaTh CKOPOCTh HM3HOCA 3JacToMepa IpH
U3MEHEHUH TeMIIEpaTypbl OYpOBOTO pacTBOpa.

OOBEKTOM HCCIIeIOBAHMUS SIBISIETCS MPOIECC B3aUMOACHCTBUS paboyeil mapbl
BUHTOBOTO 3a00MHOI0 JIBUTATENS.

[IpenmMeToM wuccneqoBaHUs SBISIETCA HW3HOC 3JacTOMEpPa BUHTOBOIO
3a00MHOT0 ABUTATEIISI B IPUCYTCTBUM PA3IMYHBIX OYPOBBIX PaCTBOPOB.

[Ipy mnpoBeneHUM UCCIEIOBAaHUS, S BBISIBUI 3aKOHOMEPHOCTb H3HOCA
aiIacToMepa MpH MOBBIICHUH KaK TeMIiepaTypsl o0pasna pesunsl UPTI-1226, Tak u
Pa3IMYHBIX TPOMBIBOYHBIX JKUJIKOCTEH. JlaHHBIA pe3yiabTaThl TMOMOTYT B
JaJbHEUIIIEM YCTaHOBUThH NPSIMYIO CBSI3b MEXKAY TEMIEPATypod M CHUKEHHBIM

MOTOPECYPCOM BUHTOBOI'O 3a00MHOI0 ABUTATENS.



1. JIMNTEPATYPHBIN OB30P
1.1. Hcropus co3aaHusi BAHTOBBIX 3200/ HBIX ABUTraTe/ el

Hauunas c¢ 1940-x rogoB Ha Ttepputopuu CCCP Hapsaxy ¢ pOTOpPHBIM
crioco0oM OypeHHsI UCHOIb30BaIM  POTOpPAa OCHOBHBIM TEXHUYECKUM CPEICTBOM
MHOTOCTYNEHYaThIi TypOoOyp. JlaHHbIN cr10c00 OBLT MIMPOKO PACIPOCTPaHEH, UTO

IMO3BOJIMJIO JOCTUI'HYTb BBICOKHC ITOKA3aTCIIN pOCTA I[O6I>ILII/I HC(l)TI/I H rasa.

OpxHako ¢ pocTOM IrIyOMH CKBaKUH U MOJEPHHU3ALUHI OPOI0PA3PYLIAIOLIETO
WHCTPYMEHTA B OTEUECTBEHHOW HE(PTSHON MPOMBIIUICHHOCTH C KaXIbIM TOJIOM
pociia TEHJEHIUSI OTCTaBaHMUSI TEXHUKO-KOHOMHUYECKHMX MoOKazaTeseil OypeHus.
Taxk, B 1981-1982 rr. cpennss npoxoaka 3a gononenue B CILIA cocraBuna 350 m, B
To BpeMs kak B CCCP stoT nokasarens He npessimal 90 M. [lepen cnenmanucramu
B Halled CTpaHe BCTAJl BOMNPOC O CO3J@HUM TOTPYKHOM TEXHUKHU ISt

HHU3KOOOOPOTHOTO OypEHHS.
Ha cerogusiinuii eHb pa3nuyaroT 7 Kiaccu@ukaiuii:
1. JIBuraTenu o011ero Ha3HAYEHUS: 111 OypEeHHs BEPTHUKATbHBIX CKBAXKHH.
2. CeklIMOHHBIE BUHTOBBIC 3a00MHBIE THPABINYECKUE IBUTATEIH.
3. JIBuraTenu Jyisi peMOHTA CKBKHH U OyPEHUSI IOTOJIHUTEIBHBIX CTBOJIOB.

4, I[BI/IFaTeJII/I AJI1 TPOKJIaJIKH ITOJA3EMHBIX KOMMYHI/IKaL[I/Iﬁ u CHGHI/Iq)I/I‘lCCKI/IX

TEXHOJIOTU (Harpumep, sl OypeHus: Ha KOITIOOMHTE).
5. ABurarenu s oTOOpa KepHa.
6. TypOOBUHTOBBIC TBUTATEITH.

7. JIBurarenu ¢ pa3aeaEéHHbIM TOTOKOM



1.2 Yempoiicmeo u npunyun pabomsl 6UHmM 08020 3a001iH020 O8uzamens

BuntoBoii 3aboiHbIii  aBurarens (cokpamieHHo — B3Jl), oH xe:
TUAPABINYECKHN 3a00WHBIN BUTATENh (cokpamienno — ['3]/]) — mpenacrasiser coboi
00BEMHBIA POTOPHBIM THUAPABIUYECKHI MEXaHU3M MpPeoOpas3yloluil JaBleHUE
HarHeTaeMou B MOJIOCTh CTATOpa KUIAKOCTH (OypoBOIl pacTBOpP) BO BpalllaTelIbHOE

JABHXKXCHHEC BbBIXOJHOI'O BaJia.

B xonctpykuuto B3/] BxoauT cuiioBas cexuus ( uHade — pabouas mnapa) u
mIMUHJEeIbHAs cekius. Ha potope paboueit mapbl BbIpaOaThIBaeTCs KPYTAIIUH
MOMEHT IOCPEICTBOM T'MOKOro Bajia ( TOPCHOHA ) WM IMIAPHUPHOTO COECTUHEHUS
(kapaaHa), KOTOPBIH NepegaeTcs Ha BaJl IIMUHAEIbHON CEKLIUHU, a BIOCIEACTBUU Ha

nonoro B3/1.
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Puc. 2. Bunmoéoii 3a601iHbill 06uzamensv muna J:
1, 6 — nepesodruX COeOURUMENbRBIN, 2 — camop; 3 — pomop,; 4 — MOPCUOH, 5 — wnuKdeIs

Pabouass mapa (oHa e JABUTareibHas Crarop Porop
CeKLMs, CHUJIOBasl CEKLMs, CEeKUus padouux ’
OpraHoB, «power section», TypOUHHas CEKLHs,
BUHTOBAsl Tapa) SBJSETCS OCHOBHBIM Y3JI0M
IBUTATENs, TJAe  TNPOUCXOAWT  Mepenaya
TUAPABIMYECKOM HHEPrUM TMOTOKa padbouei

KUIOAKOCTH B MCXAHHNYCCKYIO, BBIpa6aTBIBa$I

KPYTSIIUHA MOMEHT. \
nacromep \

Pucynok 2. PaGouas napa



Pabouas napa — sto cepaie B3/, koTropoe 3a1aeT OCHOBHbIE YSHEPTETUUECKHUE

XapaKTEPUCTUKHU 3a00MHOT0 IBUraTENs, @ TAKKE €0 MOTOPECYPC U MEKPEMOHTHBIN

nepuona (MPII).

OCHOBHBIMH 3HEPreTHUYECKUMU XapaKTEPUCTUKAMH paOb0oUel naphl sIBISIOTCA
000pOThI, MOMEHT, MOIIHOCTb, TEOPETUYECKH 3aJalolIfecss MpU TOMOIIU
reoMeTpuH MPOoUIISI CEKIIUU: TUAMETPa CEKIIHH, KOOPAUHATHI BHHTOBOTO MPOQHIIS,
JUIMHBl aKTUBHOM 4YacTH), YUCla IIaroB BUHTOBOTIO 3y0a CTaTropa, KOJWYECTBa
3yObeB Mapbl CTATOP-poTOp. PaKTUUECKHE KE XAPAKTEPUCTUKU OTIMYAIOTCS OT
TEOPETHUYECKUX B HECKOJBKO pa3. DTO Pe3yJbTaT MOIPEIIHOCTH H3TOTOBJICHUS
3JIEMEHTOB Mapbl, poTopa U craropa. Porop paboueil mapsl, a Taxxke npecc-popma
cTaTopa — CJOXHO€ H3/eINe, YUCTOTa M TOYHOCTh H3TOTOBJIEHHS KOTOPOTO,

OKa3bIBAIOT CYIICCTBCHHOC BJIMAHUC HA pa60qu XApaKTCPUCTHUKU ABUI'AaTCJIIA.



HInungeabHasi cekuus (IMINMHIENAb) — BTOpol ocHOBHOM Yy3en B3],
CITy’KaIllUM MEePEeTaTYNKOM IEPENAIONIUN KPYTSIIETO MOMEHTA U OCEBOM HArpy3Ku
CUJIOBOM cekiuu (pabouedl Tmapel) Ha MOPOJAOpa3pyLIAIIUN (aBapUUHBIN)
WHCTPYMEHT, WCIOJb3yEMbI MNpu OypeHHH WiIu

MPOBEICHUH aBApUMHBIX padoT.

[To KOHCTPYKIUHOHHOMY WCHOJIHEHUIO IIMUHIACIN Bt R

JACIATCA Ha 2 THma:

® OTKpBITBIE - paboune aetanmu (y37bl TPEHUS)

CMa3bpIBAIOTCA U OXJIAXAAIOTCI  pabouei Perynsop yrna
KUJKOCTBIO;
® MAacCJIOHANOJHEHHbIE -  TePMETU3UPOBAHHBIN

IIIUHETb, paboune getanu (y3/Ibl TPEHHUSA) PaauansHas onopa

BEPXHAN

KOTOpPOIro HaxoIsATCA B MacJIsSsHOM BaHHE C Kopnyc

M30BITOYHRIM ~ AaBiaecHuneM Ha 10-20 artm., Ocew onops

MPEBBIIAIOIINM JABJICHUE OKPYKAIOIIEH CPEBI.
PaauansHas onopa
HUKHAR

N S | |

Pucynok 3. lllnunaensHas cexius (IIMUHIEIb)

HNzroraBmuBaemsle B Poccnm mmmHAeIbHBIE

CCKIIMHU UMCIOT OTKprTbIﬁ THII.

CocraB mmuHaeHS:

® KOpIIyC
e Ban

® OCCBasd M paJraJIbHBIC OIIOPHI.

Bpamenue poropa IBUTaTEIbHOW CEKIIMU YEPE3 DJIEMEHThl TPAHCMUCCHUU
(kapmaHHBIM BajJ WKW TOPCHUOH) IEepenaeTcs Ha Ball IIMHHACIBHOW cekiuu. s

BOCIIPUATHUA OCCBBIX W pPaJUAIIBHBIX HArpy3ok HWMCIOTCA OIIOPbI, OCCBLIC U
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paarualibHbIC, KOTOPBIC MABJIKOTCA PACXOAHBIMHU JJIECMCHTAMH CCKIUMU BBUY

OBICTPOrO M3HOCA.

Peryasitop yraa. Oto cneunumansHbelid y3enm B3/,

KOTOpBIﬁ ABIIACTCA CJIOKHBIM MCXAHHU3MOM HMCKPUBJICHUA

MepesosHuK BEepPXHUIA
(I/IBMGHCHI/IH) B 3aJa0CM JHAIIa30HC YIJIOB, OCHU IICPCKOCA

B3l otHocutensHo  KHBK. CocraB  perynsaropa O

MpeICTaBIIsACT COOON JBa MepeBOAHUKA (HUKHUM U BEPXHUM ),
3ybuaras mydTa

CepICYHUK H  3yOuatas  MyQra, apMHUPOBAHHAS
TBEPAOCIUIABHBIMU ~ 3yOKamMH B IENAX  YBEJIHUYCHUS

M3HOCOYCTOMYUBOCTH.

