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1. TIPUYMHBI U3SMEHEHUS [TPOHULIAEMOCTH B OKOJIOCKBAXWUHHOM
30HE U TUIIBI ITOPAXKEHU A ITJIACTA

[Ipu coopykeHuum U D3KCIUlyaTallud CKBaXUH B 4YacTU He(TerasoBoro Iacra,
Ipuieraromed K  CKBaOKUHE, IMPOUCXOAAT  TEXHOIE€HHbIE  W3MEHEHMSI  MPUPOIHBIX
(UIBTPAITMOHHBIX CBOMCTB U (POPMHUPYETCS CHCTEMa OKOJIOCKBXUHHBIX 30H (O3) ¢ ocoObMu
ycinousiMu  ¢unbTparuu [6]. OKOJOCKBaXXKMHHBIE 30HBI OOYCIIOBIMBAIOT HM3MEHEHHE 3aKOHOB
¢buibTpanuy, 3HAYUTENbHBIE TOTEPU IUIACTOBOM HSHEPrUM U CHUXKEHHE MPUPOIHOMN
MPOJYKTUBHOCTU IUIacTa. s yBenudeHus MPOAYKTHUBHOCTU CKBa)XMH pa3padOTaH IIMPOKHUN
HabOp METOJIOB M TEXHOJIOTUN BO3JIEHCTBUS HAa OKOJIOCKBAXKUHHYIO 30HY. OIHAKO 3TH METO/bI U
TEXHOJIOTUM HE YYUTHIBAIOT HEJIMHEHHYI0 (UIbTPALMIO, CBA3aHHYI0 C paJUaIbHBIMU
M3MEHEHUSIMU TIPOHUIIAEMOCTH B OKOJIOCKBaXXMHHBIX 30HAX, C 3aBUCHMOCTHIO MPOHUIIAEMOCTHU
no uenesoMy @¢uiouay OT (UIBTPALMOHHOTO YIUIOTHEHUS U JIEHCTBYIOILIErO TIpajUeHTa
JABJICHUs] B TEXHOT'€HHO M3MEHEHHBIX OKOJIOCKBOKMHHBIX 30HaX. HenuuelHas ¢uibTpanus u
KOMIIJIEKCHBIA MEXaHU3M MOPaXXEHUs IJIacTa U U3MEHEHUI COCTOSIHUM OKOJIOCKBa)KUHHBIX 30H B
Pa3IMYHBIX T€0JIOr0-TEXHOJIOTHMUYECKUX YCIOBHUSAX OOYCIOBIMBAIOT HHU3KYI0 3()PEKTUBHOCTH
CYLIECTBYIOIIHUX TEXHOJOTUN HHTEHCU(PUKAIIUHU TOObIUH.

HecmoTps Ha Bce MHOrooOpa3re 0KOJIOCKBaKMHHBIX MPOLECCOB, UMEETCSl OPE/IeIIEHHAs
OOLIHOCTh MEXaHU3MOB YXYJIIIEHUs] (PUIBTPALIMOHHBIX CBOMCTB Iiacta. OCHOBHON MEXaHHM3M
MOpaXEHUSI I1acTa B OKOJIOCKBOKMHHOM 007acTH 3akitoyaeTcss B OJIOKMPOBKE 4YacTu
BHYTPUIIOPOBOTO IMPOCTpaHCTBa TBEpAbIMH uacTuuamu [l]. 3xech 3aneiicTBOBaHBI Takue
(bakTopbl, KaK TEXHOTE€HHbIE M3MEHEHUS NPUPOTHON MUKPOCTPYKTYpPBHI IIacTa B pe3yJbTaTe
MIPOHUKHOBEHHUS B HETO YAaCTULl TEXHOJIOTMUYECKUX KUIKOCTEH, OTI0KEHUE CMOJI U ac(albTEeHOB
B IOpax, JMCHEPrupOBaHUE TIMHUCTHIX MHHEPAJIOB CIIa0OMHHEPAIN30BAHHBIMU PacTBOpPaMH,
OTJIO)KEHUE OcaJKa B IOpax, MHHEpalMu3alusi, 3acOpeHHe IMOp B pe3ysbTaTe BO3JEHCTBUS
OaKkTepuil U XUMHUYECKUX peaKkuil u ap. ITH (HakTopsl BIUSIOT HA popmupoBanue cuctemsl O3
Ha 3Tarax COOPYKEHUS U OCBOCHMSI CKBRXHH U OINPEAEISIOT 3aKOHOMEPHOCTH (HIIbTpAIIUU HA

JTane dKCIuTyaTaluu ckBaxuH. [pyrue ¢hakTopbl — GUIBTPAIMOHHOE CKATHE CKEJIETa TIOPUCTOM



Cpedpl TpH CO3/aHUM JCTPECCMU Ha IJIacT, KOJIeOaHUs TeMmIepaTypbl MpH NpPUMEHEHHH
TEIUIOBBIX METO/0B Bo3JeHcTBUS HAa O3 — 00yCIIOBIMBAIOT TEpMOOApUUECKHE HANPSKEHUS U
MOTYT NPHUBECTH K M3MEHEHMIO mnpoHuuaeMoctu O3 (Hampumep, pazpaboTKa MECTOPOKICHUS
3p163a  [1]). Takum o00pa3oM, U3MEHEHUE MPUPOJHONW MPOHMIAEMOCTH IIJacTa B

OKOJIOCKBXMHHOM 00J1aCTH HOCUT KOMIUIEKCHBIN MHOTO(AKTOPHBIN XapaKTep.

