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OPEJHCIOBHE

CrpeMmTeNbHRE pocT HePTAHOH M ra30B0# NPOMHIDIIEHHOCTH B HameR
cTpaHe CBf3aH He TOJBKO ¢ NOABIEHHEM HOBHX pafioHOB RoOHIE HedTH
H ra3a, HO U ¢ OTKPHTHEM HOBHX THIOB MECTOPOKIEHW, faJbHeAmAM
COBEPUICHCTBOBAHUMEM W pacIIMpeHHeM MCKYCCTBEHHOTO BO3QeHCTBEMA Ha
OJIaCTH.

Iloatomy passutue no6w4Ym HedTm ® Ta3a CTaBUT Nepef HayKoH
0 HeTAHHX H Ta30BHIX NJAcTax HOBHE 33Ja4H.

Beon B jneficTBHe KpYODHHX HedTAHHX H rasoBHX MeCTODPOKAeHHR
B 3amagHoit Cubupu, Ha ceBepe Esponeiickoit sactu CCCP, B Typrme-
gur u HKasaxcrane TpebyerT cospannsg sgdeKTHBHEX METONOB pa3pa-
GOTKHE MeCTOPOIEeHHEH, CofepKamuX ONHOBpeMeHHO HedTh, ra3 | Jerkne
yIEeBOAOROIH (KOHZEHCAT) WIW BEHICOKONAapadMHMCTEHE M BHCOKOBA3KNG
HedTH.

Illrpokoe pacopoCTpaHeHHWe 3aBOJHEHHMA HePTAHHX HJIACTOB, yBe-
JINYeHHEe [aBICHHA HATHeTAaHWA BOAH B NJACTH, OTKPHTHe 3aJeskel
HedTH ¥ rasa Ha GoXpmux rayGMHaX OIPHBOAAT K Heo0XOQUMOCTH Jalib-
Hefillero m3yueHHMA ABIeHEH JedopManmul NOPOA-KOJNIEKTOPOR.

OTkprTHE B pa3paboTKa MeCTOPOKACHUMA C TPEMUHOBATHMY KOJIJIEK-
TopaMn TpeOyoT yieTa 0COOHX CBOMCTB 3THX KOJIEKTODOB.

B nactosmee Bpemsa Goxbmoe BHEMaHMe yhelfeTca npoGieMe yBe-
JmueHnA HedTreornadn nuactoB. Ilytu pemenns sToit mpobaeMu COCTOAT
B MCIOJBb30BAHUH AJIA U3BIeYeHHEA HedTH m3 Henp Goee sPPeKTHBHEX
BHTeCHHTeJell, HeyKelil MHUPOKO NpUMeHAEMas BOfa, B yJIYYMEHAN BH-
MHBAOIMZX CBONCTB BOAH, 3 TAaKKe B OCYMECTBIeHHM B IJacTax Tex
I pomeccoB, KOTOPHE 00yCIOBIEHH BBOJOM Telljia B WJIACT WJM reHepH-
pOBaHHEM ero B CaMoM IJIacTe.

Pacmumpenre Kpyra BONpPOCOB, ¢ KOTOPHME NDHXONATCA HMeTh
HeN0 MHIKeHepHO-TeXHUYecKUM PaGoTHHKAM ¥ y4eHHM HedTsHo# W raso-
BO#l NPOMHIIJIEHHOCTH, IPHBORHET K Heo6XOAMMOCTH YCBOEHUA UMY 3HA-
HU@ B Tex 00IXacTAX MeXaHWKH, U3MKO-XUMHUN, TEPMOAUHAMUKHA, XUMHEK
¥ T. ., KOTOpHe paHbllle HCII0Xb30BANUCH HePTAHUKAME M Tra30BEKAMH
IWIb B PEeNKEX CAyIanx.

Ha npoTmxenun MHOrEX JeT TeOpeTHYecKyl0 OCHOBY HAYKH 0 Hed-
TAHHX U rasoBHX NJacTaX COCTABIAJA NOA3eMHAd I'MAPOra30qUHAMHAKA.
Xopomwo #3BecTHO, 4TO 9Ta 06JNaCTh 3HAHHI 0Ka3aJa OIPOMHOE BIHAHUE
Ha PasBHTHE COBPEMEHHEIX MeTOH0B pa3paboTkm He{THHHX M Ta30BHX
MecTopokmenmit. CerogusA cTaHOBHTCH Bce Goliee OUEeBHAHEIM, YTO AJA
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NmO3HAHNA HePTAHHX W Ta30BHX NJACTOB M TeX NpOIECCOB, KOTODHE
6ynyT OCYmMEeCTBIAATHCA NIPH BX pa3paboTke, TpebyeTcA mpmBiedeHHe
HOBHX o0isacTell 3sHammsa. B cpolo ogepenh W mop3eMHas CHAPOra3ofn-
HAMOKa [JOJIKHA CYIM[ECTBEHHO H3MEHHTHCA B PE3YJILTaTe BHIIOIEHUSA
B Hee HOBHX BOIPOCOB.

B mpepraraeMolf umTaTenl0 KHUIe aBTOD CAeliall HONHKTKY HAATh
KpaTKOe CHCTeMaTHYecKoe W3JI0JKeHHe pAa3MeNOB HAYyKA 0 HEePTAHHX
M Ta30BHX NJACTaX, BKIKNYAOMUX NOA3EMHOE IBUMKEHHWE KUJKOCTeH
B ra3os, aedpopManmid NOPOJ, TEPMOrHAPOAVHAMHYECKHE gBIEHHA.
Bce 5Tz paspeNH B TOH HJIHM WHOA CTENEHH CBASAHH C MeXAHNYECKEMU
ABNEHUAME, NPONCXONAMIAME B mJacTaX. I1losToMy KHura W morysmia
massanme (MexaHWKa HediTeTa30HOCHOTO NJAACTay.

Haygka o HehTAHHX B rasoBHX NJAcTaX ONHPAETCA HA NOCTIKEHHH
dynnamenTanpanXx HayK. [IpencraBiemmsa MexamHKE CIJIOIIEHX cpeq
B MaTeMaTHUeCKoH (JUSMKE HCHONB3YIOTCH BO BeeX Dasieslax KHETH.
KpoMme Toro, #3N0KEHUIO DAL OCHOBHHX U3 STHX OPeHCTABIEHHH NOCBH-
meHa OTHelbHAaA TIIaBa.

B sT1oii cpaBHETenbHO HeGOXNBmON DO 00BEMYy KHHUre HeNb3H NAThH
TIONHOE OCBelleHWe BCeX peMIeHHHX K HAaCTOAmMEMY BPOMEHM 3ajay
B 06JacTV NOA3€MHON TEAPOTA30qUHAMEKH, nefOpPMANUY U PaspyHIeHHUsA
TOPHHX NOPOX, TePMOrHAPONEHAMEKHN miacta. K TOMy Ke ZacTto »Tm
8a1a9¥ NPeACcTaBIAT GHIbMOAN HHTEpEC He ¢ TOYKH 3PeHMA MOXAHHUKH,
a C TOYKHM 3peHNA NPHUKIAAHOM M BHIMCINTEILHOH MATEeMaTHKH HAW
KOHKPETHHX NDAKTAYeCKHX NPHIOKEHHH.

3aMuices aBTOpa COCTOAN B ToM, 9TO0H B (popMme, HOCTymHOH Mupo-
KOMY KpPYry HHIKeHepOB U HAaYWHAIOMUX HAaYIYHHX paboTHMKOB, ocCBe-
THTHL MEXaHN3M U NaTh OCHOBH MaTEMAaTHIeCKOr0 OMHMCAHHUA PacCMaTpH-
BaeMHx sapxeHn# m mpomeccor. IlosToMy B KHHre m3nmaraloTca CpaBHE-
TOABLHO NPOCTHE, 3 HHOIGA YIPOIMEeHHHE NPUMEDH, B OCHOBHOM He
Tpefyomue HCOONH30BAHBA CUEOUAJBHHX MaTeMaTHYeCKUX METOHOB
# CIOKHOT0 FUCIEHHOTO CTOTA.

Aptop ray6oko npmsunatenmen I'. M. Bapeufmarry, npoumTaBmemy
9Ty KHHETY B PYKONNCH ¥ BHCKa33BIIEMY aBTODY BeCbMa BajKHEIE TOKe-
JaHUs.

Ilpz Hanucanmm KHHTE ABTOP HCHOJNH30BAN MAaTePHMaiH, JI06e3HO
npenocTablieiHue emy B. M. EntopamM, A. B. Casanuxunoit u I'. @. Tpe-
6uEnM. DBoapmyo DoMomps B OPOrpaMMHPOBAHME B OCYINECTBIECHUH
YHCIeHHOTO cUeTa okasaxa aBropy B. M. I'oBeproBckas. Beem um aBTop
BHpakaeT I Iy00Kyl0 GaaromapHOCTb.



TITABA 1

OCHOBHBIE NOHATHA MEXAHMKHI
CINIONHBIX CPE]

§ 1. IOXOBHE H MOAEJINPOBAHHE

fAsnenus, HabmofaeMue B HPUpPOfe MM BOSHEKAIOMue B pe3yJIbTare
JEeATELHOCTY TeI0BEKAa, MOKHO XapaKTepH30BaTh KOJWIECTBEHHO Hapa-
MeTpaMu, ONpefefIAIIEME BX MacmTal, KOODAUHATH, BPEMA, CKOPOCTH
7 T. 5. COBOKYIHOCTH 3THX HmapaMeTPOB OTpaskaeT YCAOBHA, B KOTO-
pHX npoTeKaeT nanHoe ApXeHume. OcHOBHasA 3afada HAYIHOLO HCCIHENO-
BaHHA COCTOMT B CO3JAHMM TeOPHH, MONTBEPIKAEHHOH SKCIepHMEHTAJIb-
HeME paKTaMB, NO3BOJAKMEH He TOJNHLKO CPABHHEBATH ABIEHHHA, NIpPO-
HCXOJAmMue NPH DpasAWYHHX OapaMeTpax, HO M NPeACKasHBaTh HX
OpOTeKaH¥We B HOBHX YCJAOBHAX.

OmgEako nonycTHM, YTO0 TeOPHM NAHHOT'O ABIEHWA NOKa HeT M McCle-
IOBaTelNb PEMHJ ero MOmeJMpOBaTh B AaG0opaTOpHHX ycaoBmAx. 'aas-
HHe BOOPOCH, KOTODHE BOSHHKHYT V HCCHefoBaTelsi, OynyT COCTOATH
B TOM, KaK €My HOCTPOUTH SKCOEPHMEHTAJAbHYI0 YCTAHOBKY M KaK Ipo-
BOAMTH OOHTH € TeM, YTOOH HX pe3yJbTaTH MOKHO OGHJI0 NPHMEHATEH
K pealpHRM HATYDHHEM ycaoBuaM. Mo)KHO, KOHEYHO, CO3[ATh BKCOEPH-
MEHTAJNBHYI0 YCTAHOBKY € NOJHHM coGiiofeHHeM HATYDPHHX YCJIOBHM.
OaBako 9TO0 He BCerfa BO3MOMKHO, HaNpEMep, KOIZia CO3AaHMe HKCUepH-
MEHTaJIbHOH YCTAHOBKM SMBJACTCHA CAHMIOIKOM TPYHOEMKHM.

Taxam o0pasoM, HCCIenoBaTeNb NPAUXOXAT K HEOGXOQUMOCTH CO3Ma-
BaTh YCTAaHOBKY MeHBINMX, YeM B HaType, pasmepoB. Ho nna obGecme-
YeHNA nono0HMA ABIEHNA B MOfeMM W HaType AaJeKO He Bcerna OMBaer
AOCTAaTOIHHIM COOIIOCTH TONBKO reoMeTpadecKoe nogobme. Ipenmomnomum,
YTO 3KCOeDHAMEHTATOP, He 3HAKOMHIA ¢ TeopHWell moxobusa, pemusa mome-
JIMPpOBaTh HPONECC ABEKEHNA BOAK B 3aKDHTOM KaHale IPAMOYTONb-
HOTO momepednoro cedenus (pmc. 1). IIpm sToM eMy Tpefyerca B Kade-
CTBe OCHOBHOH 3a7aYd ONpenelddTh, KAKOB OYHeT pacxon BOAH g, eCand
33JaHH AJAUHEA KaHaaa L, ero BHCOTa W W MEPWHA b, npuieM b >> w,
ypoBensr BomH B KaHade h. IlycTh sKcmepuMeHTATOp. NOCTPOHMA yCTa-
HOBKY, BCe reoMeTpumiYecKHe pasmepH Kotopoit B 10 pas meHbme reo-
MeTpPHYECKHX Pa3MepoB KaHala B Harype. Bo CKOJBKO ke pa3 Ha KCIe-
PEMEHTAJIBHOR ycTaHOBKe YMeHBIIMTCH pacxon soam? Jlag oTeera
Ha 3TOT BONPOC SKCUHePHMEHTATOPY, €CJHM OH He HOJh3YeTCHd METOXaMM
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nono0uA WIM THAPONMHAMHYECKOR TeopHmei, HYXKHO HOCTPOWTDL mennilt
PAX yCTaHOBOK, OTAMYAIOMEXCA ONHA 0T ApYroil CBOMMN mapaMmeTpaMu.
HonyctnM, 49TO SKCHEpEMEeHTATOD HAIlel B pe3y/ibraTe NIUTENBHHX

ONLITOB, YTO PACXof BOAH B KaHaXe onpelelAeTcA ciAeqylolled 3aBUCH-
MOCTBIO:

__ w3bpgh
= Lo (1.1)

IJe P — BASKOCTH BOAH; p — INIOTHOCTH BOLE; § — YCKOpeHHe cBoGop-
HOTO mnapmenms. ToxbKo TorAa OH ysHAaeT, 9TO0 HOpH YMeHLIIEHUM
TeOMeTpugeCKEX pasmepoB Momeidm B 10 pas, mpm coxpademmm B MO-
el W B HaType BenlWauHH h/L, pacxol BOXH B 3KCIepHMEHTE YMEEb-
maercAa B 10* pas mo cpasEeHm© ¢ Hatypo#. IIpm sTom sKcmepmmenta-
TOpa HOACTeperaeT TakKe W Opyraa HeowumpanHocrs. OH HIE xpyrme
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Puc, 1. Kadan DpAMOYToJbHOTO COYeHHA

9KCIEePEMEHTATOPH HalayT, KaK 8To ¥ OHI0 Ha caMoM fgelle, 9T0, HANPH-
Mep, UOPH YBeIWYeHHEM pacxojga BOJH HKCOEPUMEHTAJIbHHE JaHHEE
«He YKJIamgHBaoTCA» B 3apucuMocth (1.1). To ke camoe mosygaeTcs npm
Goxpmux w. OQ0HAapymuWBaeTCA TaKKe, 9TO B OQHHX CJYYaHAX TedeHHe
BOJIH B KaHaJe ABIAETCA CUOKOMHKM, JaMEHAPHHM, a B JPYTEX CONpO-
BOK/IaeTCH NYJIbCAMUSAME CKOPOCTH, T. €. ABIAETCH TYpOYJIEHTHHM.
OnucanHas BHIIE KaPTHHA ABMIKEHUA GHJIa NoJy9eHa NPHU N3YIeHNH
Te4eHNA BASKOHN xuakoctn B Tpybe. Ecim skcmepmMenTaZpHO ompepe-
IATh, CKajkeM, Nepenaj AaBICHHA HA HEKOTOPOM ydYacTKe TpyOH, To
IP7 ABEKEHHHB OQHON W TOHA Ke IKBOKOCTH HA OTHOM W TOM JKe YJacTKe
TOM 3Ke caMOfl TpyOH MOKHO HOJYYaTh pa3JHYHBE 3aBHCHMOCTH Hepe-
maja qaBXeHns OT ckopoctd. Tak, Ipu ogHEX ycaopuax GyaeT cymecTso-
BaTh JMHEHHAA CBA3b MKy HepenayoM JaBJeHHA U CpeqHeil CKOpoCThIo
(pacxomoMm) BASKOHW KUEKOCTH, NPH APYTHEX e YCIOBHAX 3Ta CBA3b
Oyner mMerp mHOM xapakrtep. IIpH 3ToM cam MEXaHH3M JBHIKEHEA TAKKe
CYIMeCTBeHHO W3MEHAETCA — JaMHHAPHOe [BUKeHHe CTAaHOBHUTCH TYpOy-
neHTHHM. EcCIU N3MeHATH HE TONBKO CPEQHIOI0 CKOPOCTDH IBMKeHUS,
HO 7 pasMep TPYOH ¥ CBOACTBA }KUEKOCTH, MOKHO HOJY9IATh OrPOMHOE
YUCHO PAa3AUIHHX 3aBHCAMOCTEH mepenajga NABJeHHA OT TOTO WJH HHOLO
napaMerpa. Hak e comocTaBifTh pPe3yIbTaTH 3THX onkTOB? B kKakmx
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CAydasX MOKHO C YBEPEHHOCTHI0 TOBOPHTH, YTO OIHTH IPOBOAATCA
B CONOCTaBEMHX ycaopuax? OTBET Ha 5TOT BONPOC AAIOT METORHE moxo6ms,
0 KOTOPHX ¥ HOOANeT pedb HUKe.

OGpaTuMcsa cHOBa K mpuMepy, IpHBeeHHOMY B Hadale maparpada.
Ilepenmmem 3aBucmmocts (1.1) B cIemyoomeM BHpe:

Wi
=2t _ ), v=2, N= = (1.2)
Bxogsmue B (1.2) BenlWdIuHe A N — GeapasaMepHHe, T. e. Opef-
cTaBAAIT cobod mpocro wucra. Takum o6pasoM, OKa3HBaeTcdA, UTO
3apucuMocrs (1.2), ommCHBaOmMasA Npomecc TeleHHA BOAL B 3AKPHTOM
KaHajle, NDPEeNCTaBIAeTCA B BHAe OGBEKTHBHO CYMEcTByIOme# CBA3N
MeXy THcyaMmu A m N, Tak 49TO HEKOTOpPOMYy YHCHY NN COOTBETCTBYET
BIOJHE oUmpefxeieHHoe Tucio A. OxHO B TO Ke YHCHI0 N MoeT COOTBET-
CTBOBATh ONKTAM NPH pasANYHHX 3Ha4eHUAX v, h/L, w, b, p, p. Omnako
U3MeHeHOe HTUX IIapaMeTPOB Up# ycaosmu N = const He OyaeT mpuBo-
AUTH K w3MeHeHnmio A. Takum o6pa3om, o6 omHTax OpH OGHOM I TOM 3Ke IV
MO3KHO TOBOPHTBH, YTO OHM HNPOXOAAT B CONOCTaBEMHX ycaopuax. Ilpm-
BefleHHH# BRIme mapamerp N, Kak H3BeCTHO, HasmBaeTCA duciom Peii-
HoubOCA Ng,.
To e caMoe MOIKHO CKa3aTh W 0 WpOIecce ABHIKEHHA BA3KOH Hup-
KOCTH B Kpyrioit Tpy6e, nmetome#t yauny L u gmamerp d. B sToM crygae
TEApPaBINYeCKOe CONpOTUBIEHHe TaKiKe XapakTepuayeT GeapasmepHas

BeJHYEHA A = 2;25 (Ap — nepenax nmamnenmd B Tpybe), 3aBmCAMmMan
or GeapasmepHoro mapamerpa Ng. = vdp/p. Tarkmm o6Gpasom,

A=A (Nge). (1.3)

N B onmTax mo M3yYeHHUIO ABUMMKEHUA BASKOHA IKHIKOCTH B Tpybe
MOYKHO M3MEHATH CKOPOCTb, BABKOCTh ¥ NJOTHOCTH JKHUKOCTH, a TAKKe
amaMeTp TpyOw. OmHako, ecAim npm 9TOM Npg. OCTaeTCd HeMSMEHHHEM,
MOJKHO CYHTATh, UTO 3TH OLHITH BeYTCHA B CONOCTABEMHX (H0gO0HHX)
VCIOBHAX MJIHE 4To obecmedeHo nopobme OMEITOB.

O6paGoTKa SKCOEPEMEHTANLHHX HAHHHX IO JBHIKEHHIO JKUAKOCTel
B Tpy0ax moKasala, 49TO 9TH JAHHHE (YKIANHBAIOTCA» B 3aBUCHMOCTH
(1.3).

Ecxu npm maysenum moGoro ABIeHHA yAaeTCd NOCTDOHUTH 3aBUCH-
MOCTb XaPAKTEDHCTHK 3TOr0 gBJEHHA OT DapaMeTPOB, ONpPeleldOMmuX
ABJIenye, B GeapasMepHoit dopMe, To a1A obecedenns noao6ud ONKTOB,
BOCIDOM3BOAAIMEX W3y9aeMoe ABJIeHHe, Heo6X0QUMO BHAEPIKATH MOCTO-
AHCTBO B 9TUX O0NHTaX Ge3pa3MepPHHX HapaMeTPOB, BXOAAIUX B NaHHYIO
3a3BHCHMOCTb, HASHBAEMHX NapaMeTpaMH HJIHM KpPHTepPHAME nNopxobus.
B atom m cocrout ocHoBHOe TpeGopanme Teopm¥ mogoGUA W MOmENHpO-
BaHHUA.

3dmech HYKHO cKasaTh 0 npubamxennoM nogobunm. Ecim, sanpumep,
H3BECTHO, 4T0 B ONpefeleHHOM NuUanasoHe m3MeHeHHs 0espasMepHOro
nmapaMeTpa HaydaeMasg XapaKTepuUcTEKa cJIaf6o OT Hero B3aBHCHT, TO
ana momobusa sABieHu# He TpeGyeTcs B TOYHOCTH COGIOAATH PABEHCTBO
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GespasMepHRIX NapaMeTpOB B CpaBHUBAaeMHX CJHyd4aAax. JloCTaToduHO,
9TO0H OHE YKJIAJHBAIUCH B OTPE3Ke, COOTBETCTRBYIOMEM Claboii 3aBmcn-
MOCTH H3y9aeModl XapaKTepUCTHKE OT Ge3pasMepHOr0 NapaMmerpa.
TakuMm obGpasom, Gypmer obecmedeno mpubiam:kennoe nomobue gBIeHmii.

Hak e NOIy9Y#Th 3aBHCEMOCTh W3YYaeMOlt XapaKTePUCTHKH gBIe-
HEfA OT ONpefeIAI0MUX DapaMeTpoB B GespasmepHoit ¢opme? Iis sToro
MOJKHO HCHIO0Jb30BaTh ABa nyrn. Ilepemit m3 umx mpumensaeTca B ToM
caIydae, KOIla M3ydaeMmoe ABJEHHEe HACTOJBHKO HOBO HMIH CIOMKHO, 9TO
OTCYTCTBYET €ro MaTeMaTHIeCKadA MOJelb.

dror nyTe ciemylomuii. Ilocie Toro Kak mCCrenoBaTeAb ONHTHHM
OyTeM HJIW [gasKe Ha OCHOBE CBOefl MHTYHNUH YCTAHOBHT NapaMeTpH,
OT KOTOPHIX 3aBHCHT H3yUaeMad XaPaKTePUCTHKA ABIeHHAA (ompeneiad-
0IMKre NapaMeTpH), Heo0XOMMMO BHACHATb, KaKHe W3 OHpEeJArnmuax
gapaMeTpoB HMEIOT HE3aBECHMYI0 pa3MepHOCTb, T. €. He MOTYT OLITH
BHIDR}KEHH JPYr depe3 Apyra. 3To MOKHO CenaTh Hu60 MyTeM HPOCTOrO
CONOCTaBIEHHA pa3MepHocTedl napamerpoB, xmbo HCHONB3YA cle-
ayiomui#i cmoco6. Ilycte Hy)KHO onpenelwTh 3aBEHCEMOCTH HJIH He3a-
BHCHMOCTH Pa3MepHOCTell TAaKUX NAapPaMeTPOB, KaK JJAWHa [, CKOPOCTH U,
m BfA3KocTh W, OBEM HMeOT CIeAYOIMYI DPasMEpPHOCTH:

(1=L, [v]=LT-, [n]=PL-T, (1.4)

rane L, T u P — COOTBETCTBEHHO Pa3MepHOCTH AJHHHE, BPeMeHM B CHIH.
Ksanpatioie CKOOKH 03HA9alOT PasMePHOCTH COOTBETCTBYMWIedl Beam-
THHH.

