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BBE/JIEHHUE

Bospactanne 00beMOB OypeHHs] CKBaXHH B TBEPIBIX M KPEMKUX TOPHBIX
opojlax B MHPOBOM IMpakTUKEe OypeHUs CKBaXMH 3acTaBiiieT emie Oosee
COBEPILIEHCTBOBATh  MOPOJOpa3pylIatonii  uHCTpymMeHT. Ho HecMoTpst Ha
NOCTOSIHHYI0 MojepHuzauuto [IPU, OypeHue B mopoaax BBICOKOM TBEPAOCTH
IIPOU3BOJMTCS ¢ HU3KOW MEXaHUYECKOW CKOPOCTBIO U MaJIOM ITPOXOJKOM Ha JI0JIOTO.
[ToaToMy aKTyaJlbHBIMH CTAHOBATCS pPa3paOOTKH albTEPHATUBHBIX CIOCOOOB
pa3pylIeHNs KPENKUX TOPHBIX TOPOJ.

Jlist pemieHus pana npo0saeM, BO3HUKAOMIMX IPpU OypEeHHH KPETKUX TOPHBIX
NOopoJ, TNpPEAJaraercsi MCHOJIb30BaTh TUAPOMOHUTOPHBIM CHOCOO pa3pylIeHUs
ropabix nopoja. OIHUM M3 TakKUX CIOCOOOB SIBJISIETCS IAPOCTPYMHBIM CHOCOO
OypeHust ckBaxvH. CyTh €ro 3akiII04aeTcs B TOM, UYTO pa3pylLI€HUE TOPHOU MOPOIbI
IPOUCXONNUT  yAapaMH  BBICOKOCKOPOCTHBIX  IIIAPOB, KOTOPBIE  HEMPEPBIBHO
HUPKYJIUPYIOT B IpU3a00HHON 30HE CKBaKUHBI.

YpoBeHb TEOPETUYECKOM U SKCIEPUMEHTAIBbHON NpOpadOTKH JaHHOTO
croco0a HaXOAUTCSA Ha JIOBOJIbHO HU3KOM YPOBHE M MUMEET psAJl CBOUX HEJOCTATKOB,
32 CUeT Yero IMOoKa He MOJy4YWsl IIMPOKOro NpuMeHeHus. Jlig ycTpaHEHUs 3TUX
HEJ0CTaTKOB HEOOXOIMMO pa3paboTaTh HOBbIE TEXHUUYECKHUE CPEJCTBA, METOJIUKH
pacuera ONTHUMAJIbHBIX TE€OMETPUYECKHMX MapaMeTpoB OYpOBBIX CHapsIoOB U

pPalMOHAIBHBIX TEXHOJIOTMYECKUX MAPAMETPOB PEKUMa IAPOCTPYUHOTO OypeHus.



PE®EPAT

Brinmycknas kBanudukanonHas padora coaepxkut 61 c., 18 puc., 11 Tab6:x.,
34 nuTepaTypHbBIX HCTOYHUKA.

KialoueBble cjioBa: mapocTpyiiHoe OypeHHe, MaTreMaThdeckash MOJEIb,
IapOCTPYHHO-KEKTOPHBIN OypOBOM CHapsJ, IIap, TBEPJble U KPENKHE TOpHBIC
MOPO/IbI, JIA0OPATOPHBIN CTEH/I.

OO0beKT uccjIeI0BaHusA: IAPOCTPYITHOE OypeHHe.

Heas paborbl: pa3paboTaTh MaTEeMaTUYECKYIO MOJIEIb IPOLIECCOB
IapOCTPYHHOTO OypEeHUsI CKBAXKUH.

B mpouecce npoBOOMINCH — AHAIMTUYECKUE UM SKCIIEPUMEHTAJIbHBIC
UCCJIEIOBAHHUS.

B pesyabTate HMcciaenoBaHusi Obula pa3zpaboTaHa MaTeMaTuyeckas MOJEib
IPOLECCOB IIAPOCTPYHHOro OypeHus CKBa)XKWH, KOTOpas MO3BOJIUT PACCUUTATh
IpEenoiaraeMyl0 MEXaHHUECKYI0 CKOPOCTh OypeHus.

3HAYUMOCTb PpadOThI: BBIIIOJIHEHHBIE TEOPETUUECKUE U IKCIIEPUMEHTAJIbHbIE
UCCJICIOBAHMS TIOMOTJIHM TOJMYYUTh HEOOXOIUMYI0 HH(POPMAIUIO JJIsS TOBBIIICHHS
3¢ hexkTUBHOCTH pa3pabOTaHHON TEXHOJIOTMU W TEXHUKU IIAPOCTPYHMHOro OypeHHs
CKBaXXMH. B pesynbrare, MojepHu3auus J1aboOpaTOPHOrO CTEHAA IO3BOJIMIIA
UCCIIEIOBaTh  TEXHOJOTHYECKHE TPOIECCHl  MIAPOCTPYHHOTO  OypeHus mpH
U3MEHEHHEM 3eHUTHOro yria. Taxxke Obula pazpaboTaHa MareMaTHdeckash MOJENb

IapOCTPYHHOTO OypeHusl.
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1. JIutepaTtypHblii 0030p

1.1 AHa/u3 CylecTBYIOIIMX KOHCTPYKIUH IIAPOCTPYHHO-IKEKTOPHBIX

OypOBBIX CHAPSIJIOB

HlapocTtpyitHoe OypeHHe MpeacTaBisieT coOOi mpoiecc, B X0A€ KOTOPOTro
pa3pylieHre TOPHOW MOPOJbl MPOUCXOAUT MO JIEUCTBHEM OOJBIIOT0 KOJUYECTBa
CTAJIbHBIX IIIapOB, MHOTOKPATHO COYJApSIOMIUXCS € 3a00eM C OIpeneIeHHON
CKOPOCTBIO.