MNepeBoaHMK HIKHWUA

Pucynok 4. Perynstop yrina

IlepenruBHOM KiaamaH. B cocraB kianmaHa BXOOWUT MOPLIEHbB,
npyxuHa, mydpra u T.1. MMeercs 1Ba MOJOXKEHUS: «3aKpbITO» U
«oTkpbITOY. [Ipu cnyckonoaseMubix onepanusx (CIIO) on crout B

MOJIOKEHUN «OTKPBHITO». CBsA3b 3aTpyOHOTO TIPOCTpPAHCTBA U

OypWIbHOW KOJOHHBI  TPOUCXOJHUT dYepe3 TMPOXOJHBIC KaHAIIbI,

o0OecreunBaoIe LUPKYISLIUI0O pacTBOpa W NPelOTBpalleHHe

BBIOpOCa OypoBoro pactBopa Ha poTop Bo Bpems CIIO.
Pucynok 5. [lepenuBHo# Kkiamnas

bypoBoii  pacTBOp, MNpPOXOASIIMK 4Yepe3 YCThE KJAlmaHa CO3JAaeT
nuddepeHranbHoe 1aBlieHue Ha KOHIIEBBIX OTBEPCTHSIX, KOTOPOE B CBOIO OYEPE.lb
CO3JaeT TOJKawUlee ycuiaue. B MOMEHT, Korjga JaBJICHWE IPEBBIIIACT YCUIUE

NPYXKUHBI,  CTaTUYECKOE TPEHUE TMOpIIHS KianmaHa cOpoca OMycKalTcs U
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NpOMYyCKHbIE KJIamaHbl 3aKphIBAIOTCS, a OypoBOM pacTBOp HampaBisieTcsl B

JIBUTATENb.

Wnet npeoOpa3oBaHne SHEPTUU JABICHUS B MEXaHUYECKYIO 3Hepruro. [Ipu
OCTaHOBKE OypoBOro Hacoca, a TakXe HEJOCTaTOYHOCTH  3HAa4YCHUS
IPOU3BOAUTENBHOCTH, HEAOCTaTOuHOEe Ju(ddepeHualbHOE  JaBJICHUE  HE

MMPCBBIMIACT YCHIIMC IIPYKUHBI Y ITIOPHICHD BO3BPAITACTCA B ITOJIOKCHUC «3aKPBITO»

KoMmnanoBka COCINHUTECJIBHOI'O MITOKA.

— > < —
mc | e
m _—

PI/ICYHOK 6. KomnanoBka COCIMHHUTCIBHOI'O IITOKA.

KommnonoBka COCIUMHHUTCIIBHOI'O INITOKa COCAUHACTCA C HW)KHEH dYacTbhIO
POTOpa U C BCpXHGﬁ YaCThbIO BCAYHICI'O BaJla U CIIYXKHUT JIA IICPCIaYd BpallCHUA OT

JIBUTATEJIS K BEIYIIEMY Bajly U JIOJIOTY.

KomnaHoBKa mOAIIMITHUKOB.

Pucynok 7. KomnanoBka nmoammOHUKOB
KommanoBka moIMMITHUKOB BBITIOTHSIET MHOYKECTBO (hDYHKITHIA:

e 1iepeava KPyTAIIEr0 MOMEHTA M CKOPOCTH BpAIllCHHS JBHTraTels Ha
JIOJIOTO;
® BOCIPHUATHE OCEBBIC W paaUaIbHBIE HArpy3KH, BO3HHUKAIONIUEC B

npoiiecce OypeHus..
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CtpykTypa KOMIIOHOBKH MOAIIMIHUKOB — 3TO HECKOJIBKO MOMAIIMITHUKOB.

Pa3nnuHyto CTpyKTypy HMEEeT KOMIOHOBKA Beaymero Baia ['3/1.

B CTaHAAPTHYIO KOMIIOHOBKY BXOJAT: HWKHUN U BerHI/Iﬁ IIOJIITUITHUKH M3
Kap61/ma BOJ'H)CI)paMa, rpyuia HAKMMHBIX HIAPUKOIIOAIIUITHUKOB MEKIY HUMHU, YTO
IMOMOTACT ITOBBICUTL IMPUCMHUCTOCTD K HAIrpy3KC U YBCIIMYUTDL MJINTCIBHOCTL CPOKa

sKcIuTyaTanuu. CXoqHasi CTpyKTypa IpueMiiemMa 1Jisi FEpMETHYHOTO BEAYIIETO BaJa.

Takas KOHCTPYKIHA oOecreynBaeT YBCIMYCHUC MCKPCMOHTHOI'O CpOKa
9KCILTyaTalun JABUTATCIIAA 34 CUCT IIPHUMCHCHUA CaJIbHHUKOBBIX YHHOTHHTGHCIZ,
6H3FOI[3p51 ucMmy pa60Ta KOMITAHOBKHU IMTOAIIHUITHHUKOB IIPOUCXOINUT B I'CPMCTUIHBIX

YCIOBUSX, U U30JMPYET 3TOT y3€JI OT NONAaAaHusl IPOMBIBOYHOM )KUAKOCTH. [ 8]
1.2.2 Ilpunyun padomul

BuntoBoii 3aboiinbiii asuratens (B3]]) sBisercss 0OBEMHBIM MOTOPOM.
[TpunHIun pa®oThI 3aKITIOYAETCS B CIEAYIOIIEM: TI0/I BBICOKUM JIaBJIEHUEM OypOBOI
pacTBOp, Mpoxojs Mo OypwibHBIM TpyOam, momagaer B B3/[ rae mpoucxoauTt
npeoOpa3zoBaHue THAPABINYECKON YHEPTrUU B MEXaHUYECKYt0. Jlanee B ABMKEHUE
MPUXOAUT POTOP, KOTOPBIM 3aCTaBJISIET BpallaThCsl TJABHBIA Bajl W JOJIOTO, U

MPOUCXOJUT OypeHHUE.

Potop BpamiaeTcst mo 4acoBOW CTpeNKe, a TeOMETpUYecKas OCh POTOpa,

OTHOCHUTEJIBHO OCH CTAaTOpa, - NPOTUB 4acoBoi. [10]

[Tapa «ctatop-potop» OyIeT BBINOJHATH CBOM (PYHKIMH, €CIH OyIer

BBITTOJIHATBCA HCO6XO,Z[I/IMLIC N JOCTATOYHLIC YCIIOBHA:

1. Pasnuna uucna 3y0beB ctaTtopa Z; | 4ucia 3yObeB poTOopa JAOJKHA 7

JIOJKHA OBITH €IUHHIIA:

Zr,=7,+1 (1)
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2. OrTHOIIEHWE JJIMHBI IIaroB pe3bObl HAa BHHTOBBIX TOBEPXHOCTSIX
Hapy>XHOTro 3yieMeHTa (ctatopa) T W BHYTpeHHEro 3JieMeHTa (poTopa) t JOJKHO
OBITH IPOTIOPIIMOHATIFHO OTHOIICHHUIO YHCIIa 3yOhEB:

=2 (2)

Z3

3. Jlnmuna pabouux opraHoB L noikHa ObITh HE MEHEe JJIMHBI [1ara pe3nobl

Ha BUHTOBOM MOBEPXHOCTH HAPY>KHOT'O 3JIEMEHTA (CTaTopa).

4. Bzanmoorn6aemMocTb U HaX0XKJIEHUE B HEMPEPHIBHOM KOHTAKTE MPOoQuiIei
3yObeB CTaTOpa U pOTOpa MpH JIF0OOM 3aIETUICHUU. ITOMY YCIOBHIO B ITOJTHON Mepe
OTBEYAIOT IUKJIOUAAIbHbIE KPHUBbIC (THUIO- W OSIUIMKIOU[BI), TMOJIOKEHHBIC B
OCHOBY 00pa3oBaHusi MpOQuUiIeH MOMEPEUYHOTO CEUEHUsT BUHTOBBIX JBUTATEJCH

pabouunx opranos [10].

1.2.3 Ocnoenvie ocooennocmu B3/, eéruarouwue na e2o mexnuueckue

napamempbsl

e (CKOpOCTbh NOTOKA )KUAKOCTHU JOJI)KHA COOTBETCTBOBAThH TUITY UCIOJIB3yEMOTO
JIBUTATENISI U €r0 TeXHUUYECKUX MapaMeTpoB paboueit mapbl. Uem Ooblie
JonacTel Ha poTOpe U BUTKOB Ha CTATOPE, TEM OOJIbIIIE TOTOK KUIKOCTH, HO
IIPU 3TOM MOBBIIIAETCS U U3HOC 32 CUET yBEIUYEHHS cuil TpeHud. [loaTomy
JIJIS KOHKPETHBIX YCIIOBHUM OypeHUs HYKHO BapbUPOBATH ATH NTapaMeTPhl JJIs
JIOCTUKEHUS HYKHOTO pe3yJIbTara.

e Bo Bpemsi OTCyTCTBUSI HAarpy3kd Ha 3a00WHYIO 4acTh B HEW MPOUCXOIUT
MajieHue JaBJICHUS: KOTJa POTOP HAXOAWTCS B IOJBEIICHHOM COCTOSHUM
HY>KHO 3aTpaTUTh OTPOMHYIO SHEPTHUIO HA MPUBEACHUE €r0 B ABMKEeHUE. [Ipn
ATOM TIOTEPs aBJeHUs OyAeT MPONOPIMOHATBHA CKOPOCTH MOTOKA paboueit

*KUaKocTH. OOBIYHO OHA COCTABJISET MPUMEPHO 7 aTM.
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e [lpu Harpy3ke Ha BUHTOBOI 3a0O0WHBIN JBUTaTeNb B MOMEHT Hauaja 3a00s
IIPOMCXOANUT TAJEHUWE JaBICHHUS B CHCTEME, HO CO BpPEMEHEM
BOCCTAHABJIMBAETCS IO MEPE PACKPYUHUBAHUS POTOPA.

e Jlns mBUrarens CymecTByeT MPEAEIbHOE AaBICHHUE, KOTOPOE BO3HUKAET MPU
Oypenuu B pabouem y3ne. [Ipum HEOOXOAMMOCTH YBEIWYEHWUW YCUIUS Ha
JOJIOTO TpeOyeTcsi YBEIWYUTh JABJICHHE B CHUCTEME, 4YTO MPUBOJUT K
nedopmali 3yactoMepa M MoTepe KpyTAllero MoMmeHta. B pesynbrare
M0JIE3HOU pabOThI HE MPOU3BOJAUTCS, a paboyasi )KUIKOCTb IPOCTO MPOTEKAET
4yepes3 JBUraTellb.

e Yewm Oouiblile MIIONIAAb MONEPEUYHOTO CEYECHHSI JOJIOTA, TEM MEHbIIE MOTEPU
pabouero npasieHus. [Ipy yMeHbIIEHHWH pa3MEpPOB JOJOTAa MPOUCXOAMT
OBICTPBII M3HOC MOALIMIHUKOB, TaK KaK IOTOKa >KUIKOCTH HE XBaTaer,
4TOOBI UX OXJIAIUTh.

e lcnosnb30BaHWE HACAJAOK HAa COIUIO POTOPA IMO3BOJSIET M3MEHATH IOTOK
xuakoctu yepe3 B3b u, Takum 00pa3oM, yuuThIBaTh 0COOEHHOCTH OypeHMUsI
KOHKPETHOTO BHJA TOPHBIX IMOPOJ NPU MUHHMAJIBbHOM H3HOCE IETaJIEh U

y3JI0B.
1.2.3 Cosepuencmeosanus pabouux opzanos.