Onpegenuym Tenepsb, MOYKHO JW OfHY U3 BeJWYWH, HaupHMep /, BHpa-
3uTp gepes v m (. Mmeem

[]=L=[vff [0]Y = [*T-*PVL-WTV — [*-% pVTV-*, (1.5)

IIpmpapHuBas pasMepHOCTH B JIeBOH W mpaBOfl YaCTAX paBEHCTBa
(1.5), momydaeM cuHcTeMy YypaBHeHUii:

z—2y=1, y=0; y—z=0, (1.6)

Kax MosxHO JNerko BmzeTsh, cmcreMa (1.6) mmiasercAa HecoBMecTHOI.
B camom pene, B3 BTOPOr0 B TPETbEr0 ypaBHEHHWH NOJAYIAETCH, UTO
z = y = 0, 970 He COOTBETCTBYeT Pe3yAbTATY, HOXYIAeMOMY M3 IepBOTO
u proporo ypaBHeHumii. Takmm o06pasoM, mapaMmeTp [, v W J HMeIOT
He3aBHCHIMYI0 Pa3MepHOCTD.

Ecam ke Temeph, HampHEMep, K YKA3aHHHEM BHIIe mapameTrpaMm I,
v u p po6asuth eme ¥ maBieEme [p] = PL"2% To aTOT mapaMeTp
MOKHO BHPpAaSHTh dYepes ocTadpHHe. Tak,

p= vlp. ° (1'7)

CrnenoBaTeIbHO, 0 BCeX YeTHpeX mapaMeTpax I, v, W M p yKe HeAb3A
cKa3aTb, YT0 OHE HMEIOT HEe33BHCHMYI0 pasMepHocTh. Exo 6ymyr ob6na-
naTe JHUIMb TPH mapamerpa: I, v @ W,
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Hrax, gonycrum B ofmem caydae, 4To HccleqyeMad XapPaKTePACTHKA
ABJICHAA @ ecTh (PYHKOUA n OUDPefeMAlIIHX IDapaMeTrpoB «&; T.e. 4TO

a=fla, a; as, ..., @ Qpy, - .., Gp). (1.8)

ITpnm srom k mapameTpos u3 n 061afaloT He3aBUCHMOA PasMepHOCTHIO,
OpHIeM

[111] = Alr [112] = A29 e lagl= Ak- (1'9)

B Bupaxennn (1.9) cumBons 4,, A, 7 T. §. 03HAYAIOT Pa3MEPHOCTD
COOTBETCTBYIOIUX HapaMeTPoOB &;, @, ¥ T. i. PasMepHOCTH Ke OCTalb-
HHX BeJIWYHMH, BXOAAMUX B 3aBUcmMocTh (1.8), 06o3sHaTuM ciaenyomum
o6pasom:

[a]l=AT"AT: . . . . Ax'k
[ap 1= AT AR . . . ARK (1.10)
[an] = Ag‘Ag' PP Azk,

e my, p, ¢ (1 i< k) ABIAIOTCA NOKa3aTelAMH CTENEeHHM NpH
COOTBETCTBYIOI¥X DPa3MEPHOCTHAX.

B reopmn momobus cymectsyer Il-reopeMa (¢um-Teopemar), KoTopas
raacut [102], gro Becakaa saBucmmocth BEAa (1.8) mccaenyemoit xapak-
TEepPHCTUKA ABJCHUA OT OHpeNelNAIOMUX sBJIeHNe mapaMeTPOB MOKeT
OHTH mpejcTaBieHa B Oespa3MepHOM BHfe:

H=H(H1t HZ, S} Hn-lz)y (1-11)
o= a -
- my Mg my,
a1 az ... ag
Il = Bk+1 .
- ’
R
a.
Hn_kz-_rl___q—.
aftalt | ot

B ravecrse mpumepa npuMenenus II-reopeMn mopmo6us paceMOTpHM
npomecCc BHTeCHEHUA HedTH Bojoil m3 mpaMoaMHeitnoro o6pasma mopm-
croii cpemsl. B aToM mpomecce B ofpasem, mopumcras cpefa KOTOPOTO
HepBOHATANBLHO OHJIa HacHIMEeHa HedTHI0, 3aKAYMBAETCA BONA, BHTECHSA-
fomaa Hedrs. Ilpm stom B obmacte 0 < z <! (pme. 2) cymecTByer
COBMECTHO® TedeHHe HedTH W BOAH, a TaKMe NeHCTBYIOT KaOHIJIADHHIE
cuanl. B obmacta | << x < L mpumskerca wmctas HedTs.

Hpepnonosum, 9T0 B 2TOM Hpomecce MCCAEOBATENs HaMepeH ompe-
AenATH Nepenaj AaBAeHHA B 00JacTH, Kyla OPOHHKIA BOJA, BHTOCHA-
omas Hedgrs. Bymem cumtaTh, uTo mepeman mamnenma Ap, oTHeCeHHHI
K JIMEe I, 3aBHCHAT OT PacXofa BOAH v, OTHECEHHOr0 K eqWHHUIE IIO0-
maau o6pasna, mapaMerpa k, XapaKTepH3ylOMero cBOHCTBA IOPHCTOM
CpefiH NPONYCKATH }KUAKOCTH (IPOHUIASMOCTH NOPHUCTOH CpeAsI), BA3-
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KOCTH BOMH i3y BA3KOCTA He(TE |,, HOBePXHOCTHOTO HATMKEHHA O
m yria cmaumBanmsa 0. CnemoBaTeinnHo,

22— f(v, k, pay oy 0, ). (1.12)

Bxogamme B (1.12) mapameTpsl EMeOT CJIEAYOM[y0 DPa3MepHOCTE:
SE)=PL% pI1=LT =Ly

[ul=PL~*T; [o]=PL, (1.13)

a 0 — GeapasMepHaA BelHIHHA.

s /l}/ %

Boda I Heqms
—— —

|
i
0 x

Prc. 2. BurecHenme HefTH Bomod W3 IiIacta

Haumpas amanms pasmepHocreir mapamerpos (1.12), moxu0 yBEzETS,
970 mapaMeTpH ¥, k W |, HMeIOT He3aBHCHAMYIO pa3MeDHOCTH, T. €.,
HanpHMep, v HAKAK HeJb3A BHPa3UTh depe3 k M ;, DOCKOIBKY B pas-
MEPHOCTH W; BXOAHMT PasMEPHOCTH CHJEL, KOTOPasf He BXOAUT HE B U,
am B k. IloBepxHOoCTHOe HaTsKeHMe O MMeeT Pa3MEPHOCTH, 3aBHCHMYIO
OT mapaMeTPOB v B W,, Tak Kak [0] = [vp,]. ¥Yron cmaumBamms 0,
KaK BelmumHy GespasmepHyo, He GyaeM BKJINOYATL B aHallH3 pasMep-
HOCTH, OTHecCH ero sapaHee B YACIO Ge3pasMepHRIX HapaMeTpPOB.

B rakom caydae, mcmonbays o6osmauemms, HaHHEHe B (opmyiax

(1.10) = (1.11), mmeenm
a,=v, a,=k, A3 =|h1y Qpy1 = lo,
a, =0, A1=LT"1, A2=L2,
Ag=PLT. (1.14)
OTtcroga

A_lP] = PL3 = [m/T-m[2m: Pms[-2msP ms —

= [mit2ms—2ms PmaT me-mq (1. 15)

IIpmpasamBan pasMepHOCTH B NeBolt M mpaBOd dYacTAX paBeHCTBA
(1.15), moxygaem
my=mg=1, my=—1, (1.16)
ABanormaso wmMmeeM

P=Py=0, pg=1, q,=¢;=1, ¢,=0. (1.17)
10



Tenmeps yke MOKHO HCHOJb30BaTh HeNOCPEeACTBeHHO Il-Teopemy
monobma. Mmeem

__Ap M -
H_W’ HI_TL;’ TI,,_,,_UM. (1.18)

OxoH9aTensHO noJrydaeM

=n(->, 2, e) (1.19)
V1 g1

Ipyroit myrs mnolyuenma GeapasMepPHEIX HNapaMeTpoB mogoGEA
HCOOJL3YeTCA B TeX CIyYaAX, KOTAa MMeeTCA MaTeMaTH4ecKasi fopMy-
JIMpPOBKAa M3yYaeMOI0 ABJEHHSA — €CTh MaTeMaTHYeCKaf MOJels B op-
MYJHPOBKAa HaYaJdbHHX ¥ rpaEmunnx ycuaopmil. I[locne mpmBeperms
ypaBHeHHWi, ONHECHBAOIIAX ABJIEHAE, a TAK}Ke HAYAJIBHHX W TPaHEYHH X
ycaopmit K GespasmepHo# opMe HOJNYYHATCA, YTO B MaTeMATHYECKYIO
dopmynEpoBKy BX0omsAT GespasMepHHe NapaMeTpel. Ecim pacemarpm-
BaTh IIPOMECCH, MPOTEKAIOIAe B ABYX PasiMYHHX CIydYafX, XapaKTepH-
3YOIMAXCA Pa3HHME YCIOBAAMH, HO TaK, 9To Ge3pasMepHEEe IapaMeTDHI,
BXOAANIAe B ypaBHeHH#, HavallbHble M FDaHMYHHEE YCIOBHS, HPHBeNEH-
HHe K Ge3pasMepnoit dopMe, 0CTAIOTCH OMHAME O TEMH 3Ke, TO MaTeMaTH-
JecKOe ONMMCaHHMe MPONECCOB B ABYX YKa3aHHHX ClydafAx 6yner B Tod9-
HOCTH OJHHM H TeM jKe H, CIef0oBaTelILHO, HponeccH GynyT momgoGHRME.

Komeuno, MaTeMaTAuecKkass GOpPMyIHPOBKA SABIeHAA OGHYHO OKa3H-
BaeTCA BO3MOMKHOM NPH €ro A0CTaTO4YHO riayGoKoi M3ydeHHOCTH.

UcnonnzoBanme MeTof0B mOZofEs BechMa ILIOMOTBOPHO HE TOJBKO
OPH 3KCOEePAMEHTANBHOM HMCCHEIOBAHMHE SBICHHH, HO M IPH HOJYYeHUH
MaTeMaTHYeCKHX pelleH®# 3amau. IlpmMenenne MeromoB momoGma B 3a-
JadaX MeXaHMKH monpo6HO m3joxkeno B m3BecTHo# xHEre JI. M. Ce-

nosa [102].

§ 2. OCHOBHBIE IIOHATHA BEKTOPHOI'O MCYMCJIEHHA,
TEOPHMH TIOJA M TEH30PHOI'O MCYMCJIEHHSA

Uro6n o6nerddTh YTeHHWe KHHIH, B 3TOM Naparpade KpaTKo H3Jja-
TAalOTCA OCHOBH BEKTOPHOTO M TEH30PHOTO MCYHCIEHHS, a TaKMKe Teo-
PEE WOJA.

BexTopaMum Ha3HBAOTCA BeIWYWHL, WMENMe KaK pasMephl, Tak
H HanpasleHHe B IPOCTpPaHCTBe. HilacCHYeCKAME MPHEMepaMA BeKTOPHBIX
BeJIMYAH ABIAKTCA CHJNA, CKOPOCTh M ycKopeHHe. [[aBilleHMe ke M TeM-
mepaTypa HABIAIOTCA NPAMepaMH CKaJIADHHX BeJIMYAH, He HMeIOMAX
Hanpaslesns. CRaJIADHEE BeJIMIMHR MOKHO M306pakaTh B BHJe dmcell.
BexTopHble e BelIMYMHH H300paKalTCA OTpPe3KaMH, MMEOMMUMHA Ha-
Opapiegde B IPOCTPAHCTBE.

-

JumHa BeKTOpa @ Ha3HBaeTCH MOZyJleM BeKTopa M oBo3zHagaerca

cuMBoiioM a mim |a| [[Ba BexTOpa a ® b camranrca PABHEIME TOJNBKO
B TOM Cjly4ae, KOT[la PaBHH JJIMHH BEKTOPOB (MOAYIHM) M COBHAJAKT HX
Hanpasieaus., ClloskeHWe H BHYHTAHME BEKTOPOB IPOM3IBOJATCH IO
OpapHiaM HapajileJlorpaMMa HMJIHM Iapallilelennmea.
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ITyers B xaykpoif TouKe MpOCTPaHCTBA CymecTByeT HEROTOpas CKa-
JIApHasA BeJIWYHMHA, HanpuMep fmasiende p. Torma roBopAr, 9TO AMeeTCA
CKaJApDHOe WOJIe — HmoJe pxaBieHds. Bo3anMem HerkoTopyw Touxy O,
HAaXOAAMYIOCA B Hadvale JeKapTOBHX Kooppmmar z, Yy, Z (pmc. 3, a).
CrasipHas BelIWYHWHA p U3MEHSETCA C H3MeHeHHEM KOOPAHMHAT, TAK UTO
,,CKODOCTE** H3MeHeHHS p B HanpaBieHWH ocu 0x GymeT paBHA IPOH3BOJI-
HOH oT p = p (z, y, z) no KooppmHaTe z, T. e. dp/dz. CoOTBeTCTBEHHO
B HampaBlleHHAX y u z GygneM mmeTh npomssogane dp/dy B dp/dz. Exm-
HAYHHE BEKTOpH, T. e. BEKTOPH, MOAYJAM KOTODHX paBEH eAmHLE,

HanpaBJIeHHHE N0 OCAM X, § u z (pmc. 3, 6), o6osHavaroTca 7, jm k.
Taxmm o6pasoM, eciim DPHHATE, YTO B HaOPaBIEHHAX Z, ¥ H Z AMEIOTCA
BEKTODH, MOAYIH KOTOPHX pPaBHE
dp/dz, dp/dy =u dp/dz, To camm
BEKTOPH Mo’KHO O00BHAYHMTEH COOT-

BercTBeHHO  (dp/dr) i (dp/ dy)j

—_>
u (dp/dz) k.

OgHOif M3 OCHOBHHIX XapaKTe-
PHCTHK NOJA SBIAETCA rpajHUeHT,
coxpamenHo o0o3HavaeMKit CHMBO-
som grad, AJIA KOTOPOTO HMeeM cle-
Iyioliee BHpaKeHHE:

grad p=-27 4 22 1+apk
(2.1)

I'pagment, kax sEpHO U3 (2.1), pa-
BeH CyMMe BeKTOPOB, HaNPaBIEHHK X
0O OCAM KOOPAHHAT, B CaM ABJAETCH BeKTOpHOH penmamHoH. Ero mampa-
plleHde NIA JaHHOTO HOJS CTPOro ONpefelleRHOE.

IpomssogHas cKalApHOH BelWYWHH NO JEoGOMy HampapleHHI R,
He CcOBHajalIleMy ¢ HaOpaBJIeHEeM TDAgHeHTa, BHPAaMKaerca CAeRy-
omEM o6pa3oMm:

Pnc. 3. Tpagdenr ® ero NOpoeKnHHA
HA OCH z, VY, 2

6p ap
o= cosa+— cosfH— — COS Y,
ox oy az
cosa = >—, cosﬂ=ﬁ, cosy=——. (2.2)

Eciu npueaATh, 9To B HAOpPaBIGHHAH N EMeeTCA e[HHHYHHE BEKTOD,
OPOeKIEE KOTOPOTO Ha COOTBETCTBYKIIEE OCH KOOPAHHAT BHPAMKAIOTCA
Kak

n,=cosa, n,=cosP, n,=cosy, (2.3)
T0 Ha ocHOBe (2.2) m (2.3) moxydaeMm
a ->-
a_f[ =gradp-n. (2.4)
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B npasoit wacta gopmynn (2.4) mpepcTapieHo CKaJApHO® IPOHBBE~

-
nenme ABYxX BexkTopoB grad p m n. Cxansproe OpOM3BEJEHHE BEKTO-
POB, KaK HM3BECTHO, PaBHO NPOH3BECHHI0 MONYJIeH BEKTOPOB Ha KOCH-
HyC yria Mexpy mama. Taxum 06pa3oM, npousBofHAS CKAJIAPHOR BeNH-
YUHH p 00 HAaOPaBICHHIO R ABIAETCA CKanApHOHd BenmumHod. UroOn

HecKoNbKO Godee moppo6Ho mosacHETH gopmyny (2.4), mpedcTaBEM ee
B DasBepHYTOM BHje:

% (24274 2 7). -
==—Z-;l nxcos(?, ?)—}—%5— n,,cos(_]?, ?)—}—%!;- n, cos (7:, ?)—{—
—}—% n, cos (_i: f;—;——:;—;i n, cos(_f, _{)+ %f—:-nycos (l_c: 7)—{—

+%}E n,cos (i, )+ % n, cos (7, &)+ %5— ngcos(k, k).  (2.5)

B srparkenmax (2.5) MEIOTCH B BH/Y KOCHHYCH YINIOB MEY cooT-

BeTCTBYIOINUMHA HAUpPaBlIeHAAME i, j, k. TlockonbKy KOCHHYCH YIIOB
MEKAY COBOAZAKIMEME JIHHEAME
pPaBHH EIWHEILE, a MKy B3aHMHO
HNePHeHAAKYJIADPHHME — HYJI0, TO
B IpaBof JacTH pepaykenms (2.5)
OCTAalOTCA TOJBKO TPH WieHa, T. e.
noJrydaeM

ap . ap ap ap
=% Mty Wt e (2.6)

Ecnm mDopcTaBHTH B BHpaykeHHE
(2.6) Baipamennsa us (2.3), To ® mO- Prc. 4. 3ueMent moBepXBOCTE dS

ayuam dopmyay (2.2).
Paccyorpmm Teneps BexTOpHOe mOME, KOorja B KakO#H-TO TOUKe IPO-

-
crpaEcTBa M (z, ¥y, z) aMeeTcA sextop a (M). B gpyroit Touke mpocTpan-
cTBa M, BemumHa BeKTopa GyaeT mHasA, 4eM B Touke M, TaK 9TO B TOTKE

-

M, panpEmep, GyneM mMeTh BeKTOD @y (M,). Ecim B3ATH BeKOTOPYH

NPOHU3BOJBHYIO IOBEPXHOCTH S B BeKTOPHOM IoJe (puc. 4), TO K KamaoMy
-

MaJjioMy 9JeMeHTY 9Tod HOBeDPXHOCTH Oyler OTHOCHTHECA BEKTOD da.
B ofmeM cirydae HampaBJIcHAA i HODMAJH K 9JeMeHTY NOBEPXHOCTH

-
dS = BexTopa a, KoHedHo, He GyAyT COBIDAAATH. JIEMeHTADHHM IOTOKOM
BeKTopa df uepes moBepXHOCTh dS HA3HBaeTCH CKaJADHAaA BelHIHH&

df=|a|cos(n, a)ds. (2.7

Mo:xHO mepmeHAMKYISPHO K DIeMeHTapHOH miomangke dS HanpaBHTh
-

BeKTOp dS, MORYNL KoToporo paseH Benxmumme miomagd dS. Torma
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Ha ocHOBe (2.7) df GymeT paBeH CKaJADHOMY HPOM3BEACHHI BEKTODA Z
Ha BexTop dS, T.e.

df=a-dS. (2.8)

-
IMonmni MOTOK BeKTOpa @ 4epe3 MOBEPXHOCTh S paBeH cyMMe dJe-
MEHTAapHHX NOTOKOB HJHM, B hpefele, HHTerpajiy

F—= [Sj 2-ds. (2.9)

IloTox BexkTopa, ompemexemmslit gomyroit (2.9), ABImeTcA CcKauAp-
HEIM DOTOKOM. Ilyers Temeph mMeeM HeKOTODHE 06beM V B BeKTOPHOM
mojle, OTpaHHYEeHHHH 3aMKHYTO# HOBepX-
HocTeo S. CocTaBEM oTHOMmMEHHE HOJIHOTO HO-
ToKa F, ompepensemoro popmyinoi (2.9), k 065~
emy V. lipm crpemienam ob6beMa V k mHyNIO
YMeHpIaercst W NOTOK BexTopa F depes mo-
pepxaocth S. Opgmako oTHomenHme F/V pmame
npe V —» 0 MoKeT OKa3aThCA BeIHYHHON,
OTIMYHOH OT HYJA. ITO0 OTHOIIEHHE HAa3bl-
BaeTcA JHBePTreHnueil (pacXojgeHHeM) BEKTOP-

—_
Horo mona a (M) m ofosmauaeTcs kak div a.

2502 1 Ilo ompepenenuo,
Pac. Mg’;mni’;e‘fg"apm" div Z=lim% V — 0. (2.10)
B TeopEE mons goxasmBaeTcs, 9TO
dive =222 4 ‘9"" %, (2.11)

-
rie a,, a, A a,—OPOEKNAHM BEeKTOpa @ Ha ocH Z, y ¥ Z,

Kax Bmmo AUBEPreHNHMs BEKTOPHOIO HOJA — BENWIMHA CKalfp-
Haf. [lycTs EMeeM BeKTOpHOe moJie TpagHeHTa HEKOTOPOH CKalApHOMH
BeJIMYAHH, HAaOPEMep ONATH RaBIeHAA p. Jlnq)q)epenn;nam,nmn omepa-
TOP, COOTBETCTBYIOIAA AMBepPreHNAE BeKTODHOTO IOJA TpajHeHTa,
Ha3HBaeTCA JamiacHaHoM B 06o3HavaeTcA 06nrIHO cHMBoXoM A (menabTa).
Jlna npEBefeHHOTO BHINE DpWMepa rpagdeHTa NaBIeHAA p HMeeM

Ap=div grad p. (2.12)

Huorpa gna puddepennmansanx omepatopoB grad m div mcmoln-
8T CEMBOX y (mHabia). Torpa omepaTop Yy, Ha3HBaeMHH TaMHJIBTO-
HHAHOM, OT CKAJADPHOA BeXMIHMHH p GyneT o3HAYaTh FPajiHeHT AaBleHHA
vP = grad P, @ OT BeKTOPHOM BellWIMHH — AEWBEPreHnmio. JIByKpaTHOe
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HpHEMEHEHHE OoHmepaTopa Yy CHadajla K CKaJADHOH, a 3aTeM K BEKTODPHOH
BeMIHEe DABHOJHAYHO NPHMEHEHHIO omepatopa A, T.e. Ap = y2p.