Pa3ron mapoB B JaHHOM CIOCOO€ OCYIIECTBIISIETCS C IMOMOIIBIO CTPYH
KuAkocTu. W Tak kak OypeHue NpPOU3BOJIUTCA 3a CUET COYAAPEHHs WIIapoOB C
MOpOJION, crlararoiieil 3a00il CKBa)XKMHBI, CO3/JaHUE OCEBOWM HArpy3Kd Ha 3a0oif
CKBa)KMHBI Maccoil HHCTPYMEHTA, a TaK)Ke ero BpalleHus: He Tpedyercs. bonee Toro,
IIOCKOJIBKY IIaphl SBJISAIOTCS €AUHCTBEHHBIM IOPOAOPA3PYIUAIOIMIUM JIEMEHTOM,
IIOJBEPKEHHBIM M3HOCY, 3aMEHY WJIM JOIOJHEHHE UX MOXKHO IIPOU3BOJIUTH IIyTEM
n00aBJIEHUs HOBOW MOPUUHU LIAPOB, HE M3BJEKass MPU 3TOM OYypOBYIO TOJOBKY W3

CKBakHHBI [1].

HenpepbiBHYt0  IUpKYJISIMIO IapoB B MpU3aOOMHONW  30HE  MpHU
IapOCTPYHHOM criocoOe OypeHHs] CKBaXHH PEAM3YIOT C MOMOILBIO MIapOCTPYHHO-
»KeKTOpHOro OypoBoro cHapsaa (ILLIDBC). Bnepsrele, ncciaemoBaHHEM TaHHOTO
crnoco0a 3aHsjach Tpynna aMEepUKaHCKUX Y4YeHbIX HedTsHoW kommnanuu «Kaptep
Oin K°. Wmu ObuIM BBIIENEHBI CIEIYIONIUME MPEUMYIIECTBA OTHOCUTEIHHO
potopHoro Oypenus [2]:

- YBEIIMUEHHUE TMPOAOJDKUTEIIBHOCTH peica 3a CYeT TOro, 4Yro OH
OTPAHUYMBAETCA JIUIIb W3HOCOCTOMKOCTBHIO IIAPOCTPYMHOTO ammnapara, T.K.
BO3MOJKHA 3aME€Ha M3HOCHUBIIIMXCS IIIapOB HOBBIMH B IMIPOIECCe OypeHUS;

- MPOCTOTa KOHCTPYKIMHU OYpPOBOTO CHAPS/IA;

- B CO3/IaHWM OCEBBIX HATPY30K HA JIOJIOTO HET HEOOXOAMMOCTH;

- OypeHusi BO3MOXXHO 0€3 BpallleHUs, [O03TOMY YyMEHBIIAETCS HW3HOC
OypwIbHBIX TpyO, TaKKe CYIIECTBYET BO3MOXKHOCTh HCIOJIb30BaHUS

JIETKOCIUIABHBIX OYPUIIbHBIX TPYO.



I[JIH IMPOBCACHUA II0JICBBIX HCILITAaHUN HCCICAOBATCIIIMHA HCITIOJIB30BaJICA

Ha3BaHHBIA UMU «TPABUTAIIMOHHO-WUH)XEKIIMOHHBIN OypOBOH

Tk
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Pucynok 1.1 - «I'paBuTaninoHHo-
MH)KEKIMOHHBII» OypoBOI CHapsII:

1 — xosoHHa OYpUIIBHBIX TPYO; 2 —
coIuio; 3 — kaMepa cMmeleHus; 4 — pedpa;
5 — mopoiopa3pyaroLre mapsl; 6 —
1J1aM BBIOYpEHHOU Mopoabl; 7 — Namnsl; 8
— «00J1aKO pe3epPBHBIX IIAPOBY

caapsn [3] (Pucynok 1.1). Ilpunuum
€ro JEHCTBUSA 3aKIIOYAETCAd B CIEIYIOUIEM.
s mojepKaHus pacCTOSHUSI MEXKIY 3a00eM
CKBaXWHBl M JIOJOTOM B KOHCTPYKIIHIO
cHapsiJia ObUIM BKJIIOUEHBI CIEIHUAJIBHBIC JIAIbI
7. Tlopuums mapoB 5 3ackimaercs Ha 3a00i
CKBAXXUHBI, TOCJIE YETrO BKJIOYAETCS OypOBOi
Hacoc. YCKOpeHue pabodeil  KUIKOCTU
MPOUCXOAUT B comie 2 U ¢ OonbIIon
CKOPOCTBIO MCTEKAEeT B KaMepy CMEIeHHus 3.
[Ipu 3TOM B MPOCTPAHCTBE MEXKIY COIUIOM 2 H
KaMepol cmemieHuss 3 oOpasyeTcss 30Ha
pa3pspKeHus1, 0Jarojiaps KOTOPOM MPOUCXOAUT
BCACBIBAaHUE paboueit KUJTKOCTH co
B3BCILICHHBIMU IIapaMU 5 ¥ YacTUIAMU IIJIaMa
6 W3 3aTpyOHOro TMPOCTPAHCTBA. 3aTeM
CMEIIAHHBIA TOTOK MNPOXOAHUT YEpe3 KaMmepy
CMEIIEHUS! M  OCYLIECTBISET pa3pylICHHUE

TOPHOM MOPOIbI, YAapssick 00 HEE.

[Tocne koHTakTa ¢ 3a00€M CKBa)XMHBI IIAPHI 5 MOMAJAl0T B KOJIBIIEBOM 3a30p

MCXKAY JOJOTOM M CTCHKAMMH CKBAKWHBI. 3aTeM OHU IIOJHUMAKOTCA BBIIIC COILJIAa 2, u

BCJICACTBUC YBCIMYCHHUA KOJIBOCBOIO IIPOCTPAHCTBA W YMCHBHICHHA KOJHNYCCTBA

XKUIKOCTH 32 CUET €€ MHXKEKI[MM OCTAaHABIMBAIOTCS, 00pa3ys «00JaKo pe3epBHBIX

mapoB» 8§, OTKyna Ojarojapsi CuUjaM TPaBHUTAIMH OIYCKAIOTCS C TOCIEAYIOIIUM

BCAaCbIBAHUCM.

PaCCMOTpCHHaH KOHCTPYKIHS UMECT psiJi CBOMX HEJIOCTATKOB.