2.. MOZAEJIMPOBAHUME U3MEHEHU S ITPOHUIAEMOCTU TTJIACTA B
OKOJIOCKBAYKMHHOU 30HE

[Iponunaemocts no uenesomy ¢urouny B O3 ompenensieTcss CTPYKTypoill MOPOBOTO
MIPOCTPAHCTBA, HACBIIIEHHOCTHIO IOPOBOTO IPOCTPAHCTBA HEMOJBWXHBIMU (OCTaTOUHBIMHU)
(azaMu, COOTHOIIEHHEM HACBIIIEHHOCTH LI€JIEBOTO U MOMYTHOTO (hIIOMI0B, TUIIOM CMAayMBaHUS
U HEKOTOphIMU JApyruMu ¢akropamu. B mponecce coopyxeHUss U ONpoOOBAHMSI CKBaKMH
MIPOUCXOJAT W3MEHEHMs] NPAKTHUECKU BCEX BBIILIECIIEPEUUCICHHBIX (AKTOpOB, U Ha 3Tare
AKCIUTyaTallMy CKBa)KUH B OKOJIOCKBaKMHHBIX 30HaX (POPMUpPYETCsI HOBasi TEXHOT€HHas LieJieBast
nponunaeMoctb. [lpu ongHodasHol (uabTpauuum NpPOHUIIAEMOCTh MO LeaeBoil (asze Oyner
ONpENENAThCA M3MEHEHUSMU MHUKPOCTPYKTYpbl M  HENOJBMKHOM  HACBIIIEHHOCTH B
OKOJIOCKBaKMHHBIX 30HAX.

TpaauuuoHHO U3MEHEHUE MpoHuLaeMocTy miacta B O3 1o BAUSHUEM MEPBOM TPYIIIIBI
(bakTOpOB (3arpsi3HEHUE) OMKUCHIBAJIOCH BBEJACHHEM CTyneH4arod gyHkuuu. [IpoHunaemMocTs B
OKOJIOCKBaKMHHOMW 30HE IU1acTa ObUIa MOCTOSHHOM M OTIMYaliach OT IPOHUIIAEMOCTH OCTaIbHON
yacTu miacta. OJHaAKO MHOTOYMCIIEHHbIE HCCIEAOBAHUS IMOKA3ald, YTO XapaKTep HU3MEHEHUs
MIPOHULIAEMOCTH B OKOJIOCKBaXMHHOW 30HE BCJEACTBUE 3arpsi3HEHUSI MOXET ObITh ONHCaH
pa3auMYHbIMU 3aKOoHaMu [6]. [l momydeHust peuieHui, KOTOpble MOTYT ObITh NPUMEHEHBI IS
moboro ciydvasi, OylneM ONUCHIBaTh OOOOIIEHHOE BIMSHUE 3arps3HeHHs] oOued ¢yHKuuen
KoopauHaT A(X, y, z), B palalibHO-CUMMETPUYHOM cllydae 3T0 OyzaeT GyHKuus paguyca A(r).

Takum o0pa3om, BIUSHUE 3aCOPEHMS HAa MPOHUIIAEMOCTh Oy/eT BhIpaxkaTrbcst (hopMysion

[4]:

k(r) |A(r), r.<r<r,

- : 2.1)
k, l, r,<r<r

rac k() — OCJIeBasd MPOHUIACMOCTb HE3arpsA3HCHHOIO IIacCTa, re U ¥ — PaaAuyCbl CKBAXHWHBI U

KOHTypa nutanus, A(r) — 0e3pa3zmepHas QyHKIUS, OMMCHIBAIOLIAs M3MEHEHUE MTPOHUIIAEMOCTH



M0 paanyCy 30HBI 3arpA3HCHUA 73 — PACCTOAHHIO, HA KOTOPOM IIPUPOJHASA MNMPOHHUIAECMOCTDH

mIacTa 1 MpOHUIIAaCMOCTb SarpﬂBHeHHOfI 30HBI COBIIAJArOT.

Brusnue ¢gurempayuonnoco ynnomuenus ckerema nopoobl HA NPOHUUAEMOCHIb.
QunbpTpanuoHHas AedopManus CcKelera IMOPOAbl G; OIpelensercs AByMs (akTOpamHu:
CYIIECTBYIOIMMH TOPHBIMU HAIPSHKECHUSIMU U 1ehopManiueid BCaeACTBUE U3MEHEHHS TEKYIIETO

IJIaCTOBOTO AaBieHwus p [13], T.e.

k=kyf (0;.p). (22)

HanpsokeHHOe  cOCTOSIHME OKOJIOCKBAKMHHOM oOjactu miiacta (GopMUpYETCsl TOJ
JNEHUCTBHEM TOPHOTO JABJIICHHMS B pPE3yJIbTATe KOHILEHTPALMHA HANpPSHKEHUH B OKPECTHOCTH
CKBAKMHBL. OTO MNPUBOAUT K M3MEHEHHIO HAINpSDKEHUM B paJuaJbHOM HaIlpaBJICHUU.
W3meHeHHOEe HaNpsHKEHHOE COCTOsIHUE (POPMUPYETCSl Ha 3Talax COOpPYKEHUs, 3aKaHUMBAHUS U
onpoOoBaHusi CkBaxHH. [Ipu sKkcrulyaTanuu CKBaKMH 3((EKT HaANpsKEHHOTO COCTOSHUS B
OKPECTHOCTH CKBaXXMH TNPOSBIIETCS YEpPEe3 YHACIEJOBAHHOE OT NPEABIAYIIMX JSTanoB
pacnpesiefieHue HanpsDKeHWH B 3aBUCMMOCTH OT KOOpAMHAT (WM pajuyca B paauaibHO-
CUMMETPUYHOM Cllydae), a 3HA4YMUT, (QYHKIHS f* IIPU SKCIUTyaTallUd CKBAXXUH C IOCTOSTHHOM
Jernpeccueil Mo)KeT ObITh pa3/ielieHa Ha JIBE, 3aBUCSIIME TOJBKO OT paanyca M JaBJICHUS;

MMOATOMY COOTHOIIIEHUE (2.2) OyneT uMeTh BU:

k=kof (c,(r),p). (2.3)

Temneps paccMOTpUM U3MEHEHHE TPOHHUIIAEMOCTH MPU U3MEHEHUH TIJIACTOBOTO JIaBJICHUS.