Ha xaxxmom 3Tame cTpoWTeNbCcTBa IBUTATEICH aKIIEHTUPOBAIOCh BHUMAaHHE
Ha coBepiieHcTBoBaHMM padbounx opradHoB (PO). OO0 «BHUUBT — Bbyposoii
WHCTPYMEHT», a TaKkXKe psJ JPYyruX MPEeANnpUsTANd TMPOU3BEIN TEXHUYECKOE
MIEPEBOOPYKEHUE, YTO MO3BOJIMIIO CIIENaTh MPOPHIB CO3AaHUN BAXKHEHIIIETO y3Ia.
CoBpeMeHHbIE MHHOBAIMOHHBIC TMPOEKTHI IO  COBepIIeHCTBOBaHUIO PO

HaIpaBJICHBI Ha:

1. Veenuuenue onumvi pabouux opeanog TMPUBOIUT K CHIDKCHUIO YPOBHS
KOHTAKTHBIX HAarpy30K B 3allCTUICHUU U UHTEHCUBHOCTH MX M3HOCA, YTO MPUBOJIUT
K TPEAOTBPAIICHUIO DPa3pyILIEHUs PE3WHOBBIX 3YObEB, BCJCACTBHE BBICOKHX

nedopmariiii 1 pa3orpeBa pe3uHbI.
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2. Vmenvwenue maccet pomopa. Yamie Bcero poTopbl 00J1aqat0T OOIBIION
MacCOM, YTO B COYETAHUHU C BHICOKOW YaCTOTOM MEPEHOCHOTO BpAllleHUs IPUBOIUT
K BO3HUKHOBEHHIO YBEIMYCHHOM IIEHTPOOCIKHOU CHIIBI U TMOSBJICHUIO MHTEHCUBHBIX
NOMNEPEYHbIX BUOpALMI, KOTOpPbIE HEOIArompUsTHO BIUSAIOT HAa MOTOPECYPC

CTaTopa U APYTUX Y3JIOB ABUI'ATCIIA.

3. Cmamopvl ¢ paBHOMEPHOU MOIWUHOU IAACMUYHOU OOKIAOKU.
CoBpeMeHHbIE JBUTATEIM OCHAIAIOT CTAaTOpaMU C PAaBHOMEPHOM TOJILMHON
AMACTUYHON OOKIamKku (MPOGUIMPOBAHHBIMU WM apMHPOBAHHBIMU CTAaTOPaAMH),
Omarogapsi yemy, B3J[ cTaHOBUTCA KJIacCHYeCKOM OOBEMHOM MalIuHOMN
TUJAPABIMYECKOW MALIUHOW, pa3BUBAEMbIA KPYTALIMMA MOMEHT KOTOPOW NOYTH HE

3aBHUCHUT OT pacxoaa KUAKOCTHU , @ HACTOTa BpallICHUA — OT Pa3BUBACMOI'0 MOMCHTA.

4. Bwibop amactomepa 11 OOKJIAIKU CTATOPOB. B TedeHMM MHOTHX JIET
cratopsl B3/ m3rorasmuBanu n3 pe3unsl UPII — 1226. IIpu ocBoeHUM 3anmBKU
JUIMHHOMEpPHBIX cTaTopoB U3 pe3unbl UPII — 1226, koTopas mpou3Boauiach Ha
YallKOBCKOM 3aBOJIE PE3MHOTEXHUUECKUX AeTalieid 1 COTMKaMCKOM 3aBOJAE « Y painy,
BBISICHWIOCh, UYTO OHAa HE MOXET ObITh KCIOJIb30BaHa Ha MaimnHe «Desmay
BCJICJICTBUE BBICOKON BS3KOCTH M Majoro BpeMEHM ByJikaHu3zanuu. Ceidyac ke
3aBOJIbI HCTIOJB3YIOT HEMEIKYI0 pe3uHy «Kpaitbypr», ogHako He mpekpaniaercs
MOWCK OTEUECTBEHHBIX PE3UH CIIOCOOHBIX 3aMEHUTh HUMIIOPTUPYEMBIN TOBap.
HaubGonee 6nuskas k ummnopTtHoit pe3une 3to UPIT1226 AK, pazpaborannas OO0

«¥Orcneunonumeps» (r. Bonrorpan)[7]
1.3. OcHOBHBIE HEHCITPABHOCTH BUHTOBOTI'0 3200HHOI0 IBUTaATEJIA
1.3.1Ipoonemsl 6unmoeswvix 3a60iinbIX O6uzameneil.

Cerojus emie CyIecTBYeT LEeNbIN psii HepEelIeHHbBIX MPo0JieM, CBSI3aHHBIX C
HEJIOCTATOUYHBIMU SHEPTeTUYCCKUMH XapaKTEPUCTUKAMH W MPEKICBPEMEHHBIMU

oTkazamu B3/I.
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CpaBHUTENbHBIA CTATUCTUYECKUN aHalM3 MPUYUH BBIXOAAa U3 CTPOS
BUHTOBBIX 3a0OWHBIX JBHUTATelield, TMpoBeAeHHBIH Ha mnpeanpustan OO0
«Ky06anbOypras» B nepuoa ¢ 1998 no 2003 rox, nokazai, uto 49 % ciiydaeB norepu

paboTOCTIOCOOHOCTH CBSI3aHO C M3HOCOM pabOUYnX OpraHoB (puc. 8).

4904

O ArapHiinEIf EENOT H: CTpOd
B Hzm0c padodix oprasoe

O Hssmoc mapHEEpHEOTO CO8IHEEHER
10%4
O Hzpoc mmEgens

B Brmog B3 cTpod 0o
TEeXHOIOTHIECKEM PHIHHAM

Pucynox 8. M3Hoc pabounx opraHos

[IpyuriHaMK HEOOCTATOYHO BBICOKOTO MoTopecypca B3]l sBistorcs:
aOpa3uBHBIN M3HOC PabOYMX OPraHOB, OIPAaHUYEHHBIN TEeMIEpaTypHBIA IHUANa30H

paboThI B51acToMeEpa cTaropa; AeopmMariys ero SIaCTUYHON OOKITaIKH.
1.4. (O0630p U aHAJIN3 OCHOBHBIX NPUYMH U3HOCA IJIACTOMEPOB

B nporecce skcrutyaranuu padounie opransl B3/[ moasepraroTcs pa3indHbIM
BUJIaM HW3HAIIMBAHUS: YCTAJIOCTHOMY, (DPUKIIMOHHOMY, THUIPOAOpPa3UBHOMY TIO
3aKpPEIUICHHOMY M HE3aKpEIUICHHOMY alpa3uBy, a TakKe OJPO3HOHHOMY U
KOPPO3MOHHO-MEXAHUYECKOMY TMPU BO3JACHCTBUM TOBBIIICHHBIX JABJICHUN W

TeMIepaTyp
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Pucynok 9. M3HoC 3nmactomepa npu BO3AEHCTBUU MOBBIIICHHBIX TABJICHUN U

TeMIiepaTyp

AHanu3 U3HOIICHHON MOBEPXHOCTEH 2JIACTUYHBIX 3JIEMEHTOB cTaTopoB B3/,
Beieamux u3 crpost B OO0 «KybanpOyprasy», moKa3sIBaeT, YTO U3HOC PO
BBICTYIIOB PE3MHOBOrO 3JIEMEHTA CTATOpPa Pa3IMYEH B 3aBUCHUMOCTH OT YCJIOBHUM
KOHTAKTHOTO B3aUMOJICMCTBUSL B KaXKIbld MOMEHT LMKJIAa HAarpy>XeHUs |
ONPEAETACTCS BEIMYMHOM KacaTeJIbHbIX HANpPsOHKCHUH. B 30HE€ MakCUMalIbHBIX
KacaTeJIbHBIX HANpsDKEHUM HaOMI0JaeTcss HauOOJBIIMKA HW3HOC, W3MEHSIOUIUN

npoduiib 3yObeB U CHIKAIOIIUIM HATAT B pabounx opranax B3/l (puc. 10).

\ ITpouis U3HOMEHHOTO
\_BBICTYIIA CTaTOpa

Pucynox 10. [Ipoduib u3HoOmEHHOTO 3y0a.

Bo Bpems nukiia B3auMoENCTBUS B ITape TPEeHUs «poTop — cratop» B3I, npu
pEeXHMME KOHTAKTa MOBEPXHOCTEH, OOYCIIOBJIEHHOIO CKOJBXKEHHEM, pealn3yercs
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HauOosiee OMAaCHBI BHUJA HW3HAIIMBAHUS — aOpa3sUBHBINA, XapaKTEePHU3YIOIIUNCA

MaKCHUMaJIbHOM HHTCHCUBHOCTBIO.

Ha puc.11 (a ,0) rpaduuecku n3o0pakeHbl pacrpeaeacHus] HanpsHKeHUH B
MeCTax KOHTAaKTa MO BHYTPEHHEH MOBEPXHOCTH cTaropa. Kak BHIHO W3 3TOTO
pPHCYHKa, MaKCUMaJbHOE KOHTAaKTHOE JABJICHUE MPUXOAUTCS Ha MECTO KOHTAKTa

BIIQ/INHBI cTaTOpa ¢ 3y0OOM poTopa.

Pucynok 11. Pacnipenenenue HanpsskeHUN B MECTax KOHTAaKTa poTopa(a) u

craTopa(0)
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Tabnuua 1. 3HaueHs] OTHOCUTENIBHON CKOPOCTH U3HAILIMBAHMS APl TPEHUS

«pe3rHa —MCTAJID» B PA3JIMYHBIX Cpeaax

Ne ITpomMbIBOUYHAs 3HaueHNs] OTHOCUTEIIBHON CKOPOCTH W3HANTMBAHWS IIPH YACTHHON
KUIKOCTh Harpyske Py, H/cm?
30 40 50 55

Nel Ne2 Nel Ne2 Nel Ne2 Nel Ne2

1 Bona 0,0176 | 0,022 | 0,021 | 0,026 | 0,024 | 0,031 | 0,027 | 0,033

2 BPPNel 0,007 |0,013 |0,008 |0,015 |0,009 |0,017 |O0,010 | 0,020

3 BPPNel+1%CM1 0,003 | 0,003 |0,004 |0,006 |0009 |0012 |0,012 |0,018

4 BPPNel+1%BKP7 0,0037 | 0,0037 | 0,0074 | 0,0083 | 0,0124 | 0,0166 | 0,0244 | 0,025

5 | BPPNel+1%®K2000 | 0,0055 | 0,0064 | 0,0112 | 0,0129 | 0,0223 | 0,025 | 0,0324 | 0,0351

6 | BPPNel+1%p3kckmo6 | 0,0074 | 0,0046 | 0,0148 | 0,0101 | 0,0277 | 0,0203 | 0,0370 | 0,0296

7 | BPPNel+1%myGpomun | 0,0120 | 0,0102 | 0,0194 | 0,0176 | 0,0333 | 0,0296 | 0,0416 | 0,0379

AHanu3  TOKazaJ, d4YTO TOYHOCTh (opmMooOpa3zoBaHus  3yO4UaTHIX
MOBEPXHOCTEH, KaK MPH M3TOTOBJIICHWH, TaK M TPU BOCCTAHOBICHHUH, CTaTOpa U
poTOpa OKa3bIBaeT OOJIBIIOE BIMSHUE HA JI0JITOBEYHOCTh T€POTOPHBIX MEXaHU3MOB
Y TI0Ka3aTeNn dHepreTnyeckux xapakrepuctuk B3/1. IIpu m3roroBinennn cratopa
BO3HUKAIOT OTKJIOHEHHS MNpOPMiIs U BBICOTHl 3yObEeB, OTKJIOHEHHSI OT
MUJIMHAPUYHOCTH KaHaja 3y04aTod pe3MHOBOW OOKJIAJKU cTaTopa (KOHYCHOCTD,
KOPCETHOCh, OOYKOOOPA3HOCTh), OTKJIOHEHUSI OCEBOro Iara 3yObeB W T.J. JTH
OTKJIOHEHMSI 3aBHUCST OT MAapKH HCIIOJIb3YEeMOMl pEe3UHbI, BEIUYMHBI €€ YCaJaKH,

TOYHOCTHU U3TOTOBJIEHUS CEpACUHUKA Mpecc-POpMbI cTaTopa U KopIlyca cTaTopa.