- MOBBIIICHHBIM U3HOC Jam 3a CYET KOHTAKTa C TOPHBIMU ITOPOJAaAMH U YAApOB

UUPKYJIUPYIOUIUX I1apOB;


http://vk.com/photo176723261_341872041

- HE00X0AMMOCTh BpalleHus OypoBOro cHapsia Ul pa3pylleHHs 30H 3a00s,
MEPEKPHIBAEMBIX JIallaMu;

- HNEPEKPhITUE JalaMd 3HAYUTENBHON IUIOmMAAu 3a00s, B CBSI3U C YEM
yMeHbInaeTcst 3pGHEeKTUBHOCTH MIAPOCTPYHHOTO OypeHus;

- HEOOXOAUMOCTh MOJJEPKAHUA CTPOTO 33JaHHOTO pacxoia XUIKOCTH, T.K.
OpU €ro YMEHBUIEHHHM «OO0JIaKO PE3EpBHBIX IIApOB» OyJET pacnojiararbcs
HIDKE COIUIA, a PU MOBBIIIEHUHU pacxoia >KUIKOCTH — BBIIIE, YTO MIPUBEAET K
CHIDKEHHIO pacxofa IIapoB B KaMepe CMEIEHUs, CIIeJ0BaTEIbHO,

YMEHbIIICHUIO 3P(HEKTUBHOCTH IAPOCTPYUHOTO OYpEeHUs.

BriienepeurciieHHble HEJOCTAaTKM  KOHCTPYKIIMU — «TPaBUTAIIMOHHO-
WHXEKIIMOHHOTO» OYypOBOTO CHapsja, a Takke OTXOJ OT IepBOHAYAIbHOU
KOHLEMLIUYA [IApOCTPYHHOro OypeHus MNpeAoNnpeneniii JajdbHermme padoThl
uccienoBareneil U MpoOU3BOJACTBEHHUKOB. K HacTosieMy BpemMeHH pa3paboTaHO
MHOXECTBO  Pa3NIMYHBIX KOHCTPYKIMM  IIAPOCTPYHHO-IKEKTOPHBIX  OypOBBIX
cHapsigoB [4], obecnieynBarOIUX:

- noJijiep>kaHue TpedyeMoro quaMeTpa CKBaKUHBI;
- Mo/JIep>KaHUe ONTUMAIILHOTO PACCTOSIHUSI MKy JI0JI0TOM M 3a00€M;
- ONTUMAJIbHYIO TPAEKTOPHIO JBUKEHUS IIApOB B MPU3a00HHOI 30HE.

Bri6op u ob6ocuHoBanue koHcTpykiuu [IDBC nns OypeHuss B TBEpIbIX U
KPETKUX TOPHBIX MOPOAAX SBJISETCA BaKHOU MCCIEN0BATENBCKON 3a4a4eil.

3aypoexoB C.A. B cBoeii pabore [1] ykazam Ha Majiblii pacxoj IIapoB B
KaMepe CMENIEHUS WU TPEIJIOKUI CHapsAd ¢ comioM 6 M KaMepoul cmeneHust 9
KOJIbLIEBOM (POpMBI, MpU ITOM pa3pylIeHUE HEHTPAJbHOM 4YacTH 3a00s1 CKBa)KUHbI

IPOU3BOAMIOCH C MOMOIIBIO OMOPHI 8 C TBepAOCIUIaBHBIMHU 3yObsimu 11(Pucynok

1.2).
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Pucynox 1.2 - llapoctpyiiHo-
9KEKTOPHBIA OYpPOBOH CHAPSI C COTLIOM
Y KaMEepOM CMEUICHUs KOJIbLEBOU
(bopMbI:

1 — xanuGparop; 2 — nepeBOIHUK; 3 —
PUCOETUHUTENbHAS TOJIOBKA; 4 —
MOJBOJIAIINE )KUJKOCTh KaHaJbl; 5 —
KanmuOpyrolie-1eHTpupyomue pedpa; 6 —
KOJIBIIEBOE COILIO; 7 — 3a/iep KUBaroIee
YCTPOMCTBO; 8 — onopa cHapsija; 9 —
KOJIblieBasi Kamepa cmenienus; 10 —
Kopnyc cHapsaa; 11 — tBepaocniaBHbIe
3yObs; 12 — mapbl

BpalllaTeJIbHbIM) MPUBOAUT K Pa3HOM CKOPOCTH pa3pylICHUS,

Taxoxe onopoit o0ecreunBaIoCh MOAEPKaHUE
ONTHUMAJIBHOTO PACCTOSIHUS MEXIY AOJOTOM U
3a00€eM B Ipolecce OypeHHsl, a UCIOJIb30BaHNE
3aJIEPKUBAIOIIETO YCTPOWCTBA 7 TO3BOJISIIO
CHSTh OIPAaHUYEHMsI HA MAKCUMAJIbHBIM pacxon
IPOMBIBOYHOM >KMJIKOCTH M HAIPAaBIISATh LIAPbI
BO BITYCKHBIE OKHa.

Opnnako JnaHHas KOHCTPYKLHS HMEET
CBOM HEIOCTaTKH:
- HaJIM4YME COIUIa IUENEBUIAHOU (POpMBI
YCIIO’KHSIET U3TOTOBJIEHHE OypOBOIrO CHapsia;
- HaJIU4ue

OTIOPBHI, pa3pyLaromen

LHEHTPaJbHYI0 4acTb 3a00s  CKBaXXUHBI,
IPUBOJUT K OBICTPOMY €€ HM3HOCY, OCOOEHHO
npu OypeHuu TBepbIX U Kpenkux ['T1;

- uis  paboTel CHapsia HEOOXOAMMBI
BpallleHUE U OcCeBasg Harpys3ka Ha J0JOTO, YTO
IIPOTUBOPEYUT IEPBOHAYAIBHONW KOHLEHNLINN
HIApOCTPYHHOro  OypeHuss M YCJIOXKHSET
nporiecc OypeHus;

- paspylieHne 3a00s1 KOMOMHHPOBAHHBIM
crnocooom

(nepucepuiinoi 4acTH —

IapOCTPYHHBIM, LHEHTPAIbHON —

T.C. K

CJIOKHOCTH YIIPABJICHUS 32 IIPOLIECCOM OypeHus;

- KOHCTPYKIUA CHapsda MpCaAyCMaTpruBacT UCIIOJIB30BaHNUC MIAPOB C MCHBIIUM

MAKCHUMAJIbHO BO3MOXXHBIM AWUAMCTPOM, 4YCM IIPHU HCIIOJIB30OBAHHH COILJIa H

KaMmepbl CMEIIECHUS [IMJIMHIPUYECKON (DOPMBI, B CBSI3U C Y€M, COIJIACHO [2, 6-

7] ymensInaetcst 3pGEeKTUBHOCTD MAPOCTPYUHOTO OypeHuUs;



- 6osbioe otHomeHue (>0,8) auamerpa MCHOJIB3YEMBIX LIAPOB K JAUAMETPY
KaMepbl CMEUIEHUS MPUBOAUT K HEOOXOJWMOCTH YBEJIMYEHHS PaCCTOSHUS
MEXAY JOJIOTOM M 3a00eM i TMOJJiepXKaHus TpeOdyeMoro auaMerpa
CKBa)KMHBI, B CBSI3U C 4YeM, COTNacHO [2, 6-7] ymenbaeTcs 3pGEeKTUBHOCTD
IApOCTPYHHOTO OypeHUsI.