JIyis ydera BIUSHUS U3MCHCHUS JABJICHHUS HA TPOHUIIAEMOCTh HCIIOJIb3YIOTCS Pa3INIHbIC
3aKOHBI 3aBHCUMOCTH TMPOHUIIAEMOCTH OT Tepenaaa MaBJICHUS, HAPUMEP IKCIIOHEHIIUATbHBIMH,
cTeneHHou u ap. [2, 8]. CrnennanbHbIe UCCIEIOBAHMS TTOKA3aIM, YTO JIJISl Pa3HBIX TUIIOB TUIACTOB
3aBUCHUMOCTh TPOHHUIIAEMOCTH OT JIaBJICHUS MOXKET MUMETh WM HWHOW XapakTep, B TOM YHUCIIC
HEMOHOTOHHBIN [9, 12]. B o0mem ciydae s J1r000TO THIIA IJIACTOB OyJaeM paccMaTpUBaTh
3aBUCUMOCTb TPOHHUIIAEMOCTH OT M3MEHEHHMs HaBJICHUS M B OOOOIIEHHOM BHUJE C TOMOIIBIO

byukuuu f(p), rae f(p) — modasi MOHOTOHHAS WJIM HEMOHOTOHHAS (DYHKIUS:
kik,=f(p). (2.4)

C yuerom (2.3) u (2.4) cooTHOmeHue (2.2) MOXKET OBITh MPEICTABICHO B BU/IE



k=kyfs(r)f(p) 2.5)

rae fo(r) — GyHKIus, HEe 3aBUCSALIas OT TEKYIIETro AaBJICHUS.

Brusanue memnepamypuei. 3aBUCUMOCTb IPOHULIAEMOCTH OT TEMIIEpaTypsl, cornacHo [10],

MOET OBITh IMpeaACTaBJICHA B BUAC

(3-m)

m

k" =k(T,)exp| — BT ~Ty) | (2.6)

/1€ M — CPEAHsIsl IOPUCTOCTD, [3 — const.
[Ipnyem Temmeparypa MOXKET 3aBHCETh OT KOOPAMHAT I PAANAIBbHO-CUMMETPUYHOTO

ciydas T=T(r).
Torna Ha ocHoBe cooTHomeHud (2.1), (2.5), (2.6) noxyuuM BbIpaK€HUE IS
MIPOHUIIAEMOCTH MO (GUIBTPYIOIIEHCc ¢daze ¢ y4eToM MOPAKEHUS OKOJIOCKBKHMHHOW 30HBI

I1acTa 1 TEMIICPATYPHOTO USMCHCHUA B BUAC

k=K [T, (1) f(p)A(r). 27

Takum o0pa3om, (GyHKIUS ydeTa paauajbHOTO W3MEHEHHUS MPOHHUIIAEMOCTH, MOMHMO
3arpsi3HEHUs, OyleT BKJIOYaTh B €e0s M3MEHEHHE NPOHUIIAEMOCTH BCIJICICTBHE DPa3IUIHI
KO2(DPUIIMEHTOB TEMIIEpaTypHOTO PACIIUPEHUS CIIArapliuX TUIACT MUHEPAJIOB M H3MEHEHHS

HaIIpsHKEHUH B OKOJIOCKBAKUHHOM 30HE.
A = A(r) [, (ryexp ——=pT (") = T,) | 2.8)

[ToacraBnsis nmoyuyeHHOE BbIpaykeHue B (2.7), MOIyduM

k=k,f(p)A (r). (2.9)

CootHomenne (2.9) cmpaBeyIMBO B CiIydae, KOTrJa OINPEACISAIONINE IMPOIECCHI

3arpA3HeHus, JepopMalMd M TEIUIOOOMEHa YXKE pealu30BalUCh Ha J3Talax COOPYXKEHUs



CKBAKMHBI, a IMPOLECChl WU3MEHEHMs] IPOHHULAEMOCTH IPU HU3MEHEHUM  JIaBJICHUS
KOHTPOJMPYIOTCS TEKYIIUMH PeXUMaMU padOThl CKBAKUHBI.

Brusnue 3awemnenus ¢arouoos. Kak yxe ObUI0 OTMEUEHO BBILIE, €1€ OJHUM (HaKTOPOM,
BIIUSIOIIMM Ha MPOHUIAEMOCTh OKOJIOCKBAXMHHOW 30HBI, SBJISETCS HACBILIIEHUE IIOPOBOIO
MIPOCTPAHCTBA HEIOABIKHBIMU (PIIIOUIaMHU.

B npupogHOM COCTOSIHMM KOJMYECTBEHHbIE XapaKTEPUCTUKU HEMOJBMKHBIX (a3 (Boaa,
HeTh)  KOHTPOIMPYIOTCA  (PU3UKO-XMMHUUYECKUMHU  TPOIECCaMH,  MPOTEKAIOIIUMU B
re0JIOTHYECKOM BPEMEHHU (COTHM ThICAY JI€T). DTU 3HAUYEHHUS CTaOMIM3UPOBAINCH, U TIOKa3aTeNln
OCTATOYHBIX (PEIMKTOBBIX) HEMOIBUKHBIX HACBILIEHHOCTEN CBSI3aHbI TOJIBKO C I€0JIOTMYECKUMU
O0COOEHHOCTSIMU CTPOEHHUS KOJIIEKTOpOB. [Ipu coopykeHnn CKBaKMH U B MPOLIECCe MPOBEIECHUS
COOTBETCTBYIOILIUX  T'€0JIOrO-TEXHOJOIMUYECKUX  MEPONPHUSATHH  HPOUCXOIAT  IPOLECCHI
BBITECHEHHSI He(TH (QUIbTpaTaMH TEXHOJIOTMUYECKUX >KMJIKOCTEH M, HA000poT, (HIBTPATOB
TEXHOJIOTHYECKHUX XKuakocTe — HedThio. [Ipoueccsl GuibTpanuu OpUBOJIAT K 00pa30BaHUIO
KalWUISIPHO-3aIEMJICHHBIX (HEMOJABMKHBIX) (a3, KOTOpble OTCYTCTBOBIM B INPUPOTHOM
COCTOSIHUH.