Haprynsnomeir I' BexTopa 2 BAOJIE HEKOTOPOHl JWHAM [ HasHBaeTCsH
KPHBOJHMHEAHHHA HHTerpal

>
~|za. (2.13)
! -

Ilyets B HeKoTopoit Touke 0 mois BekTOpa a (pHC. D) HMeeM 3Je-
MeHTapHYI0 miaomazky AS, , = ArAz, nepHeHgEKYyIAPHYIO K IJIOC-
KocTH x, y. llpaMeM pis mpocTOTH, 9TO B ToYKe J NpPOEKOHA BeKTOpa a
Ha ocb z PaBHa @,, a B ToYke 2 ero NpOeKIHA Ha OCh T PaBEa @, Buoum-
CIUM TeHePh OUPKYAANMIO BEKTOPa ¢ MO TpaHHANE dJeMeHTaPHOH IJIO-
magkn AS, ,. Ilpm puumcienwm nmpkyisnmm mo nmamm I—2 Gyper
AMeTH 3HAYCHHe TOJBKO NPOEKLOHA @,, TaK YTO OCTAJBHHE IPOEKIAH
He y4uTHBaeM. [IpH BHYHCIeHHWH (e NUPKYJIAOHHE no JuHEE 2—3
HY)KHO YIHTHBAaTh TOJIBKO @, Brumcisaa nupkyiaamuo Ala, , BekTopa
@ mo 3leMeATapHOMYy KoHTypy I—2—3—4, monydaeM, mpereGperas
BellmYMHaMA (oJiee BHICOKOTO HOPALKA MaJOCTH,

ATa,, ,— (a,+% 94, Az) Az — (a,,+i 9ay Az) Az —

0z
_[(a,+ ; Zaz‘ Az )-}-_1_ 92, Ax]Az—{—[(a,—{— ; ‘?;;x A:c) +
g geta]Ar =5 S ArAr— 3 T2 Az, (2.14)

-
Boumcnum Temeph OTHoMeHHe MEPKY/ANME BEKTODAa @ IO JJeMeH-
trapEomMy koHTYpy ATlae,, ¥ mnomagm AS, ,= AzAz. Wmeem npm
AS, ,—>0

2Alay,, 09ax _ 0a; (2.15)

Benmumua (2.15) apaserca npoemmen Ha 0Cb Y Bemopnou BeJH-
YU HH, HasmBaeMon BEXPEM BeKTopa a (BeKTOPHOTO WOIA a) 2§ oﬁosna-

qaemoit rot 2. Taxam 0oGpa3oM, [AJiA OPOEKIAA HA OCh i BAXPA BEKTOpa a
aMeeM BHIpayKeHHe
day da,

L (2.16)

IIpoeknEm BAXPA BeKTOPa @ Ha APyrHEe OCH KOOPAMHAT BH pPaXKaloTCH
ciaepyomuM obGpasoM:

-5
roty a=

> da da
roted = S — 51
>  da da
rot,a= az” — ay" s (2.17)

Jna camoro BekTopa rot a mMeeM BHIpasKeHHme
> [ da, day day da, \ T day da,
I‘Ota_(ay 6z)l+'(6z —61)]—{—(? )k (218)
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M3 smparkenmit (2.11) m (2.18) cuemyer, 9To NWBEPreHIAA BHXPHA
J060ro BeKTOPHOrO WOJA PaBHA HYIIW.
Husxe mpEBogATCH Ba)KHeHIIMe WHTEerpajbHEE COOTHOMEHHS TEOPHE

—_
nonsa. Cormacuo Teopeme Ocrporpajckoro, IMOTOK BEKTOpa @ depes
3aMKHYTYI0 HOBEPXHOCTH Y, paBeH HHTETPANy OT AEBePreHOHHE BEKTODA

a o obveMy V, sakiodeEHOMy BHYTPH 3, T. e.
[Jaoa$ =[] aivaav. (2.19)
b 4

-
IIo Teopeme CTOKCAa MUPKYJISALMHA BEeKTOpPa @ IO HEKOTOPO# 3aMKHY-

-
T0H KpmBo#i L paBHa INOTOKY BEXDS BEKTOpa a dYepe3 NioGyw moBepX-
BocTh S, orpammueHHyl Kpmpoit L. CregosaTelnsHO,

a0t ={{rota.4s (2.20)
L )

B ¢opmynax (2.19) m (2.20) mmeroTcA B BHAY CKaJSDHHE npom3Be-
FIeHHS  COOTBTCTBYWIX BEKTOPOB Ha ODIEMEHTAPHEE BEKTOPH d}]

dL u dS. Ecam umeerca Taxoe moe BEKTOpA a wt0 rot @ = 0, To mogmIH-
TerpaisHOe BHpakenme B opmyrne (2.20) pasHO HYJINW H paBHa HYJII0
>

BCA IpaBafl, a TakXe Jesas 9acTh (2.20), T. e. QUPKYAADAA BeKTOpa 4
0 3aMEHyTo# KpmBO# L pasma myiio. Takoe molie Ha3HBaeTcsa IOTeH-
OHAILHHM uAd Ge3pEXpeBrM. PaccMOTpHM Temeph CHOBa BeKTODHOE

-
mofie a (M) M BHIYMCIEM NPOM3BOAHYI0 BeKTODHOTO NOJA B Touke M
0 HEeKOTOPOMY HanmpaBlieHHI0 n B mpocTpamcTBe. Mmeem

—_
da 6ax

6ay
6n

j+ S k. (2.21)

i+—=

B cBoo oYepens MpomsBOAHEIe MPOEKIAA BeKTOpPa 4 HA OCH KOODOH-
HAT ONpENeNNAITCA CIefyIOmuM 06pa30M:

Bax
an

6ay day

o £ cos(x, n)—}—-—— cos (y, n)—}——!-cos (z, n); $(2.22)

da,
én

n) —|—————- cos (z, n).

Taxam oﬁpasoM,nponsnonHaﬂ BeKTOPHOTO IOJAA 10 HEKOTOPOMY Hampa-
BIEHHUIO 1 ONIDefleNIAeTCA NeBATHI0 KoMIoHeRTaMu: da,/dz, da,/dy, da,/dz,
day/dz, da,/dy, da,/dz, da,/dz, da,/dy, da/dz m wocmEycamm Mempy
HaIpaBIeHAEM n B KOOPAHHATHLIME OCAMH. Ecam GpaTre mpomasogame

BEKTODHOTO HOJA @ (M) B To9Ke M 1m0 ADPYTrEM HampaBlleHEAM, TO TaK:He
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-
moJyYdM, YTO INPOH3BOAHEE OT HPOEKOHWE BEKTOPA @ IO COOTBETCTBY-
JOIAM HANPaBIEHHAM ONpeAeNAITCA JEHeHHHMA NpeoGpasoBaEEAME
(2.22) m 3aBHCAT OT BXOAANMAX B HAX [eBATH NPOH3BONHEIX NPOCKIEM
no KoopamHaTaM. JlmmeitHtie mpeoGpasosanns (2.22) HasuBaoTcsa adhdun-
HHIMH, a BXORAIEaf B HAX COBOKYOHOCTH M3 [eBATH IPOH3BOXHHIX CO-
craBafer apdmEHKI 0pTOroHaNbHEIN TeH30p BTOpPoro panra. Ifockoabky
B 3TOH KHHATe PacCMaTPHBAIOTCA TOJBKO TaKHe TeH30PH, 6ymeM Ha3h-
BaTh HX IPOCTO TeH3opaMu. TeH3op B maipHeiimeMm Gynmem 06osHadaThb
camBonioM T ¢ cooTBeTcTByIOmMEM 3Ha4KoM. [IpmBenenHEIA BHIIE TEH30D
B Pa3BepPHYTOM BHAe 3aNUCHBAeTCH ClefylommM ob6pasom:

da, day day
oz oy 0z

_ | fay day day
Ta= az dy 9z (2.23)
da, da, da,

oz oy 0z

Komnorenram® adgdHHEEOrO 0PTOrOHAJIBHOTO TeH30Pa, KOHEYHO, MOTYT
6HTL He TOJLKO IPOH3BONHEE OT IPOEKIMEA HEKOTOPOro BeKTOpa, HO
¥ XOMIOOHEHTH, HMeolHe HHOH CMBICH.

§ 3. CIIJIOIIHASA CPEJIA.
TEH30PH! HAIPAKEHHA M JE®OPMAIAN

Bpepem Temeps mpepcTasieHHe o cniomEoi cpepe. IlomsaTme cmiom-
Ho#l (6eckoHeuno penmMmoi) cpenul ApAsercA aGeTpakTHRM. PealbHBIe
BoIMeCTBa, COCTOAMUE M3 MOJEKYJI H aTOMOB, KPHCTAJIJIOB, obraganomue
HEOJHODONHKM CTPOCHHEM B MaJHX # Goab-
mAEX of6beMax, He HABIAOTCA, KOHETHO, 62
cuomukMu. TeM He MeHee mpepcTaBie- . )
HEE PealibHKX TeJ B BHJE CIUVIOMHHX Cpej, | 29/
ofmapaomux  cBOMCTBAMH, CYIIECTBeHHO

BIMAIAMA Ha H3ydaeMBIH Npolecc, paeT Sz
BIOJIHE IPHEMIIEMOe KOJIHIeCTBEHHOE OmACa- txy
HEe SBJeHEH, COrNAacyloImeecA ¢ 3SKcOepHh-
MeHTAJIBHEIMA (aKTaMH. s &
Ecnm cmommas cpema mpepcrasusercs | 3

Kak gepopmMmpyemas, TO BCAKOe H3MeHe-
HHe ReHCTBYOMHAX HA 3Ty CPeRY CHJ HOJNMKHO |ea—— dX—— o
6ymeT BH3HBAThH ee nedopMammio.
BoasMem sneMemrapmEiE 06BeM cmiom-
BO#l cpemw (pme. 6) B dopme KyGa. Jleii-
CTBYIOM[ME HA ero rpaH¥ HAUPKEHHA CO-
CTOAT M3 HOPMANbHHX HAND/KeHEA O,, Oy, W O, W KacaTeABHHX Ha-
DPAMEERAN Ty, Ty, Typ Ty Trzy Tz LAKEM 06pa3oM, HampspKeHHOE
COCTOAHHE 3jieMeHTapHOro o6beMa CHJOIMHOM CpegH XapaKTepH-
3yeTcA [CBATHI0 KOMIOHEHRTaMH HampaKenHs. COBOKYIHOCTH NeBATH
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KOMIOHEHT HANPAXKEHHA COCTaBIIAET TeH30p Hampsukemml T4, KoTo-
pHIii NpencTaBIAETCA B Pa3BePHYTOM BHJAe cJefyomuM obGpaszom:

Gx Txy sz
To=|Tyx Oy T,

Tex Ty o,

. (3.1)

OneMeHTapHHIE 061HeM OJKeH HAXOOHThCA B papHOBecmm. ClegoBa-
TelHO, MMEeT MeCTO PaBeHCTBO HYJI IOAHOr0 MOMEHTa AeHCTBYOMHX
HEa mHero cmia. OrTcioja clefgyer, 9TO T, = Tyo Tez = Tan Tyz = Tap
H TakEM o6pa3oM [JIfi ONMCABMA HAPAKOHHOTO COCTOAHHUSA 3IeMeHTap-
du HOro o6’peMa CpeflHl OKa3HI-
3—ydy BaeTCA MOCTATOYHHM TIECTH
y / 8 KOMIOOHEHT HaIPAXKEeHHA.

4 Benmumea HopMaxbHEIX
Fay - H KacaTeJBLHHX HampsKe-
¥ I L HE, neficTByIOMAX Ha 3Je-

MeHTapHHE 06beM cpepm,

.
i T | 3aBHCHT OT puGopa Hampas-
| > | IeHmi oced KOOPAMHAT, T. €.
P 0T OpHeHTaOHMH 3JEeMeHTap-
' G /fjdﬂ? HOTO 006BeMa Cpegsl B mpo-
u /——— X
5 T CTpaHCTBE. W3 teopum =ma-
\ OpPSKeHRA clemyeT, 9TO dJIe-
0 dx c %‘J"-:dx MeHTaRHBIﬁ o6BeM pegopmm-
pyeMoii cpegbl MOMKHO MHIC-
K JICHHO OPHEHTHPOBATH B
0 T OpoCTpaHCTBE TAKHAM oOpa-
30M, T. e. Tak BHOGpaTh Ha-
npaBlieHAe KOODAMHATHHIX
oceit B Kaykgoll Touke pedopmEpyeMoi cpems, 4TOGH KacaTelJbHEE
HaOpAKeHAS OKasaJHCh DABHKEIME HYJNI0, a OCTalMCh OfHE TOJBKO
HOpMaJibHEE HANPAKeHusa. OTH HOPMAlbHEE HalPSKeHHA HA3HBAKTCA
[JIaBEKIME HOPMAlIbHHME HAaOD/:KeHHAMH, 06o3HadaeMEME 06HuYHO 0,
0y B Oy I'DaHE 3leMeHTapHOTo 0GBeMa cpefsl, Ha KOTOPHX AeACTBYIOT
riaBHKEe HOPMalbHHE HaOpPMAXKeHHA, HA3HBAKTCA TJIaBHBIME IJI0C-
KOCTAMH.
Ha nmromapsax, [eNAMBEX YIJIH MeMAY TJIaBHRMH INIOCKOCTAMH
momosaM, AeACTBYIOT OfHH TOJNBKO KacaTelbHEe HaOPMKEHHA Ti, Tg,
T3, ompeensAeMHe GopmynamMa

Prc. 7. Jedpopmanmma rpamm dz dy

09— 0 03— 01 01— 02
n=—g s, m=—go G=E—ogo (3.2)

HanpsxemmA T;, Ty, Ty HA3HBAOTCA TJIAaBHHMH KaCaTeJbHHMH
HaIPAXKeHAAMA.

N3 cxazagHOro BHIIE CJIeXyeT, YTO B Ka)KAOH To4Ke Tella MOMKHO
co3faTh n06oe HaIpSKeHHOe COCTOAHHE, 3afaB ompenejqeHHHM 06pa-
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30M am60 riaBpEEe HOPMalLbHHeE, JHGO TiaBEHEe KacaTeJbLHHE Hampf-
HeHUSA.

Paccmorpmm Temeps gedopmanmio Tena. HopMansHbe B KacaTelbHEe
HANDAXKeHHA, AeACTBYOIHAE Ha 3JEeMEeHTAPHLH 06beM cpefsl, BH3HBAIOT
cMellleAMe H mCKasKeH®e ero rpaHeil. Kax sAano w3 pue. 7 rpaHb dlieMeH-
TapHOro 06BeMa, HaXOOAMAACA B ILIOCKOCTH r, Yy, 3aHHMalXa 10 medop-
manau ofnema monoxxeEme OABC, a mocue ero pedopMamum 3Ta I'PaHb
saifiMer y;xe moioxenne 0;4,B,C,;, HcnnTas He TOALKO mepeMemleHWe,
HO U mcKaykeame. QTHOCHTeNsHHE M3MeHeHUA AauH pebep rpanm OABC
OnmpefeNATCA BelHyMHAME &, = du/dz, e, = dv/dy, a yron cgeEra —
Benmumno# y,, = dv/dz + du/dy (u, v @ W — KOMNOHEHTH CMeM|eHHS
9jleMeHTa B HAIIDaBJeHAAX T, J K 2 COOTBeTCTBeHHO). [[Mfi IPYTHEX rpa-
Hell 3IeMeHTApHOTO OGBEeMa HMMeeM

ow v ow ou ow
B Grr VW= Ty Ym=gp e

Bexmamnst e, €, €, Vi» V1 Vx; DONHOCTHIO ompemenaoT aedop-
MapHuI0 3lleMeHTapHOro o6neMa, 06pa3ysa TeHszop pepopmanmii T, samnd-
CHIBaeMHI B pa3BepHYTOM BHje cleayiommm obpasoM:

1 1
€x vay 7sz
To=| 4 ! 3.3
€ _2"ny 8_1/ 7sz . (' )
1 1

Tengop T, EMeeT riaBHBE OTHOCHTENBHHE YAJMHEHHA £;, £, U Eg
H IJaBHHE CHBHATH Yy = 85,—85, Vo = 83—y, Vg = £1—8;.

[l XapaKTepHCTHKH CBOMCTB TeKydHMX Tet, gedopMamua KOTOPHX
H3MeHSETCHA cO BpeMeHeM f, TpeGyeTcAl pacCMOTpeHHE TeH30pa CKopocTei
medopmanun Ty ¢ wommomemTaM:m &, &, E,, Ny Ny N, BEPAXKA-
IOMAMACA 4ePe3 OTHOCHTENBHHE YAAHHEHHWs Tak, 4ro &, = (d/dt)e,,
Ny = (d/dtyy,, = 1.1

HanpsaxerHOE COCTOAHHE B KaXKJOM 3JEMEHTApHOM o6beMe CIJIONI-
HOH cpejsl MOKHO Da3ioM(HTH Ha BCECTODOHHee CxKaThe (MIIH PacTsiKe-
HEEe), KOTOPOe XapaKTePH3YeTCH BeJHIAHOH 0 — CpPefHHEM HOPMAaJbHEM
HADpAKeHHeM, W COBHT, OOMCLIBaeMH TeHzopoM Dy — meBHaTopoM
Hanpmkennmii. Tawkmm o6pasoM, mMeeM

To=0T,+ D; (3.4)

o=%(ol+02+03); (3.9)
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1 0 0

7,=]0 1 0 (3.6)
0 01
dx —0 Txy Txz
De=| Ty 0,—0 1, 3.7
Txz Tyz 6, —0

Benusuna T'; HasHBaeTCA eUHAYHHM TEH3O0POM.

ARanoru4so HanpAKEHHOMY COCTOAHMIO pasfeliaercda B medopmanus,
BJA 9ero BBOJATCA NIOHATHA AesmaTopa mefopmamuit D, m pmesmatopa
cropoctd pmedopmanuir D B BHJe:

1 i i
Ex—7E 5 Vry 5 Yrz
1 1 1
De=| 5V &—7& FVa (3.8)
_1_ 1 !
5 Pz 5 ‘\’yz €, -7 €
1 i 1
gx_“? E ) nxy T Nz
1 1 1
Di=| tn, E—%E  LIu, (3.9)
1 1 1
'fz"nxz "2"7]yz gz_—g'g

Bxopsmue B Bupamenna (3.8) u (3.9) enuunHH £ B § ompegensiorca
clefyiomuM o6pasoM:
e=g,+&,}2; (3.10)

E=E +E,+E,. (3.11)

B rTeopmm BaumpsxeHnmit B pedopMamuii Ba)KHOe BHAUYEHHE HMEIOT
BeJINYNHH

Se={4 10— aP+@—ot+ (@ —a)l} s (3.42)
Eo={§ le1— e+ (e — el (e —el} " (3.13)

S, HasmBaeTcAd HHTEHCHBHOCTBIO KAaCcaTeJIBHHX HampskeHui, a E, —
MHTEHCHBHOCTHIO CHBHTA.

Beauuunm e, o, E, Sy, E. ABIAITCA HHBapHAHTAMH — OHH He
3aBHCAT OT BHGOpa HaIpDaBJIeHHA OCell KOOpAHMHAT.

WUsnosxennne BHINe OCHOBHHE NOHATHA TeOPHH HaOPsKEHMA H fe-
dopmanuii npEMeHEMH IO OTHOMEHHIO K 1060 nedopMupyemoit cumom-
HO# cpefle — BA3KOi, ynpyroif, naacTAYHOH — H MOTYT GHTH HCIOOIb-
30BaHH I8 ONHCAHHA CBA3el MEKRY HAUDAKEHHAMHE H nedopMamuAMHA
HAA A100LX Tea. OTH CBA3M HA3HBAIOTCA PEOJOTHYECKHMH ypaBHCHHAMH
COCTOAHAA.
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§ 4. YPABHEHMA NHHAMHMKH CIUVIOIIHBIX CPER

B nmEaMHMKe CHJIOIHEIX Cpej] pacCMaTPMBAIOTCA CHIH, fAeficTByIOmze
Ha sJeMeHTapHHU 00beM MaTepmansHoil cpepl dV = dz dy dz, ycko-
pPEHEe B CKOPOCTh [BMKeHHs 3Toro of6bema cpenrl. Kpome Toro, yumTH-
BAIOTCA, XOTA M He BO BCeX CIy4afX, (akTOPH, BH3HBAINUe JHCCHIA-
OUI0 9HEPrHH, HaIpAMep CHJK BASKOCTH, a TaKKe H3MeHeHHe caMoil
9HEPTHH.

Bynem cudTaTh, 9TO Ha 3JEeMEHTAapHHE o00BEM CpPEXH AE#CTBYIOT
HOPMaJbHEE HAOPAMEHHUA Oy, O, U O,, KacaTedbHhle HaUPHKEHHA Ty,
Ty Ty, B 00BeMHAA CHJa ¢ KoMmoHeHTamH X, Y u Z.

B pesynbraTe pmeficTBHA CHA Macca Cpefl IVIOTHOCTBIO P, BaKJio-
9eHHasd B 9JeMeHTapHOM o0beMe, B COOTBETCTBHH ¢ 3aKoHoM Hrro-
TOHA HCOHTHBaeT yckoperme. IloaTomMy, 00603Ha4ag NDONHYH CHIY,
HPUIOKEHHYI0 K 3JIeMeHTapHoMY o0bemMy cpeiH, cHMBodoM dP, a mpo-
H3BOJIHYI0 HMIOYJIbCa mo BpeMeR:m d (p.v)/dt, momyszaem

dp:i(g_:_’idv_ (4.1)

Ecan copoeKTHPOBATE CHIK ¥ YCKOpPeHEe Ha Hampapienue 0z W 3ami-~
caTh 3aKoH (4.1) B pasBepHYTOM BHJE, IONYIUM

(0,+% dz ) dy dz— o dy dz + (Txy+"—;;£ dy) dz dz —

— vy, dedz+ (rx,+ i dz) dz dy — 1., dz dy +

+ X dz dy ds = do dy da 2822, (4.2)
U3 (4.2) nocne menenusa ma dV mMeeM cliefyioliee ypaBHeHHE:
do aty 0%Txg d (Pelyx) .
6:: + 6yy + dz +X— d‘; =0. (4.3)

IIpoekTupyAa cHAN, melicTByOIEe Ha 3JeMeHTAPHHE o0BeM, cooOT-
BeTCTBeHHO Ha ocH Oy ® 0z, monydmm eme JBa naddepeHIHATBHEX
yPaBHEHAA, ONACHBAIIMHEX NBUHEHHAe 5JeMeHTa CIUIOWIHOH Cpefh:

9%y 4 80y 4 0%z Ly 20V _ .

ox ay oz dt
ot ot do a (pcv.
a);z + a;z + _5EZ_+Z__‘;+Z).=O. (44)

CucreMa puddepeHnMadbHNX ypapHenmd (4.3)—(4.4) cmpasepanmea
OpH ONHMCAHHH [BWKEHHA JKAMKOCTH, rasa HJIH TBePROro BelllecTBa,
Boo6me BcAKo# cmiommuo#t cpexn. Ecnm yckoperme d (p.v)/dt = 0,
n3 (4.3)—(4.4) mony4aloTca Tak. HasKBaeMble YPAaBHEHHA PaBHOBECHSA
3JeMEHTAa CIUIOMHOM CpejH.

CucreMa pmuddepeEnuanbanx ypasHenni (4.3)—(4.4) me ABasercs
3aMKHYTOH — YHCJIO HEH3BECTHHIX BeJIHYAH, BXOJAMUX B ypPaBHEHHA
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OpepHIaeT 4HCHO ypaBHeHHH. [{nA monydYeHHA 3aMKHYTOM CHCTEMH
ypaBEeHMH, ONHCHBAIOMNX [BHIKEHHE CHJIOMIHON CpemH, HeoGXOomuMo
HCOONbH30BATE 3aBHCHMOCTh MEXKIY HAUDKeHNAMH ® jedopMamuaMu
HJIE CKOPOCTAMH JedopMamuil, NpECYMYH [aHBOX CIJOIIHOH cpefle KaK
¢mangeckomy Teny. J{na saMHKaHHA CHCTeMH jupPepeEnUATBERX Ypas-
HeHA# (4.3)—(4.4) Hcmonb3yTCA TakKe 3aKOHW COXpaHeHHA BellecTBA
H SHEpTHH.

Paccmorpum B KadecTse mpuMepa CIUIOMBOR CPefH BABKYIO KHJ-
KOCTB.

BujenaM siaemeHRTapHMit o6beM mmprocTdH abed muuuOE dr, BEICO-
Toil dz W MUpHHOH, H3MepAeMoil B HANPABJICHHH, NepHEHTUKYIADPHOM
IJIOCKOCTH 9YepTerka, paBHoO# egmHmHe (puc. 8). CKopocTh Te4eHAA N3Me-
HAETCA ¢ M3MeHEHHEM KOODAMHATH 2. Hampmmep, CKOpPOCTH TeUeHHUsA

Z 7. JIIS I 111 1N
O ¢ b‘:___ C’

’ I\ A vp+ 20X 47
|\ \ Tt
HEANN

0 x a f=az=lg a. a vy

LAY, SIS 27 7777

Prc. 8. Jedopmanusa ofbeMa BASKOH >kmprocTh abed

B IJIOCKOCTH ad paBHAa v,, a B NJIOCKOCTE bc oHa paBHa ymxe U, -
-+ (dv,/dz)dz. IlosToMy, ecald cieqdThH 3a M3MeHeHHEM paHee BHEJeH-
Horo obpeMa abed, TO 3TOoT 06BEM dYepes IPOMEIKYTOK BpeMeHH di MCKa-
auTcA 1 npuMeT gopMy a’b’c’d’. MoxHO TaK:Ke paccMaTpHBaTh He H3Me-
HAOMERCSE BO BpeMeHH o6BbeM mpocTpaHCTBa dV, B KOTODH BTeKaeT
H B3 KOTOPOrO0 BHITEKAeT MHAKOCTh.

HeioToH npeiiomua qiad mALKocTed CAeXYOIYH0 3aBECEMOCTh MeK-
Ay HaOnpsAyKeHHeM CJBHUra T, BO3HAKAOWAM Ha rpanax ab, cdma’d’, ¢'d’,
H TNpPOH3BOMHOE CKOPOCTH IO COOTBETCTBYIOMe# KOOpAHHATe:

. (4.5)

T=—p 0z
KoasdpunueRT mpomopmEoHAJBHOCTE [ Ha3HBaeTcA KO3PPHIEEHTOM
BA3KOCTH UM IPOCTO BASKOCTHIO JKUIKOCTH. JKCIepEMEHTANBHLIE NCCIIe-
JI0BaHAA TEYCHHMA BABKOHN MHIKOCTH WORTBEDIKIAlOT 3aBHCHMOCTDH (4.5).
Onrako 0Ha BHIOJHAETCA He [JA BCEX MKHAKOCTell, XOTA KJAaCC DTHX
KHUIKOCTell BechMa o0mupen. K Hemy, Hanmpumep, DPHHAJIEKAT Boja,
MHOKECTBO Pa3iHMyYHKX Maces, HefTei B HePTenpOLYKTOB, MHOTHE Opra-
HHYEeCKHE YKHIKHe BemMecTBa M T. . /AHaKxocTA, ONpHd Te4eHHH KOTODHIX
HMeeT MeCTO 3aBHCHMOCTH (4.D), Ha3HBAKTCA HBIOTOHOBCKHMH.
Baskocts p mamepaerca B nyasax (IIs), mmerommx pasmepHOCTSH
PL-2T. CnabomuHepanH30BaHHAs BOJa NIDA KOMHATHOH TemmepaType
obaamaer Basroctsio oxoxo 0,01 Iz = 1 c¢ll3 ~ 108 krc.c/cm2.
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JInst Toro 9To6H MOTYYMTH, HaKOHEN, yPAaBHEHHA ABUKEHHA BA3KOH
KHUIKOCTH, HYKHO NPHHATH 3aBHCHMOCTD MEMTY ACBHATOPOM HANpsAMKe-
vmii Dy m pesmaTopom cKopocredl pedopmanum De.