Hekoropsie aBTopsl [1, 4, 8] cuuraroT 3¢ dextuBHoi koncTpykiuio [IIDBC, B

OCHOBE KOTOPOM JIEKUT CTPYMHBIA anmapar ¢ COIUIOM MU KaMepoW CMELICHUS

HUIMHAPUYECKON (QopMbl, mniepudepuss MpU 3TOM pa3pylIaeTcss MEXaHUYECKUM

BOOpY>keHueM jonactHoro (Pucynok 1.3) u npo6osoro (PucyHnox 1.4) tumnos.

Z|
!

LXY

Ll

7/

o= Tn
7,
7.

s ;f’/,f/////////// 4

. .

Pucynok 1.3 - LHapSé\fpyTZHb-ameKToprlﬁ Pucynok 1.4 - IllapocTpyitHO-2KEKTOPHBIN
OypoBOIl CHaps/ ¢ MEXaHHUUYECKUM OypoBOIl CHaps/ C MEXaHUYECKUM
BOOPYKCHHEM JIOTTACTHOTO THIIA: BOOPY)KEHHEM JIPOOOBOTO THUTIA:

1 — kopnyc;2 — nopoaopa3pymamui 1 — kopnyc; 2 — cTpyiHbI}N anmnapar;
OTOPHBIN OalIMaK; 3 — THe3/10; 3 — mopoiopa3pyIaronye maphl;
4 — cTpyiiHBIH ammapar;S — COIio; 4 — mopo1opa3pymaroiiee Kobllo;
6 — kaMepa CMeIIeHHUs ¢ OKHAMU; 7 — IIaphbl 5 — mocaJjouHble THEe3/1a;6 — TYpOUHHBII

anmapat;’7 — KOJIOHHa OYpUIIbHBIX TPYO;
10 — oTBepcTHS

Ho xoMOuHupOBaHHOE pa3pylleHHEe HUMEET TaKhe HEJOCTaTKH KakK: HM3HOC
MEXaHUYECKOTO BOOPY)KEHMsI CHapsijia, HEOOXOAWMOCTh BO BpAallleHHH M OCEBOMU

Harpy3Ke M CII0KHOCTh YIIPABJICHHS 3a MPOIIECCOM OypEeHUSI.


http://vk.com/photo176723261_341873424

Jlenast BBIBOJIBI IO MPEABLAYIIUM KOHCTPYKUHUSAM, CIETYET OTMETHTh, YTO OHH
3¢ deKTUBHBI JHIIb TSI OypeHHUs B TOPHBIX MOPOJaX Majod M CpelHed TBEPAOCTH.
ITpoextupoBanue koHcTpykuuu IIDBC nyst OypeHus: B MHTEpBaiaX TBEPABIX TOPHBIX
NOPOJ TI0J>KHO COOTBETCTBOBATH CIIEAYIOIINM TPeOOBaHUSAM:

- HE JOJUKHO OBITh INOCTOSHHOTO KOHTakTa OypoBOro cHapsjga ¢ 3aboem
CKBA)KUHBI, T.€. OYpOBbIE CHApsI/IbI C JalaMH, OIOPOM M OIMOPHBIM OalIMakoM
ABJISIFOTCSL HEPAIMOHAJIbHBIMU;

- HEOOXOAMMO H30erath BpallleHus OypOBOTO CHapsia, a TaKXKe CO3aHUA
OCEBOM Harpy3KH, 4TO YCIOKHAET Mpolecc OypeHus;

- JKEJaTeJIbHO, YTOObl B OCHOBE KOHCTPYKIMH JI€Kajl CTPYMHBINA ammapar c
COIJIOM M KaMepol CMEIIEeHUs UWIMHAPUYECKOW (QOpMBI C  UX
MOCJIEIOBATEIbHBIM OCEBBIM PACIIOJI0KEHHUEM;

- KaMepa cCMelleHHuss OypoBOro CHapsija JOJDKHA OKaH4YMBaThes AUPQHY30poM,
UCIOJb30BaHUE KOTOPOTO MO3BOJUT IIapaMm 0o0jee MHTEHCHUBHO pPa3pyllaTh
nepudepuitHyro 4acTh 320051 CKBaXXUHBI, TEM CaMbIM MOKHO IMOJJIEPKUBATH
MUHUMaJIbHOE 3HAUYE€HHUE PACCTOSHUS MEXIYy JO0JOTOM M 3a00eM, 4YTO
YBEIUYUT 3(PPEKTUBHOCTD MAPOCTPYUHOTO OypeHus;

- HEOOXOJMMO HCIIOJIb30BaTh 3a/IeP KUBAIOIIEE YCTPONCTBO, MO3BOJISIONIEE
CHATh OIPAHUYEHUS HA PAcXoJ MPOMBIBOYHOM KUIKOCTH, 3HAYEHUE KOTOPOTO
OyJeT BBICOKUM JJI ONTUMAJILHOTO pa3pylIeHUs] TBEPABIX U KPEKUX TOPHBIX
IOPOJ;

- B Ipolecce OypeHHss HEOOXOAMMO OCYHIECTBIATh KOHTPOJb  HaJ
MOJAJIEP)KaHUEM ONTUMAJIBHOTO PACCTOSIHUS MEXIY IOJIOTOM W 3a00eM U
TpeOyeMoro AuameTpa CKBaKUHbI;

- B KOHCTPYKLMH OypoBOro cHapsiia JOJDKHa OBITh MpPeaycMOTpEHa
BO3MOKHOCTb 3aMEHBI U3HOLIEHHBIX IIAPOB HOBBIMM B IPOLIECCE PEiica;

- KOHCTPYKLHUsI OypOBOTo CHapsaa JOJKHA OTIMYATHCS MPOCTOTON yCTPOMCTBA
U DKCIUTyaTalluu.