O0600111eHNE SKCIIEPUMEHTAIBHBIX HCCIIEIOBAaHUI TO3BOJIIET OMNPEAENATh PEKUMbI
¢unbTpanuu U oOpa3oBaHus 3ameMieHHbIX ¢a3 [5, 14]. IlepBblil (KanWIISPHBIA PEXHUM)
XapaKTepU3yeTCs MMOCTOSHHBIM 3HAYEHUEM OCTATOYHOM HACBHIIIEHHOCTU NMPH MAJIbIX 3HAUEHUSAX
KamWUISIpHOro 4ucia. [lpu NoCTHKEeHUM KalnuJUIIPHBIM YUCIOM KPUTHUYECKOIO 3HaueHus N
TUAPOIMHAMUYECKUI HAmop Ha KpYHHbIE IJ100YJIbl CTAHOBUTCS OO0JbIlE KaMWJUISIPHBIX CUJI U
OHM HAYMHAIOT JAPOOUTHCSA, MPHU OTOM YACTh MEJIKHX IJIOOYJl CTaHOBUTCS MOJBWXHOW. U
OoCcTaToyHas (HEMOJABM)KHAsA) HE(PTEHACHILIEHHOCTh YyMEHbIIAeTCs (KaluWUIIpHO-HAOPHBIN
pexum). [Ipy HOCTKEHUH KPUTHUYECKOro 3HAUeHUsl N, BCS KalWUIApHO-3allleMIeHHass HEPTh
BBIMBIBAETCS U3 MOPUCTON cpesibl (aBTOMOJENIBbHBIN pexxuM). B mupokom quamnazoHe u3MeHEHUs
npornmaemoct (ot 40,8 1o 2190 m/T) Bemmanna N, cocrasisier 2.7-10° — 4.9-10° [11].

B 3aBucumoctu OT peXuUMOB (UIBTPALMU OCTATOYHAs HE(PTEHACBHILIEHHOCTD S,

OTIpeNIeTIsIeTCsI COOTHOIIEHUEM [8]:

s N <N,

or

s =¢{1-s —CN’,N , <N <N_
Smin, Nc >ch

or

e

: (2.10)

~



raie C — koddduiueHt, omnpenenasieMblii KOUIGKTOPCKMMH CBOWCTBAMH IuTacTa, O —

KO3 puImeHT, omnpenensieMblii CTPYKTYpOH TOPOBOTO MPOCTPAHCTBA, Sy, — KOIPPHUIIMEHT

OCTAaTOYHOM BOJIOHACHIIIIEHHOCTH IJI1acTa (C HETOABM)KHOM 3ariemMyIeHHOH (a3oii HedTH).
O6oOmass 3TO TpEACTaBIICHWE Ha Clydaid MPOMBITOTO Tutacta it (ha3oBoit

IIPOHUIIAEMOCTH 110 BOJE (ky), OTydaemM

k,=k(r,p)f,(s(N,) f.(s) =D(s-s,.)" (2.11)

rae k(r, p) — "3MEHEHUEe MPOHUIIAEMOCTH, YUUThIBarolee (HaKTOpbl 3arpsi3HeHus, edhopmanuu u
TeMIIepaTypHOro pacmupenus (2.6), s — BOJIOHACBHIIIEHUE HPOMBITON 30HBI, S=1—So., fofS) —
(GYHKIMS OTHOCUTENBHOM (Da30BOM MPOHUIIAEMOCTH [JIsi HarHeTaeMo BOJABI B OKPECTHOCTH
CKBaXKUHBI, D U 3 — KOHCTAHTHI.

BripaxkeHue 111 BOJOHACHIILIEHUS B MOJHOCTHIO IPOMBITON 30HE (S) B 3aBUCHMOCTH OT
N, MoxeT ObITh TosTy4eHo u3 (2.11), ¢ yaeTom TOro, 4To §=1-5,,.

3aBucumoctu k(r, p), BXoAsliue B cooTHoueHue (2.9), noiny4aroTcs U3 3KCIEPUMEHTOB
1o o/iHO(a3zHOM GuIbTpanuy, a 3aBUCUMOCTH THMA (2.11) — U3 3KCIIEPUMEHTOB IO BHITECHEHUIO
0J1HOH (a3bl Ipyroi, He cMeNIMBaroLIeiics ¢ Hell da3oil.

Takum 00pazoM, 3aBHCHUMOCTb OTHOCHTENIBHOW (a30BOM BOJONPOHUIIAEMOCTH OT

KalmnuJUIAPHOI'O YucCiia 6YI[6T HUMETh BU

f,, Nc > Nc,
BN “, Nc, < Nc < Nc
fg(Nc)z c 2 2, (2.12)
f1, Nc < Ne,
rae Nci; m Nc, — rpaHuWyHble 3HAueHHs NC, XapaKTEPU3YIOIIHE PEXKHUM
oOpazoBaHusi 3amiemieHHOW HedTH, f; W  f, — 3HAYCHUA OTHOCHUTEIBHOW (ha30BOM

MPOHHUIIAEMOCTH B ABTOMOJICIBHOM M KAaWUIAPHOM pEeXHMax 0O0pa3oBaHHS 3alIeMIICHHOMN
Heptu, B=AC,a=p0.

'pannyHble  3HAYEHUS YHCIA  KAMWUIIPHOCTH  JOCTHTAIOTCS Ha  HEKOTOPBIX
(UKCHUPOBAHHBIX PACCTOSIHUAX OT CTEHKH CKBaXHHBI. O003HAUMM pa3Mepsl 30H 4epe3 7| U 77,
T.e. r=r; npu Nc=Nc, u r=r, npu Nc=Nc,. Ucnonb3ys oOLIENPUHATOE BBIPAKEHHUE IS
KalwusipHoro uucna N.=kyAp/(ol), tae k¢ — pazoBas NpOHULIAEMOCTh AJIs BOJbI, Ap — nepenaj

NaBJIeHUs Ha JUIMHE oOpasua L,o — Mex(da3Hoe HaTsDKeHHE Ha TpaHulle Boja — HEPThb, U



BbIpa)kass CKOPOCTb 4Yepe3 TpaJueHT JaBlieHUs, MPEJICTaBUM 3aBUCUMOCTb  (a30BOM

BOJOIIPOHHUIAEMOCTH OT paanuycCa B CICAYIOIEM BUC:

(fz,reDl

ky d
fg (I,):<B(?qbd—1:)y, y=p6,B=CD,reD,

\fl,reD3

: (2.13)

Dl:{rcérérz},Dzz{rz<r<rl},D3:{r Srér}_

CxeMaTnuecku 3Ta 3aBUCUMOCTD MTOKa3aHa Ha puc. 2.1.

j‘; (F/} Y

Ji D,

J2

¥

Fe ¥ Fi

Puc. 2.1. Xapakrep paguaibHOTO M3MEHEHUS OTHOCUTEIBHOU (Da30BOIl MPOHHUIIAEMOCTH
10 BOJE B IIPOMBITOM ILIACTE.
Obnactu D;, D;, D3 (COOTBETCTBEHHO): aBTOMOJEIIbHBIN, KalUJUIIPHO-
HAMOPHBIM, KAMWJUISIPHBIN peXXUMbI 00pa30BaHUs OCTATOYHOU HEDTH