Kak YKa3bIBaJIOCh, BBINIC, OT BC/IIMYHWHBI HATATA B 3alCIINICHUHW 3aBUCUT
JOJITOBEYHOCTL M IMOKA3aTCJIM SHCPIrCTUYCCKUX XapPaKTCPUCTHK. I{J’IS{ IMOJIYy4YCHUSA

BBICOKHX DSHEPreTHMUECKHX XapaKTEPUCTUK BUHTOBBIX 3a00WHBIX JBUTATENECH U
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BUHTOBBLIX HAcOCOB M HauOOJbIIEH AOJITOBCYHOCTH TCPOTOPHBIX MCXAHU3MOB
HGO6XOI{I/IMO HE TOJbKO HA3HAUYUThL OINTHMAJILHBIM HaATAT B 3a0CIINICHNHU, HO H

00ecneunTh MUHUMAIBHOE OTKJIOHCHHE OT BEJTMYMHBI 3TOTO HATsITa.
1.4.1 Bausanue memnepamypuot

[Ipy  MOBBIIIEHHBIX  TEMIIEpAaTypax  pe3HHa,  MCHOJb3yeMas Ui
dbopmupoBaHus OOKJIAIKM CTaTOPOB BHUHTO-BBIX 3a00MHBIX JIBHUTarened (masee
B3]1), u3mensier cBou (PU3MKO-MEXaHUUYECKUE U YIPYrodJIaCTUYHbIE CBOWMCTBA, a
npu Harpese 10 Temnepatypsl 180 °C tepmuuecku pazpymaercs. C MOBBIIIEHUEM
TEMIEPATYPHl U YPOBHS LIUK-IMYECKU AEHUCTBYIOIINX HANPSHKECHUN AUHAMUAYECKas
JIOJTOBEYHOCTh PE3MHOTEXHUYECKUX HU3AeIui MoHmkaeTcsa [1]. Tak kKak Kakablid
3y0 cTaTopa ¢ ONpeesIEHHON MEPUOANYHOCTbBIO, 3aBUCSIIIEH OT YaCTOThI Bpalll€HUs
poTopa M KHMHEMAaTHYECKOTO COOTHOIIEHUS pPadOuyuX OpraHoB, HCHbBITHIBACT
OJIMHAKOBbIE JeopMaIluy pe3NHOBOM OOKIIaJIKU, B pacyeTe pacCMOTPEH OJIUH 3y0

cTaTopa.

[Ipn omnpeneneHMM METOAOM KOHEYHBIX JJIEMEHTOB PacCHpeAcIICHUS
TEMIEPATYPHBIX MOJIEH B PE3MHOBOM OOKJIAAKe AJIi MOJAEIU CTaTopa MPUMEHEHbBI
IpPaHUYHBIE YCIIOBUSA, NpPHU KOTOPBIX NPOUCXOIUT Haubonee >pdexTuBHOE
OXJIAKJICHUE PE3WHBl — TEMIIeparypa >XKUIAKOCTU BHYTPU U CHAPYXU CTaTopa

npuHumaetcs pasaou 20 °C.
PaccmoTpena cranpionapHas 3ajjaya KOHBEKTUBHOTO TEIIO0OMEHa.

Pe3nna sBnseTcs BA3KOIUIACTUYHBIM MATEPHUATIOM, YacTh MEXaHWYECKOU
sHeprun Jaedopmani  mpeodpasy-eTcs B TEIUIOBYIO. ['eHepainus Terja B

3JaCTOMEPE MO/ ICMCTBUEM BHEIIHUX HArpy30K OINpeneseHa B [S].

[Ipu pacyeTe BBIACISIEMOrO TEIJIa HMCIOIB3YIOTCS 3HAUYCHUS AehOopMaIiiu
aracTomepa, orpeieieHHbIE B MPOY-HOCTHBIX pacyeTax, Kak OT IEUCTBUS Iepernajia
JABJICHUSI KUJKOCTH B paboumx Kamepax [2], Tak U OT JACUCTBUS KPYTSIIETO

MomeHTa poTopa. [Ipeanonaraercsi, 4To MPU MOTHOM 0OOPOTE POTOPA OTAEIbHBIN

21



3y0 cTatopa 1noj AecTBUEM Mepenaia JaBIeHHs )KUIKOCTH B pab04YnX Kamepax npu
KOHTaKTe BepIIMHa 3y0a poTopa — BeplIM-Ha 3y0a cTaropa HCIBITHIBAET
nedopManuu OoT OTruba JMIIb OJMH pa3, B OCTAJbHBIX clyyasx 3y0 craTopa
UC-TIBITHIBACT Je(OpMaIliU OT TUAMETPaIbHOTO HATATA, a Ae(hopMalii PE3UHBI OT
BO3/ICIICTBUSI MOMEHTA pOTOpa 3y0 CTaTOpa UCIIBITHIBAET NPU KOHTAKTE C KaXKABIM

3y0OM poTopa mpu paboTe repoTOPHOI0 MEXaHU3MA.

IIo pe3yiibTaTaM  TCIUIOBBIX  PACUYCTOB  OIIPCACIICHO  pPaCIIpCACIICHUC

TEMIIEPATYPHBIX MOJIEN B CTATOPax CTAHAAPTHOW M HOBOM KOHCTPYKIIMH, KOTOPOE

MOKa3aHo Ha puc. 14.

B cratopax craHgapTHON KOHCTPYKIIUU
00JIaCTh  BBICOKMX  TEeMIEpaTyp 3aHUMaeT
MPaKTUYECKU BCIO CEpALEBUHY
LETILHOPE3UHOBOTO 3y0a, KaK MOKa3aHO Ha PHUC.
1, a u B. [loaTOMy yMeHbIlIeHHE 00bEMa PE3UHBI,
UCIIOJIb3YEMOW B HOBOM KOHCTPYKLMHU CTaTOpa,
obecrieynBaeT JOCTaTOYHBIM OTBOJ TeIJia OT
paszorpeBaroreiics B mporecce padotel B3]

00KJIagKH.

D¢ hHEeKTUBHOCTH JTAHHOTO MEeTOo/1a
MOATBEP)KIACTCS CHU-)KCHHOM B 2 pasa
TEMIIepaTypoil pa3orpeBa OOKJIAJKW CTaTopa
npu pabore B3J[ Ha pexume MaKCUMaIbHOTO

KT/

Pucynok 14. Pacnpenenenue TemmnepaTypsl ojiei

B CTATOPC B pAa3JIMYHLBIX CTATOPax
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Pacyeramu HanpskeHHO-1€(OPMUPOBAHHOTO COCTOSIHUS OOKIIAJKH CTaTopa
CTaHJIAPTHON KOHCTPYKIIMH MOIYYSHO, YTO MaKCUMAJIbHbIE 3HAUCHHS 1ehopManiuu
pPE3UHBI BO3HUKAIOT OT BO3JEHUCTBHS KPYTALIETO MOMEHTA POTOpPA U IPEBBIILIAIOT
3HaYCHUA AeOopMaIiuy pe3UHBI OT ACUCTBUS repenaza qasiaeHus Ha 30...70 % (puc.
15). dedop-manuu pe3uHbl OT AEHCTBUS KPYTAILIETO MOMEHTA POTOpa BBIPAXKEHbI
JOKAJIbHO B 00JIaCTH KOHTAKTa C pOTOPOM M PacIoJIOKEHbl Ha OOKOBHHE 3y0a Ha
BHYTpPEHHEH MOBEPXHOCTH OOKIAIKU cTaTopa. Jledopmaiuu pe3uHsl OT JeHCTBUS
nepernaja JaBleHNs BOZHUKAIOT Ha OOLIMPHOM 30HE B CEPALIEBUHE PE3UHOBOIO 3y0a

CTaHAapTHOIO CTaTopa.

Pucynok15.Pacnipenenue noseit negopmaliuu pe3uHOBOM OOKIaJKU CTaTopa

nuametrpoM 95 npu pabote B3]l Ha pexxume makcumanbHoro KIT/I:
a-0T BO3JICUCTBUS Tiepenaja JaBJIeHUs MPOMBIBOYHOMN KUIKOCTH
0-0T BO3JIEHCTBUS KPYTSIIETO MOMEHTA POTOPA.

Tepmuueckoe paspylieHHe pPE3UHOBOM OOKJIAJAKK CTaTopa CTAaHIApTHOM
KOHCTPYKIIUU TPOUCXOJIUT U3-3a TJIO-XOTO OTBOJA TEIUIa OT IEHTPa PE3UHOBOTO
3y0a, TaKk KakK 3apOoXIACHUE TPEIIMHBI NMPOWCXOJUT MMEHHO TaM, a HE B 30HE
JEHCTBUSI MAKCUMAJIBHBIX JAehOpMaIliK OT KOHTaKTa ¢ pOTOpOM (cM. puc. 2, 0), Taie
oOKazKa OXJIAXJAETCd IOTOKOM TMPOMBIBOUYHOM I KUAKOCTU. JlanpHelee
pa3BU-THE TPENIMHBI B OOKJIAJKE IPOMCXOAWT OT 30HBI JICHCTBHS BBICOKHX

TCMIICPATYpP I10 HAIIPABJICHHIO K 30HC ,HGIZCTBH)I MaKCHUMaJIbHBIX I[GCI)OpMaLII/II/I oT
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BO3JICHCTBHUSL pOTOpa, T. €. pa3pylleHHWEe UAET 10 MNYTH HAUMEHBIIETO

COIIPOTHUB-JICHUA MaTCpHaa.

Comnocraisisi pe3ysibTaThl PaCUETOB C MNPAKTUUYECKUMU HAOIIOJICHUSIMU,
MOXHO TIPEIIOJIOXKUTh, UYTO YCTAJIOCTHBIC TPEIIMHBI B PE3UHOBOM OOKIAIKE
cTaTopa, OTMEUYEH-Hble Ha pHC. 16, ABIAIOTCA PE3yJIbTaTOM TEPMHUUYECKOTO
pa3pylieHus 3JacToOMepa, M3HAYaJIbHO BO3HHUKIIETO B cepAaleBuHE 3y0Oa. Takum
o0pa3oM, Mpu MNPOEKTUPOBAHUU HOBBIX KOHCTPYKIUMH ctatropoB B3]l Henw3s

OCTaBJIATh B CTOPOHE BOIPOC 00  OXJIAXKJIEHUH PE3NHOBOM OOKIIAAKH.

YeTanocTHas TpeummHa

Pucynoxk 16. [Ipogonbnslii pazpes craropa CTAaHJAPTHON KOHCTPYKLUN

OnHrM W3 NMPEeMMYyILIECTB CTAaTOpa C PAaBHOMEPHOW TOJIMHON PE3UHOBOU
OOKJIaJIKU SIBJSIETCS BO3MOKHOCTH UcHoyib3oBaHusi B3/ mpu OypeHuu CKBakHH C
MOBBINICH-HBIMU TeMrepatypamu Ha 3a6oe. [IpousBogurenu B3/ He pekoMeHTyI0T
UCIIOJIb30BaTh CTaTOPbl CTAHAAPTHOM KOHCTPYKLHMHM TNpU OYpEHHUU CKBAaXUH C
TeMriepaTypamu Ha 3a0oe Boitie 110 °C. 3a cueT Jyqmiero oxjaaxaeHus pe3nHOBON

OOKJIaJIKK CTATOP HOBOM KOHCTPYKITUU MO3BOJISIET PACIIMPUTh 00J1aCTh MPUMEHEHUS

B3/

[IpousBeneH pacyeT Ha ONPEACIIEHUE TEMIIEPATYPhl pa3orpeBa pPEe3NHOBOU
OOKJIaJIKK CTaTOPOB CTaHIAPTHOM U HOBOM KOHCTPYKLUM C YCIOBUSIMU OXJIAXKICHUS
OOKJIaJIKK TIPOMBIBOYHOM KHUIAKOCTHIO BHYTpU cTaTopa ¢ Temmeparypoit 95 °C u
cHapyxu ¢ Temneparypoit 110 °C. Jlyist pacuera BbIOpaH CTaTOp AUAMETPOM 95 MM,
TaK Kak M3 pa3pabOTaHHBIX KOHCTPYKIMHA OH HMMEET MUHUMAJIBHYIO TOJIIUHY

pe3uHOoBOM 00KJaaku. Takoil BEIOOP CBSI3aH C TEM, UTO PA30IPEB METANINYECKOIO
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O0CTOBa OT 3a00HHOM TeMIiepaTypbl HanOOJIEe CUIBLHO BIMAET HA HATPEB TOHKOU

oOkitanku. Pe3ynbrarel pacuera mpuBeACHBI B TAOIHUIIE 2.