O6LraHO MCHOMB3YIOTCA [Beé F'HIOTE3H: mepBasg — O PaBeHCTBO cpef-
Hero HOPMaJibHOTO HANPAKeHAA ¢ NaBIEeHHI KHAKOCTH p (¢ oOpaTHEM
3HAKOM) H BTOpaA — O HeC)KHMae-

MOCTH JKHIKOCTH, T. e. ] x
— ;e ]
- p7 (4'6) ‘ | o
E=0. (4.7) |
3aBACHMOCTE MY deBHATOPOM |
HaNIpAKeHHE W HeBHATOpPOM CKopocTeif )_ 1.
I BABKOH JIKUAKOCTH WMeeT BHI: , ¢
Dy = 2uD,. 4.8 A
g l‘- 3 ( ) . Ax _).l/

ITocne YMHOXEHHA XaXI0To 4ile- Puc. 9. dnemeHnTapHEE 00BeM cpe-
Ha D; Ha 2p ¥ mpupaBEHBAHHA ero A pamHOR Az
COOTBeTCTByOImeMy wieny D, moxy-
9aeM 3aBHCHMOCTh MeKAY KOMIOHEHTAMH HANpPS)KeHAA M N POM3BOJ-
HHMHA OT CKOpOCTed B clefylolmeM BHfe:

a a
Oy =25 —p Oy=2—L—p;
a
0 =25 — P
a dv a dv
'I.'xy=l1- 'Tvyx‘_*" 61:”)’ Tyz=p'(%+ ayz);
a a
sz=p(—‘—;;i+—;?z). (4.9)

Ilopcrasnsaa (4.9) B ypaBHenua paswxendasa (4.3)—(4.4) m yuutuBan
(4.7), nomywaem cmcremy ypasuenmit Hapne — CrTokca, onHCHBAOMHX
IBHA;{eHAe BA3KOH HBIOTOHOBCKOH KHIKOCTH:

d d
ai I PVzUx - (‘:;;Ux) 5
a d
— 5 pyy, = 2
4 d
— 55 uyte, =20, (4.10)

TAEe Px — IJOTHOCTH JIKHIKOCTH.

Kax ymxe 6uio ckazamo panee, BO MHOTMX CIyYafAX A 3aMHKAHUA
CHCTeMH ypaBHeHHH JUHAMHKH CINIOITHOH cpefn TpefyeTca HCHOLb3o-
BaTh 3aKOH COXPaHEHAA [BH)KYNIETOCA BemeCTBa, T.e. 3aKOH, HIH
ypaBHeHHe, Hepa3PHBHOCTH Macch. [{na Goxpllell HATHATHOCTH NOAYIHM
3T0 ypaBHeHHe CHadaja B ogHoMepHoM cxaydae. Ilyctes cuesa (pmc. 9)
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B 3JIeMeHTapHHI 06beM, HMeomuil ¢opMy mapaiiedenunefa BHCOTOH k&,
INAPHHOH, paBHOHA exmEMme, NAMHOM Az, BTeKaeT BEKOTOpPOe BeMEeCTBO
INIOTHOCTBIO P, a CIPaBa 3TO BEMIECTBO BHTeKaeT H3 DJIeMEHTAapHOTO
o6beMa. 3a BpeMA Al B aNeMeHTapHHIE 06beM BXOTHT Macca BelNecTBa,
pasEag AM, nmpmueMm

AM = pvh At, (4.11)

e U — CKOpPOCTh JBHMYKEHHA BelecTBa.
Copasa H3 osJdeMeHTapHOro o0BbeMa BHXOJHT CHeqylOIMas Macca
BeIIeCTRA:

AM —8 AM = pvh At — A(pv) h At = poh At— 20, Az Ar. (4.12)
Ilprpamenne MaccH BeIleCTBA B 2IXEMEHTapHOM o0beMe 3a Bpema Al
8M =hAz S5, (4.13)

3akoH coxpaHeHHWA MaccH Tpebyer, uTo6H Omno —AM = OM,
T. e.

Alen) 4 20 o, (4.14)

Tlepexopss B (4.14) x upemeny, T. e. momaraa Az — 0, At —» 0,
moJdydYaeM ypaBHeHHe HEPa3PHBHOCTH MacCH B OMHOMEDHOM CIydJae

2l 4 % o, (4.15)

Tenmeph MOMHO BHBECTH ypaBHeHHe HEPAa3pPHBHOCTH MACCH B oOmeMm
caydae. Jas sroro paccMOTpEMM HEKOTOpH o6beM cpepn V. Macca

BeINecTBa, COffep/Kalleroca B aToM o0beMe, cocTaBiAeT SSS pdV. Usne-
HeHHe MacCH BemecTBa B o6beMe V co BpeMenem ¢ Gyzmer
a
14

N3 o6wema V yepes moBepxHOCTH S B eMUHHENY BpeMeHM BRITEKAeT
KOJINYeCTBO BelecTBa, paBHOE

—{{ov-as.
A —————
SSS 20 av + SS o0 d§ =0, (4.16)
Ilo reopeme Octporpapcxoro meen
SSS ov-dS = S§S div v dV. (4.17)
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Broca (4.17) B (4.16), moaygaem
S‘ﬂ (-gtﬂ +div pT;) v =0. (4.18)

Bripaxenue (4.18) cmpamepnmeo gaa awboro o6vema V. Iloatomy
HOJEO GHTH paBHO HYJIIO NOANHTErpajdbHOe BHpamende B (4.18), 1. e.

98+ divpv =0. (4.19)

B onmpeneneHHHX ciydaAX, HanpEMep NpH H3Y9IeHHH QUIBTPALMHH,
ypaBHeHHe HePa3pHBHOCTH MAaCCH BeIIecTBa ABJIAETCA OCHOBHRM HCXOJK-
HeM ypapHeHHeM. CBA3h MEKAY cHJaMH (JaBJeHHEM) H CKOpPOCTAMH
mollyJaercsa He nyTeM muTerpmposanms ypaBmerdit Habwe — Croxca,
a ImyTeM HCIOOJb30BAHHA TAK HA3KHBAaEeMHX 3aKOHOB (MALTPAL[HH.

ITpu naygenn” ABMKEHAA CIKAMAEMOH JKAKOCTH (ra3a) HCIONB3YIOTCA
TepMOIUHAMHYECKHE YPaBHEHNs, OHHUCHBAIOMHEe CBA3h MEXAY AaBie-
HAeM, YHAeALHHM o6beMOM H TeMIepaTypo# >KHIKOCTH,

Jna pemeHna 3amau MeXaHWKH CIOJOIMHHX Cpe K TPHBEXCHHKIM
BHIIE YPaBHEHHSM HYKHO [(00aBHTH ele HaYaJbHEE H I'PAHHYHHE YCIO-
paA. Havanpaue yCHOBEA oHpefedAAIT pacupefeleHHe ACKOMOH PyHK-
OUA WM ee NPOH3BOMHHX B HAYAJHHEMA MOMEHT BpeMenH. I'paHMuyERMH
YCAOBHAMHU 3alaeTcsA 3HAYeHME (YHKIUM MIH €e NPOM3BOTHHX Ha rpa-
HHAIe H3ydaeMoid o0aacTH coJomMHOM Cpejbl.

§ 5. TEYEHHA BA3KOHN XHIKOCTH

PaccmoTpum BHadYalle TeyeHMe BA3KOM KHAKOCTH B TpyGe, umemomei
Kpyriaoe cedeHHe., JTO TedeHHe ABIACTCA ocecEMMeTpHIHHM. CopMecTAM
0Ch 2 C 0CeBOil JHHHe#d TPyOH, a MepHeHAEKYAApPHO el HampapUM pa-
puaneEyIo kKooppmuaTy r (pHmc. 10). llockoabky Tedenme cummerpugro
OTHOCHTENLHO OCH 2z, ypaBHeHHA HaBne —

Croxca 1A yCTaHOBHBIIErocA TedeHHA 3Ha-

YATeNbHO ympomaioTca. H3 Tpex ypasHe- - —
HE OCTaeTCA JAMb ORHO J_ ]
- —- —t

op (9 , 1 ov ( > ¢ 1\

F=r (Grt+75) :

v=u,(r), v,=0. (5.1)

Pac. 10. Tpyba xpyramoro
Ilpm sToM, Tak Kak XapaKTep TeueHHA cedeHHn
B KayKIOM CedeHHH TPYGH, HepUeHIUKYIAAD-
HOM ee ocH, ABJIAETCA OMHAM H TeM Ke, mepelaj apideHHA BROABL TPY-
6t dp/dz momsxen OHTL HOCTOAHHBIM, T. €.
op

5, = ¢ =const. (5.2)
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UnTterpuposanre ypasHermsa (5.1) upm ycaosnn (5.2) He cocTaBiaser
TpypHOCTe#. B peaynpTaTe moaydaeMm ciexyomee BHpajkeHHe A
CKOpOCTH:

v=%%+Blnr+D, (5.3)

roe B B D — DoCTOAHHEE WHTErPAPOBAHHL.

Mcxona us Toro, uto Ha ocm Tpy6u npu r = 0 HaDps’KenAwWe CxBATA,
a clIefoBaTeNbHO, W lipouaBopnHaa dv/dr He MOMKHH obpamaTncsa B Gec-
KOHEYHOCTh, ciaefnyeT mnoloxuts B = 0.

IIycts mpr r = 0 v = vy, a Ha cTemke Tpy6um mpm r = R v = 0,
Torga ma (5.3) moayuaem ciaegyomee pacUpexelieHEe CKOPOCTH N0
pagmycy: .

v (r)=v, (1—%7 ) (5.4)

Orciofa

4uy
C= = };20 . (5.5)

Wmen pacopenenenme ckopocTm mo pagmycy (5.4), Jerko HaiTm
mONHHE pacxoy xEaxkocTH ¢. Tax,

R R
q=2nSv(r)rdr:ZnSvo(1——%)rdr= m’%m. (5.6)
0 0
Ilonaras ¢ = —dp/dz = |Ap/l|, rne ! — AA®Ba ydacTKa Tpy6H,
a Ap — mepemap faBleHHS Ha 9TOM ydacTKe, mMeeM #3 (5.D)
AP _ 4}1170
= (5.7)
uwig ¢ ydeToM (9.6)
Ap __8ug _ 128ug
"1 T nRYT “qndt * (5.8)

Bupasxenre (5.8) mmpoKo H3BeCTHO B THApaBINKe Kak dopmyina
Ilyaseitna.

IIpeo6pasyeMm Temepp 3Ty $opMyay TakEM oGpasoM, 4TofH B Hee
Bxomdna GeapasmepHada BeamunmHa vdp/p (umcao Peiinmoabaca Nge)-
Nmeem

Ap _ 64 px?

F=— (5.9)

Benmunay A = 764— Ha3HBAOT KO3QPMIHEHTOM COIPOTHBRIEHHSA.
Re

Qopmyna Ilyase#ina cupaBega®mBa [AA TaKHX CIydaeB, KOTJa JIBH-
’KeHHe KHJKOCTH B TpyGe IPOMCXOIHT KOHIEHTPHIECKAMHA CI0oAMH, Ges
BHXpeif, IPH TOCTOAHCTBE CKOPOCTeH. JTo ABHIKEHHE Ha3HBACTCA JaMH-
HapEEM. OHO B OGHYHKX TeXHHAUECKAX YCIOBHAX OCYMIECTBIAETCA DU
CPaBHATEIBHO MaJHX dmciax Peitmoanpca, He mpepumaiomux 2000—
2300. Ilpm Goapmmx ymcaax PefiHonbjca MBH)KeHWE BA3KOH RUIKOCTH
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B Tpybe cramopuTca TypGyJeHTHNM, M JUIA Hero mepecTaer 6HITH cumpa-
BeIMBOH M3JNO0YKeHHAA BHINE TEOPWA.

Jlna MaTeMaTH4eCKOTro oNHCAaHMA TypOyJeHTHOTOo TeYeHHA B Tpybax
MoJKeT GHTh mcmoabsoana Teopa M. JI. Mmanmommmkosa [77], co-

A

4050

0040

0030

2020

o001

OJ g

] 11‘5 l‘g Nﬁg

Pmc, 11, 3asmcmMocts A = A (Ng,) pas Tpy6 Kpyr-
JIOro CeYeHHA:

1 — TedeHue Iyaaeitns;

2 — pacdeTHaA 3aBHCHMOCTD

M. . Munauormukosa [77]; 8 — 9KCOEpHMEHTANIBHREIE TOYKH

THaCHO KoTopoit Typ6yleHTHOE TeueHAE WOJATaeTCA COCTOAIMIEM M3 JaMHu-~
BapHOTO IPHCTEHHOTO CjioA M TypOyienTHoro moToka. IIpm sToM Tede-
HHe KaK B JaMHHADHOM cJoe, Tak H B TypOyJeHTHOM IOToKe IpencTas-

JgeTcA B BHAE CYNEpPUO3ALHH
KaTAMUXCA BHXPEH.

Ha puc. 11 pgama mapoxo
H3BECTHAA  3KCIEepHMEHTaJdhHASN
3aBHCHMOCTE mapaMeTpa A oT N g,
B ofJlacTH TaMHHADHOTO M Typ-
GynenTHOro TedeHmit. Kax Bummo
w3 pHc. 11, pacdernaa 3aBHcCH-
Mocte M. . Munamommuxona
IPaKTHYeCKA B TOYHOCTH COBIA-
aeT C KCOePHMEHTaIbHON 3aBH-
caMocTel0 A = A (Nge) B 06-
JacTE TypOYyAeHTHOTO TEYeHHHA.

Tedgenne Ilyaseitna seasercs
He TOIbKO JIaMHHADHWM, HO X
Oe3HHCPDOHOHHEHM. B KadecTse

2

7 \P222272227%
| e

\

TSI 4( VLSS
"o

Pmc. 12. PagmanpHoe TewyeHHe BASKoR

HHETKOCTA MEKAY NapallIejIbERIMA HJ0-
CKOCTAMHA

npaMepa TedeHHs BABKOH KHAKOCTH, IpH KOTOPOM MOTYT CyIecTBEeH-
HHM 06pa30oM NPOABNATHCA CHIAN HMHEPOHUH, DPACCMOTPHEM OCECHMMET-
pHYHOE Te4eHHEe MOKAY ABYMA INIOCKOCTAMH. IJTO TeYeHHE ABJIACTCA
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OJIHMM U3 YaCTHHX CIyJaeB TedeHHA BA3KOH xmpKoctm B quddysopax
[59] — mosocTax mepeMeHHOTO CcedeHHA.

CornacHo pmc. 12 6ymem cYHTaTh, 4To TedeHHMe BABKOHE MKAIKOCTH
IPOHCXOXHT OT DepudepHH K NUIMHIPHYECKOH MOJOCTH PaJHyCcoOM ro.
Hlupuna 3azopa Mesxxy mapaaiedbHHMH INIOCKOCTAME paBHa w. Ilpm-

MeM, 4To TeyeHHe ABJIAETCA yCTaHOBHBmHMcH, v, = 0, a v, = v, (r, 2).
Torp;a GyneM uMerh ofHO ypasHernme HaBre — CTORca BMECTO Tpex:
v, 1 dp N %, 620, 1 61:, v, -
Ve == Tom a2ttt 7 %) (40

K ypasmermio (5.10) caenyer moGaBHTh elme ypaBHeHHe Hepa3pHB-
HOCTH, HMelOMee B JAaHHOM CIydYae CAeRywInuit BUp:

Py 2 (5.11)

W3 ypaemenma (5.11) moaygaem

v, (r, 2)=212), (5.12)

r

HlopgcraBaaa (5.12) B (5.10), moanywaeM ypapHeHHE

pp+LEp_r 92 o, (5.13)

PaccMoTpnM offHH H3 NpefeIBHHX CAYy9YaeB JAHHOTO TEYEHNA, KOTAA
OCHOBHYIO DOJIb MTPAalOT CHJL BA3KOCTH H BTODHIM YJeHOM B YypaBHe-
pun (5.13) moxno mpeneGpeus. B sTom caydae

d
pf"—er= . (5.14)
Bumonnasa rpammgnoe yciaosue v, = O mpm z = +w/2, DoaydaeM
clefyiomiee BHpajKeHHE:
F] 2
pf=522 (zz _E’[;_) X (5.15)
CuHTas, 9To NOJMHHEH PACXo[ KHIKOCTH HOCTOAHEH M PaBeH ¢, HMeeM
w/2
2nr S v, (r, 2)dz= —q. (5.16)
—-w/f?2
OTtcroga
P op __ 6Gqp
re-=—23 (5.17)
and
p=po+24 In_-, (5.18)

rge po — fAAaBAeHWE OPH T = ro.
Bropoit mpemeAbHH#E caydYail pacCMaTPHBAeMOTO TedeHHA HMeeT
MecTo, KOrJla OCHOBHYIO PoJb B TeUeHHH HATpal0T HHEPIHOHHHE CHJH,
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a2 BABKOCTHHMHE cHIaMd MokHO upenebpeus. W3 ypaBrHermsa (5.13)
B RAHHOM IpefelbHOM CIy4ae HOJydaeM

- r———O (5.19)

JOaa pemenusa ypabHeHHA (5.19) ocpeHHM BelHYMHY f2 MO BHCOTE
3asopa w B 0603HAYMM depe3s f cpegHee Ho BHCOTE 3a30pa 3Ha4eHHE f.
Jlaa Toro 9T100H WpPOM3BECTH 3TO OCpeHEHHE, HeobGXonuMo 3HATH PYHK-
nuo f (z). 3agapuMca upubnukenno sugoM yErnEE f (z), ompenenen-
HEM dopmynod (5.15). Torma ¢ ygerom (5.17) momyamm

Z.  ¢® _ 0252
==

(Fy =232, (5.20)

ITockonbry, Kak ato BugHO, B3 (5.20), cmocob ocperHeEEA JyHKEHEH
/ CpaBHHTENILHO Majio BAHAET Ha ee BeIUYHHY, NPHMEM B KadecTBe Cpejl-
Hero 3Ha4YeHHA [2 BeauwumEy g2/4n2. Unrerpmpya ypasuernme (5.19)
H BHIOOJHAA YCIOBHE P = po UNPH r = rp, mMoJydaeM ciefyomyo ¢op-
MyNy [AA pacOpefeleHHUA [JABJICHUA:

pxg? (1 1
p—-p0=—8n);w2 (—}?—"‘3‘). (5.21)

Kax sugEo H3 ¢opmyan (5.21), mEepHmHOHHOE TewueHHe KHIKOCTH
MOy DapajyIelIbHRME IJIOCKOCTAMHE BO3MOMKHO H UpPH GeCKOHEYHO
60N bIIOM BHEIMHEM pafHyce, T. €. HPH I' — 00 ¢ KOHEYHHM IIepemajioM
HaBJIeHHA.

Ecam #cOoas3oBaTh mpemmosioyKeHHe o mapaboiamgeckoM pacmpefe-
JIeHHH CKOPOCTHA U, HO BEPTHKAJH, MOKHO NOJXYIATH GopMyaAy 7A H3Me-
HeHHA JaBleHHsA JKEJKOCTHE 00 PaJAyCy, YIHTHBAIMYIO Kak BA3KOCTHHE,
TaK M HHepPOHOHHHe cHAN. Ha ocHOBe Tex ke DpPEUOJOMEHHIA, UTO
o npu BuBoxe dopmya (5.18) m (5.21), momyuaem pasa mammOro ofmero
cnydasa $opMyny

6gp 2 1 1
P—po= s In L2855, (5.22)

Ilposenem pacuermt mo ¢opmyne (5.22). Jomyermm, uto ¢ =
= 1000 m3/cyr = 1,16.10* cM¥/c, p, = 103 kr/M3, p = 1cllz ~
~ 10 8 xr-c/cM2, r =100mMm, ro = 0,1 M, w = 10"t cm.

— 3
BrunucaumM BenTHYHHY (p—po)ws

B COOTBETCTBHH ¢ $opmyioii (5.22).
Ilepsas m3 BenuumH, cToAIMHUX B UpaBoit gactE dopmyan (5.22), T. e.
Ee-ln —:—0—, 6yneT IpE NPHHATHX BHINe 3Ha4eHAAX IapaMeTpoB pasHa 13,2.
Bropaa jxe Beamumma

puw (4 1) _
8n2gp ( r}re ) =14,1.
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Taxmm o6pasoM, B JaHHHX YCIOBHAX KAK BABKOCTHHE, TAK W MHED-
NUOHHKE CHJH BHOCAT IPHMEPHO OAWHAKOBYIO AOJI0 B BeIWIHMHY Iepe-
maja jasjieHEsa. Ecam ypeawdIuTh BASKOCTL IKHAKOCTH, HampuMep,
mo 1 IIs, To BAsKocTHHe cmas 6YAYT BHAYMTEIBHO IPEBOCXONHTHL HHED-
nuoHHbIe. BaKHO OTMeTHTH, 9TO mepenajy AaBJeHHA OT BABKOCTHHX CHI
pacTeT NPONOPHAOHAALHO pPAaCXOxy SKHAKOCTH, a OT HMHEPHHOHHHIX —
OpPONOPNHUOHANBHO KBagpaTy pacxona.

§ 6. HEKOTOPLIE CBENEHHA U3 TEOPMHM OYHKOHMA
KROMILJIEKCHOI'O IIEPEMEHHOI'O

Ilpm pemenrmm miockWX 3afad IUAPONUWHAMAKE M TEODHH YIPYroCTH
OPAMEHAITCA METOAH TeoPHHA (QYHKNAA KOMINIGKCHOTO IePEeMEHHOTO.
B sroM maparpage nams HEKOTODHE OCHOBHHE CBEJeHHA H3 TeOpHM
(QYHKOUA KOMILTIEKCHOrO IEPEeMEeHHOT0, HeoOXOAMMEHE NI IOHAMAHAR
moMeImeHHOT0 HHMKe MaTepHaia.

MOYHEKOUA KOMIIEKCHOTO IEPEeMEeHHOTO

z=z+iy, i=y —1 (6.1)
f@)=u(z, y+iv(z, ). (6.2)

Ita pyHKNEA ABIAETCH NAQPepeHNAEPYeMOil (aHATNTAICCKOH) B TOIKe
z, ecAd YAOBIeTBopAKTCA ycaosua Homm — Pumana:

o6 03HaTaeTCA

du ov ou ov
T W o (6.3)

BospMeM B KauecTse mpmmepa (YHKDA
1 (2) =2%*=x?—y? - 2zyi; (6.4)
u=x2—y? v=2zy

IT1a PpynrmEa sBiasgercA angdepeEnEPyeMoil, ITO JEerKo OPOBEPHTH,
mopcrasds (6.4) B (6.3). QDymknasa sxe

f@=|z|=V22+? u=Vz2+y?, v=0 (6.5)
He asiagercs nEPPepeHROUpPYEMOil, YTO TAKIKEe JIETKO HPOBEPAETCH HPH
moxcragoBke (6.5) B (6.3).

Ecam nponuddepernmposars mepsoe yciaosae (6.3) mo z, a Bropoe
00 y W CIOKHTH IOJyIeHHEE DaBeHCTBA, TO NOJIYIAM

0%u 02%u
Anarormano noayJaeM
02v d02%v

CraenosaTesIbHO, KaK BEIMECTBEHHAS, TAK W MHAMAA YacTH aHAJIUTH-
9ecKO# (yHKIEH ymoBJIETBOPANT ypasHeHMIO Jlammaca.
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O6osmaunm Temeps { = f (z). Ilycrs f(z) ABIAeTcA amAIHTAYECKOH
OHOJIMCTHOM (yHKNHEH B HEKOTODOi 061acTd D KoMIIeKCHOTO MePeMeH-
HOTO z M MMeeT B 2Toi 061acTH OTIAAIRYIO OT HYJIA HPOAZBONHYIO. OJI[HO:
MHECTHOH (yHKIHAeH Ha3HBaeTcHA TakaA QYHKOHA, AJIA KOTOPOH Kayknod
TOIKe U3 06macTE D KOMIJIEKCHOTO MEPEMEHHOTO Z COOTBETCTBYET eJAH-
CTBeHHas TOYKa B ofxactm D, KOMIUIGKCHOTO IepeMeHHOTO (. AHaJnf-
TAYecKan Qymknua [ = f(z), obrapnaomasn ONHMCAHHHIME BHIIe CBOH-
CTBAMH, OCYmeCTBIAET KOHPopMHOe mpeoGpasoBamme 06xacTH D =
o6xacrs D,, HazHBaeMOe Tak MO TOi HPHYMHE, UTO B Ka)KAOH mape
COOTBETCTBYIOIAX APYT APYTY ToUek zo WM (o obmacreit D m D, coxpa-
HAKTCA YIJAH MEXAY NBY-

Ms1 GECKOHETHO MAJIHMH OT-

pesKaMd, BHXOAAMAMH M3

TOuYeK zo M 9. Touxm, rne #(2)
npomsBoprHas ; (z) = 0, sAB-

"JIAITCA TOYKAMHU Pa3BeTBIIe-

HHESA.