[Ipumensist mepeuyuciieHHble TpeOoBaHUA, B TOMCKOM MOJUTEXHUYECKOM

yHUBepcuTeTe Ha Kadeape OypeHusi CKBaXKMH Oblia pa3paboTaHa KOHCTPYKIIMS



IapOCTPYHHO-KEKTOpHOTO OypoBoro cHapsiga (Pucynox 1.5). Ona BKitO4aet B
ceOsl 3aj7iep)KUBArOIee YCTPOUCTBO 3 KOHMYECKOW (DOPMBI, IMO3BOJISIONIEE CHATH
OTpaHUYEHMs] HAa Pacxoj] MPOMBIBOYHOM >KUJKOCTH, a TAKXKE HaIpaBJSIOLIEe IIaPhI
HEIOCPEJICTBEHHO B Kamepy BcacbiBanus 4. CHapsin 3akaHumBaeTcst auddy3opom 6,

KOTOPBIN 00€CIeYnBaeT YUyt pa3paboTKy CKBaKUHBI IO TUAMETPY.
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Pucynok 1.5 - IllapocTpyitHO-22keKTOpHBIN OYpOBOil CHapsA:
1 — mepexoAHMK Ha HarHETATENbHYIO MarkuCTpalb; 2 — COIUIO; 3 — 3a/iep KUBAlOIIee YCTPOUCTBO; 4 —
KaMmepa BcachlBaHUS; 5 — KaMmepa cMenienus; 6 — nuddyzop

1.2 AHaJIn3 KOHCTPYKIUM CHAPA/IA C HeJIbI0 ONpe/ie/IeHUs1 0CHOBHBIX

NapaMeTpPoOB U BbISIBJIEHUS MyTeil MOAePHU3 AU

[Ipu pabore cTpyiiHOro ammapara B KaMepe CMeIIeHusi o0pa3yercs
TypOyJICHTHBI PEXUM TEYeHUs paboyero u HMHXKEKTUPYEMOTO IOTOKOB,
CJIEIOBAaTEIbHO M3HOC KaMepbl CMEIICHHUS YBEJIMYMBAETCS, M YMEHbIIAETCA

NanbHOOOMHOCTh cTpyH. [IpM BBICOKOYACTOTHOM 3BYKOBOM OOJIyYEHHH CTPYH



KUJKOCTU B quana3one yucna Crpyxans s = 2 — 5 BOIU3M coIia B IPUOCEBOM YacTH
CTpyd HaOIIOJAETCS YMEHBUIEHUE HOPMAJIBHBIX M CABUTOBBIX PEHHOJBICOBBIX
HaMpsHDKEHUH, 4YTO NPUBOAUT K YBEJIMYEHHUIO JJIMHBI HAYaJbHOTO YydYacTKa U
BCJIEZICTBUE ATOTO K BO3PACTaHUIO NANbHOOOWHOCTH cTpyu [9]. [dns peanusanmu
aToro 3¢deKkra BO3MOXKHO HCIIOJIH30BAHUE HW3MEHEHHOW TIE€OMETPUM CTPYWHOIO
TEUYEHUs, KOTOpoe OOyCIIaBIMBAET BO3HMKHOBEHHE CaMOBO30yxieHus ctpyu [10].
[Ipu »TOM OyAeT MMETh MECTO MHTEHCU(HKALUsS MPOLECCOB PA3PYyLIEHUSI TOPHBIX
opo/1 3a cuet 3P exTa KaBUTAILUH.

AMepukaHCcKue aBTOpPHI [2, 11], OCHOBBIBasICh Ha PE3ynbTaTax HUCCIEIOBAHUN
N0 M3YYECHUIO paclpelesieHus TUAPABIMYECKOW B3HEepruu OypoBOro Hacoca Mpu
IApOCTPYWHOM OYypeHHM, 3aKJIIOYWIM BbIBOA O HU3KOM 3HaueHun ero KITJI,
KOTOPBIM He mpeBblmaer 3%, 4To CBsA3aHO ¢ HU3KUM 3HadeHueM KIIJI cTpyiHbIxX
anmapatoB  (30-40%). Ilo »TuM pe3ysbTataM, HEKOTTOPbIC OTCUCCTBCHHBIC
uccienoBartenu [4] XapakTepu30BaJld «yAapHO-IpoOOBOW crocod OypeHus» Kak
MaJIONEepCIEKTUBHBIN Ju1sl OypeHus riryookux ckBaxuH. Ilocne wero ltpaccep B.B.
OIPOBEPTHYJI 3TO MHEHME, J0Ka3aB, YTO Ha pa3pylICHUE NOPOABI 3aTPAadyMBaACTCS
0KO0JI0 6—8 % TOBEPXHOCTHOM 3Hepruu [6]. OJHAKO HU OTHUM U3 UCCIIEA0BATENICH HE
ObuTa pazpaboTaHa METOAMKA T'MJIPABIMYECKOTO pacyeTa MPOMBIBKH CKBAXKUHBI MPU
IAPOCTPYWHOM OYpeHHHM, B KOTOPYIO BXOAST BBIOOp MMapamMeTpoB M pacxoja
XKUIKOCTH, pacueT JIaBJICHUW, BHIOOp THUIMA M YUCJIAa HACOCOB M PEXKHMMOB MX padoT.
Kpome Toro, B paMkax 3THX UCCIIEIOBAHUN MOXHO ITPOBECTH OLICHKY PUMEHUMOCTH
criocoba i OypeHus ri1yOOKUX CKBaXKUH C UCTOJIb30BAHUEM COBPEMEHHOW CEPUIHO
BBIITYCKa€MOM OYpOBOM TEXHUKH.