Tabmuua 2. 3HaueHus pa3orpeBa pe3uHbl OOKIAAKA TMpPU  Pa3HbIX

KOHCTPYKIUAX
Temmnepatypa,°C Crarop craHmapTHOU CraTtop HOBOI1 KOHCTPYKLINU
KOHCTPYKITUH
XKunkocts BHYTpHU cTaTopa 95
JKuaxocts cHapyxu cTaTopa 110
Pazorpes pe3unbr 00KIaAKH 178 143

IIpaBoMEpHO cenarth BBIBOJ O TOM, YTO HOBAas KOHCTPYKLUS CTaTopa C
PaBHOMEpPHOM TOJIIIMHOW PE3UHOBOM 0OecreYnBaeT JydllMil OTBOJA TeIula OT
pPE3U-HOBOI OOKJIaJIKH MO CPABHEHUIO CO CTaHJAPTHOW KOHCT-PYKIUEH CTAaTOPOB.

Hogas xoHcTpykuus crtatopa naet B3/l npenmyniecrsa:

1. 3a cuer MeHbIIEr0 O0ObEMA PE3WHBI U MEHBIIEr0 HarpeBa OOKJIAIKH B
30HaX MOBBIIIECHHON AeQOopMalK U, CIEI0BATEIbHO, MEHBLIETO TEMIIEPATYPHOIO

paclIMpeHus pe3UHbl HE UCKAKAETC FEOMETPUsl OOKIAIKU cTaTopa

2. 3a cueT 3HAaYUTEIHHO MEHBIIIETO HarpeBa 0OKIIaIKK B 30HAX MOBBIIIEHHOM

nedopManuu pe3uHsbI:

— YBEJMYMBAETCS TOATOBEYHOCTh cratopa B3/[ u cHmxkaercsa BEpOATHOCTD

TEPMUYECKOTO pa3py-LUICHUS JIaCTOMEPA;

— COXpaHAIOTCS (PU3UKO-MEXAHWYECKUE W YIPYrodJacTUUYHbIE CBOMCTBA
pE3uHBI, BIMSIOIIME HAa DSHEpreThdeckue xapakrepuctuku B3/ Bo Bpems

JUTUTEIIbHON pabOThI Ha HArPYKEHHBIX PEKUMAX;

— pacmmpsiroTcss 00JacTH BO3MOXKHOTO npuMeHenus B3/1: mpousBoaurenem

B3/] orpann4yeHo NpUMEHEHHUE CTaTOpa CTAHAAPTHOW KOHCTPYKIMU TeMIEpaTypon
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Ha 3a00e 710 110 °C, a mpuMeHeHne HOBOro CTaTopa BO3MOKHO /10 TEMIEPATYPHI Ha

3aboe 145 °C.[9]

TemnepaTypa pa3zorpeBa pe3uHbI SBISETCS OJHUM U3 KPUTEPUEB BBHIOOpa

ONITUMAJIBHON TOJIITMHBI OOKJIAJKU CTATOpa HOBOW KOHCTPYKITHH.

VY CTaHOBIEHO, YTO C YMEHBIICHHEM TOJIIUHBI PE3UHOBOM OOKIAAKH B
obnactu BeIcTyna 3y0a YBEIMYMBAETCA €ro JKECTKOCTh C OJHOBPEMEHHBIM

nepepacrnpeieieHueM MoJieil HanpsbKeHU! U eopMaliii pe3uHbl B 00KIIaIKe.

Bo-niepBbIX, BHUHTOBbIE 3yObsl CTaTOpa HOBOW KOHCTPYKIUH HMEIOT
NOBBIIICHHYIO XKeCTKOCThb. Ilo pesynapTatam wmoxaenupoBanus pabdotsl B3]
0Ka3aJ10Ch, YTO BEJINYMHA IIEPEMELICHUN TOUYEK TPO(HIIA 0OKIIaIKH HOBOTO CTaTOpa
1oJ1 ICWCTBUEM Iepernaja JaBieHHs B pabounux KaMepax CHHYKAETCs MOYTU BTPOE

110 CPAaBHEHMIO CO CTaTOPOM CTaHAAPTHON KOHCTPYKIUU.

Bo-BTOpBIX, MOCKOJBKY CTENEHb OTTMOaHusi 3y0a cTaropa OIpeAeiiseT
BEJTMYMHY KOHTAKTHOTO JaBJICHWS B TOYKAX YIUIOTHEHUS KaMep BBICOKOTO
JABJICHUS, TIPU OOJIbIIIEM TMEpPEMEIIEHUU TOo4YeK MPOGuUIs PEe3UHOBOM OOKIAIAKU
YMEHBIIIAETCsl KOHTAKTHOE naaBiieHue. [Ipyu 3TOM BechbMa Ba)KHO, YTO PE3WHOBAS
oOKJIagka cTaTopa HOBOM KOHCTPYKIIMHM WMEET BTPOE YBEIMYCHHOE KOHTAKTHOE
nasnenue npu padote B3/] Ha pesxxume makcumansroro KII1, uem oGecrieunBaercs

Jydiliee YIJIOTHEHUE pabouynux Kamep BHICOKOTO JIaBJICHMUS.

Kpome Toro, Heo6X0auMo ydecTb, 4TO JaeopMaliiud pe3MHOBOM OOKIIAIKH
BBICOKMX 3Ha4YeHuM (puc.l7) HMKINYECKH NEUCTBYIOT Ha OOJIBIION IUIOIIAIUd B
MOTIEPEYHOM CEYCHUU CTAaHAPTHOTO CTaTOPa U BEIYT K pa30orpeBy pe3NHOBOTO 3y0a
3a CYeT BBICOKOTO BHYTPEHHETO TPCHHS W HU3KOH TEIJIONMPOBOJIHOCTH PE3HHBI, a

TaK)KC HCOAOCTATOYHOI'O OXJIAXICHUA O6KJ'I3}1KI/I, YTO BbBI3BIBACT TCPMHYCCKOC
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paspyleHue 3IacTomepa.

13,70% 12,18%
< 12,07% /

/
/

Pucynox 17. ITons aedopmanmu oOKIaaku CTaHIApTHOTO (a) U HOBOTO (0)

cTatopa IuameTpoM 95 MM OT BO3JCUCTBHUS Nepenaaa JaBJICHUS

BecpMa CyIecTBEHHO U TO, UTO B CTATOPE HOBOM KOHCTPYKIMU 34 CYET MAJIOU
TOJILIMHBI PE3UHOBON OOKJIAJAKUM B MATh Pa3 CHUYKEHBI MCKAKEHHS T'€OMETPUU
IPOEKTHOTO LMKJIOUAAIBHOTO Mpoduiisi OOKIAAKH, BO3HHMKAIOIIME OT JEHCTBUS
BHYTPEHHETO JABJICHUs KUIKOCTU U TEMIIEPATYpPHOI'O pacIIMpeHus pe3uHsl. [Ipn
TOM O0ECHeYMBAETCS IMOCTOSIHCTBO DJHEPreTHYECKUX XapakTepucTtuk B3J[

HE3aBUCUMO OT TJIyOMHBI OypeHUs U TeMIIepaTyphl Ha 3a00e.

CpaBHUTENbHBIE TEMUIOGU3NIECKUE UCCICAOBAHMS CTATOPOB MOKA3ald, YTO
IpU YCIOBHM OXJaXICHUS MPOMBIBOYHOW KUIAKOCTBHIO Temmeparypoil 20°C c¢
BHYTPEHHEM M HapyXKHOW TIOBEPXHOCTH BO BpeMs pabOThl Ha peXKUME
MakcumainbHoro KIIJ[ cratop HOBOM KOHCTPYKIIMM CHWIKAET TEMIIEPATYPY
pazorpeBa pe3uHOBOI oOkmanku B 1,5-2 paza - ot 97°C mo 63°C nmns craropa

nrameTpoM 95 mMm, u ot 122°C 1o 65°C mist ctatopa guamerpom 195 mm.

YcranoBieHo ganee, uro npu padore B3/l B ckBaxkuHe ¢ TeMiiepaTypoi Ha
3a0oe 110°C (MakcMManbHO JOMYCTUMOW TMPOU3BOJUTENIEM), TeMIIepaTypa
pazorpeBa 00KJIaJIKM HOBOTO cTaTopa 1uameTpoM 95 mm coctasisiet Bcero 143°C B
TO BpeMsl, Kak TEMIIEpaTypa pa3orpeBa 00KIaJKu CTAaHIAPTHOTO CTaTOpa IOCTUTAET

178°C.
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2. METOJIbI HCCJIEJIOBAHUI

2.1 DkcnepuMeHTAJILHAS YACTh

OnHuM U3 YCIIOBHM MCIIOJB30BaHUSI COBPEMEHHOIO MOPOAOPA3PYIIAOIIETO
WHCTPYMEHTA SIBIISICTCS] IPUMEHEHHE MOIIIHBIX M HAJCKHBIX 3a00MHBIX IBUTaTeIEH,
KOTOpBIE MOTYT 00€CTIEUUTh YacCTOTY BpaleHus Basa B Auanazone 100-400 06/mMuH.
DTOMYy yCIIOBHUIO OTBEYAET MHOT03aX0IHbIN BUHTOBOM 3a00iHbIN ABurareins (B3/1),
KOTOPbI B HACTOAILLEE BpeMsl 3aHAI OAHY W3 JUAUPYIOIIMX MO3WLUNA B
CTPOUTEIBCTBE HEPTSIHBIX M TA30BBIX CKBAXKMH, a TaKXKE€ MPU UX KaMUTaIbHOM
pemonTte. B paznmunbix pernonax Poccum B3]l obecneunBator ot 50 mo 75%

00BEMOB OypeHUs.

Ho, He cmotps Ha Bce mnpenmymiecTtBa, y KoHCTpykumu B3]l ectb
npo6JieMHbIE 00J1aCTH, KOTOPBIE OrPAaHUYMBAIOT IIMPOTY €ro NpuMeHeHus. OJHuUM
U3 HUX SIBJISIETCS — Majiasi peaibHasi HapaboTKa JABUTATeNsl, KOTOPAsi COCTABIISET J10
250 yacoB otHocurenbHO pacuetHod B 400-500 4YacoB. DTO MNPOUCXOIUT
BCJIE/ICTBUE pa3pyIlEHUsl PE3MHOBOM OOKIAIKU CTaTopa, KOTOPOE MPOBOLUPYET
CHI)KEHUE DHEPreTHUECKUX XapaKTEPUCTHK JBUTATENsI U HEPEAKO €ro MOJHBIM
BbIXOA U3 cTpos. Takum 00pa3oM, yBEIUUMBAETCS OOBEM CIYyCKONOABEMHBIX

onepaunﬁ, a, CJICO0BATCIIBHO, ce0eCTOMMOCTD MCTpa CTPOUTCIIbLCTBA CKBAKHUHEI.