3. PACITPEJJEJIEHUE NABJIEHUA B CJIIOXKHOIIOCTPOEHHBIX
OKOJIOCKBAXHWHHBIX 30HAX

B oOmem cnywae, T.e. ¢ yueTroMm 3arps3HeHHs, (UIbTpaLMOHHON naedopmaluu,
TEMIIEPaTYpPHOI'O pAaCIIMPEHUs U HaJIM4us 3alleMJICHHON (a3bl, BbIpaXEHHE IJIsI CKOPOCTH

¢dunpTpanuu OyJaeT UMETh BHI:



k,(r,p,gradp) dp
,U dl" . 3.1)

W3 ypaBHenust Hepa3pbiBHOCTH divey=0 ¢ y4eTOM BBIpaKE€HHUS ISl CKOPOCTU (QUIbTPALIUU

o(r, p,gradp) =

ITOJIYYMM CUCTEMY JUJIS PELICHUS 3a/1a4u.
Jnst TOM 4acTu IulacTa, rie ACMCTBYET KAaNWUIAPHO-HANOPHBIM PEXHUM BBITECHEHUS

(Nc1<Nc<Nc;) — 30Ha 2, ClIpaBeUTUBO YpaBHEHHUE:

d [r(A*(r)f(p)Z—p)”“‘”]=0. )
v

dr
B Toit wactu, rie aecTByeT KanwuIpHbIA peskuM (Nc<Nci) —30Ha 3 U aBTOMOJIENbHBIN
pexuM (Nca<Nc¢) — 30Ha 1, COKpaTMB Ha KOHCTaHThI, MOJIyYMM YpaBHEHHE, OIKCHIBAIOIIEE

pacnpeaciCHuc JaBJICHU, B CJICAYIOIIEM BUIC!

d . d
~ (4 (r)f(p)d—lz) =0 .

3aauM yCIOBUS Ha CKBXMHE M KOHTYpE:

pr=rc :pc, p

Kpome »53roro, HeoOXoaumo 3agaTh yCIOBHS Ha TIpaHULAX 30H, KOTODBIE

rer, Pk (3.4)

CBUICTCIIbCTBYIOT 00 H3MEHEHHU pexKuMa (KaHI/IJ'IJ'ISIpHoe YUCJIO AOCTUTa€T KPUTHYCCKHUX

3HaueHui). Ha rpanunax 30H umeem:

_ kqb(par) dp
o dr

Nc

r=r. - Nci :>

Nc,o

dp
T ky(par) -

dr

Takum 00pazom, MbI HOJYYHJIM CUCTEMY ypaBHEHUM ais pewmeHus 3agauu (3.2)—(3.3) ¢
rpaHuYHBIMU ycaoBusMH (3.4)—(3.5), koTopas onpeAesnseT paciupeieieHue JaBiIeH sl B IU1acTe.

Jliis ee peweHust y100HO UCIIOJIb30BATh CIIEAYIOIINE HHTErpaIbHbIE (PYHKIIUU:



) ©dr P
¥ (r) =Jr(1_y) 1) 2= [ f(p)dp (3.6)

B o0meM ciydae nosydeHHe aHaIUTUYECKOIO PEIIEHUs 3TOM CUCTEMbl HEBO3MOXKHO. Ee
pelIeHre ISl YaCTHBIX CIy4aeB MO3BOJIMIIO MOJYYUTh paclpeiesieHue JaBieHUs 1Jis pa3IudHbIX
COCTOSIHUI OKOJIOCKBaXXKMHHOM 30HHBI (puc. 3.1) [5, 14].
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Puc. 3.1. Pacnpenenenne gaBiaeHus No pajinycy:
P* = (0PI pipe); flp) = 1,y = 0, A%(r) = 1(1,5), 4*(r) = 1(2); v #0, A*(r) =
13,7), A*(r) # 1(4); A*(r) = 1,y = 0,1(p) #1(6); v #0, f{p) # 1

Kpusbie 14 nocrpoens! i cinydas GUIbTpaluyd OIpU OTCYTCTBUH 3allleMJIEHHOU (a3bl,
KpHUBBIE 5—8 — C €€ yUeTOM.

Kak BumHO m3 puc. 3.1, B 3aBUCHMOCTH OT COCTOSIHHSI OKOJIOCKBA)KMHHOW 30HBI U
(bakTOpOB, BIMSIOIIMX HA €€ IPOHUIIAEMOCTb, paclpeae/eHus 1aBJIeHUs, a 3HAUUT, U TPaIueHT
Ha CKB@XKHMHE MOTYT CYHIECTBEHHO pAa3JIM4yaThbCs, UYTO BIMSIET Ha MPOU3BOJUTEIBLHOCTD

CKBa’XHHBI.

4. BIMSIHUE OKOJIOCKBAYXXWHHOM 30HBI HA [TPOU3BOUTEJILHOCTh
CKBAXHWH B YACTHBIX CIIVUAAX
BoipaxkxeHue A IpPOU3BOJIMTENBHOCTH  CKBAXKUHBI, YYUTHIBAIOIIEE H3MEHEHHE
MPOHULIAEMOCTH B OKOJIOCKB&XMHHOW 30HE BCIEJACTBUE 3arpsi3HEHUs, JedopMaluu U

W3MEHEHHUsI TeMIIepaTypsbl, OyneT umMeTh Buj [4]



0= 2K @) (p.py)
u(T) ¥ () w

rae pyakuuu @ u W* onpenenstorcs cooTHomeHusaMu (3.6).

[lonyueHHble pelIeHUs IMO3BOJSIOT MPOBECTH aHAIU3 BIUSHUSA (AKTOPOB H3MEHEHUS
MIPOHULIAEMOCTH B OKOJIOCKBa)KMHHOM 30HE Ha IMPOU3BOJIUTENBHOCTh CKBaXKMH. PaccMmoTpum
OTJIEIbHO BIUSHUE KAXJIOTO U3 HUX.