[IpoBeneHHble HCCIENIOBAaHUS TOKa3aldd, YTO HaWOOJbIINE MEXaHHUYECKHe
CKOpPOCTH OypeHus HaOIIOJAI0TCS MPU HUCIOIb30BAaHUU B KAYECTBE IMPOMBIBOYHOM
KUIAKOCTH BOAbI [2]. OmHako TpH MAPOCTPYWHOM OypeHHWH K MPOMBIBOYHBIM
KUAKOCTAM TPEIbSABISIOT LENbI psiA JOTMOJIHUTEIbHBIX TPEOOBAHUN, KOTOPHIM HE
oTBe4aeT Boja. M3BecTHO, 4TO mpW yaapax MApoB 3a00W MOKPBHIBAETCS CETHIO

TPENIMH, B CBA3M C Y€M BO3MOXXHO 3(P(HEKTHBHOE HCIOIH30BAHUE TOHHU3UTEICH



tBepaocTH [7]. [loaTomy aKTyanbHBI HCCIEOBaHME U pa3pabOTKa pa3IUYHbBIX
pelenTyp MPOMBIBOYHBIX KUIKOCTEH JIJIsl IApOCTPYHHOTO OypeHusl.

O} PexTUBHOCTD MIAPOCTPYIHHOTO OypeHUs ONpeaesieTcss CBOWCTBAMU TOPHBIX
IopoJi,  TEOMETPUUECKHMMH  TapaMeTpaMH  CKBaXHUHBI,  IC€OMETPHUUYECKUMHU
napameTpaMu OypoOBOTO CHapsla M TEXHOJOTHUYECKUMH pEeXKUMaMH OypeHus

(Pucynok 1.6).

DakTophl, onpejeisomue 3pPeKkTHBHOCTD
IIAPOCTPYHHOro dypeHus

| CoiicTBa ropHbIX TI'eomerpuyeckue IapameTpnl TexHosiornueckue
opos napamMeTrphbl cHapsiaa pPeRMMBI GypeHust
CKBAKHUHBI
MHAMUYECKast
A ‘ Aunamerp comna F ‘ Huametp mapos F
ECPAOCHD JluaMeTp CKBaKMHBI
HuameTp kamepsl Macca nopuuu
— Moayts ynpyrocru | CMeIIeHHUs! B mapo
poB
I'mybuna CKBa)KI/IHLI‘
| | Koopduument JltMHa KaMeps Paccrosaue Mex Iy
ITyaccona CMEIIIeHHUS JIOJIOTOM U 3a00eM
{ AOpa3suBHOCTH Vron packphITus Pacxox 6ypoBoro
muddys3opa pacTBopa
BhicoTa BIyCKHBIX Ilepemnan naBieHus B
OKOH corute
Koaddumnment Tun u cBoiicTBa
KEKIUH OypoBOro pactBopa

Pucynoxk 1.6 - Knaccuduxanus ¢paktopos, onpenesnsonmx 3pQeKTUBHOCTb MIapOCTPyHHOTO
OypeHust

OnHoM U3 BaXHEHIIMX TPYIII SBJISIETCS TPYIa T€OMETPUUYECKUX MMapaMeTpoB
cHapsiza. Pe3ynbTaThl nccie0BaHUM 10 M3YYEHUIO BIMSHUS JaHHBIX TapaMeTpoB Ha
3¢ (HEKTUBHOCTH pa3pyIICHUS] TOPHBIX MOPOJ MPHUBEJACHBI B PA3IMYHON JIUTEPAType
[1, 2, 7]. OnHako B NOPEMJIOKEHHBIX METOAMKAX pacyeTa CTPYHHBIX anmnapaToB
MPUCYTCTBYET OOJBIION pa30poc PEKOMEHJIOBAHHBIX 3HaueHUU. B cBsi3M ¢ 3TUM
HEoOXomuMoO  OoJjiee  JCTAIbHOE UW3YYEHHUE ONTUMAJIBHBIX  T€OMETPUYECKUX
rapaMeTpoB CHAapsAJIOB C IeJdbl0 BbIOOpa MPAaBUJIBLHONW METOAWKH pacyeTa
IaPOCTPYHHO-IKEKTOPHBIX CHAPSIIOB.

Ha ocHOBaHuMM MpPOBENEHHOTO aHadW3a PE3yJbTATOB MPEIBIIYIINX YUYEHBIX

OBLIN CZIeTIaHBI CJICIYIOIINE BBIBOIbI:



1) He yCTaHOBJIEHBI 3aBHCHMOCTH BJHSHUS JHAMETpa COIUIA, pPacxoja
KHUAKOCTU Ha 3PPEKTUBHOCTH MIAPOCTPYHHOTO OYpEHHS CKBAXKHH;

2) HE YCTaHOBJICHBI 3aBUCHMOCTH BIIMSIHHS CBOWCTB MaTrepualia IIapoB Ha
3¢ (HEeKTUBHOCTH MAPOCTPYHHOTO OypeHUs: CKBaXKUH;

3) OTCYTCTBYET MaTeMaTHUYECKasi MOJCIb MAPOCTPYHHOTO OYpPeHHS CKBAXKHH,
MO3BOJISIIONIAS PACCUUTHIBATH 0KUIAEMYIO MEXaHUYECKYI0 CKOPOCTh MTPOXOIKH.



Crnenyroliiie riaaBbl HE YKa3bIBAlOTCS B CBSI3U C TEM, YTO OHU UMEIOT
KOMMEPYECKYIO TaliHy:

2. Metonka npoBeAeHUs SKCIIEPUMEHTAIbHBIX UCCIIEI0BAHUN

2.1 JIabGopaTOpHBIN CTeHT IJTSl HCCIICOBAHUS TEXHOJIOTHIECKUX TPOIIECCOB
HIapOCTPYHHOTO OypeHus

2.2. Meroauka onpeaeaeHus MapamMeTpoB CTPYHMHBIX anmnapaToB

2.3. Meroauka 3KCTIEpUMEHTAIBHBIX UCCIIEIOBAHUN MTPH 3a0ypKe CKBAXKHUHBI C
00pa3oBaHNEM KPUBOJIMHENHOTO 320051

2.4. MeTosiMka CTaTUCTUYECKOU 00pabOTKH pe3yJIbTaTOB UCCIICIOBAHUM

3. UccnenoBanue BIUSHUS TEOMETPUUECKUX MApaMEeTPOB OYPOBBIX CHApPSIIOB U
TEXHOJIOTUYECKUX PEXXUMOB Ha 3PPEKTUBHOCTH OypeHHUS.