[ToBbrenne 3¢ pexkTuBHOCTH U nonroBeyHoct B3/l ¢ MoMeHTa nx co3panus
¥ MaccoBOTO BHEJpPEHHs B OypOBOM OTpaciu paccMaTpuBaeTcs B padoTax Io
CIIEAYIOIMM HANpaBJICHUSM: ONTHUMM3AIUs TEOMETpUU pPabOUMX OPraHoB;
IIPUMEHEHUE HOBBIX MAaTEPUATIOB M MOKPBITUHN ISl CTATOpAa U POTOPA; NU3MEHEHUE
KOHCTPYKLHMH CTaTOpa; pa3paboTKa MPOrpecCUBHBIX TEXHOJIOTHH n3rorosienus. Ho
Ha Halll B3IJIAJ paboTa HaJl U3MEHEHHUEM XapaKTePUCTUK M MapamMeTpoOB pabouux
OpTraHOB JBUTATENsl SIBISAETCS HE E€AUHCTBEHHBIM AaKTYyaJIbHBIM HAIPABICHUEM
UCCIIeIOBaHUM. DTO OOYCIOBJIEHO TEM, YTO NPUYMHOM YCKOPEHHOTO H3HOCA
AracToMepa MOXKET ObITh HE TOJIBKO PE3YJIbTaT MEXAHUYECKOTO0 B3aUMOJIECUCTBUS

napbl «CTATOP-POTOP», HO U cpesia OypoBOTO pacTBOpa, KOTOPhIN nmpuBoautT B3] B
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nBuKeHue. M3BecTHO, YTO MakCMMalbHO MHTEHCHUBHOE W3HALIMBAHUE IBUTATENs
IPOUCXOANT B TaKUX CIIydasX, Korja B KauecTBe pabouero areHta ansa B3/]
NpUMEHSIeTCs IUIOXO OYMIICHHBIN (C coaeplkaHueM Iecka M APYyrux adpa3uBOB
oonee 1%][18]) unu yrspkeneHHbI OypoBOil pacTBOp, a TAKXKeE NPH MepeKaurnBaHUU

¢bronaa ¢ BRICOKHM COJIepKaHreM adpa3uBa.

VYuuThiBas, 4TO COBPEMEHHbBIE OYUCTUTEIbHBIE CUCTEMBI, UCIIOIb3YEMbIE HA
OypOBBIX, HE CHOCOOHBI OYHCTUTH OYpOBOUM pacTBOp OT aOpa3uWBHBIX TBEPbIX
YacTUL A0 KOHIEHTpauuu MeHee 3%, BONPOC M3Y4YEHHUs MpoLEecca pa3pylieHUs
anactomepa B3] B mpucyrcTBum TBepaod (asbl OypoBOTO pacTBOpa CTAaHOBUTCS

O0COOEHHO aKTyaJbHBIM.

[lenbto HacTosiel pabOTHI TOCTaBIEHA 3ajladya OMNPEACIUTH BIIHMSHUE
TeMIIepaTypbl Ha CKOPOCTh U3HOCA dJ1aCTOMEPA BUHTOBOTO 3a00MHOIO IBUTATENs B

MPUCYTCTBUM PA3TUYHBIX JUCIIEPCUOHHBIX Cpell OypOBOro pacTBopa.

B kauectBe 0OBEKTa HCCIENOBAaHUS PACCMATPUBACTCS: B3aUMOJICHCTBHUE
poTopa ¢ snactoMepoM (pe3nHOBOM OO0Kankoi) craropa B3/l B mpucyrcrBuun
pPa3IUYHBIX TUMOB OYPOBBIX PACTBOPOB IPH PA3TUYHONU TemIeparype olpasiia
pe3uHbl U pactBoparo [IpeameroMm uccienoBanusi BeioOpana pesuna MPII-1226, u3

KOTOPOM M3roTaBIuBarOTCa 00KIaaku ctaTopa B3 /1.

Pesuna MPII-1226 nipeacraBiser coO0oi MacilIOCTONMKYIO PE3MHOBYIO CMECH
MOBBINICHHON U3HOCOCTOUKOCTH, C TEeMIIepaTypPHbIM WHTEPBAIOM
paborocniocooHOoCcTH OT - 20 10 + 100 0C. Ee ycmoBHas mpoYHOCTH cOCTaBseT 9,8

MlIIa, oTHOCUTENBHOE yAJIMHEHUE TIpU pa3pbiBe 125%, TBepaocTs 65-95 exn. Illop
A.

29



2.1.2 JlaGopaTopHblii CTeHI AJs HCCJAeJOBAHMS NPOLECCOB HM3HOCA

JlacroMepa

OKCepUMEHTANIbHBIM ~ CTeHI pa3paboTaH Ha 0a3e BEPTUKAJIBHOTO
CBEpJIMJIBHOIO CTaHKa. /i 93TOr0 HM3rOTOBJEH JOMOJHUTEIbHBIA MOIYJb

Harpy>kxeHusi 00pa31oB PE3UHbI, KOTOPBIH MPEACTABISIET COOOM METAITMYECKUIN

CTaKaH CO CHhEMHOW HM)KHEM KPBILIKOM, IO3BOJISIOIEW pa3sMeniaTb U KECTKO

3aKpeIUISTh 00pa3ilbl pe3UHbI B CTakaHe (puc. 9).

Pucynok 9 — Mertaymumueckuil cTakaH-3aKUM 00pa3IioB PE3UHBI AIacToMepa

BTopsiM 31€MEHTOM MOAYJS HArpy>K€HUsl BBICTYNAET METAJUIMYECKUN
crepxkeHb (puc. 10) ¢ Kpyriioi IMI0CKOH IIJIONIAIKON Ha OJTHOM M3 KOHIIOB, KOTOpast
BBITIOJIHEHA Pa3MEPOM, COOTBETCTBYIOIIMM BHYTPEHHEMY IMAMETPY CTaKaHa C
y4eToM 3a30pa | MM, U B MpoliecCe IKCIEPUMEHTA OKA3bIBAET MEXAHUYECKOE

BO3/ICHICTBUE HA 00pa3eIl MJIaCTOMEPa, IMUTUPYIOIIEE TPEHUE B paboueii mape.

TpeTbuM 371€EMEHTOM MOJYJISI HArpYKEHUS BBICTYIIA€T METAUIMYECKUI pe3ell
(puc. 11), KOTOPBINA, B3aUMOACHCTBYS C 00pa3I[OM PE3UHBI, HUMUTUPYET pEXKyIlee

BO3JEHCTBUE B cUIoBOM mape B3 /1.
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Pucynok 10 — Meramindeckuil cTep)KeHb, MEpPeIaloNIuil MEXaHHUUECKYIO

Harpy3Ky Ha oOpaser, UMUTHPYIOIIYIO TPEHHE B CUJIOBOH mape

Pucynok 11 — Meraminueckuil pe3el, YCTaHOBJIEHHBIM B CBEPJIMJIBHBIN
CTaHOK.
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KoHcTpyknust cTakaHa, CTEp>KHSI M pe3lia MO3BOJIAET MPU UX YCTAHOBKE Ha
BEPTUKAJIbHBIN CBEPJIWIbHBIA CTAHOK OOECIEUUTh LUKIMYECKOE BpallaTeIbHOE
MEXaHUYECKOE BO3JEHCTBUE Ha OOpasel] pe3uHbl, KOTOPOE YaCTUYHO UMHUTHUPYET

B3aMMOJICHCTBHUE NAphl «poTOp-cTatop» B3 /1.

OO0pa31el I YKCIIEPUMEHTOB HM3rOoTaBIMBAMCH W3 pesnHbl UPII-1226 c
Ir€OMETPUYECKUMU pa3MepamMu, MO3BOJSIOIMMU MPOU3BOJUThL MX YCTAaHOBKY B

CTaKaH-3aKAM.
2.2.3 MeToauka npoBeeHUsI IKCIEePUMEHTAJbHBIX HCCIe10BaAHUI

CyTp 3KCHEpHMEHTa 3aK/II0YajliaCh B HCIBITAHUM OOpa3lOB PE3WHBI Ha
pe3aHHe U TPEHUE B PA3IMYHBIX cpegax OypoOBOro pacTBOpa MpH Pa3IUYHOU
KOHIIEHTpaluu TBepAoH ¢a3pl. B kauecTBe OypoBOro pactBopa HCIOJIb30BAIUCH

CJICTYIOLINE KUJIKOCTH:
- Bona;

- [ TMHUCTBIN pacTBOp;

- [lonmuMep-rIMHKUCTEIN pacTBOp;
- Macno BMI'3.

UccnenoBanus mpoBOoAWIIUCH U TeMIiepaType oopasia 25, 50, 75,95 °C , a
TaKxke Temieparype pactBopa 25, 50, 75, 95 °C. Ha kaxaywo Ttemieparypy

MIPOBOIUIIOCH 110 3 OMBITA JIJIs1 60JI€€ TOYHOTO pe3yIbTaTa.

B skcnepuMeHTax MpOM3BOAMIIACH PETHCTPALUAS CICAYIOIIMX MapaMeTPOB:
BpeMs TIOJIHOTO pa3pylieHusi oOpasiia, A TOro YTOOBl BBICUMTATH CKOPOCTH
paspyuieHus oOpasiia mnpu pesanuu; jaedopmaius oOpasia cpazy Iocie
DKCIIEPUMEHTA U Yepe3 24 Jaca Mpu ONbITaX Ha TPEHUE; BU3yaJIbHbIE 0COOSHHOCTH

HKCTIEPUMEHTOB.

32



Paznensl  comepxaniue  pe3yiabTaThl  MCCIEAOBAHUM HE  MOJAJIEkKAT

myOJUKAIMK TaK, KaK COJEP>KaT KOMMEPUYECKYIO TalHY:

1. DxcnepuMeHTaTbHBIC HCCIICIOBAHMUS BIUSHUS KOHIICHTPAIIMHA TBEPAOU
¢da3sl B BojJIC

2. DKCIepuMEHTaIbHBIC UCCIICIOBAHUS BIUSHUS KOHIICHTPAIIUN TBEPIOM
¢a3bl B TNIMHAUCTOM PacTBOPE

3. DKCnepuMeHTAJIbHBIC UCCIICIOBAHUSI BIUSIHUS KOHIICHTPAIIMHN TBEPAOH
¢a3pl B MOJIMMEP-TIIMHUCTOM PacTBOPE

4, DKcriepuMEHTaIbHBIC UCCIICIOBAHMS BIUSHUS KOHIICHTPAIIUH TBEPAOM

¢a3sl B Macie BMI'3
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3aki0oueHue

B pesynbrate wucciaegoBaHusS NPOAHAIU3UPOBAHBI OCHOBHBIC MPUYHUHBI
W3HOCA  pPE3MHOBOM  OOKIAaJKM  djJacToMepa M NyTH  JlaJbHEHIIero
COBeplICHCTBOBaHUsI pabouux opraHoB B3J[. McciepgoBanus mnokaszanu, 4TO
CKOPOCTh M3HOCA 3JJaCTOMEPA BO3PACTAET MPSAMO MPONOPLUUOHAIBHO C Pa30rpeToi
pPE3MHOBOM OOKIIaJKON 3JacToMepa. DTU JaHHbIE MOMOTYT B JajbHEHIIEM MpuU
MPOU3BOJICTBE BHUHTOBBIX 3a00MHBIX JBUTaTeNed H OyJIyT HampaBieHbl Ha
YBEIMYEHHE TEPMOCTOMKOCTH JJIaCTOMEpa, 4YTO TMPHUBEAET K YBEIUYCHUIO

MoTtopecypca B3I B emnom.
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IPUJIOXKXEHHUE

The screw downhole motor is a volumetric rotary hydraulic mechanism that
converts the pressure of the liquid pumped into the stator cavity (drilling mud) into

the rotational motion of the output shaft.

The engine consists of a working pair: a rotor and a stator, a spindle section,
connecting and transitional assemblies and parts. The rotor and the rubberized stator
of multi-input PDMs are the most important engine components, since the
performance and reliability of machines depend on the quality of their manufacture.
Rotor PDM is a multi-screw with a cut special profile and a large pitch helical line.
The stator is structurally composed of a body in the form of a metal pipe with an
elastomeric cover that has been vulcanized from the inside with an internal screw
surface. In the process of work, the stator lining perceives cyclically changing loads,
reactive torque and radial forces, which causes higher requirements to the accuracy

of calculation, design and manufacture of the stator.

But with all its advantages, the screw downhole motor has a significant

drawback - fast wear of the motor section.

The study of wear and the further ways of improving the motor section, i.e.
The working pair "rotor-stator”" was studied by both modern domestic researchers

and foreign ones, we will consider the main directions of their activity.