PaccmorpEM B Kage-
cTBe OpmEMepa (PYHKOHIO
H. E. Myxoscroro

1 1
Z_'?(C_*—f)' (6.8) Puc. 13. O6nacTb KOMIUIGKCHOro HepeMerHoro D

I9ra QYHKOUA OEPEBOAMT OKPYKHOCTA 06JacTA KOMIJEKCHOTO Hmepe-
MEHHOTO { B BJIIHMICH 06JacTl KOMILIEKCHOTO IMEePeMeHHOTO 2. B camom
nene, monaras { = pel®, moayuaem, oTAeNAAA MHAMYIO H BeIIeCTBEHHYIO
gacta ¢yErnum (6.8),

z=%(p+%> cos 3, y=%(p-—%) sin @, (6.9)

OxrpyxHOCTH p = const B ILTOCKOCTE { HEPEXONAT B DIIMICH ILIOC-
KOCTH 2z, ypapHeHHe KOTOPHX HMeeT BHA:
2 + y2

1 1\2 1 1\2

7(+3) 7(—7)

Rax smpmo m3 (6.10), oxpyxmocts p = 1 obxacrm { mepexomur

B 6€CKOHEYHO TOHKYIO Imeab 06IACTH z, TAK UTO TOYKA HA OKPYKHOCTH

p = 1 mepexoAAT B TOUKW Ha IPAaHENE MEIA ¢ KOOPAHHATAME I = CoS ¥,

y = 0. Touxkm = = +1 ssaswrea aaa ¢ysknme H. E. Hykosckoro

TOYKaMH Da3BeTBIEHHA, MOCKOJIbKY U3 HHX BHIXONAT fBe JMHHAH, OTpa-

HEIMBAmMHAe GECKOHETHO TOHKYIO INeNb.
Mrrerpan B 067aCTH KOMIJIEKCHOTO IEePEMEHHOTO z OIPEeAeTACTCHA

KaK HHTEerpaJ B0Jb HeKOTopoil KpmBoit L, sajammoit B aToli o6nmacTm,
TaK YTO

=1, (6.10)

~n

F(z2)=) t(z)dz. (6.11)

L
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Ecam ¢ymrnma f(z) sBisercs aHaxAtmgeckol B  OAHOCBA3HON
o6xactm, To maTerpax (6.11) sxoxs mo6oro 3aMKHYTOTO KOHTYpa, OpH-
HaJJleKaliero yKazamHoit o61actu, paseH Hyaw. OaaocBA3HON 061acTEIO
Ha3eBaercs o6xactb, OTrpaHAYCHHASA ONHMM B3aMKHYTHM KOHTYDOM.
Ilycts mmeeM opmocBsasEyi0 o6xacts D, OrpaHHYeHHYI0 KOHTYpOM A
(pmc. 13). Oynrnus f (z), apaxaradeckas B obxacta D, B TouKe a NpH-
HEMaeT 3HadeHWe f (a), a Ha KOHType A — 3madenme f (A). B rteopum
QyHKNUt KOMIJIEKCHOTO mepPEeMeHHOTO BaKHOe 3HAaUeHHEe MMeeT opMyJIa
Homm, cormaeno xoropoit nis amaxmTmIecKoit QyHRnAA f (z) mmeeM

1 F(A) dAr
f(“)=—ml e (6.12)

®opmyaa Koma mossodser ompeneidATh 3HAYeHHe AHATMTHICCKOH
$yaxnum B m060i# TOUKe z, mpEHHAAJMEKAMEed o6aacTa, B KOTOPOH pYyHK-
UAA aHAJUTHYHA, 0 3HAYEHHUIO 9T0HX (yHKIME Ha KOHTYpe obmacrm.

Wrrerpan, sanmcanunit 8 gopme (6.12), B koropoit f (A) AaBrAeTCH
TPAaHEYHHM B3HAYeHAEeM (YHKUWE, HA3HBAIOT HHTErpajdoM THma Homm.
IogsiaTerpansaoe BHpasKeHHe B HeM CTPeMHATCH K GeCKOHEYHOCTH IpH
Z — A, @ MO3TOMY 2TOT HHTEIDAJ CIATAT CYIMECTBYIOIIAM Beaxe B o6Ia-
cTm, TAe ompeneleHa ¢yErmua f(z), KpoMe caMoro KOHTypa, T. €. pac-
CMaTPHBAOT €r0 TIJaBHOe 3HaYeHHe.

§ 7. YPABHEHHA M PENIEHHA 3ATAY
TEOPHHA YIIPYI'OCTH

HNmen ypapHeEEmA [BWIKeHHs BJEMEHTA CILIOIIHOM CPeAsl, JerKo
DOJyYHTEH ypPaBHERHA TeopEH yupyrocru. Ecaun Texo apaserca yopyram,
eMy NpPUCYII¥ CAeAyIOmHue 3aBHCHMOCTH MeKAy KOMIOHEHTAaMH TeH30DOB
HAIpsHeHT# ® nedopManmit

o,=m+2p'-g—'__:-. oy=Ae+2p'-§5’y—;
, 0 ) |
o=het 2 gy, we=w (G )
o[ 0 d y { OV du\ |
e (), v () L
du dv ow Ev
8=FE+'57+a_z' JL=(1+v)(1—2v)'
N
B =20Fv -

Bxopsamue 8 (7.1) peruauns £ @ v ABIAITCA COOTBETCTBEHHO MOAY-
xem I0mra m kosppummentom Ilyaccoma. Camsonamu u, v m w o6osHa-
YeHH KOMIOHEHTH CMOINGHHSA B HANDABJICHHUAX T, ¥ H 2.
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IIp= nopcramoBke 3aBacumocred (7.1) B ypaBEeRHs [BAMKEHEA mOJXY-
gaeM YPABHEHHA, ONMCHBAM@E YIPYTHe CMemeHWA. 3andcHBas »TH
ypaBHeHAA B BeKTODHOI ¢opMe, .
uMeeM

(A4-2p")grad diva— p’ rot rot -+
+ M —pa=0, (7.2)

rme M — BEKTOp MAaccoBo# CHJIH;
4L U @ — COOTBETCTBEHHO BEKTODH
CMeIeHHA W YCKODEHHA,

B pane caydaes OKasnBaeTcsd He-
ob6xonmMEM ompefenaTs aedopMa-
oud, a He cMemenHsA. Toraa HYKHO,
OOMAMO YDaBHEHHUHI JBHKeHHA HIH /
PaBHOBeCHA, MHMCOOJB30BaTH TAaKKe T
CHCTeMy ypaBHEeHHE Hepa3pHBHEOCTH
(coBmecTHOCTH) pedopManmmii. ITa
CHCTeMa 1I0Jy49aeTCA B Dpe3yJibTaTe
mocJIef0BaTeJILHOTO Au¢depeEnApO-
BAHHA 3aBACAMOCTEl MewAay KOM-
mOHeHTAMH nedopPMamuum W CMemEHAS W COOTBETCTBYIOIAX IOA-
craroBoK. CAcTeMa ypaBHeHHA cOBMeCTHOCTH pedopmanuii mMeeT cie-
IVIOmA# BHL:

N

N

Prc. 14, [Hdedopmamma cdepmueckoi
TONOCTH:

9 — TOpHOC JaBJiCHUE

9% | 0%y 0N,y |
ay2 + 9x2 oz dy®
0 | 0% _ 0%y,
022 ay? oy oz ?
02, 0%, 0%,
oz + 922 dxodz? (7.3)
9 ( Vg2 + 0¥xz __ OVay — 9%, |
dz oz oy oz dxdy’
g ( 6Yxz Yy _ 0Vyz \ _ 2 9%ex |
Jdxr \ dy 0z oz ) " odydz°®
2 (S o) g
dy Az oz dy “oxrdz*

B kagecTBe mpEMepa pacCMOTPHM YIDPYIY© AedopManuio CIJIOHIHOH
cpefs, IPOCTEDPAIOIMEACA MO BCEM HANPABIEHHAM 70 6eCKOHETHOCTH,
eCclii B HOROTOPOH TOYKe cpefbl 06pa3oBaHAa mOJOCTH MIAPOBOi (0 PMHEL.
I9TOT mpAMep MOKeT OTHOCHATHCH HA NPAKTHKe K nedopMammd IOJOCTH,
COB/laNHOM, HampmMep, B TOPHHX MOPOJAX B pPe3yibTaTe HX Pa3MEBA
m BumesaduBanna. Ilycrs pagmye moxoctn pasen ro (pmc. 14). Ioxocth
3amOJIHeHA KHUAKOCTHIO MM I'a30M, OKA3HBAIIMAMA HA €¢ BHYTPEHHION
OOBePXHOCTh NaBlenne po. Ha Goasmom paccrosmmm or modoctd (HA
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GeCKOHEYHOCTH) HANPMXKEHHW® TOPHKX MOPOX XApPAKTePH3yeTcss PABHO-
MEPHHM cKaTueM. ByjeM cumTarh, 9T0 CMEmMEHHA NOPON B HANpPAMKEHAS
ABJATCA IeHTPaJbHO-CAMMETDHYHHMA. MaccoBshie CHJIH M yCKOpPeHHSA
oTcyTcTBYIOT. B aToM caydae ypasHenue (7.2) mpmEEMaeT cilepyromai

mpocToil BHUp:
d 2u
+(F+%)=0 (7.4)

HMmeem Taxsxe ABE€ KOMIOOHEHTH HampsaXeHHA 0, A Jg, oOpegeligseMbe
3aBHCAMOCTAMA

0, =(A+2p) 2L Lo Es gg=AIL LA py L,

o, 20y

0=—"= (7.95)

Pemasn ypasmenme (7.4), momywaem

U= C]_r+ i22 ’
o, = (34 2p") C; —4p’ r3 ; (7.6)
, C
og=(3A+2p") €y +2p" %
rape C, u C, — DOCTOSIHAHEE BEIWIHHBI.

BrmoanuM, B COOTBETCTBHHA CO CKAa3aHHEM BHIE, YCIOBUA
0,=0g=¢qr=const mpE r — oo; (7.7
a,= Py upm r=r,.

B pesyibrare mojiydaeM ciaefyomme ¢opMyIIH:

qp— Po) 13 9p—Po)7}
0,=qr—{EZI8 g g TP (7.8)

Kax smmEo u3 dopmyn (7.8), Hampsakenmsa 0, M Gg yGmBaIOT Ipo-
nopHEoHaJibHO Kyb6y paccrofnmsa oT NeHtpa moloctm. Ilpm po = 0
MeeM

0,=qr(1—:—§); Ue—qr(iJr1 ’3). (7.9)

Ilpn r =re 0, =0, a og = 3/2g, He3aBHCHMO OT pajgHyca MO-
JIOCTH To.

Onennym, HanpmMep, MPOYHOCTH TAKOM NOJOCTH, MCIOIL3YSA B Kade-
CTBe KPHTEPHSA IPOYHOCTH MPEAeJbHYI 3aBUCHMOCTL HHTEHCHBHOCTH
KacaTelIbHHX HAODsDReHHHE S, 0T mpepelbHOTO CPEJHEr0 HOPMAJLHOTO
HaOpsDKeHAA O,, B BHJe:

Sy = {%[(01_02)24' (0, —05)* -+ (03—01)2]}‘/1 =a+bo,, (7.10)

rie a m b — nocrogHHHeE KO3QQHIASHTH.
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B paccmarpmeaeMoM ciIydae O, H Op ABIAITCA IIaBHHMHA HaIpAme-
waEama. Iloxoxwmm o, = 0,, Oy = 0, = G;. TorAa, HCHOIB3YA TaKKe
(7.5), momxyumm m3 (7.10)

S,.,_ 3 | (o —09)|_a+bi209—. (7.11)

B ¢opmymne (7.11) 3Be3noukoil cBepXy mOMeYeHH I PefiebHHE 3HA-
9eHHH COOTBETCTBYIOMWX HANDMKEOHHHA, OPH KOTOPHX BHYTPEHHAA
CTeHKa MOJIOCTM HAaYWHaeT paspymarbes. B ciayuae po = 0 mpE r = ro

o, = 3/2gr. Torpa

ﬁqF_Hbq; (7.12)

niIn

———. (7.13)
T V3 ;
2

Ilpu a = 9,81-10¢ I1a = 100 krc/em2, b = 0,7, gr ~ 6-107 Ila =
= 610 Krc/cm2.

Takum o6pasoM, mapoBad HOJOCTh HPHE AAHHHX YCIOBHAX MOKET
BHIEP/KATh [OBOJLHO 3HATATENPHYK HATPY3KY — Beb NpeaelbHOE
ganpsskendme B 6107 [Ia momeT cooTBeTcTBOBaTH IIyGWHE 3ajieTaHHA
nopopy mopsigka 2400 - 2500 m.

IlpuBemem Temeps 6e3 mpOMe:kYTOYHHIX (GOPMYI eme OMHO BeChMa
Ba}KHOE JJig TOPHOTO Aesia PeleHAe 3afadd TEOPHAH ympyroctu o medop-
MAlME CPeabl BOKPYT BEPTHKANBHOM BHPalOTKA [EIAHJPHAIECKOR
¢opMH (cTBOJIA WAaXTH WIH CKBAMKUHE).

YpaBuenrme PaBHOBECHS YIOPYIo# cpejbl, ONpenelifomee PagAaibHOE
CMelleHne, WMeeT B STOM CJjydae BHUJ:

= (F+%)=o. (7.14)

Pacnpenenenne Hampsixenmi# ocecmmmerpmunoe. llpm r — oo g, =
=gr, 0,=0y =, & OPA 7 =T, G, = p.. Torga

0,= oo —(qoo — Pc) 72 ; (7'15)
rg
0p=¢co + (g0 —Pc) 75 -

Bripaskenna (7.15) ®3BecTHH B TEODHEHE YHOPYTOCTE KaK (OpPMYIH
Jlama. Ecam p. = 0 mpm r = r,, mmeeM 0, =10, 09 = 2 G-

Ecam tpebyercs onmpenelsTh HPOYHOCTH He0OCAKEHHOTO CTBOJA
CKBaKHHBI NJIM IMAXThHl, TO CIAEAYET ACHOIB30BATH 3aBACAMOCTH HHTEHCHB-
HOCTH KacaTelAbHHX HANDPSIKEHHMH OT CPefiHero HOPMAJbHOT0 HaIpsKe-
HUA, HONOGHEIE NPHBEeNeHHHIM BhHIIIE,
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PaccmorpmM Temepsr NpmMepH HANPAKEHHOTO COCTOSHHAS CpPEMH,
3aBUCAIMPEr0 OT ABYX KOOPAMHAT, Hanpumep r ¥ . Hak ¥ B IpABEIeHHHIX
BHIIe pelMeHUAX, AedopManma GyAeT CIATATECA CTATHIECKOM.

YpaBHeHHS PaBHOBECHSA W YCIOBHS COBMECTHOCTH fAedopManuil mpm-
HEMAKT TeOmeph CHeAYOIMAA BHJ:

90 OTey doy 0Tty _ .
oz + oy =0, dy l oz =0;
0%, | 8%y o 0%y
oy2 | 0x2 =2 dzdy °* (7.16)

3anaud Te OpEE YyOPYrocTH, B KOTOPHX HaOPSKEeHHA H fe(opManfaf
ONMACHBAKTCA cHcTeModl ypapHeHmit (7.16), Ha3HBAalOTCA NJIOCKAMH.
Pemennsa atEX 3apad mo-
Y l ” Jy49aoTcd ¢ HCIOJb30Ba-
Y, 0 HOEM TeopAHE QyHKRIEMR KOM-
B o TLIEKCHOTO OepPeMeHHOoTo
0 x [801. Ilpm stoM cmemenns
L H HAODPSKEHWA BHIPAKAIOT-
. ¢ depe3 aHAJATHIECKAE
Pac. 15 Ulexs mupmroll w, QYHKIAA KOMILUIEKCHOTO Ie-
P eMeHHOT0 2z = x - iy.

CMemeHAs u A Y COOTBETCTBEHHO BAOJb OCEH z W J NPEACTABIAAIOTCH

B KOMIUIeKCHO# (opme crepyiommm obpazom:

20 (u-tiv) = %9 () —2 2L — P 2), (7.17)

rae ¢ (z) ®m ¢ (2) — apanETAYeCKAe (YHKOHE KOMIUIEKCHOTO HePeMeH-
HOTO 2, % = 3—4w. ‘

B ¢opmyme (7.17) dQeproii cBepXy IOMeYeHH COOTBETCTBYIOImHE
COnpssKeHHble (YHKNEH KOMILIEKCHOTO NEepeMeHHOTO 2z, DBrpaskeHme
-d—q;'/dz eCTh CONPMKEHHOe 3HAUCHHe MPOM3BOAHON QYRKIHE ¢ IO Hepe-
MeHHOMY z.

Hanmpsxenns o,, 6, u 7t,, ompeneixsawnTcs Qopmyiama

d dg
c,+cy=2(%+d—q; ; (7.18)

. = d2 d
Oy—0, 4 2iT,, =2 (z d_zq2)+d_15)‘

IlpmBenennsie Bume gopMyns Jigma cmpaBeqImBb, KaK 3TO CleAyeT
W3 CKa3aHHOTO, M4 CIydaeB, KOIMa AaBJeHAe HA HOBEPXHOCTH IMMAXTHOTO
CTBOJIA HJW CKBAKHHH ABJACTCA DABHOMEDHLHIM H CaMa CPeAa Harpy:KeHa
PABHOMEDHOM’, He 3aBHCAMEH 0T HAIpaBJIeHAA paamyca Harpyskoii. C mo-
MOIBI0 METOJ0B PEMEHHd IJIOCKAX 3afad1 TeOPDHH YIOPYTOCTH MOKHO
ONPEAeNATH HANPS;KEHHOE COCTOSTHTE W TOT7a, KOTAA HarpysKa Ha KoH-
TYp KPYIJIOTO OTBEPCTAS B IJIOCKOCTH MABJIAETCA HeCHMMeTDHYIHOM, a
TAaK)Ke KOTJ[a OTBEPCTHe He ABIAETCA KPYTIHIM.
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IIyers, Hanpamep, B Ge3rpaEAYHOi IIOCKOH yHpYro# cpefe HMeeTCH
O4YeHb TOHKAA IMedb (pHe. 15) mmEpmAoil we n juimHol 21, mpEueM wo
& 21. Taxmm o06pazoM, RAaHHYI0 meJb MOMKHO CYATATh GeCKOHETHO
ToRKO# Tpemuuoit. Cpega Ha GeCKOHETHOCTH CKAaTa HAIPAKEHHAEM (o,
a BHYTDH LIEJH K ee MOBEPXHOCTH mPHIOKeHO Aamienue p. Ilockorbky
B JajbHelmeM 6yer IpAHEEMATHCA BO BHEMaHYe JHMb [ONOJHATeIbHAA
mefopmManma CpejE, T. e. He 6Gymer yYBTHBAThCA ee pedopManmds OT
BCECTOPONHETO C3KATHA HANPAMEHHEM ¢.,, MOJKHO CYATATh, YTO HAIDPHA-
jKeHHe Ha OGCeCKOMEIHOCTH PaBHO HYJMIO, a lia KOMTYD IMeld HmedcTByeT
Hanpsskenne P = p—ge,.

Pemenme »Toit 3amaum Teopum ympyroctE moixydEM meromom H. M.
Mycxermmwpmnr [80], niis 4ero npHEMeHEM cienyloIine [JaHHEE HM

$OpMYJIBL:
20 (u+iv) =% (§) — =

(
¢(0)=— ZLS ! - do; (7.19)

1 ri ’
b (0= — ngoi(, do— rpC(C);
[+4

fo)=i g F,dS=i S (Ony-Fi0,,)dS.
] s

Bo sTopymo 7 Tpersio popmyan (7.19) Bxopsar maTerpass tnma Hom,
B stm dopmyan BxoamT TamKe KoH(OpPMHOe mpeobpasoBaHEHe 06IaCTH
KOMIJIEKCHOTO NepPeMeHHOI0 2z = I -
-- iy B 06sacTh KOMIUIEKCHOrO mepe- A
MeHHOTO (, peanmsyemoe QyHKOmei y
o () = z. Ilpm aTom B popMyrax (7.19)
o6ozHaueno § = pe‘t (p m O — mepe-
MeHHAEIe B HOBOH miockoctm §). Heanm bnx
B IJIOCKOCTH KOMILIEKCHOTO MeDPeMeH- ds
HOTO z KONTYD «BHEMKHMy B CILIOIIHOMN
cpefe, T. e, B INEJHW, OPEACTABIACT CO-
6o#f aBa NPAMHKAWIMAX ZPYr K APYTY
oTpe3Ka mpsaMoii aurmHOMA 2] (cM. puc. 15),
TO B 06IaCTH KOMIUIEKCHOTO IepeMeH-
HOTO ({ 5TOT KOHTYD HPHHHMAET HHYIO )
dopMy B 3aBECEMOCTE OT BEKa PyHK- Puc, 16. J]iencmue yeuauii  Ha
nua o (£). CamBosom 0 0603Ha9eno wouryp d§
3HAUCHHEe MepPEeMEeHHOTO { Ha KOHType
npu p = 1, Tak 9r0 0 = e®. IT0 0603HAUEHHe He ciHeyeT CMEeNIm-
BATh CO CPEJHAM HODMAJBHHM HaNpAKeHAEM, KOTOPOe B TeODHH Y-
PYTOCTH IO TPanMNHA TaKe 0603HaTaeTCA CHMBOJOM 0. Ycumide, mel-
CTBYIOIlee HA NPOM3BOJBHKIT KOHTYD A B IIOCKOCTH z = z 4 iy, "0603-
mauaerca P, (pme. 16), npmuem P, = a,, -+ io,,

Sny
Pn

0 z
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Ilpn pemeHAEm paccmaTpuBaeMoidl 3amaudm yao6HO HMCOOIB30BATH
GyHxnuio, KORPOPMHO oTOGparKAMYI0 O06IACTh CIJOMHOK CpPebl,
B KOTOpPO# mMeeTca 6ecKOHEWHO TOHKafA Iielb, Ha obracTh { = peit BHE
Kpyra eaMHAYHOTO papgmyca. OTo#l Oynkpueir sapnserca QyHKoHEs
H. E. ®yxoscroro

m(@)=z=—é—(€+—é-). (7.20)
IIpn § = o = %, 1. e. Ha KouType mexn, y = 0. Orcona
T = (e +e1%) =1 cos D, (7.21)
Ilo ¢opmymam (7.19) nmeem
P
fO)=—Pz, o= —3; YO=—g=p.  (1.22)

CMemeHUA Ha KOHTYpe IeJH oupefelisaiorca Gojee mpoctod popmy-
Mo, moxydaemo mu3 uepsoit dopmyinn (7.19):

2p' (u+ iv) =g (6)— ¢ (0). (7.23)

NoncraBmaa (7.22) B (7.23), moxyuaeM BHpaskeHHe [Ji HOJHOTO
PACKpPHTAA MmeJd w = 20 B CIEAYIOIEM BHfe:

4(1—v2) Pl 22 \"/s
w(x):E—(i—-ﬁ-) . (7.24)

Jomycrum Temeph, 9TO BCe-TAKH CYINECTBYeT HEKOTOpas HadalbHasA
WIApPAHA IMENH Wwo, KOHEYHO, MaJiasg IO CPaBHEHHWIO ¢ AIHHOM menm [.
B sroM ciydae TakiKe MOKHO CYUMTATH CIOpPAaBENJIHBHIM NPHBEIEHHOE
BHIIE peNnieHHe TeOPUN YHOPYTOCTH.