Paouanvnoe uzmenenue nponuyaemocmu. V3MeHeHHE IPOHUIIAEMOCTH IO PaAUyCy
ompezensercs AByMs (akropamu: QyHKUuMen 3arpsisHeHus A(r), nedpopmanuu fo(r) u
TEeMIIEpaTypPHbIM U3MEHEHUEM MPOHUIIAEMOCTH B BUIE (2.6).

UToObl M3y4UTh BIMSHHE [APaMETPOB, OIPEASISIIOMUX (QYHKIIHIO A*(r) (panuyc
3arpsi3HEHUsT W 3HAYeHUe H5TOM (QYHKIMM Ha CKBaKHHE A*(rc)), Ha 71e0uT, paccMOTpUM
OTHOIIIEHHE J1eOUTOB 3arpsA3HEHHOI0 U YMCTOro Iuiacta. be3 yuera BiausHUS QUIBTPAMOHHON

nepopManuu 1 TEMIIEPATyphl, C yUeTOM NOoJydeHHOU (hopmyiibl (4.1) oHO puUMeT BUL

In(x, /7.)
\If(rc,rgg) . 4.2)

010, =

3nech

© dr
\I’(rc,r):j%.

T

Takum oOpazom, dPPexT BausSHUS 3arpsA3HEHUS HA MPOU3BOJUTEIHLHOCTH 3aBHCHT OT
BUJIa caMoil GyHKIMU A(7) (0T Hee 3aBUCUT uHTerpanbHas ¢pynkuus V) u paguyca 3arpsizHeHus
Pgs.

Ha puc. 4.1 mnoctpoeHbl rpaguku 3aBUCUMOCTH BeauuuHbl (/Qp OT paauyca

BO3MYILIEHHOM 30HBI JJIs1 Pa3IMUHbIX QYHKIMH 3arpsi3HEHNUS.
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Puc. 4.1. 3aBucHUMOCTb OTHOCHTEIIBHON MTPOTYKTUBHOCTH OT CIIOCO0a 3aaHus
byakuun 4
| — A-crynenuaras ynxuus; 2 — A-pyskmus o R’

3 — A-nuneitHas GyHKus; 4 — A 3aBUCHT OT \/E

Bunno, uyto gaxke nmpu HEOOJIBIIKUX paanycax BO3MYIIEHHON 30HBI IPOAYKTUBHOCTD IS
Pa3HbIX 3aBUCUMOCTEH MOJKET CYHUIECTBEHHO Pa3jinyaThCs. DTO yKa3blBaeT Ha HEOOXOIUMOCTb
0ojiee NETaNbHOTO M3Y4YEHHs BIMSHUS 3arpsi3HEHUS HA MPOHULAEMOCTb B OKOJIOCKBAXUHHOMU

30HC.

Temnepamypa. I3meHeHue neOuta Mo OTHOIICHUIO K HAYaIbHOMY 3HAYEHUIO

npu 1T=Ty:

_ K1) p(Ty) In( /1)
K (T) () ¥ (r.n) - 43

010,

UroObl HarpeB 1uiacta Obul 3((EeKTHUBHBIM, HEOOXOAUMO yBEIWYEHHE Jedurta C

yBEJIMUEHUEM TemInepaTypsl, T.e. O/Qp>1, nnm

K(T) | p(T) ¥ (m)
K'(T) " u(@) InGy /1) @




COOTBETCTBEHHO,

expl G2 gr gy |5 £ ¥ )

m u(Ty) In(r, /1.)

Takum o0Opa3oMm, NpuU HEBHIIOJTHEHUH BBINICHA3BAHHOTO YCIOBUS, HECMOTpS Ha
YMEHBIIIEHUE BS3KOCTH HE(TH, HATPEB TUIACTa MOXKET OBbITh HEIPPEKTUBHBIM U3-3a U3MECHECHHS

MIPOHUIIAEMOCTH BCJICICTBUE TEMIIEPATYPHOTO PACIIUPEHUS TTOPOIBI (pHcC. 4.2).

0 20 40 &0 80 100 120

L
Puc. 4.2. 3aBucumocts Benmuuunbl O/ Qp OT TeMIepaTypsl

Touka Makcumyma, T.e. Ta TeMIeparypa, 0 KOTOpPOH IporpeB Iuiacta Oyner
3¢ dEeKTUBHBIM, ONIPEAEISETCS YCIIOBUEM PaBEHCTBA HYJIO pou3BoaHON ¢pyHkuuu Q(7):
dQ/dT = 0.

Qunvmpayuonnoe yniomuenue. PaccMOTpUM BIUsHUE (DUIBTPALIMOHHOTO YIUIOTHEHHUS
Ha IPOU3BOJUTENBHOCTh CKBaKMHBI. llpu sToM nans ynobcTBa mpeamnosiaraéM OTCYTCTBHE
Opyrux (QakTopoB YXYAIIEHUS MPOHULAEMOCTH B OKOJIOCKBaXMHHOW 30HE; TOTJIa BBIPAXKEHHE

(4.1) MmoxeT OBITH EPENUCAHO B BUJIC



ky ©(p.,p;)
pu In(r /1) -

B oTamume oT HeECKHMMaeMOTo njaacta, KpUBBIC 3aBHUCHUMOCTU 2166I/ITa OT Hepcraga

O =2nh

4.5)

JaBJICHUs B JAHHOM Cilydae He OyAyT INpSMOJIMHEWHBIMH, YTO MOXKHO YBUIETH U3 puc. 4.3.

AP

Puc. 4.3. 3aBucuMOCTb IPOHUIIAEMOCTH OT JaBJICHUS
1 — mecxxumaemsrit mact; 2 — k/ko=(1+BLn(p/py)); 3 — k/ko=(p/pr)";

4 — k/ko=exp(-a(pi—p)

Jliig aHanu3a cOOCTBEHHO BIUSHUS (DUIBTPALMOHHON CKUMAEMOCTH Ha MPOJYKTUBHOCTD
nenecooOpa3Ho B3sATh oTHOmmIeHHE O K Oy, rae Jy — AeOUT CKBOKHHBI ISl HEC)KUMAEMOTO

miacta (cM. Takke puc. 4.4). [locne cokpamenuii u3 (4.1) noxyuum

Q _(D(pc’pk)
O, p-p o

rae ¢yukius O onpexnensercs popmynoi (2.9).
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Puc. 4.4. Kpusble 3aBucumoctu oTHOeHust O/ OT MIaCTOBOTO JaBJICHUS
1 — klko=exp(-a(pi-p)); 2 — k/ke=(p/pr)"; 3 — k/ko=(1+BLn(p/pi)