Chuanjun Han, Jie Zhang, Zheng Liang investigated the deformation of the
rubber lining of the stator (elastomer) due to static pressure and rotor speed. ositive
displacement motor (PDM) drill has become the most widely used downhole tool in
oil drilling engineering and well workover since its inception in the 1950s. Its
structure is shown in Fig. 1. The motor assembly consists of a stator and a rotor. The
stator is a pipe lined with a vulcanized rubber bushing, usually nitrile-butadiene. The
steel rotor has a hypocycloidal surface, and is driven by the high-pressure drilling
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fluid [1,2]. During drilling, the deformation of bushing will directly influence the

PDM performance in terms of work efficiency and drilling speed.

Because of the higher formation temperature, the friction between the rotor
and the stator, and the hysteresis heat coming from the rubber bushing, the bushing's
temperature will rise gradually, and then the working torque will increase too,

resulting in the performance decline of the tool [3-5].

High temperature will accelerate the aging and fatigue of rubber bushing,
leading to premature failure, and shorten tool life. At present, most scholars have
been focusing on the rubber bushing's stress-strain law without considering the
temperature and its influence on the properties of bushing. Therefore, it is necessary
to research thermal-stress coupling and temperature field of rubber bushing. In this
paper, the finite element method was used to establish the model of rubber bushing
based on the material testing and PDM's structure. The stator temperature rise
mechanism was discussed, the influence of the temperature on the stress and strain
was analyzed, and effects of different parameters on the temperature field of the

bushing were studied.

Stator Housing

Rotor

\kuhhm Bushing

Cardan shaflt assembly '

,,‘4‘, - i 2
L et =

<5 ~ l

Drive shaft assembly Motor assembly  Bypass valve assembly
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Figure 1. Structure of Positive Displacement Motor

The rubber’s constitutive models and material testing
The constitutive models for rubber materials

Rubber material is similar to super elastic body which cannot be compressed,
with geometric nonlinearity, material nonlinearity and contact nonlinearity. Its

Poisson's ratio generally ranges from 0.49 to 0.4999.

Constitutive models of rubber generally include Neo-Hookean strain energy
function, exponential-hyperbolic algorithm, Mooney-Rivlin, Klosner-Segal model
and Ogden-Tschoegl model. In the strain range of 150%, Mooney—Rivlin
constitutive model is of satisfactory accuracy [6], and requires only two
experimentally determined parameters. Therefore, in this paper the two-parameter
Mooney-Rivlin constitutive model was used to describe the mechanical properties

of rubber material under large deformation.
The material experiment

Experiments were conducted to determine parameters of nitrile-butadiene
rubber. The specimen tested was a cylinder with the diameter of 29 mm and height
of 13 mm, in accordance with Chinese standard GB/T 7757-93. The oil bath

material testing machine

1
hot oil .
rubber specimen
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temperature was 65 °C, the original ambient formation temperature for drill. The
experimental apparatus is shown in Fig. 2, and the obtained data are summarized in
Tables 1 and 2. The values of parameters identified in these experiments are E =
11.49 MPa, C10 = 1.879 and C01 = 0.038 within 10% strain, which corresponds to

the actual working conditions.
Figure 2. The experimental apparatus for the testing of the bushing rubber
The main conclusions made by the researchers
Calculation model

As an example 4/5 PDM (rotor with four crests and bushing with five,(Fig. 1)
Is used to analyze its work process. The bushing crest's radius is 14.5 mm, the stator's

outside diameter is 172 mm, and the rotor's eccentricity is 8 mm.
The thermodynamic parameters of rubber material are as follows:

Poisson's ratio (m) is 0.499, density is 1500 kg/m3, thermal conductivity (1) is
0.1465 W/(m °C), thermal expansion coefficient is le-5, coefficient of heat
exchange between the bushing and the fluid is 20 W/(m2 °C), the specific heat
capacity (c) is 840J/(kg °C), loss factor is 0.075.

The alloy steels material parameters of the stator housing are as follows:

Elastic modulus (E) is 206 GPa, Poisson's ratio (m) is 0.3, density is 7800
kg/m3, thermal conductivity (k) is 49.3 W/(m °C), the specific heat capacity is 564
J/(kg °C).

Computational mesh is shown in Fig. 3. The initial working state of the
bushing is a constant temperature field, and the temperature is equal to that of the
well bottom. When the PDM works stably, the stator outer wall's temperature is 65
° C, and the mud's temperature is 60 °C. There is heat convection between the

bushing's inside wall and the mud because of the temperature difference, and the
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heat convection accords with the basic law which can be calculated by classical

formulas.

Table 1 .The compression modulus and elasticity modulus 65 °C (MPa).

MNumber of specimen Compression modulus E, Elasticity modulus Eg

10% Strain 20% Strain

1 10.51 946 8.41
2 13.48 1213 10.78
3 12.92 11.62 1033
4 13.21 11.89 10.57
3 13.72 1235 10.97
A

VETAEe 12.77 11.49 10.21
z DuUsSmng

Figure 3. Computational mesh of the FEA model of the bushing.

At the rotor speed of 2 Hz, the formation's temperature of 65 °C and the down-
hole drilling pressure of 50 MPa, the rubber bushing heat stress and displacement
distribution are as shown in Fig. 4. The maximum thermal stress (400 kPa) is at the
arc bottom, while the minimum stress (102 kPa) is on the top. Therefore, under the
influence of thermal stress and the friction with the rotor, the bushing's arc bottom
IS prone to tear from the stator housing. Fig. 4 also shows that the maximum
deformation occurs at the top of the bushing, and the deformation of arc bottom is
very small. Because of the larger thickness of rubber in the last part, the alternating

large deformations generate relatively significant hysteresis heat in rubber.

After coupling the hysteresis heat with the mechanical stress calculation, the
stress and displacement curves of bushing inner wall are as shown in Fig.5. With the
addition of the hysteresis heat and formation temperature, bushing's stress and
displacement are smaller than the mechanical ones, because the temperature affects

the bushing's stress and strain greatly. Both results show that stress is higher at the
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bottom than at the top of the arc, but the displacements are smaller. In the process of

drilling, bushing temperature enlarges the deformation, thus increasing the interface

area between the rotor and the bushing, and the friction will exacerbate the wear of

bushing's inner surface.
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Figure 4. Stress (Pa) and displacement (m) of the rubber bushing
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Figure. 5. Stress and displacement curve of the bushing inner wall.

The temperature distribution of bushing is as shown in Fig. 6. The temperature

field has an elliptical distribution along the circumferential direction, and the highest

temperature is located in the centre of the thickest section of rubber. From the

ellipse's center to the boundary, the temperature gradually decreases, but the

temperature gradient is large. The maximum temperature is 113.1 °C with the

temperature rise of 48.1 °C, and the bushing's temperature is lowest in thinnest
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section of rubber. When bushing's temperature increases, the tensile strength and
flexibility of rubber materials fall sharply, the bond strength between rubber and

stator housing also decreases.

MAXIMUM

A 1130
NODE 1508
MINIMUM

# 6500
NODE |
TEMPERATURI

1IME 1000

t 11040
1033

- 96.7
- 90.0

~ 833
-

ey |-
Figure. 6. Temperature field of the rubber bushing (°C).

Fig. 7 shows the bushing's initial and failure states from experimental
observations, which are consistent with the calculation results. Holes appear in the
rubber bushing because of hysteresis heat, and that will greatly reduce the work
characteristics of the screw motor, and slow down the drilling process. Fig. 8(1)
shows the rubber material volatilization caused by the hysteresis heat, accompanied
with the emergence of a hole in the middle of the bushing crests. Fig. 8(2) shows the

rubber degradation in the bushing central petals due to hysteresis heat. Fig. 8(3)

Initial State Failure State
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shows that both the rubber hysteresis heat and drilling fluid pressure lead to the
rupture of rubber, which causes the whole motor to fail. Actually, formation
temperature and friction also contribute to the failures, but the hysteresis heat plays

a more important role.

Figure 7. The initial state (left) and the failure state (right) of bushing.

i

Figure 8. Details of failures (1) volatilization, (2) degradation, (3) rupture.
Parametric sensitivity tests

Rubber's physical parameters and working conditions have important effects
on the rubber bushing's hysteresis heat. The reasonable selection of parameters of
rubber material and the working parameters of the drilling operation can effectively

reduce the rubber bushing thermal failure probability.
Fluid pressure

At the formation temperature of 65 °C and the rotation frequency of 2 Hz,
sensitivity tests for drilling fluid pressure are shown in Table 2. With the rise in the
fluid pressure, the bushing temperature increases mainly due to the nonlinear
characteristics of rubber materials and the influence of thermal convection. At higher

pressures, bushing is more prone to thermal failure, which reduces its service life.
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Table 3. The calculation results under different fluid pressures.

Fluid pressure Temperature Max. thermal Max.

(MPa) rise (°C) stress (kPa) displacement (um)
30 10.28 224 258

40 19.16 306 352

50 30,77 387 444

&0 45,10 468 536

70 62.20 549 627

80 82.00 630 717

Speed of rotation

The rotor speed is an important parameter affecting the heat generation ratio
of the nodes of the rubber material. According to the the greater the rotor speed is,
the bigger temperature rise of the rubber bushing. When the speed varies, bushing
temperature increases linearly with rotor speed as shown in Table 3. Since the speed
and displacement of the screw rotor have linear relationship, and are not sensitive to
the drilling load and torque, the motor's displacement indirectly affects the bushing's

temperature rise.

Table 4. The calculation results with different rotation speeds.

Speed of Temperature Max. thermal Max.

rotation (r/s) rise {("C) stress (kPa) displacement {um)
1.0 1538 388 448

1.5 2308 387 446

2.0 30.77 387 444

2.5 38.50 386 442

3.0 46.10 386 440

Formation temperature

The downhole formation temperature is the screwdrill's working environment
temperature, which mainly influences the initial deformation of the bushing, thereby
affecting the heat generation rate and convection heat transfer. When the formation
temperature varies, the highest temperature of bushing is as shown in Table 5.
Bushing's temperature rise decreases approximatively linearly with the increase of

formation temperature.
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Table 5.The calculation results under different formation temperature.

Formation Temperature Max. thermal Max.

temperature (“C) rise (“C) stress (kPa) displacement (um)
25 33.82 406 465

45 32.28 396 455

G5 30.77 387 444

85 29.30 378 433

105 27.90 368 423

125 26.50 359 412

Conclusions of the study of Chinese scientists on this research.

The FEA model of the hysteresis heat rubber bushing was developed using
thermo-mechanical coupling. The maximum stress occurs at the bottom of the
bushing arc, and the maximum deformation occurs at the top. The highest
temperature is at the centre of the rubber bushing's thickest section and the
temperature field distributes as oval, and has a large gradient. The thermal failure
occurred in the thickest section of the bushing, which is consistent with observations

in practice.

The bushing's temperature rise increases with the increase of fluid pressure

and rotor speed, but decreases with the increase of formation temperature.

Researchers such as Khalil Ranjbar *, Majid Sababi have considered the
problem of the reduced working resource of the working pair due to the corrosive
nature of the drilling fluid. In oil exploration drilling, mud motors utilize mud as
working fluid to drive the rotor inside the stator, as well as to lubricate the drill bit
and flush out the debris. In such a system, rotor and stator which are called power
section, denoting its utilization to transmit power to the drill bit. Usually a mud
motor, piping and other auxiliary equipments are inserted into and operate in a hole

(i.e. future potential oil well).