Havansuwit o6weM menm Vo, OTHECeHHHHA K eQHHAIE TOJIIHE
cpegsl B HampaBieHHH, NepOeHIAKYJISAPHOM IJIOCKOCTE PHCYHKa (CM.
pac. 15), paBen 2wol. BuumcamM B3MeHeHEe 06'beMa MEJA B pe3yabraTe
nedopManEE cpefst OPA W3MeHEHAR naBieHAd P. B coorBercTBEA ¢ gop-
Mynoit (7.24) mmeeM

! !
AV = ( — 8(1—‘v2) Pl . xi
2(5 w(r) dx — (5 (1 -

7 )‘/' dr=

_2n(1—v2) P2
-t e L (7.25)

PaccMoTpEM OTHOCHTeNIbHOE H3MeHeHHe obpema menm P*, ompexe-
IgeMoe CJaeqyomEM 06pasoM:

1 AV
Torma
B* = ““E— V_z_)wio (7.27)



Hin
1 1

ﬁ* ~ o5 E (7.28)

U3 ¢opmyasr (7.28) BmjHO, 9TO OTHOCHTENbHOE H3MeHenue obbema

MeJIA 3aBACUT OT OTHomeHHs [/w,. Ilpm Goxwmmx [/wo uHeGompuIme

U3MEHEHHS [ABJCGHHES B MeXH OyqyT HPABOHTH K 3HAUYUTEIbHBIM H3Me-

HeHAAM ee oO0neMa. [Ipm oTHOMEHHA [/wo, MaJIO OTIHYAIOMEMCA OT eJH-

HEIH, BeJINIAHA «CKEMAEMOCTHy MeJd OyaeT MMeTh TaKO# ;Ke HOPAJOK,

9T0 W CKEMAEMOCTh cpefhl. ITOT PaKT ABJIALTCH BAKIBIM JJIA IOHHMAHHAA

MexaHE3Ma He@OopMagUE TPEMMAHOBATHX TOPHHX HODPOJ, HACHINEHHHX
JKHIKOCTDHIO.



TdTABAII

CBOVICTBA T'OPHBIX HOPO[,
JKUAKOCTEN U TA30B

§ 1. TOPHBIE IIOPO/IbI

Ilpy u3syuenMH nog3eMHEIX IPONECCOB Ba}iHOE 3JHAYeHHMe UMeeT
3Hanpe CBOMCTB rOpHHIX mopoj. JloOHBaeMHe B HacToAmee BpeMa HedThb
¥ Ta3 3ajieraloT B CaMOM BepXHeM CIIOe 3eMIOH KOpH, Ha TiIyOMHax, He
npessmaiomux 5—6 kM. Boolule sKe 3eMHO# KOpoll Ha3HBAWOT BepXHUHA
cloi Hamel mradersl MOmMHOCTHI0O 30—50 kM. Iror caol 3eman, a TakKe
armocera 1 MupoBo# okeaH cofiepsKaT HOUTH Bee DIEMEHTH IepHOIH-
geckoi cucremu. Ilpm stom 98,5% BemecTBa 3eMHOH KOPH COCTABIAIOT
BOCEMb JJIE€MEHTOB — KHCJOPOJ], KPeMHUH, aJNIOMAHAHA, Kejie30, Kallb-
Ui, HATpHH, Kanui ¥ maraufi. 3eMHas arMochepa comepskut 78% asora
u 21% xnciopopa m aumb 1% COCTABIAIT YIIeKHUCI0Ta H HHEPTHHIE
rasbl. B Bojile okeaHa HaXOAMTCA OKOJIO IIQJIOBHHH BCEX H3BECTHBIX
BIIEMEHTOB.

XuMuYecKue 3JIEMEHTH J[OBOJNBLHO pEAKO BCTPedaloTeA B IpHpoe
B gucTOM Buje. B G0ibIIMHCTBE CIIyIaeB OHYU BXOJAT B COCTAB XMMAIECKHX
coeqmHennA miu cMmecedl. BemecrBa 3eMHOM KOpH, cOCTOANMNE U3 OHOTO
XUMAYECKOTO COeJUHEHUsA, HA3HBAIOTCA MUHepaJiaMH. XOPoINo M3BEeCT-
HEIMH IIPAMepPaMH MUHEepaloB ABIAKTCA KBaprm Si0,, nasectuak CaCO,,
marserutr Fe,O, m ap. Muorue MuHepassl HMelOT KPHCTANIUIECKOC
CTpOeHHe.

TopueiMu mopogaMM HA3HBAIOTCA Gollee CIOKHHE BEIECTBA, COCTO-
AMAe M3 COBOKYIHOCTH MEHepaJos. MHorWe ropmme mopojm, samera-
olUe B 3¢MHOH Kope, EMEIOT IOJOCTH — IIOPHl, KABEPHH, TPEIUHEI,
KapCcTOBHE OYCTOTH W T. Ji., ABIAIOMUECH €MKOCTBIO, B KOTOPOH MOTYT
cofiepsKRaTheA Bojia, Hedrh U ra3.I'opasie Hopoas, o6ragaomme eMKOCTRIO,
KOTOpas MoyKeT GHTH 3alIQIHEHA JKUAKAMH M ra3000pasHBIMH BeImecT-
BaMU, Ha3bIBAIOTCA IO pogaMu-KoJurekropaMu. Ilopoms, B eMKOCTH KoTO-
pHIX cofiepskaTcA HeTb M rasz, HasHBAITCA KONJIeKTOpaMu HedTn
H rasa.

ITopoant — wonmexkropsl HedTH M Tasa OMBAIOT PA3AMYHBIX THIIOB.
Ilo xapakTepy eMKOCTHOTrO IPOCTPAHCTBA KOJJIEKTOPH [AeNATCA HA IOPO-
Bble, TpellMHNbIe, KABePHO3HHE W CMEIIAHHOTO THIA, T. . II0POBO-Tpe-
MUHHEE, D0POBO-TpeMUHHO-KaBepHO3HKe A T. A. llo xapakrepy mopop
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KOJUIEKTODH JieJIATCA HA [BAa OCHOBHHIX THIA: TePPHUTEHHHE, COCTOANNE
3 OCAZOYHHIX HOPOJ, W KapOoHATHHE, 06pa30BABINMECA B PE3yILTATE
XAMUYECKHX peaKOWil B 3eMHOH Kope HIM KHU3HENEATEILHOCTH Opra-
HHU3MOB.

Han6osee mupoko pacopocTpaHeHHKMA NPEACTABATENAMU TeppuUreH-
HHX KOJIEKTOPOB MBIAIOTCA IECKHW, NECYAHMKH W IeCYaHO-TITHHUCTHE
mopous. 3epHa meckoB mmeoT pasmep ot 0,1 MM m Goxee, wacTHH jKe
MEeCYaHAKOB M T[IMHACTHIX NECYAHHKOB mMeloT pasmep go 0,01 mm
A MeHBINe.

EMKoCTHOE IPOCTPAHCTBO KapOOHATHHX KOJUJIEKTOPOB 9acTo OuBaeT
OPEACTABJICHO TPEMIMHAMHE W KaBepuamn. [pemunm OHBAKOT CcaMOTO
pasHooGpasmoro pasMepa: OT MHKPOTPEIIMH INUPUHOE B HECKOJIBKO
COTHIX MJH THCAYHHX JI0Jell MUJIIMMeTpa [0 MAaKDOTPEeIUH, Ioneped-
HHH pasmep KOTOPHX MOKeT HCYUCHATHCH Merpamu. Haseprn B Kap6o-
HaTHHIX KOJJIEKTOPAX TaKiKe HMeIOT DAsiMuYHHIEA DasMep.

Iloph, Tpemuus ¥ KaBePHH B KOJJIEKTOPAX H3ydalOT B Pe3ylIbTaTe
ACCIeROBaHAA 00pa3moB MOPOJi, U3BIEKAGMHX HA MOBePXHOCTH IpH Gype-
HUH CKBAKUH KOJOHKOBHMHU mojoramu. OnHako TpemUHH W KaBepHH
HE BCETJA MOKHO HCCIeJ0BATH TAKUM IyTeM, TAK KAK TPeMAHHHE KO-
JEKTODH MOTYT 0GJIajgaTh CPaBIUTENILRO MAJIOH T'ycToToH TpemuH M Ka-
BepPH, TaK 4TO GHIBaeT TPy/HO 0T0o0parh 06pasnn MOPOJ C TAKAMHE TPEIH-
HAMU ¥ KaBepHAaMHM, KOTODHE XapPaKTepH3yIT TPEOUHOBATOCTE M KaBep-
HO3HOCTH IIacTa B medoM. Kpome Toro, mpoucxopur paspymenne o6pas-
OOB 10 moBepxHOCTH TpemuH. IlosToMy TpemuuHNEe M KaBepHOSHHE
KOJJeKTOPH Heobxopmmo m3yduarb ¢ GoJiee IMHUPOKHM HCIOJL30OBAHHEM
THAPOAMHAMUYECKUX M Teo(M3NUECKHX METOJOB.

K wncay riapHHX XapaKTepUCTHK LOPOA-KOJIJIEKTOPOB OTHOCHTCA
TIOPHACTOCThH, ONpefieligeMan KaK orHomenne obwsema mop mopomsl V K ee
obmemy ob6memy V,, Tak 9To A DOPHUCTOCTH m HMeeM GopMyTy

m= (1.1)

Pasingaror aGconmornyio u adideKTUBHYIO TOPHCTOCTh. AGcomaoTHAA
IOPHCTOCTE IpeJcTaBiAeT co60# OTHOIIEHUE MOIHOrO 00BeMa modocrel
B noposie K obmeMy oOnemy mopoasi, a sdQeKTUBHAA MOPHCTOCTEH -
OTHOIIEHHUe 06BbeMa TOABKO coobmaromuxcs Apyr ¢ APYroM Hop K o0beMy
IO POJHL.

Opne U3 MerofioB onpefesierus abCONIOTHOH IOPHCTOCTH COCTOUT
B TOM, UTO CHadalla 3aMepAIoT o0muit o6BseM mopojn, moToM, mocie ee
pasMoia, MIOTHOCTh YACTHI[ PA3MOJNOTON IMOPOXE W 3aTeM OIPERENAIOT
IO Becy mOpoisl 06BeM ee TBEPAOTO BemiecTBa. PasHocTh MesAy oGmuMm
o6BeMOoM mopojm M 06BEMOM TBEPHOTO BemeCTBA paBHA 06heMy Iop.
Orsomenne o6bemMa mop K obmeMy o6beMy mopomut paBHO abcomoTHOMR
HOPHCTOCTH. J(PeKTUBHYI0 NODHCTOCTH 3aMePAIT N0 KOIAYeCTBY
Bolllefilleil B NOPOJY KHUIKOCTH CO B3BEIINBAHMEM HOPOALI 0 W MOCHe
BXO/la B Hee ;KHURKOCTH. HoHEYHO, B HACTOAMEe BpeMsa H3BECTHO MHOTO
KOCBEHHHX CIOCOGOB OIpefieeHNs HOPHUCTOCTH LOPO, MCIOMb3YIOMMAX
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pasnununbie ¢U3MYECKUE 3aKOHOMEPHOCTH, TAaKHMe, HapUMep, KAK 3aBH-
CHMOCTh OT HOPHUCTOCTH IJIEKTPHIECKOTO CONPOTHBIECHHUA TOPOJ, NPOHH-
I[aeMOCTH, KANMJJIAPHOro H[ABJEHMA H T, [

Ilopucrocrs ABNAeTCA reoMeTPHMYECKMM IIaPaMETPOM, XapaKTepHay-
IOM¥UM BHYTPEHHIOIO CTPYKTYPY DOpPOAE. J[pyruMm reoMeTpHueckAM Iapa-
MeTpoM HABIAETCA yhelbHasg IOBEPXHOCTH mopoan. Ecam onmpepennrsp
KakuM-1u60o 06pasoM BHYTPEHHIOW IOBEPXHOCTH IMOPOAE, T. €. IOBEPX-
HOCThb 3€¢peH IOPOAS W CBASYIOMEro 3epHAa Marepualia, U OTHECTH ITY
HOBEPXHOCTH K 00BeMy HcciefyeMoro ofpasma HOPOAE, TO M MOJYIUM
napaMerp S,, HasuBaeMHH yHeJILHOH NOBEPXHOCTBIO IOPOAHL. Ecuan
OPUHATH, YTO HOPHUCTAA CPEHA COCTABJEHA U3 p HIAPOB OJHHAKOBOTO

amamerpa d upu X KybGHueckod yxiIajgke, To o6beM n IIapoB paBeH
nnd3

, 4 UX HorepxHOCTE Gyner nnd2 Taxum obpasom, nus rakod mopm-

CTON CLenbl
2 {
6nnd ) (1 .2)

Sy =@ =T

C yMeHBINCHEEM jmaMeTpa YaCTAIL YeIbHAA HOBEPXHOCTE BO3PACTAeT.
Ecan nccuaso-riunucTyio nopoay ¢ pasmepamu zepes mopazgka 0,001 cm
UpeiCTaBUTh B BHJle VIOOMAHYTOH BhHIIe CpPefpl, TO AJA lee yjaelbHas
mopepxHOcTh cocrasut 6000 cm2/cm3 = 6.10% m2/m3. Iro 3HAUHUT, dTO
ofuH KyOMYecKMil MeTp DNOpOgEl HMMeeT BHYTPEHHKWIO IIOBePXHOCTE,
papuyo 60 ra.

Haxonrery, paxkneiinieil xapakrepUcTHRON TOPOJ — KOJIIEKTOPOB HedTu
1 Ta3a ABIAETCA HX CIocO6HOCTE HponyCcKaTh depes cebsa (GmabTpoBaTh)
JKUJKOCTH M Taskl. JTa CIOCOOHOCTH OIpeedsiercs NPOHUIAEMOCTHIO
nopoy. PuabrpanMs >RUAKOCTEH U ra30oB W CBA3b IPOHUIAEMOCTA C JPy-
THMH XapakTePHCTHRaMm mopoj Oyxyr paccyorpeHr Hmwwe. Temeps
;e mepefijieM K ounmcanmio pedopMAmMOHHHIX W UPOYHOCTHHX CBOHCTB
fOPHBIX XOPOA.

Teomorugeckue u reodusudeckue HCCIef0BaHUA, paspaborka Mecro-
poyieHUil HedTH U Tra3a BHBHBAKT HEOOXOZMMOCTH MEXaHHICCKOTO
BO3JleACTBUA HA TOpHbie Hopoanl. Mexanm4ecKHe IpomeccH — jedopma-
I[MA, pa3pylieHMe, Kojdebanue — MPOMCXORAT B FOPHEIX HopoAax u Ges
BMEIIATEJIbCTBA YeJIOBEKAa — IPHU 3eMIETPACeHUAX, U3BEDHEHHAX BYI-
KAHOB, NDPUJIHMBAX # T. [. A KOJIM9ecTBEHHOTO ONHCAHUA MeXaHMYe-
CKUX CBOMCTB TOPHHX IOPOJ HMCIOOJL3VIOTCH IpEACTABIeHUA MeXaHHKH
CINIOUIHKIX Cpej.

Topurie mopoas umetor Golree CIOKHYIO CTPYRTYPY, €M MUHE PAJIEL, —
OHH COCTOAT He TOJBKO W3 KPHUCTAJIOB OCHOBHLIX COCTABJAIMAX HX
BeleCTB, HO W U3 3epeH M BHJIAKWYeHuUi ppyrux muHepauaoB. Ilosromy,
HCIOJb3YSA MeTOAbl MEXaHHUKM CIUIOIIHEX cpefi, HY;KHO OrOBapHBaTh,
4r0 mpefcTaBiiger cofofl 3jeMeHTAPHHE 00BeM IOPOJ, OXBATHBAaeT 1N
OH MHOTO 3€P€H U BRJIOYCHHH WM pedb Hjer o feopManMU OTHEIBHOTO
3epHA MOPoAHN WU BKIANYeHHA. HoHeuHo, dame BCero paccMaTpPHBAIOT
pedopmanuio GoNLIIHX MacCCHBOB IOPOJ|, COREDP:;KAUX OTrpOMHOE 4HCIO
3€peH IOPOJIH.

He cymecTByer ueTKOTO KPHTEPHA, KOTOPHEA O KOJMUECTBEHIIO
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oupeielsi, CKOJLKO HY;KHO BKIIYATH 3€PEeH IOPOAE B 5JEMeHTAPHHE
o6meM ¢ TeM, wrobm 3TOT 00BEeM MOMKHO OLIIO CYMTATEH «DECKOHEUHO
Maaumy. O mpapuabHOCTH BHOODA 3;1eMeHTapHOrO 06beMa MOKHO CYUTE
JUIIb IO TOMY, KOCTATOYHO JIM XOPOIHO COTIACYIOTCA DelleHnsa COOTBeT-
CTBYIOIIMX YPABHEHWH MeXaHHKH CILIOIIHHIX cpell ¢ 3KCIePUMEHTANb-
HLIMA [aHHEIMH.

Beakoe usMeneRme cni, fefcTBYIOMEX HA ropHBE MOPOIH B 3eMHOH
Kope, BuI3niBaeT HX pedopManyio, a TAKKe M3MEeHeHHe BHYTpPEHHHX
YCUIMHE B TOPHHIX NOpofaX — HAOPAKEHHA. 3aBUCAMOCTH MeEKIY
HanpsxeHUAMA ¥ JedopManEaAMU B 3JIeMeHTa PHOM 06'beMe TOPHHX HOPOJ
oIpepeNAOTCA CBOMCTBAMH IOPOX W ABIANTCA OAHAMHA M3 OCHOBHHIX
MeXaHMYECKNX XapaKTepUCTHK NOPoJ Kak p
dusn9ecKuX Tel. l

9T 3aBHCAMOCTA, WMJIHM  PEOJOTHYECKHE
VPaBHEHUA COCTOAHMA HOPOX, OOWUHO WoOuy4a- -/ /100
IOTCA B pe3yiabTaTe AHANHU3A 3IKCIEPHUMEHTANb-
HHX JaHHHX. DKCIePUMEHTH IOKA3LIBAIOT, 9TO .
XPYIKHAe TOpHHE NOPOJiH, TAKAE, KaK IPANHUThI,
0azaNLTH, TBep/hle W3BECTHAKM W MECUAHUKH, IR
IIpE HE 049eHb CHJILHOM BCECTOPOHHEM CrKa-
tum  (go 108 = 2.108 Ila, r.e. mo 1000 -
-=2000 xre/cm2?) medopMHPYIOTCA YIPYIo [0
JOCTHKEHHUSA TIpejeia IMPOYHOCTH, U HCIOIH30-

BaHNe YDABHOHUS COCTOAHUSA UREANLHO YUPYIAX /o0 s/ /v 77 v
TeJI A ONMCAHUA UX fedopMamUNu He BH3HBAET
3HAUHMTENBHBIX OCHOKHeHHH. Muorme ke no- P

pHACTHE TOPHHE NOpOgH MOTyT pedopMHpO-

parbca nubo mnenuwnedimo-yupyro, nuGo sm- Puc. 17. lepopManms
nelino-ynpyro, Ho meobparuMo, ¢ 0CTaTOUHOR obpasna mopoaN
aedopmannest. Wsydenmio pedopMamMOHHEIX U

IPOYHOCTHHIX CBOHCTE TOPHHEX IOPOJ HOCBAMICHH M3BeCTHLIE MOHOIpa-
¢un K. B. Pynmeneitra [99], JI. A. Ulpeitnepa u ap. [75], B. M. Ho6-
puruna [41], B. B. Baigioka [9] u ap.

IIpn onpepenenun pedopManMOHHBIX CBOHCTB TOPHHX Hopoj nabopa-
TOPHHMHA METORAMHA HCIOONB3YIOT PAa3IUIHEE BHAL HANPS;KEHHEX COCTOA-
Hnit. Ham6oxee mpocTsiM BUAOM HAOPSAKEHHOTO COCTOSHUA ABIAETCHA
ojHOOCHOe ciarue. J[JIA WMMHUTAIUM 3TOTO HAUDAKEHHOIO COCTOAHHA
o6pasgu ropHEX mopoj, mMelomue GOPMYy MUIANHApPA MM Iapalliielne-
Innefa, CKUMAIOT IOX LpeccoM, 3aMepaA Haupsykenue o, = P/S (P —
ycuiine, co3jaBaemMoe mpeccoM, S — mAOMAjAb NONEPEeYHOTO CEeYeHHA
ob6pa3ma), a rarske pgedopmanmio e, (puc. 17).

Napecran MeToguk® onpeneneHus nedopManiHOHHE X M IPOTHOCTHLIX
CBOMCTB rOpHHX IOPOX, Korpa oGpasis nopoy Gepyres B opMe TOICTO-
CTE€HHH X NATUHJPOB I B HUX MMHUTHAPYETCH M3BECTHOE B TeODHH YIPY-
TOCTH HANIPSIKEHHOe cocToAnue JIama munu cospaerca [75] HampsskenHOE
COCTOANHME B Pe3yjbTaTe BHABJIUBAHAA B IOPOLY JKECTKOrO KPYyLJIOTO
mramoa (puc. 18) mog geiicrsuem yeuaua P ¢ 3aMepoM BepTHKAJIbHOTO
CMEmEeHna u'.



Bo Bcex aTHX ciyuasAx, HOAb3YACH COOTBEeTCTBYIOMEME GopMyJIaMn
TEOPHM YIODPYTOCTH, MOYKHO OIPEIENHTH TEOPETHYECKYI0 3aBHCHMOCTH
0, = 0, (¢,) U IO Hell Ha OCHOBE YKCIEPAMEHTAIBHH X JAHHHX — XapaK-
Tepucruky ynpyroro cocroannsa. Ilokasannas ma puc. 19 saBmcuMocts
0, = 0, (e,) (auumsa [) cOOTBeTCTYBYeT JHHeHHOH yIPYTrOCTH (3aKOHY

Gz /4

2

. //;/

== =

i f 0 &z

Puc. 18. Bpasnmpamne kpyrioro mraM- Puc. 19. 3asnciMocts a0, = 0, (g,)
ga B HOPOAY

I'yka); saBmcumocts 2 mpeficrapiisieT nelnHelHy0 yupyrocrb, Ha puc. 19
OYHKTUPOM WOKA3aHH NUHNM pASIPYIKEHHA — OHH UPH OTCYTCTBUH
IIacTAYecKo® pefopManiil DOBTOPAIT [INHHM HAIrPY:HeHHUA.

JIIA HeKOTOPHX TOPHHX IOpoJ, fAaske o6JafalmMuUX NPaKTHICCKH
AuHeHHOW YIOpyrocreio, XapakTepHa HeoOparmMmas pedopmamus, T. e.

c 4 % A /%/4/ //J

N/ N\ 7 /8

/ 77 77777
/ . 1 P
0 & s

Pnc. 20. 3aeucmMocTb 0, = O, (g,) Puc, 21. KomTaKTH 3eper mOpoaH
OpA HATPYMKeHAH M pasrpyKeHAH

|
1

auauA pasrpyskeaus 2 (puc. 20) me coBmajgaer ¢ JHHHeH Harpyske-
nusa 1.

Ecanm mopxonuth Gosee To9HO K o6bAcHeHno Heobparumoi pedopma-
A", TO CIeRyeT mojiaraTh oty pedopManuio DOpOX Heyupyroii, T. e.
CIATATh, 9TO YiKe B Ipoliecce HATPY/KeHHA TOPHOH moponk Habaopalach
ee TeKYyJeCThb.
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dror Buj pedopMamum He CIHELYyeT CMEHIMBATL ¢ HelWHeHHOH ympy-
rocTsi0, KOTJA 3aBHCHMOCTh O, = O, (¢,) ABIAeTCA HelWHeHHOH, HO
ob6parumoii. Heaunelinaa ympyrocTh Mozker HaGNIOfATLCA Y IODPHCTHX
TOPHEX MOPOJ, HAaOpHMep MECUYAHHKOB, 0COGEHHO IPH 3HAYMTENBHHX
parpyxeanax — go 107 -+ 108 Ila.

flenenne menmpeHimo# ympyrocTH NOPHCTHX TOPHHX mOpPoy 00BAC-
HAETCA W3MeHeHMeM IJIOmMAny KOHTAKTOB 3ePeH IOpOJ IPH HX CiKaTHH.
PaccMorpuM, HanpmMmep, [Ba HapaiieibHHX CeYeHHA IMOPUCTOR TOPHOM
moposu (pmc. 21), c:xmmaemoli M3MeHAMUMCA BO BpeMeHN ycmimeMm P,
peicrpyomuM Ha miomann S. Ilpn neGonpmux crxumaomux ycuanax P
KOHTAKT 3ePeH MOPOAH MOKET IPOMCXORUTH TONBKO, HANpHMep, IO JiH-
HUAM (moBepxHOCTAM) ab u cd 3epen noponn I u 4. Ilpn yBenudennn sxe
ycanua P HaAYMHAIT KoHTAKTHPoBaTh 3epua 2 n J. Ilmomann KOHTaAKTOB
MOTYT BOOGINE yBeTMUABATECA BO BCEeX 3ePHAX, MOKA3aHHHIX HA pue. 21.
Has nune#no-yupyroro teaa (cm. puc. 19, nunng 1) nMeer MecTo 3aBH-
CAMOCTD

£, = -, (1.3)

rpe E — Mouyas yupyroctn (Mopyib YOHra).
Jasa mopmcroro Tena (cM. pme. 21), sepra KoToporo o6JiagaoT JAHEH-
HOH yHmpyrocrsio, clefyeT COTJACHO CKASAHHOMY BHINE IIOJORATH

_P
Sk (&) E

rge S, (e,) — saBumcsamas or medopMaIdn, a CIEHOBATENHHO, B OT YCH-
ama P miomags KOHTAKTOB 3epeH IIOPOJH.