[Tokazano, 4TO [JIs1 pa3aIUYHBIX TUIIOB 3aBUcUMOcCTe (1-3) motepu nebuta B pe3yibTaTe
YXYIIICHUS TPOHHUIIAEMOCTH BCIIECACTBUE (DUIBTpalMOHHOW nedopmaiuu CKejleTa IMOpPOIbl

MOT'YT pa3jindaTbCsi B HCECKOJIBKO pa3, 4YTO ITOKa3bIBACT H€O6X0]II/IMOCTI) THIATCIIBHOI0 y4deTa

3TOTO 3 (deKTa MPU TEXHOJIOTUIECKUX pacyeTax.
5. BALIEMJIEHUE HE®TU
PaccmoTpuM cimydail BeITeCHEHMSI HETH BOJOM, 3aKa4YMBAEMOl B HATHETATENIbHYIO

CKBaXXHHY. Ilocne IIPOMBIBKHU OKOJIOCKBaKMHHOM YacTH I1j1acTa JaBJICHHUEC CTa6I/IJ'II/I3I/IpyeTC$I, n

BBIPAKCHHUEC JJIA IPUEMUCTOCTU CKBAKHWHbBI 6y,)IeT HUMETH BU]

. 2Wchk¢j)(r9pagradp) dp
Q_[ r dr e (5.1)




Pacripenienienre 1aBiieHUs, a 3HAYHUT, M €r0 TPAJUCHT HA CKBAXUHE OYIYyT ONMPEACIATHCS
u3 cucreMsl (3.2)—(3.5). B obmem cirydae monydeHrne aHAIUTHYECKOTO PEIICHUS 3TOH CHCTEMBI
HEBO3MOXKHO. HOCTpOGHI/Ie €€ YHNCJIICHHBIX peHIeHI/Iﬁ IMMO3BOJIMJIO HPOBCCTH aHAJIN3 BJIUAHHUA

3aleMIeHHON (a3bl Ha IPUEMHUCTOCTh CKBAXUHBI [5, 14].
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Puc. 5.1. 3aBUCHMMOCTb IPUEMUCTOCTH OT PEIPECCHH JIJIsI HEC)KUMAEMOTO TIJ1acTa
Ar)=1;v=0.4;0.5; 0.6 (xpuBsie 1-3); A(r) # 1,y = 0.6 (kpuBas 4)

3aBUCUMOCTb MPUEMHCTOCTH OT JABJICHHWS HOCUT HEJIMHEMHBIH XapakTep, U I3Ta
HEJTMHEHHOCTh YBEIUYMBACTCA C POocTOM Kod(ddummenta 3amemiienus y (puc. 5.1). B Tto xe
BpeMsi C pOCTOM Ilepernaja JaBJlCHUsS 3Ta 3aBUCUMOCTb ACUMIITOTHUYECKH MPUOIMIKAETCS K
JIMHEWHOM.

CpaBHeHue KpHBBIX 3 U 4 MOKa3bIBAaeT, UYTO paziuuue Mexay BenunuuHamu Q/Q) s
YUCTOTO W 3arpsi3HEHHOro Iutacta He mpeBbimaer 10%. Ilostomy BIMsHHE TOOTMBIBA H
3arpsi3HEHUsT Ha TPOU3BOJUTEIBHOCTh CKBAKMHBI MOXKHO paccMaTpUBaTh OTAEIbHO. Takum
oOpa3om, oOmias 3aJaya COBMECTHOTO ydeTa 3arps3HEHHUS M 3alleMJICHMs pa3felisieTcss Ha JBa
YaCTHBIX CIIydasi, 4TO 00JIeryaeT HaX0KICHUE €€ PEeLIeHUsI.

JUisa ananu3a BIMAHUS (DUIBTPALIMOHHOIO YIJIOTHEHHUS HA MPUEMUCTOCTh B Ciydae
3allleMJIeHMs]  HecMauuBarolled  (a3pl  CpaBHMM  IPUEMUCTOCTb IPU  3aBUCUMOCTH
IIPOHUIIAEMOCTU OT JAABJIEHMs B SKCHOHEHLUAIBHOM BHIE k=koexp(-ap(pk-p)) Ui pasiuyHbIX

KO3 QULIHUEHTOB ap, B TOM uucie U npu a,=0 (Heckumaemsldl miact). bynem paccMmarpuBath



oe3pazmepuyto BenumunHy Q/Qp, Tme Qo — meOUT CKBaXXMHBI B HEC)KHMMAEMOM IuTacTe Oe3

HaJU4Ms 3aleMIIeHHOH (a3bl.

0/0 = 5 2Pop) InG /1)

p,—p. In(r/r)

(5.2)

Gl
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0 cli = Do -Pg 2MM

Puc. 5.2. 3aBucuMOCTh IPUEMHUCTOCTH OT TIepenaa JaBJICHUS ISl CKIMAEMOTO TjIacTa
k=koexp(-a,(pi-p)); a,=0; 0.02; 0.05 (xpussie 1-3); y=0.5

Jis 1ocTaTo4HO OOJBLIOrO Mepenajga AaBICHMs, Jake IPU HEOOJIBIIMX 3HAYEHUSX dp,
C)KUMAEMOCTh TPUBOAUT K U3MEHEHHUIO TPUEMHUCTOCTH B HECKOJIBKO pa3 (puc. 5.2).

3awemnenue unompama 6 oxkpecmHocmu IKCHAYAMAYUOHHBIX cKeaxcuH. PaccMoTpum
CIy4ail, Korja B TIPOIECCE€ BCKPBITHS IDIacTa WM TIIYIICHHS CKBAaXXHUHBI IPOUCXOJUT
3a/IaBJIMBAaHUE TEXHOJOTUYECKONW JKHIKOCTH B OKOJIOCKBXMHHYIO 30HY IUIacTa WU JKE
MPOUCXOAUT BHEAPECHHUE QUIBTPATA B 3Ty 30HY.

Pa3mep 30mbI 3amemnienns GuibTpaTta 0003HAYNM 7y, TIPU ITOM OYJEM CUUTATh, UYTO B
HEH JOCTUTAIOTCS TOJIBKO aBTOMO/ICIBHBIN M KalWIISIPHO-HAIIOPHBIN PEeXKUMBI.