Rotors are generally manufactured from high strength steels such as 17-4 PH
stainless steel [and hard chrome coated in order to reduce corrosion, erosion,
abrasive wear, and maintain smooth sealing surface. Rotor and stator are in contact

with drilling fluid and may subject to different types of damages depending on the
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characteristics of this fluid. The hard chrome coating of rotor may be attacked by
drilling mud which is usually composed of various compounds such as calcium
chlorides and alkali salts. Acid gases such as carbonic acid and hydrogen sulfide can
influx into the mud system. These gases reduce the pH of mud and greatly accelerate
the corrosion. Chlorides, oxygen, CO,;, and H,S are the most well-known
components which can cause pitting corrosion and combination can even have
synergetic effects. The use of chrome as a coating is not so effective in hostile
environment containing chloride concentrations. When the mud which is containing
calcium chloride remains in contact with the chromium surface and absorbs carbon

dioxide, pH decreases due to following reactions:

CaCl2 + H20 + CO2 = CaCO3 + 2HCI

2NaCl + H20 + CO2 = Na2CO3 + 2HCI  (2)

This acidic environment combined with dissolved oxygen and other

parameters, causes dissolution of the chromium layer with the possible reaction
2Cr + 6HCI + 1.502 = 2CrCI3 + 3H20 (3)

As far as the base metal is uniformly covered with chromium coating, the
corrosion mechanism can be operated chemically. But once interface between
coating and the base metal destroyed, salt solutions penetrate through the coating. In
such a case, not only peeling of the chromium coating can cause abrasive wear on

rotor and stator, but also the base metal is going under attack.

The mud in the drilling process can be classified as oil base or water base mud.
Water based drilling mud consists primarily of bentonite clay and water, additives
such as organic polymers, dispersants, wetting agent, weighting materials, thinners,
and lubricants. The mud properties considerably change because of fluid/solid and

gas influxes or additions of impurities, during drilling process .
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On a drilling rig, mud composition and properties such as density, viscosity,
and pH are controlled, modified and periodically tested in the system so called mud
pits, to ensure properties and improve drilling efficiency. The mud is pumped down
the hole and further re-circulated through the drill string where it sprays out on drill
bit, cleaning and cooling the bit. Then, the mud carries the cuttings up to the surface.
In the circulation, mud is mixed and contaminated with cuttings, and must be filtered
in order to be used again. Large cuttings can be removed from the drilling fluid in
steps by means of solid removal equipment including shale shaker, mud gas
separator, desander and desilter. Some of the cuttings are in the form of fine
dispersion, and cannot be removed effectively. These fines are called "drilled solids"
and should be kept low for optimum drilling operations. In these operations, high
pressure fluid is pumped into the top of the power section where it fills the first set
of open cavities. The pressure differential across two adjacent cavities forces the
rotor to turn and thereby cavities got opened alloying the fluid to flow progressively
down the length of the power section. The cavities are separated from each other by
a series of seal lines, between rotor and stator. In fact, the pressure capability of a
pump is a function of the number of times the seal lines are repeated. If cavity
pressure increased beyond the seal limits, the seal lines will open and fluid will slip
at a very high velocity . High speed particles (sand, and other hard particles)
traveling through pump cavities abrade rotor and stator. This causes seal lines to be

less effective and higher slippage in the pump.

The failure analysis of rotors in downhole drilling has not been explored
extensively, and only a single study has been reported. So, this work is aimed to
investigate the failure of hard chrome coated rotors of the downhole drilling motors,
and also to identify dominant failure mechanisms. Finally, possible mechanisms are
illustrated for better understanding.

Experimental procedures

The main function of these motors is to convert the hydrolic energy of drilling

fluid (drilling mud) to mechanical energy to turn the drill bit. Rotor was made of 17-
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4 PH stainless steel with chrome as top coat. The chemical composition of base metal

IS presented in Table 6.

Table 6.Chemical composition of the rotor (wt.%)

C=0.035 (re17.24 Co=0039 Nb=0235 W=0.010 P03
51=0.366 Ni=3510 Cu=4050 Al =0.003 Ti=0011 Fe = Bal.
Mn=0484 Mo=0.261 Sn=0030 V=0005 §=0030

Several failed rotors were visually examined. One of the rotors was cut to
pieces for metallographic examination and chemical analysis of base metal and its
coating. Microstructural features at higher magnification were revealed with the
Scanning Electron Microscope (SEM) model LEO 1455VP, equipped with Energy
Dispersive X-ray spectroscopy (EDX). For the metallographic observations,
samples after usual mounting and polishing were etched with Vilella's reagent. The
hardness of the chrome layer and the base metal were measured. The thickness of
chrome layer was in the range of 80-130 im, with no under coating applied on rotor.

Usually, plating thickness is not uniform due to complex geometry of the rotor.

Various types of water based drilling mud is used in drilling, but in this study
it was bentonite mud. Its qualitative phase analysis was done by X-ray Diffraction
(XRD), using diffractometer Philips model 1840 with the Cu Kal radiation k = 1.54
A.

Effects of bottom hole temperature (BHT), and solid content of drilling mud
upon the life time of the rotor were also investigated. The data for these two
parameters are collected from the daily progress report log sheets of the oil well
being drilled.

Vickers hardness (HV) measurements were carried out on the coating as well
as the base metal using 1 kgf load. The hardness values of chrome coated surface
and the base metal were in the range of 1050-1100 HV and 340-350 HV respectively.

As mentioned earlier, due to complex shape of the rotor, the coating thickness is not
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uniform, its low in the valleys and high in the lopes . On the other hand, hard chrome
coating has microcracks and pores which affects the hardness measurements. That's
why a range of hardness values less than 700 HV to more than 1100 HV are reported
for this coating. Microstructure, hardness and the working condition indicate that,
the rotor has tempered at around 620 °C after annealing and quenching treatment. In
other words, it is in over-aged condition (H1150) and found to meet the requirement.
In fact, 17-4 PH stainless steel is more common than any other type of precipitation
hardening steels and due to its favorable combination of mechanical properties and
corrosion resistance has been used in variety of applications including power plants,

chemical processing industries, air craft fittings, gears, paper mills, drilling, etc.

The power section of a drilling motor consists of a helical shaped rotor and a
stator. Single or multi lobe configurations may be used in drilling. Stator is made
stationary and elastomeric in nature for handling abrasives. In the present study, it
was found that, the base polymer used for manufacturing of stator is a butadiene.
The results of analysis indicated that, it should be a nitrile rubber (NBR), which is
usually obtained by copolymer-ization of butadiene with acrylonitrile. NBR has

excellent physical properties and oil resistance.
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The morphology of failed area is shown in Figs. 8-9. Visual inspections are
not the same in different sites. Along the whole rotor, the chrome coating was lost
its uniformity from some areas and disbonding was occurred in which base metal is
attacked. In addition, the maximum damages to coating were observed on lobes. The
other defects were seen in the form of pitting, spalling, wear grooves, macro and

microcracks.

Figure8. Spalling on chrome coated rotors surface. In both the rotors shown
in figure (a) and (b) the maximum effects observed on lobes. The image of figure

(b) is magnified and revealed better in figure (c).

A sample from drilling mud was taken, dried at 120 °C and then its XRD
pattern was taken as shown in Fig. 8. It is composed of different carbonate (CaCOs)
and hard oxides compounds such as Al,Os, SiO, and Fe,Os;. These hard oxide
particles cause different type of damage like, erosion and wear on rotor surface as

mentioned in the earlier section.
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Figure 9. An extensive surface failure of rotor: (a) detachment of chrome
layer and macrocracking (shown in circle), and (b) SEM image of a interconnected
network of microcracking on chrome coated surface.

Moreover, drilling mud composition, hardness, temperature and
characteristics keep changing, since it influxes with additives and formations.
Hardness and solid content of drilling mud have major impact on rotor and stator
life time. Effects of BHT and solid content of drilling mud on life time of rotors for
two different size drilling motors are presented in Figs. 9 and 10 respectively. In
fact, life time should decrease with the increase of these two parameters. Higher
solid content suppose to accelerate the rate of erosion and wear, whereas raise in
temperature should increase the rate of corrosion (reactions (1)-(3)). But the figures

do not indicate such a direct relation. In the latter case, the recorded BHTS are not
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so high to degrade the chrome coating performance. In other words, the life time of

rotors is dominated with other parameters than BHT.

It seems, the failures of rotors are mainly due to the large and hard particles
that cannot easily pass the pump seal lines, embed in the inner surface of the stator
and rubbing against the rotating rotor. This is schematically illustrated in Fig. 10a.
Once hard particle embeds into the elastomeric stator, abrasion occurs for every
rotation of rotor. Depending on the size and hardness of embedded particles, the
extent of damage will be shallow or deep. In other words, it acts like a
cutting/machining/drilling tool and thereby, surface fatigue crack can be initiated

and magnified leading to spalling and disbanding of coating.

The other mechanism of rotor surface damage is erosion, due to the
impingement of high velocity hard solid particles. This is schematically shown in
Fig. 10b. Rotor life and its performance should be affected and decreased with
increasing solid content of drilling mud. Nevertheless, in the present study, the
collected data related to solid content showed a lot of scattering and perhaps it was

too high and over ranged.

Hard particles embedded in the stator

(b) Impingement of hard particles causing wear

&)

~—

\/

Figure 10.Schematic drawings are made to illustrate the surface fatigue
mechanisms by hard particles: (a) embedded particles in stator, and (b) wear caused

by impingement of particles.
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As shown in Fig. 10 the range of solid content is very high and not acceptable,
as it is recommended to be less than 2 wt.% . It is also advised that, hard chrome
plated rotors, not to be used in an environment (mud system) contains salt, chlorides,
and H,S. Solids and in particular sand content, is very crucial for rotor and stator
performance. Even, high concentration of very fine powder-like sand can abrade
rotor and stator. In other words, hard chrome is adequate for medium to low abrasive

environments, otherwise, harder coatings to be applied.

2007
(a) 154
| \l# 34
105 108

1680 9 (b] S hl-‘ 1_4".

140 1
120 4 1025
| 5375
B +
&0
WY 48
za.‘ '
2 4 &

“mlld conienl {m ‘L'-fl

Drilling e (h)

-
(=]

(=)

Dirilling time (h)

Figurell.Variationsofrotorlifetimeintermsofsolidcontentofdrillingmudfortwo
differentsizedrillingmotors, (a)44.3inchsizemotorand (b)63.4inch size motor. A lot

of scatting can be observed in the results.

In the course of the study of the influence of temperature on the wear rate of
the elastomer, | found a regularity that, as the temperature increases, the wear rate
gradient increases in direct proportion. Therefore, the motor resource of the screw
downhole motor is significantly reduced, the costs for repairs and maintenance are

increased.
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B xone mpoBeAEeHHOIO UCCIEA0BAaHUs BIMSAHUSA TEMIIEPATyPbl HA CKOPOCTh U3HOCA
3J1ACTOMEPA, 5 BBIABWI 3aKOHOMEPHOCTB, UTO IIPU C pOCTOM TEMIIEpATypPhI I'PaIUEHT
CKOPOCTH H3HOCAa pacTeT MpsMO IPONOpLUUOHANBHO. Bcmencreue 3Toro
3HAYUTENbHO CHUXXAETCA MOTOPECYpC BHHTOBOTO 3a0OWHOTO  JBUTATEl,
YBEIMYHMBAIOTCA 3aTPAThl HA PEMOHT M OOCITYKUBAHHUE.

In the course of the research, the EPR-1226 rubber samples were heated to a
temperature of 95, and heating of the washing liquid (water, clay solution, polymer
solution, VMGZ oil) to a temperature of 95. Further, measurements of the rate of

wear in various media of washing liquids at different temperatures took place.

A significant increase in the velocity gradient was observed at a specimen

temperature of 75 and 95 (Fig. 12) and the washing medium "water" and "oil".

Dependence of the rate of wear on the temperature of the solution
at a sample temperature of 95 °C.
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Figure 12. Dependence of wear rate on solution temperature
Presumably this is due to the homogeneity of the medium and the
thermophysical properties of these liquids. Solutions on a clay basis and with

polymers have a lower rate of wear due to the fact that the water is in a bound state.

The results of my research will help in the future to create a rubber that will
be much less heated during the drilling process. This will allow reducing the

economic costs of the construction of the well as a whole.
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