3.1. OnpeneneHue OCHOBHBIX pabOUMX MapaMeTpoOB CTPYHHOTO anmnapara

3.2. UccnenoBanue BIUSAHUS TUaMeTpa coria Ha 3 (HEKTUBHOCTh
IapOCTPYHHOTO OypeHus

4. PazpaboTka MaTeMaTH4YE€CKOM MOJENH MIAPOCTPYHUHOT0 OypEeHHs CKBAKUH



3AKJIFOYEHUE

B pabore npencraBiieHbl pe3yiabTaThl TEOPETUYECKUX U IKCIIEPUMEHTAIBHBIX
UCCIICIOBAaHUM TEXHOJOTHYECKUX IMPOILIECCOB MIapocTpyiHoro Oypenus. Ha wux
OCHOBaHUM pa3paboTaHbl TEXHUYECKHE CpEeICTBa M MaTeMaThdeckas MOJelb
MIPOLIECCOB MIAPOCTPYUHOTO OypeHHUsl, BHECIINE CYIIECTBEHHBIN BKJIA]] B TOBBIIICHHE
3¢ (HEKTUBHOCTH JAHHOTO CIIOC00a.

OcCHOBBIBasICb Ha TOJYYEHHbBIE PE3YJbTAThl HCCIIEOBAHUN ObUIM BBIBEICHbI
CJIEIYIOLIME 3aKIF0UCHUS:

*  HauOosiee NEPCHEKTUBHBIM CIOCOOOM OypeHHsI CKBaXMH B TBEPHABIX U
KPENKUX TOPHBIX OPOJIax SIBJISETCS MApOCTPYyHHBIN cI0co0;

* Ui WUCCJEeNOBAHUS MPOIECCOB MIAPOCTPYHHOTO OypeHHs C M3MEHEHHEM
3€HUTHOTO yIjla ObUI MOJAEPHU3UPOBAH OPUTMHAJIBHBIN TaOOPaTOPHBIN CTEHJ;

* 10 TOJYYEHHBIM pe3ylbTaTaM >SKCIEPUMEHTAIbHBIX MCCIEI0BaHUN
pa3zpaboTaHa MaTeMaTHuUecKas MOJIeJb TMPOIECCOB IAPOCTPYHHOTO OypeHwus,
KOTOpasi MO3BOJUT pPAaCCUUTHIBATh IMPEANOJAraeMyl0 MEXaHHYECKYI0 CKOpPOCTb
OypeHus;

HampaBnenue — panpHeWmmumx — pabOT  3aKiO4YaeTcss B IOBBILICHUU
¢ exTUBHOCTH croco0a M MPUMEHEHHUs €ro Ha MPAaKTHUKE OYpPOBBIX pabOT 3a cHeT
UCCJIEIOBAHUN CIEAYIOIIHNX BOIIPOCOB:

1) MakcumanbHo NPHUOIN3UTH YCIOBUS TPOBEACHUS HKCIEPUMEHTOB K
peallbHBIM;

2) N3yuuTh 3HEpreTM4ecKuid BONPOC C LEJbI0 YCTaHOBJICHUS KO3 (ULIMEeHTa
MIOJIE3HOTO JICUCTBHUS MIAPOCTPYHHOTO OYpEeHMUS;

3) UccnenoBaTh BOUSHUE PA3MUYHBIX TUIIOB TMPOMBIBOYHBIX JKHIKOCTEH, B
TOM 4YHCIIe J00AaBOK MOHU3UTENEH TBEPAOCTH, Ha d(DPEKTUBHOCTH MIAPOCTPYHHOTO

OypeHus.



[Ipunoxenue A
Modeling pellet impact drilling process

1. Introduction

Currently, there is a global trend to drill hard rock for various purposes. Hard
rock drilling is characterized by low drilling rate and low rate of penetration. New
materials and new design of drill bits for mechanical drilling can improve drilling
efficiency. Despite the continuous improvement, the enhanced hard rock drilling is
still a challenge.

Therefore, new alternative methods for rock drilling are urgent now. According
to some researchers [1, 4, 6], one of the most promising drilling methods is hydro-
dynamic drilling by highspeed fluid. This method ensures transmission of significant
energy to the bottom hole with the multifold increase in the drilling rate, as well as
the rate of penetration. Furthermore, this method is easy to apply within the current
mechanical drilling technology where mud is used for cutting transport. However,
hydro-dynamic drilling in its traditional version is not enough efficient for hard rock
drilling.

Pellet impact drilling implies rock destruction by metal pellets circulating
constantly in the bottom hole, which will solve a number of engineering problems
connected with hydro-dynamic drilling. This method is characterized by a number of
significant advantages: simplicity of drill bit design, no need for drill bit rotation and
axial load. According to the data on drilling performance [3, 9] pellet impact drilling
is associated with the increase in the drilling rate and the rate of penetration in
comparison with the traditional drill bits.

We have proved that the most effective method to drill hard rock is to use
ejector pellet impact drill bit with the nozzle and the tubular mixing chamber
arranged consequently in line [5]. The efficiency of this drill bit is connected with the
accuracy of geometric bit design and drilling parameters. The existing methods of
pellet impact drill bit engineering design are limited in application and appropriate to

design a particular drill bit only. Therefore, designing a specified model of pellet



impact drilling process is currently urgent since it would create a scientific and
methodological basis for engineering design under different geological and technical

conditions.

2. Designing a pellet impact drilling process

Designing a pellet impact drilling process was made on the basis of
experimental data, in a particular, high-speed photography. A hydrodynamic layout
of drill bit performance is shown in Figure 1.

Pellets are used in the following operations:

1) pellets are lifted in annular space 1 up to suction zone 2;

2) pellet are sent to mixing chamber 3 from suction zone 2;

3) pellets move in mixing chamber 3 and diffuser 4;

4) pellets move between the drill bit and bottom hole 5

A distinctive feature of a fluid jet is circulation of drilling mud and pellets. [3].
Thus, the circulation of drilling mud (Qgm) and pellets (Qp an, Qp as) IS Observed in the
process of drilling by the drill bit. It is necessary to note that operation mode of a

fluid jet is changed by adding pellets in drilling mud.