IKCHePAMEHTANILHO TPYAHO ompexpennth S, (¢,), IOITOMY OTHOCAT
yenane P KR HewsMeHHOH miomazm mopoaw S (cM. pmc. 17), monaras
o, = P/S. Torma ma3 (1.4) nomywaem

(1.4)

&,=

. 2 X Sk{e;
b=y )= (1.5)

Ecum, nanpnmep, MOKHO IONOKUTH IIpH MalHX pedopManuAx, 4ro
OTHOCHTENBLHAA NIOMAXb KOHTAKTOB j (e,) ~ &, To m3 (1.5) momywaem

Z o~ (1.6)

Taxum o6pasoM, y:xe B 9ToM ciiyuae nedopMaIAsa DOPHCTOR MOPOAH
B IEJOM ABIACTCA HeJHHeHHO-yIpyroH.

Hennneilinaa ynopyroeTs mposaBiseTcA y IECYAHHKOB, AJEBPONHATOB
I JAPYIHEX NOPHUCTHX HOpOj ocoGeHHo 3HAYUTENHbHO, €CIH IUamnasoH
H3MeHeHUA HATPY3KHU JOBOJBHO BEINK W HCUYNACHAETCA BEININHAME TIO-
pagka 107 - 108 I1a. ITpn Mannix sKe n3aMeHeHUAX HATDYSKA HA IOPHCTHE
mopojiel, 0Co0eHHO IIPH HX ECTeCTBEeHHOM 3alleraHMH B 3eMHOH Kope,
KOT[Ia OHH yiKe CIKATH TOPHHM JABJIEHAEM, MOKHO CIATATH HedopMAImo
TaKUX IO[OJ € oupejeleRHbIM MpuGIMKeHmeM JIWHEHAHO-YOPYroi.
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Mmerorca panmne [41), 9ro m o6wemMBas pedpopmMamusa IOPHCTHIX
TOPHHIX TopoA NpH OGoJBIIMX HArpysKax NIpPOHCXOANT HelnmHelno-
yupyro. Ecan V — nepponavansubiii 06bem ropHoll mOpPORH, To Beld-
qUHA

1 av
bu=— 55 (1.7)

XapaKTepuayeT 06beMHYI0 /ieOPMAI[AI0 MOPOAE M HA3LIBACTCA CHRHMae-
MOCTBHI0 IOPOJH.

Ta e mpnumHa, KOTOpAasA BHI3HIBaeT HeNHHeHHy AedopMaU0
TOPHUCTHIX TOPHHX HODOX, IPHUBORUT M X HEIMHEHBOH CHKUMAEMOCTH
nopox. Ha pumc. 22 mpepcraBnena xapaktepmas 3aBECEMOCTL Py OT O
JUIA aJIeBPOJIUTOB M HEKOTOPHX IecaannKoB. OGLYH0 Takne 3aBECHMOCTH

P, emiinac
w0t 400+ !
2
3007
%
-4 L
] -
0510 g 200t
3
5
1001
I L L { i
0 200 400 600 800 1000 . N | N
6, xec/cm? 0 200 400 600 6 rec/cH?
Puc. 22. 3asucEMoctb P, oT O Puc. 23, 3aBECEMOCTH Toxr OT O

MOAY4aloTCA B CAYYAfAX, KOTHA O uaMeHserca B npegernax or 0 mo 5-107 =+
=108 Ila (500 =+ 1000 krc/cm2).

Jiro6re ropunie umopofnl, maxke ecad mx pedopManEA OpPH MaNHX
HArpy3KaXx IPOMCXOXMT II0 3AKOMY JHHEHHOH ynpyrocrda, npu G0JbBIIUX
HAIpAREeHUAX U AedopManAAX HAYHMHAIOT TeYh WJHA Pa3pyIIaThes.

Ecinu ropnas mopopa Haxogurcss B TAKOM COCTOAHMH, 4TO IO feii-
cTBHEM HANpSyKEHHHA oHAa yiKe He medopPMHUPyercs YIPYro, TO CYUTAETCA,
q9TO0 JOCTHTHYT €€ Ipefest TeKyd4eCTH HIM IPOYHOCTH.

B rex o6unacrax nedopMannn ropHHX IOPOJ, Tiie Ipep3oliieH pepesn
NIPOYHOCTH, MOPOAH MoryT Jmbo medopMMpoOBaThCA IWIacTHYeCKHA, JUOO
XPVIKO pa3pymlarbcs, ju00 HempephBHO Tedb.

O6uuno A onMcaHMA HALNPHAKEHHOTO COCTOAHHUA TOPHHX IOPOJ,
KOTHA IPOHCXOLWT WX paspyllenme WIH IiacTudecKad pedopmanns,
HCIOAb3VIOT 3aBACHMOCTEL MEKY MpeieIbHKM 3HAYeHAeM HHTEeHCABHOCTN
KacaTelbHHX Hanps:Kenui S, 1 cpeHUM HOPMAJIbHEIM HATIPAKEHHAEM O .

MoOJKHO BMeCTO MHTEHCHBHOCTH KacaTelbHHX HATNPAKERUHE I0Jb30-
BaThCA «OKTa9PUYECKUM KACATENLHHIM HAIl pAyKeHAeMy Ty, = (2/3)1/28 .
Ha puc. 23 npepcraBiens 3aBUCAMOCTH Ty, OT O [JIA JBYX THUIOB
nopoy. 3aBHCHMOCTh ]| XapaKTepHa A IOPOX, 0OJMajaomux crocob-
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HOCTHI0 YIPOYHATHCA HpH cKatHH. TakWMH UOpojaMH MOTYT OHTH
AleBPOJIATH, MIPOYHHE IIIHUHE, CIAHIH. 3aBHCUMOCTE 2 OTHOCHTCSA K Malo
VUPOUHAIMAMCA IOPOJIaM, TAKMM, KaK MAJONOPOYHHE TNIMHE, CIOCOG-
HEIM Tedb. IIpodHHIe mOpoOAHI, cHOCOOHLIE XPYIKO paspyliaTscf, 00Ja-
JAl0T 3HAUHMTeNBHOH yunpyrodl m Majo# Heyupyro#t pedopmammed.

Beimre 6ol paccMOTpennl JAME caMble IPOCTHE YPaBHEHHA COCTOSA-
HuUA gedopMApYIOMUXCA TOPHHX mopoy. B mpupoge Moryr Berpedarnca
TaKMe MOPOAHN M TakWe BHAW Aedopmamuu, KOTHA WOoABIsAerca Heobxo-
JAUMOCTL OJHOBPEMEHHOI'O y4eTa, HANPHMepP HMX YIPYroro M BA3KOTO
mosepenusa [79], 1. e. koraa pedopMaInA CymMECTBEHHO 3aBHCHT OT Bpe-
MeHU MJIM Korjia fedopMalda MOPOAE B Ka)K[ALIM MOMEeHT BpeMeHHU 3aBu-
CHUT OT Ipomecca neopMamMU B IEIOM, T. €. OT «UCTOPHH» IIpoHecca
nedopManun.

§ 2. IJACTOBBIE KHIKOCTH H TA3bI

OCHOBHBIME BEIMECTBAMHU, HAXOHAMMUMUCA B 3eMHOH Kope B ;KHIAKOM
H razoo0pasHOM COCTOAHHUSMAX, ABJAIOTCA BOHA M yrileBojopojanl. B armx
BellecTBaX MOTYT CONEP:KATBCA B BHIE TpHUMecel MHOTHE 9JIEMEHTH
¥ xuMmdecKue coepunenusa. Hanpmmep, mopseMHbe BOGH IOYTH BCETJA
ABIAIOTCA MUHEPAJIM30BAHHEIMHU, T. €. COHEPIKAT B PACTBOPEHHOM COCTO-
AnAY cond. B yriaeBopopomHKX rasax, HACKHMAKIIAX TOPHEE IODOMH,
B KadecTBe IpHMecell MOTYT HaXOAHMTHCA CEPOBOJXODON, YIIEKHCIHA
raz, HHEPTHLHE Ta3H,

O6mee KoaHMYecTBO cosiell B IOA3EMHLIX BOJAaX KoJebreTcs oT noleit
npomenra o 40—50% mo Becy (paccoin). Takmm oGpasom, mof3eMHEIe
BOAK MOT'YT MMeTh 3HAUMTENLHO Goliee BHICOKYI0O MMHEPATHM3AMHUIO, UeM
BOJla OKeaHa, KOTopas, HallpUMep, COJAEP:RUT oKoilo 3—4% comm [28].

Haub6onee pacupocTpaneHb\IOA3eMHEE BOAbI, COJEP;Kamne B pac-
TBOPE COJM XJIOPHUCTOBOXOPOMHOH, cepHO#, YrONLHOM U a30THONH KHCIOT.
Merangamu, BXOOAMMUMH B COCTAB COJIeH, ABIAIOTCA HATPHHA, Kaaui,
MargEu#, Rajdsnui, skexe3o ®W ap. Bopn HedrAHKX MECTOPOIRIEHMIA
MOTYT TAKIKE comepsKarb Homg m Gpom.

IIpupopnsie yriaeposopoAsl pacupocTpaHeHH B 3eMHOHE Kope B BHje
HedrH, rasa U Gurymos. OHE BXOEAT B COCTAB yrilelf W roploOYmX CJIaH-
meB. Hedrb copiepskuT He TOMBKO YIiIeBOJOPOMK, HO M KPYrue BemecTBa—
npumecu. B rauecrse mpmmeceit medTh MOMKeT cojeprKarh asor, cepy,
KHCIOPOJ B 9MCTOM BHUjie UJIU B BUJE XUMHUYeCKUX coepuHenmit {20, 114].

Yriepogopos — XHMHYECKHE COeJMHEHHUA, COCTOAIMUe W3 YTIePOoa
¥ BOJOPOJa, paziUdaomueca Me:Ray cobodl He TOIBKO COOTHOLIEHHeM
ATOMOB YINIEPOJA W BOLOPOJa B MOJNEKYJaX, HO M CTPYKTYpOH MOJeKy..
Cymecrpyior yrieBojopongk napaduuoBoro ® olle¢pmHOBOTO pAfna,
a Tax;Ke HaQTeHOBH e M apoMaTU9ecKue yriaesBogopoak. K napagnnoBomy
pApy yraesonopopos upumapidemxar meran CH,, sram C,H;, npomam
C,H,, 6yrau C,H,, u 1. . O6masn dopMyra yriaeBoJiopoyioB 9TOr0 PAnA
nmeer ua C,H,, ,. 91u yrieBogopoahl HAa3HBAOT TaK:Ke aJKaHAMH.

Yruesopopoas mapaduHOBOrO pAAa XaPAaKTePHU3YIOTCA 3HAUATENH-
HOM XHMHWYCCKOM UHEPTHOCTHW. JTO CBOMCTBO 00YCIOBHIIO COXDaHeHHe
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HX B €CTeCTBEHHHX YCIOBHAX B He(TAX B TedeHHE Te0JIOrMYECKUX Ie-
PpHOJOB.

IIpn papaennn 760 MM pr ct. m Temneparype 16° G mepsnie wernipe
coefnHeHNA DNapadUHOBOTO pAKA ABIAAITCA TasaMH, YTIE€BOTODPOKHI
or CGH,, o Cy;H;y — smugrocramu, a or CygHyy n Brme — TBEpaBME
BeIeCTBaMM.

O6masn xnMmueckad (QOpMyla YrieBOJOPONiOB OJeQUHOBOTO pPAXA
nmeer Bug C,H,,. Ilepsuit wren atoro pama — atuaen C,H,.

Yraepogopogs ode(MHOBOTO PALa COJEP:KAT MeHbIlee KOJMIeCTBO
aTOMOB BOJOPORA, NPHXOIAIMMAXCA HA ONUH ATOM yIrjepoja, IO cpaBHe-
HHIO ¢ yrieBopopofamn napagnaoBoro paaa. llosromy oHM HasmBaloTCA
TaKKe HeHACHMEHHHMH., ITH yrieBofopoaH (ollee XUMUIECKH aKTHUBHEL,
geM yIiIeBOIOPOAH MAapadMHOBOTO PAAA, W peske BCTPEYATCA B NPAPOA-
HEIX HedTaAX.

HmetoTca Takke meHACHIIEHHHE YrieBOHOPOOH ¢ ABYMA [BOHHEMHA
cBA3AMA B Molexkyie. OHM HasHBalTCA [AHONeMHAME M XapaKTepn-
syworca gopmyioir C,H,,_,. ¥Yraepogopogn ¢ TpoifHOH ¢BABLIO B MoJe-
KyJlle IPHHAJJIEKAT K anernienoBoMy pany. HanGomee mpocroit yrie-
BOJODOJ STOr0 pAjA — aNeTHIeH.

Bce paccMoTpenmile BHING YyriaeBOHOPORH XaPAKTEePUIYIOTCA He3aMK-
HYTOCTHIO MOJIeKYJIADHH X Heneif. M3pecTHH yriaeBomopoqsl ¢ 3aMKHYTHMHA
menAMH, T. e. NMeoIAe NUKJIAYECKoe crpoeHme. K HHUM oTHocaATcA
nadTeHOBEIE M apOMATHYECKHME YIJIEBOJOPOJH.

Hadrerosuie yriaesogoponn umetor gopmyay C,H,, m masmpaorca
nHage QUKIoNapagWHaMy Hin MUKIagam¥. IlepBHM 9ieHOM 9TOro pAja
asaserca yriaesogopor CgH,, HasmBaeMH#l OUKIOIPOIAHOM.

IMukaonapa¢mus cTaOUALHE B XAMHMYECKOM OTHONICHHM M YACTO
BCTDEYATCH B HPHPOAHHX HedTAX.

ApoMaTHYeCKHME HA3HBATCA YIVIEBOJOPOJH € IIMKIMIECKAM CTpoOe-
HHUEM, HMelomue B CBoeH CTPpyKType Oensonbnoe Koawmo. OcHoBHOHR
yrieBogopon aroro Bupa — Genson. OGmaAa ¢opMyina apoMaTHM9eCKHX
yraesopopono mmeer Bup C H,, , 91E coemmpenns JocTaTOYHO CTa-
OnMnIbHE ¥ dacTo BCTpedalorcd B Hedrax. B cocras mpmpoganx HedTel
pxopfr, xora U B meboanimom xoamgecrse (0,1—2%), xmexopomgune
coeIMHEHNSA, MPeJCTABICHHEE [VIABHHM 00pa3oM Ha(QTEHOBHMHE W KHD-
HEIME KHCJIOTAMH. JTH BeINecTBa CIOCOGHBI BXOAATH B COCAMHEHNE C Ime-
J0YaMH, COHEDIKAIUMACA B HEKOTODHX BOHAX, W 00pasoBHBATH MHUIA,
pacreopumeie B Boge [114]. Basxmyio poab mpu paspaGoTke medTAHEIX
MeCTOPOKIEHHHE HIPaloT TaKWe KOMIIOHOHTH HedTeH, KaK mapadmHbl
U Oepesunbl, 0C00eHHO eclim UX copiep;Kanue B He(TAX NOCTATOYHO BHCOKO
(12—20%). Ilpm nDoHm:eHWm TeMIOepaTypH IJIACTA HJIM BHJICIEHUH
rasa u3 He)TH 5TH BENECTBA BLIIAKAIOT W3 HedTH M 06pa3yioT TBEPAYIO
dasy. Ira ¢asa B3BelleHa B JKHUAKOH HedTH, OHAKO MOKET HAKAIIHA-~
BATHCA B IOPHUCTOHR Cpefle, CHUKATH e€ MPONYCKHYIO CIOCOGHOCTS | YXYIi-
maTh ycaoBusA mapiedenns medptu us menp [85, 1111, Hakonen, B med-
TAX COJePKATCA TAKME BHCOKOMOJEKYJADHHE COCIHHEHUA, KaK CMOMH
1 acpalbTeHH, B KOJIAYeCTBE, 3aBUCAMEM OT NpHApPoan Hedred (oT ponei
710 [(eCATKOB IIPOIEHTOB). B mIACTOBHIX YCIOBHAX STH BellecTBA HAXO-
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HATCA B He)TH B BHje MCTHHHHX WIHM KOWIOMAHHX pacTBopos [114].
IIpa oTroEKe U3 HedTH JerkuX Gpakmuil CMONH ¥ achaabTeHH OCTAIOTCA
B BHie Trycroii cMoamcTol MaccH (ryAapoHa).

Iepeunciennsie BHIIE YIAEBOXOPORH BXOAAT B IPHUPOJHEE He@TH
H Tass B CAMHX PABAHYHHX NPOHOPIHAX, TAK 9T0 HedTh IPeJiCTaBIAET
cofoli 9pe3BHYAMHO CHOKHYI0 CMeCh YIIEBOJAOPOJIOB, COCTAB KOTODOH
MOKeT MEHATHLCSA HE TOJBKO HA PAa3JH4HHX HeGTAHLIX MECTOPOKIEHHAX,

T L LT T !
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Poe, 24, ARTHKAAHAABEAA CKIagKka

HO W B Ipejielax OJHOrO H TOTO ke MecroposkaeHus. OrjedbHbe yrie-
BOZIOPOAH HedTelf MM OPUPOMHHX ra3oB OyAeM Ha3kBaTh UX KOMIO-
HEHTaMH.

Cronuennsa medTH B 3eMHOM Kope — HedTAHHE B3ale:KH — HaXxo-
JIATCA TONBKO B TAKAX T€0JOTAIECKUX CTPYKTYpax, oTKy/a OHM He MOTIH
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Poc. 25. PasrasmposamWe miacToBoil Hedrn:

1 — IAIHHAD; 2 — Noplledb; 3 — HedTb C pacCTBOPSHHBIM B HEH rasoN;
4 — HerasMpoBaHHaA HedTh; 5 -— NY3HIPLKN rasa; 6 — ras

MHTDADOBATH B TeUEHME TEOJOIMYECKOr0 BpeMeHH, Ipolmequiero ¢ Mo-
MeHTa UX o6pasoBanus. B medranoi reosornu crpykTypunie GopMel, co-
gep:xamue HedTH W ras, HASHBAIOT JIOBYUIKaMM». PacopocTpaHeHHKIM TH-
TIOM CTPYKTYPH-JIOBYIIKA ABIAETCA AHTHKIMHAJIBHASA CKIagKa (puc. 24),
IPONYKTHBHEI NJIACT B KOTOPOH HEPEeKPLT HENPOHUNREMHMH IOpO-
pamn 1. B caMoM miacTe, mpescTaBIeHHOM NOPHCTHIME TOPHBIMHA IOpO-
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namu, cojepskarcs ras 2, Hedth 3 u Bojia 4. Ilog neficTBHeM CHAK TAMKECTH
HedTh, ras ¥ BOJla Pas3[edsAIOTCs, IPHYEM raz, Kak 6oliee Jerxoe Belle-
CTBO, 3aHMMaeT TOBHINEHHYI0 4YacTh CTPYKTyphl, HedTh — CpegHIOI
ee 9acTh, a BOJA — CaAMYI0 HUKHIOW.

He¢ts u ras He mpu JI06LX YCAOBHAX MOTYT CYIMIeCTBOBATH B ILIACTE
pasgenapHO. JTO OHpPEeNIACTCA OTHOCHTEIBHBIM CONep)KaHWeM rasa B
nnacre (OTHOLIeHHEM, HALIpHMep, Beca rasa K Becy HedTu B IuiacTe),
PacTBOPHMOCTHIO rasa B HeTH, NaBlIeHHEM M TeMOEpaTypod B ILIacTe.
Paspenenve mmacToBhiX yraeBojopojoB Ha HedTh M ras MoOKeT OHITB
yeaosHeM. Ilmacrosnie yriaeBomoponsl B 3aleskax nIpefcTaBIAlT coboi
CHCTeMbI, B KOTOPHIX HOPH pPa3IMIHBIX TeMIepaTypaX MOTYT M3MeHATHCHA
He TOJBLKO OTHOCHTEJNBHBIE CONEP!KAaHUA Tas3oBoi ¢asn B HedTAX, HO
U DPOUCXOTUTH Gosiee ciioskHEE mpeBpameHus. COCTOAHUA TAKAX CHCTEM
OyAYT pacCMOTpeHH HWKe. Jjpech jKe HOKa 6yaeM OCHOBHIBATHCA Ha
OpUGAMKEHHOM HpeJCTABICHUY MIAacTOBOM HeTH KaK CMeCH, COCTOAm et
U3 [BYX KOMIOHEHTOB — JKHJKOM He()TH M pacCTBOPAKIErocH B Hei
rasa.

Ilycrs uMeeM Heeo pMUPYIOMUHAC COCY]L €O CBOGOTHO ABYKYIUMCH
mopiunem (puc. 25). B cocyme mop mopimHeMm HaxonUTCA HedTh ¢ pacTBo-
PeHHBIM B Hell ra3oM OpH Ha%albHOM RaBiAeHHH po. Cocyn copepsRUTCA
Opu neusMeHHOH remmeparype. llogBUHEM HOpIIeHL HECKOJABKO BBEPX,
KaK 9TO IOKa3aHO Ha puc. 25, a. Hedrs 3aiimer Goaninuit 06bemM, U 1aB-
JeHWe TOJ OOPIIHEM CTaHeT Py << Po. KcAHM HPoOfoIKATH CHEUMKATH
JaBjieHHe B He(TH, TO OHA He OCTaHeTCA OJHOQA3HOH JKHJIKOCTHI0 — OPH
HNaBJAeHUM P = p, U3 He(TH HATHYT BHJIeJIATHCA Ty 3bppKY rasa (puc. 25,
6). Hpu ganpHeidlneM yMeHbIIeHHH [aBICHHA HepBOHaYaJIbHAA HePThH
pasmenurcsa Ha HedTh M ras (puc. 25, g).

Ipy xewKenu¥ DopiIHA BHU3 1aBACHHE B [MUIKH/IPe HAYHET YBeIUIN-
BATHCA M ras OygeT pacTBOPATHCA B He(TH.

IlaBnenue p,, IpH KOTOPOM M3 HE()TH HAYHUIAET BHIEIATHCA PACTBO-
peHuB# B Hell ras, HaselBaeTCA JaBJeHUEM HACHIIEHHA.

OnucaHHBHHA BLIIIEe HPOUECC BHACACHUS rasa u3 HedTH HCHOJB3yeTCH
OPH onpejieieHUM JABJIeHHA HachmeHus Hedreir. Ilpw sroM, moMemas
HIacTOBYIO HedTh B 60MOY BRICOKOTO [aBJeHUs, H3MePAIOT o6beM HedTH
BMecCTe C PACTBOPEHHLIM B Hell ragoM B 3aBHCHMOCTH OT JaBienus. Horma
ras HOJHOCTHIO PACTBOpPEH B HEeQTH, U3MeHeHUe ee 00bema V mpoucxoput
B COOTBeTCTBHE ¢ 33aKOHOM C/KHMAeMOCTH RUAKCH ¢asm (puc. 26, mu-
nus I). Ilpy Begenenuu jKe rasa M3 pacTBopa H3MeHeHHE JaBAeHHUA B
B 6oMbe OymeT HpOUCXOTUTH COOTBETCTBEHHO C3KHMAEMOCTH CHCTEMBI
nedThr — ras (cM. puc. 26, mumua 2). IJra cucrema obaanaer Goiee
BBICOKOM CIKMMAEMOCTBIO, 9eM JKUJIKas HedTh, W M0TOMY HARIOH JHHUU 2
B KooppuHatax p, V K ocu V menbuie, ueM HakaoH jauuum I. Touka
HepecedeHMs 3THX JMHHUHA, KOTOpPHE MORHO B OOpeeJeHHOM JHama3zoHe
M3MEHEHHsA JaBIeduf CYHUTATH IPAMBIME, COOTBETCTBYET JlaBAECHUIO
HacelmeHuA. B mpumepe, HOKa3aHHOM Ha pHC. 26, JaBieHHe HachMIeHUS
pasao 1,42-107 Ila (142 rc/ecm?).