Torna, mpuMeHsis MPeUIOKEHHYIO MOJIENh 3aBUCUMOCTH OCTaTOYHOM HACHIIIIEHHOCTH (B
JAHHOM CJy4dae pedb OyAeT HATH O (PHIBTPATOHACHIMIEHHOCTH) OT KalMWUIIPHOTO YHCIIA,

MTOJTY4YHM:



-

fior<r,
f(l"): B]\fca,l"1 <r<r,

fo.r>r,

~

: (5.3)

rae fu(r) — oTHOcUTeNbHasE (a3oBas MPOHUIAEMOCTh M0 HE(PTU MPU HATUYMM 3aILEMIIEHHOIO
¢unbTpata (cMm. pazna. 2), B u o — const, 74 — pa3Mep 30Hbl NPOHUKHOBEHUS (QHIbTpaTa.

['padmyecku 3T0 TPOMILTIOCTPUPOBAHO HA puc. 5.3.

j’;sf’r)‘

Puc. 5.3. 3aBucumMocTbh OTHOCUTENIBHOM (pa30BOM MPOHMULIAEMOCTH OT 30HBI
IIPOHUKHOBEHUS (PUiIbTpaTa

Cucrema ypaBHEHMs JUIsl pElICHUs 3aJaud OyJeT aHaJoTM4yHa CIy4yar BBITECHEHUS HePTH
BOJIOW, C TOM JIMIIb pa3HULIEH, YTO B JAHHOM Cllyyae pa3Mep 30HbI IPOHUKHOBEHHUS (PUIIbTpaTa HaM
U3BECTEH U yCIOBHE PAaBEHCTBA KAIIMJUIAPHOTO YUCIIa IEPBOMY KPUTUYECKOMY HE HYXKHO.

Jlebut Oyner BeUUCHATHCS 1O Qopmyne (5.1), B paccmarpuBaeMoM cllydyae OHa

npeoOpasyeTcs K BULY

0, = 27thk, p, — P,
Y ou Y(r,r) (54)

710 00pabOTKHM OKOJIOCKBOXKMHHOW 30HBI U




2rthk - P,

e iy ‘P(r ) )

nocisie 00paboTKy, MpU HAIWYUH 3alleMJIEHHOTO (puibTpara B 0071aCTU NPOHUKHOBEHUS (71;74).
HeusBectHoe 3HaueHue paauyca aBTOMOJEIBHOTO pekuMma (r) OyIeT BBIYMCIATHCS W3
IPaHUYHBIX YCIIOBUM U PaBEHCTBA KAIWJUIIPHOIO YHCIIa BTOPOMY KPUTHUYECKOMY B ATOM TOUKE
(ypaBuenus (3.4), (3.5)).
Ha puc. 5.4 npencraBniens! rpa@ukyd 3aBUCUMOCTH OTHOIIEHUS JIE€OMTOB CKBAKUHBI IS

3arpsA3HCHHOI0 U HE3AIrpA3HECHHOT'O IIJIACTOB ITOCJIC 06pa6OTKI/I OKOJIOCKBa)KMHHOM 30HEL.

e
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Puc. 5.4. U3smenenue pnebuta B pe3yiabTare TIJIYHIEHUS TPU Pa3IUYHBIX COCTOSIHUSIX
OKOJIOCKBXXUHHOW 30HBL. (Jy — AE€OMT CKBaXKUHBI J10 TiyuieHus (00paboTku); mnpu
3HAYCHHSIX PAJANYCOB 30HBI TpoHUKHOBeHU 1,17 ry/r=20; 2,2°: ro/r=40; 3,3’: ro/r=60.

BnusiHue 3arps3HeHHs WM OKUOKOCTH TJIYIIEHHS Ha JAeOMT B ciydae HaJU4Ms
3aleMJIEHHOTO (puiIbTpaTa MEHbIIIE, YeM B cilydae 0AHO(a3HON (PUIbTpaluu.
BbIBO/IbI
1. PagpaGotan  KOMIUIEKC  TUAPOJAMHAMUYECKHUX  MOJENEHd  BIUSHUSA  HU3MEHEHMM
OKOJIOCKB@XMHHBIX 30H Ha IPOU3BOJUTENBHOCTh CKBAKHUH, IO3BOJISIIOIIMKA B SIBHOM BHJIE
YUNTBHIBaTh: KOMIUIEKCHBII MEXaHHU3M TMOPaKEHUS IUIacTa B OKOJIOCKBAKUHHBIX 30HAX;

HU3MCHCHUC IIPOHULIACMOCTH OKOJIOCKBAXXHWHHBIX 30H 3a CUCT KaAIlWJUUIAPHOIO 3alllCMJICHHA



HECMauMBaloIle M cMmauuBawolled ¢a3, a TakkKe TEMIIEpPaTypHOIO PACUIMPEHHUs ClIararouiux
IJ1acT MUHEPAJIOB.

2. VccnepoBaH BKJIAJ pa3IUYHBIX MEXaHU3MOB H3MEHEHHS! IPUPOIHBIX (UIBTPALMOHHBIX
CBOMCTB IUIacTa B M3MEHEHHE NPOU3BOAMTEIBLHOCTU CKBA)XMHBI IPU CIOKHOMOCTPOEHHBIX
OKOJIOCKBaXMHHBIX 30HAX.

3. Tloka3aHO, YTO HEy4YeT PEAJbHOTO CTPOEHUS OKOJIOCKBAXKMHHBIX 30H MOKET MPHUBOJIUTH K
olnOKaM B ONpeAeSIeHUU IPOU3BOAUTEILHOCTH CKBAaXKHUH.

4. O00CHOBaH HEJIMHEWHBIN XapaKkTep 3aBUCUMOCTH PUEMHUCTOCTH OT Iepernaja 1aBIeHusl.

5. TlokazaHo, 4YTO TJYIIEHHE CKBAKHHBI MPHU 0OpaOOTKE OKOJOCKBAKHMHHOW 30HBI MOXKET

IMPHUBOJUTH K CHIKCHHUIO €€ IMTPOU3BOJUTCIIBHOCTH 3a CUCT 3alICMIICHHOT'O B ITOpax @HanpaTa.
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