Figure 1 A hydrodynamic layout of drill bit performance: 1 — annular space; 2 — suction zone;
3 — mixing chamber; 4 — diffuser; 5 — a space between drill bit and bottom hole; Qgm — consumption
of drilling mud supplying to the drill bit; Q; — injected drilling mud consumption; Qmc — mixed mud
consumption; Vas, Vimen —mud velocity in annulus space and drill bit; Qp meh, Vp men— pellet
consumption and pellet velocity in mixing chamber; Qp as, Vp as— pellet consumption and pellet

velocity in annulus space.

3. Hoisting pellets in annulus space
The analysis of pellet movement in annulus space (Figure 2) obviously shows its

unequal character.

Figure 2. Stroboscopic image of pellet movement in annulus space.

Average velocity of pellets hoisting (m/s) in the case of even movement can be
defined by:
Vpas=Vas— U, (1)
where V, — velocity of drilling mud circulation in annulus space, defined by the

equality of mixed mud consumption in mixing chamber and annulus space

|4 *d?
V — mch Y mch*%mch_ 2
as (D e—4ap) )



where d,, — diameter of a mixing chamber; Dy, — well diameter; dg, — outer
diameter of the drill bit.
U — free-falling velocity of pellets in drilling mud for transient and turbulent

regime of flow (m/s), defined by Rittinger's formula

U= [2ozpan) o

Pdm

where o - Rittinger's constant for pellet in average 5,11 , d, — pellet diameter, p,
— density of pellets, pgm — density of drilling mud.

The maximum number of pellets in annulus space (NP .may) is defined using our
derived formula, based on the continuous motion of pellets. It is assumed that pellets

are arranged in several rows.

lap x(dgp+Dwelr)
asmax — \ 5 | * ==, (4)
dp Z*dp

where |y, — length of the drill bit.

According to the results of high-speed photography, it is possible to observe that
within a pellet portion supply, there are gaps between pellets within a row, as well as
between rows, even if the number of pellets is optimal. Therefore, the number of

pellets can be defined by the following formula:

N(fs _ ( lap ) N (T[*(ddb"'Dwell))’ (5)

dp*Cy 25dp*C,

where C1 — coefficient of a gap between rows; C2 — coefficient of a gap
between pellets in a row.

Formula (5) is appropriate for calculation of an optimal portion of pellets
supply. Validity of the formula is testified by the results of experimental research of
the influence of the length of the mixing chamber on pellet impact drilling efficiency.
The increase in length of the mixing chamber necessitates a greater number of pellets,
which is shown in the mentioned-above formula.

It should be noted that efficient cutting transport may be ensured through:

— increasing the capacity of an arrestor;

— choosing the optimal coefficient of ejection that ensures the appropriate

velocity of pellets in the mixing chamber.



4. Pellet supply to the drill bit
In upper part of the drill bit, pellets lifted up by rising current interact with the
arrestor and then are sent to the mixing chamber through the process windows.
To prevent pellets jamming under the arrestor the following condition should be
satisfied:
Qpas < Qpmen » (6)
According to the tests, formula (6) is valid if the coefficients of ejection are

more than 2.

5. Pellet movement in the mixing chamber and the diffuser

Pellet movement trajectory from the mixing chamber to the diffuser (figure 3)
has been studied with high-speed photography. It was revealed that pellets in the
mixing chamber do not move parallel to its axis due to the fact that velocity vector is
directed at the angle to an axis of a well at the point of pellets’ entrance in a mixing
chamber.

Therefore, the ricochet of pellets after hitting a wall is observed in the mixing
chamber. At the same time, the trajectory deviation of pellets is not detected in the
diffuser.

Furthermore, the analysis of video sequences shows when the pellets enter the
mixing chamber; they are accelerated by the drilling mud flowing from a nozzle. At a
distance from the inlet section of the mixing chamber the velocity profile of the fluid

jet becomes equal; pellet velocity reduces to velocity Vp mch and remains constant.



o
Figure 3. Stroboscopic image of pellet movement in the drill bit.

Pellet velocity in the mixing chamber is defined as:

Vn’fch =0 * Vinen , (7)

where 6 — coefficient depending on the ratio of the mixing chamber diameter to
the pellet diameter, pellet consumption in a mixing chamber and drilling mud
properties [7].

Vmen — Velocity of drilling mud in the mixing chamber defined as:

, (8)

4‘*Qp *(1+1n,)
Vinen = 2
7r*dmch

where n, — coefficient of ejection of the fluid jet.

The maximum number of pellets in the drill bit is defined as:

D _ l
Ndb max ~ 2 % (dij)' (9)

Pellets consumption is equal to

p Nap
— _dbmax
mch — t 10)

where t — the time of drilling.
Substituting (9) into (10) in case of even movement, we will obtain:
_2xlgy  2#VE

Qhy = 2ot = ot (1)

t*dp




In fact, not all pellet in the drill bit move in a row and there is a certain distance
between the rows. In this regard, formula (11) should be corrected by adding

coefficient C3 taking into account the gaps between pellets in a row and the rows.

Z*Vp

ng = C3 * #Ch; (12)

It should be noted that the empirical dependence of pellets consumption in the

mixing chamber on pellets velocity is confirmed by the American researchers as well

[2].

6. Pellet movement in bottom-hole zone

After leaving the diffuser pellets hit the rock and crush it. Figure 2 shows that
the distance between the drill bit and bottom hole is gradually filled up with pellets
because of considerable flow turbulence of drilling mud after its interaction with the
bottom hole and pellets encounter as well. In addition, a comparison of the actual
geometric dimensions of the bit, pellets and the distance between the drill bit and the
bottom hole, as well as trajectory analysis show that the marginal zone of bottom hole
is crashed mostly by ricocheted pellets and supplied pellets. This once again confirms
the justification of a minimum distance between the drill bit and bottom-hole in

drilling of a well.

7. Conclusion
The suggested model of pellet impact drilling process creates a scientific and
methodological basis for engineering design of drilling operations under different
geo-technical conditions, and ensures through:
— to calculate pellet consumption and pellet movement velocity in annulus
space and the drill bit;
— to ensure the efficient cutting transport from bottom hole;
— to prevent pellets jamming under the arrestor of the drill bit;
to calculate the optimal portion of pellet supply for the drill bit.