Onucangoe Bplllle MpefcTaBieHue CIOMHOM yriaeBO0POJHOH cMecH,
Kako# ABIAercd He(Tn B BHAE YCIOBHOH JBYyXKOMIOHEHTHOH CMecH,
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cocroameit 3 HEQTH — MEPBOr0 «KOMOOHEHTa» ¥ rasa — BTOPOIO
«KOMIIOHEHTAy, JAeT Y[OBJIETBOPHTEIbHHE pE3yJIbTAaTH B IEJOM pAje
MHKeHePHHX pacdeToB. AHAIOTMYHO IPeCTABIAOTCA TaKKe HPHPOJ-
HH€ Ta30KOHJCHCATHhIE CMECH B BHJE YCAOBHHX IBYXKOMHOHEHTHHIX
cMeceil U3 rasay U «KOHfIeHcaTay. [l1a TaRo# cMecH onpegensAoTcsa TepMo-
JHHAMWYeCKHe 3aBHCHMOCTH, HANIPHMEP 3aBHCUMOCTH KOJIHYeCTBa BEIJle-
Jaomeroca (BHOAJA0IMEro) U3 CMeCH KOHAeHCAaTa OT JaBIeHUd B TeM-
nmepatypu. KoneuHo, u B 5TOM ciiydae «rasy ¥ «KOHJEHCAT)y LIPEJCTABIAIT
€000l CIOKHYI0 COBOKYUOHOCTH OTACABHBIX YIJIEBOJ0POJOB, HO B pANE
HpPaKTHIECKHX CIIYYaeB OKa3hiBaeTCA BO3MOKHEM He YIMTHBATH MOMHHH
KOMIOOHEHTHHA cocTaB 3TOH cMecu. B Ipyrex ske crydagx Heo6Xo[QmMo
0oJiee IOMHO YIUTHIBATH KOMIOHEeHTHHM cocTaB cimecu. Cienyer, olHAKO,
OTMETHTH, YTO HOJAHBIA yder

p, xe¢ fem?
KOMOOHEHTHOTO COCTAaBa yrie-
BOJIOPOJIOB B pacueTax paspa- 180
GOTKE peaNBHEIX MECTOPOsjie- 170
HUil ABIgeTcS BeckMa TPYJO-
€MKHM, T03TOMy oOOHYHO ¥ 160
OTPaHHIMBAIOTCA TpPe/ICTaBIe- 150
HEAME PEATBHEX cMecell B Bu- ey
Ie YCIOBHEIX cMeceil, cOCTOsM- 140
MEX U3 [BYX HIH Tpex KoM-
TIOHEHTOB, (AKTHUECKH BKJIIO- 130
yalomux B ce6sA MHOTrHe yrie- 120
BOJIOPOJH. 215 220 225 V,cm3
B pacgerax, cBA3aHHHX ¢
paspaGoTKOH  MeCTOPOIKeHMI Pnc. 26. 3asucuMocth p or Vi

YI7EBOLOPONOB, €ame BCero 1 — Jmien Guon o e o
paccMaTpHBAIOTCSA OPOCTHE H3-
MeHeHES (H3HIECKOro COCTOA-
HHAA BellecTB, TaKWe KaK BHJleJeHHe Tasa M3 He(TH, BHOAJleHHe
KoHJieHcaTa M3 rasa U T. J1. B cBsAsm ¢ paapaGorroit 60see ray6oko 3axe-
TaoMUX MeCTOPOKIAeHUA HeTH M rasa M mpUMEHeHHEM HOBHX METO/OB
paspaboTKe DOABIAeTCA HEOOXOAMMOCTH 3HATH IHOBEJleHHE BemecTB
B Gonee IMMPOKOM JMada3oOHe H3MEHEHHS YCIOBHIA.

PaccyoTpeHH0 cOCTOAHMA MHOTOKOMIOHEHTHEIX BEINECTB NOCBAINEH
clenylomuii maparpad.

§ 3. pYT-COOTHOMEHHA MHOTOKOMIOHEHTHBIX CHCTEM

Hayka o BemecTBe OCIIOBLIBAETCH I1a COBPEMEHEIX 3llaHuMAX 06 aTo-
MaxX — MEIBYAHNIMX JacTHIAX SIEMEHTOB W MOJEKylaX — Melpdailinux
JacTHIAX XHMHYCCKHX COCJUMHEHHA. ATOMBI HMEIOT pasMep HOpALKA
10" 8 cM (opHoro aHrcrpema). Kpymaele MomeKkyiasl, cojiepsKamiue THCAIH
aToMoOB, HMeOT pa3mep okoxo 1078 cm.

XapakTep JiBH;KeHHA MONEKYJ] W aTOMOB, HX B3aUMOJiedcTBHe ompe-
JeNAT, B KAKOM arperaTHoM cOCTOAHMH HAXOIUTCS BeMEecTBO — B TBep-
J0M, JKUJKOM HIM rasooGpasHoM.
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Mosiekyasl MOryT COBepIIaTh HOCTYHATeABHOE, BpamaTedbHOe B KOJIO-
G6arenpHoe ABExeHue. EcaM BemecTBo HaXOQATCA B rasco06pasHoM wWiIn
JKEJKOM COCTOAHKM, TO BOSMOXHH BCe TPH BHJA 3THX JABMKeHmid. Ecim
7Ke BellleCTBO 3aTBep/ieBaeT, Npeobaafanmei o pMoii IBIKeHEA MOJIEKYJI
K aTOMOB CTAHOBATCA KoJeGaHUA.

Ilpz u3yueHHM COCTOAHWA BemECTBA CTPEMATCHA HAWTH B3aMMOCBA3b
MeKy faBJeHHeM, IpH KOTOPOM HaXOJHUTCA BelleCTBO, er0 HJIOTHOCTHIO
u temueparypoid. Ecau o603Ha9uTs faBieHHe p, IWIOTHOCTH p, a obpar-
HYI0 el BeIHYMHY — ymeAbHni o6beM Bemecrsa V u remmepatypy T,
TO COCTOAHHe BemecTBd Oyjer XapaKTepH30BATHCHA COOTHOIIEHMEM p,
V u T nnum, Kak OpuHATO B TepMogmHamuike, pV T-cooTHolleHUeM.

Hau6onee npocto 5T0 COOTHOMEHMe BHIITMANMUT JJIA COCTOAHESA Bemle-
CTBa, OPH KOTOPOM MOJEKYJhl COBepHIAIOT HOCTYHaTeJbHOe IBUKEeHHE
B IePHOJ MKy CTONKHOBEHUSIME IpYT C APYroM, a MeKMOJERYJAAPHEIE
CHJIK 3aMeTHO He HpPOSIBAAIOTCA. Taroe COCTOAHUE BelecTBA XapaKTepHO
IIA [OCTaTOTHO paspesKeHHHX rasoB. BemecTso, HaxomAmeecsa B 3TOM
COCTOSHHMHM, HAsHBAaIlOT HIeaAbLHHIM Tra3oM.

IIpencraBnenve o6 umeaabHOM rase, HeCMOTPA Ha ero YOPOIMPHHOCTE,
C YCIeXoM HCHOJB3YeTCS B pacdeTax ABWIKeHHA NIPHUPOJHHIX rasoB Kak
B HeTera3oHOCHBIX WHJacTax, Tak # B Tpybax.

pVT——- COOTHOIIEHUE HJEaJpbHOr0 raza IOJAYYaeTCA M3 HKHHeTHYIe-
CKOIf TEOPUH rasos. B 5T0ii TeopuEm paccMaTpHBaeTCA HjeasibHBIA ras,
DOMeMEeHHbIH B 3aMRHYTHI cocyy o6peMom V. JlaBneHue rasa, redcTBy-
10Ilee Ha CTEHKH COCY/a, BOBHHKaeT B pe3yJjbTaTe y/lapoB MOJeKyJ rasa
0 CTEHKH.

IlycTh cpegHAA CKOPOCTHh MOJEKYJ rasa paBHa vy. COrZIacHO KHHe-
THIEeCKOH TeODHH rasos,

p= MoNvyy (3,1)
51% ?
rne M, — macca ojHOA MOJeKydws; N — 4HCIO MOJXeKyl B oOmeMme
rasa V.

Kunerwaeckas smeprua E, Bcex MOJNeRyJ, 3aKJAI0YCHHHX B 3aMKHY-

toM o6BeMe V, cocraBiaser

(3.2)
N3 (3.1) u (3.2) monydaeMm

pV=-=1E,. (3.3)

Hna rasa, MoJeKyabl KOTOFOTO COBEpINAIOT TOJABLKO HOCTYNATEIBHOE
JBUKeHHe, OpPUHUMAETCA cjaefylllee BBIpasKeHHe [IA KHHETUIECKOM
DHEpPIHUM;

=2 RT (3.4)

rge T — abcoxiornag temmepaTypa; R — rasoBas moCcTosAHHasd.
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Ta30By® HOCTOSHHYI0 BHIPAKAKOT TaKiKe gepead moCTOARHY Boanm-
MaHa kg ¥ N — 4uc/io MoJIeKyJ B OHOM rpammoJie caegylomuM o6pa-
30M:

R = Nks. (3.5)

Hpr N = 6,0247.1028 1/xmonr u kg = 1,3805.-10"2% [Iix/K R =
= 8310 Hx/K - kMoun.

Hopcrapasa (3.4) B (3.3), moaydaeM ypaBHeHMe COCTOSHHS HMealb-
HOro rasa:

pV=RT. (3.6)

Ilpy BLICOKOM Ci{aTHH rasa ero mapaMeTpel yiKe He OyAyT OMHCHI-
BaThCA ypaBHeHHMeM COCTAHUA WjeaibHOro rasa. PaccMoTpmm ypasHe-
Bue Bae nep Baasbca, yuuTeBamoomee oTKAOHeHUWE HOBEJeHUSA rasoB OT
ypasuenus (3.6). Ilpu BuiBoje 3TOro ypaBHeHWsI OPUHHMAIOTCA BO BHH-
MaHHe JBa 06CTOATENBCTBA: KOHEYHOCTh 00beMa CaMUX MOJAeKYJX M B3a-
HMOfieiCTBHEe MOIEKYJ HpHM MX CHIBHOM CONMIKEHUH.

Ban pep BaankcoMm GeIEM BBeleHH B ypaBHeHEEe COCTOSHUA Hmealb-
Boro rasa (3.6) mompapku: BenwduHA b, yuuTHBawmasg o6BeM CaMHX

MOJeKydA, H BeJIHYUHA VIUTHIBAIOMASA B3aMMONlHCTBHEe MEXTy

a

'f/"é'7
Mosexkyinamu. B pesyabraTe 6HI0 DOAyYeHO ypaBHeHH® COCTOAHHUSA
«peanbiioro rasay (ypaBaeHue Ban mep Baasbca) B crenyromeM Bupe:

RT a

Ilpu onucanme coCTOAHUA pealpHHX ra3oB 0Ka3aJoCh, 9TO ¥ ypas-
HeHHe (3.7) He Bcerja TOYHO COIJIACYeTCS C pe3yabTaTaM¥ JKCRepH-
MEHTOB.

Ha mpakruke 9acTo mOAB3YIOTCA SMOMPUIECKEMM MeTOJlaMM ONMCA-
HHUfA COCTOSIHHA peaibHHX ragos. OJHH M3 TAKKX MeTOXOB 3aKJIIYAETCA
B TOM, 910 pV T-cooTHOmeHHWe MJIA OJHOIO I'paMMOJS peaJbHOrO0 rasa
3aIUCHIBAETCA HO AQHAJOTHH C COOTBETCTBYIOIIMM COOTHOINEHUeM JJIA
“ealbHOr0O rasa B BHje:

pV=z(p, T)RT. (3.8)

HKooapdunuent z, sxopamuii B ypasHenue (3.8), HasniBaeMH#E K03¢-
PUIEEeHTOM C/KHEMAaeMOCTH, B CBOIO 0dYepe/lb 3aBHCHT OT JaBJICHHUS H TeM-
neparyphi. HosddunueHT :XEIMaeMOCTHE MHOIMX rasoB, B TOM WHCIE
yIrA€BOMOPOJHKEX, MOKHO OOpEledATh U3 3aKOHA COOTBETCTBEHHHIX
COCTOSIHHH, COIAaCHO KOTOPOMY BeJWYUHA z OKA3hIBaeTCA OXBOM M Toi
3Ke [UIA BCeX PeaJbHBIX rasoB IPU OHUX ¥ TeX jKe 3HAYCHHAX NPUBEIeH-
HEX Temmepatyp u pasuenmit T, = T/T, u p,, = plp, (Ix B p —
TaK Ha3biBaeMHEe KPUTHYECKHe TeMmeparypa ¥ [JaBieHHe, QU3MIBCKHI
CMEICA KOTODBEIX Oyner oGBACHEH HUKE).
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B cayuae razoBux cMecell, cOCTOAMMX U3 n rasoB, BMmecto Iy A p,
HCHOAB3YIOTCH TCeBJOKPHTHYeCKME TeMIepaTypa W jaBieHue Iy, Dr,
onpejenseMbie mo ($opMyaaM

n n
T;=§0_‘.y.-Tu, p§=§ Y:Px s

(3.9)

rjle y; — MoJApHAasg AOIA i{-ro KOMIOHeHTa B cvmec:; I, ;, p,, — KpUTH-
YecKHe TeMIepaTrypa H [aBlIeHHe i-ro KOMIOHEHTA.

Ta6amua 1

K Xumnuyeckasa | Moaexyaap- Kputnuecsan Hputuuecxroe
OMITOHEHT dopMyaa HEI1 Bec Temneparypa, °C | naeienue, 108 I1a
Meran CH,4 16,04 —82,4 45,0
Jran CoHg 30,07 32,3 47,3
IIponan C3sHg 44,09 96,8 41,2
-H'By'raﬂ C4H10 58,12 153,1 35,2
Nzobyran . CsHiyp 58,12 134,0 36,2
H-]lenTan . CsHio 72,15 197,2 32,4
Wsopenran . . . . . CsHio 72,15 187.8 32,3
Yraexkacanid raz ., COs 44,01 30,5 71,5
Asot . Ng 28,02 147,2 32,8
CepoBOIOPOST HoS 34,08 100,5 87,0

B ra6n. 1 gaHm 3HaYeHMs KPUTHYECKHUX MABACHHH M TeMmepaTyp
7S pANAa KOMIOHeHTOB mpupojpHoro rasa [20].

Ha pumc. 27 mpepcraBmena saBucu-
MOCTL KO3QQHOUeHTa CHKEMaeMOCTH
z OT HPHABECHHKIX [aBACHUA ¥ TeMIe-
paTypsl AJs OPUPOAHBIX ra30B.

Ilpu ompeneneHHHX [JABIACHHAX W
TeMIIepaTypax BemecTBO MOKeT HaXo-
IUTHCA B KHAKOM cocrogHud. [lasa
RHAJKOCTEH  OTCYTCTByeT J0CTaTOYHO
npocrad obmad MOIeIk COCTOAHUA, IO~
nobuas Mosean: upeandpHoro rasa. Ilo-
3TOMY COCTOAHUME KamKJIo¥ MIKHIKOCTH
OPHUXOJAMTCH XapPAKTepH30BaTh COGCT-
BEHHBIMH dacTHeIMH opmamu pV T-co-
OTHOINEHHH, [oMIydaeMbIMH 9KCIEpPH-
MEHTAIBHEIM IyTeM.

Hanpusep, saBucuMOCTE Y1€IBHOTO
obbema kupKoctH V oT JaBieHHA p
9acTO BBIPAKAIOT B BH[E!

Tnp=J

1 { 1 i

0 2 4 b

Pnp

Prc. 27.  3ammcmMocTh 2z 0T ppp

i Tnp

V=Vyexp[—Bx (p— Pyl (3.10)

e Vo — ynelbHHA 006BeM KANKOCTE OPH paBIeHHH po; P, — Koad-
QUIFEHT CIKUMAEMOCTH KHJKOCTH.
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Ilpn mManmx mepemagax gasienus ua (3.10) mosaydaem

V=V,[1—Bx(®— Pyl (3.11)

3aBdcuMocTh YHEABHOro of6beMa IKHEZKoCTH OT Temmeparype T
REIPAKAeTCA AHAJOTUIHHIME (HOPMYITaMH:

V="Vyexp[a, (T —T)] (3.12)
n opu Maanx AT = T—-T,
V=V,[1+a,(T—Tyl (3.13)

rae Vo — ynenpusiit o6bvem kunxocte npu I = To; a, — Koagpu-
IUEeHT TepPMHYECKOr0 paCHMEpPeHUA KHIKOCTEH.

Hosddunuent o,, Hampumep, [JA Boxel B HHTepBale TeMIeparyp
or 10° go 100° C pasen 1,5:10-¢ 1/°C, a xosdpdumuent P, masa Boghl
pasen npumepno 107° 1/I1a (~10~* 1/(xrc/cm?),

IlpuBeneM Temeph cBejeHHA O (PA30BOM COCTOSHHE OJIHO~ K MHOIO-
KOMIOHEHTHHIX BeeCTB, HOJAYYeHHbIe SMOUPHIECKEM ITyTeM, Ha OCHOBE
0606MeHEA MHOTOYMCACHHHX 3KcHepuMenTaAbHEX manunix [20]. Cae-
AyeT OTMETHTh, 4TO B HACTOsIIee BpPeMsA H3BECTHH MHOrMe pacdeTHHIe
MeTO[bl onpemedeHVs (A30BHX COCTOAHME BellecTB, OCHOBAaHHHIE Ha
TIpeACTABICHUAX CTATHCTHIECKON PU3MKH ¥ MCHOAB3YIONHE COOTBETCTBY-
OMye 9KCHePUMEHTANBHLIE CBEICHHS.

Jlas toro 4rofH mpemcTaBHTh HArJAANHO, KaK H3MEHSETCA C M3Me-
HeHWeM JlaBieHHs1 $as30Boe COCTOSAHKE BellecTBa, COCTOANIEro M3 OJIHOTO
XHMHYECKOr0 KOMIIOHEHTA, HPOCHe[HM 3a COCTOAHUEM 5TOTO BellecTBa,
TOMeNeHHOro, HallpuMep, B muamHap ¢ mopuiHem. Ilyers ogHa rpam-
MOJIERYJIa SKH[KOCTH, HANPHMep BOJH, HAXOAUTCA B IUIHHApE IOK
mopmuem npu Temneparype 20° C ¥ mapienum 760 mM pr. cr. Temmepa-
Typa SKEH/KOCTH HOj, MOpPIMHeM OcTaeTcA HOCTOAHHOH. Ecam mopmeHb
BHIIBHTaTh U3 IUINHIPA, TO JaBAeHHe HOJl IO PIIHeM Oy/eT YMeHbIIAThCH.
Ilpu stom sxmpKocTh OyaeT MCHAPATHCA M TIOJX HOPUHEM B I[HAMHJpE
obpasyercs map. Ilpu ocraHoBKe MOPIIHA B KaKOM-IH00 HOJOKEHHH Ha
JIOCTaTOYHO HPOJOJIKUTeILHOE BpeMA JaBieHUe Hapa cTabMIM3HpyercH.
910 naBieH¥e mapa, HaXOJAMErocA B PABHOBECHM C KUIKOCTHIO, HAa3BI-
Baercsa ynpyrocTeio napa. Jas Bogm mpe temmepatype 20° C yupyrocrs
mapa paBHa 17,4 MM pr. ct. Byjnem cuurare map BojH HiealdbHEIM rasoM
H B COOTBEeTCTBHH C ypPaBHEHHEM COCTOAHMA HAealIbHOr0 rasa ompene-
auM 06beM rpaMM-Moas Bogsuoro mapa npu 20° C wianm 293,2 K ¢ gasie-
HUHM, DAaBHOM YOPYTFOCTH BOJAHOrO mapa, T.e. 17,4 MM pt.cT. 3roT
o6beM cocTaBaser

v BT _ 008212032
~—p 0,023

CregoBaTennHO, €CIH NEPBOHAYAJABHO M[OJ HOpPIIHEM MMeJCA ONHH
TPaMM-MoAb BOMKL, T. €. KOJIHYeCTBO BOLH Maccoi 18 r, to, BeigBUras
TOCTeNeHHO MOpIIeHh M3 IMUIMHIPA ¥ coXpaHsAs HeM3MemHON TeMmepa-
TYpPY, HOJYydUM, 9TO IPH HOCTHKeHHHM 0O HOPIIHEM 00beMa, paBHOIO
1045 1, Bcs Boja mepeiimeTr B rasoobpasHoe COCTOSHHE.

=1045 n.
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Yupyrocts mapa BemecTBa 3aJaHEOTO COCTaBa 3aBHECHT TOJBKO OT
TeMIepaTypH.
Ta6)1. 2 mpUBeleHH 3HAYeHHsS YNPYTocTH Hapa BOAH M HOpPMAalb-
HOTO TeKcaHa DOpH PasIudHKX Temmepatypax [20].

Tabaumyga 2

Ynpyrocts n:pa, MM DT. CT.
Temmneparypa, °C

BOZA | HOPMAaJbHHH reKcan

0 4,58 45,4

20 17,54 120,0

40 55,3 276,7

60 149.4 566,2

80 355,1 1062,0

100 769,0 1836.,0

Onnaro mepexoji nemecTBa B rasooGpasHoe COCTOAIAE MOMKeT HpO-
HCXOMUTEH TaKjKe MHHYA ;KHIKoe cocTosimme. Il Toro uroGH mpocie-
JHUTH 3a (Pa30BHMHE IpeBPaIeHUsAMHI BellecTBAa, PACCMOTPHMM JHATPAMMY,

HOKa3aHHYI0 Ha puc. 28, xapakrep-
£~ ™ HYO [IIA MHOTHX OHOKOMIIOHEHT-
I X 1 umx BemectB. Ha »sroii mmarpamme
1o ocu aGciuce 0TaOKeHA TeMmepa-
rypa I, a o ocH OpgMHAT — JlaBlie-
nue p. O6nacTe amarpaMmsi, pacmo-
IoskeHHOR mox Kpusoid BOK, co-
OTBETCTBYeT Tra3oo6pasHoe COCTOHA-
HHe BeIlecTBa, a o0JaacrTe, paclo-
M0KeHHOM Hapx KpuBoil BO — TBep-
noe cocroanme. Eemm, nampumep,
BellleCTBO BHa%aje HAXOQUIOCH TOJ
mopilHEeM B TBEPAOM COCTOSHHN
(roaxa D Ha puc. 28), To mpH co-

0 7T XpaHeHWH TIOCTOAHHOMN TeMIepaTyphl
Prc. 28. pT-imarpaMya juisi offoxom- ¥ YMEHBINICHUN JaBIeHHA BeM[eCTBO

HOHEeHTHOI'0O BeliecTBa: MOKET HeperuTu B rasoo6paaH0e CcO-
I — teepman gasa; I — wumwocrs; [11 — CTOSIHHE (TOUKa D’ wma puc. 28).

nap TouxkaM, pacHmoJNOKeHHKIM Ha KpH-
Boit BO, cooTBeTcTByeT COCTOAHHeE,
OpH KOTOPOM MOIYT COCYINeCTBOBATH TBepiasg HM rasoBaf (asH.

Junua OC pmarpaMmel (cm. puc. 28) paspenseT o6IacTH TBOPAOrO
cocrosinus (061acTh, PAcHOJNOKeHHAs cleBa oT auHuu BOC) u jKupKoro
cocroaHus (obaacrtb, orpamudeHHas nuHmedl COK). Touram, memxa-
muM Ha gunun OC, cOOTBETCTBYeT COCYIECTBOBAHEE TBepHOH M »Kuz-
Ko ¢as, a TouKaM, PacmoJOKeHHHM Ha KpHBoit OF, — skuaKoit u raso-
ot ¢as. Jlumua OC Kpyro mojHHMaerca BeepX. ITo 3HATUT, ITO
mepexo]] BemecTBA M3 KUAKOTO B TBePAOE COCTOAHKE IPOUCXOUT HIPAKTH-
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YeCKH NP¥ HOCToAHHOHA Temmeparype. llpumegartennHo, YTO IS BOMIH
auausa OC uMeer oTpHIlaTelbHHNH HAKAOH, T. . eClHd, HAULPWMep, IpPH
HEKOTOPHIX TeMIepaType ¥ JaBjieHUH BOJA HAXONUJIACH B TBEPIOM COCTO-
AHKE B BHJIC JIBLJla, TO DY HOBHIICHUHU JAABICHUA M HOCTOAHHOI TeMOe-
parype BO3MOKHO IJIaBJIeHHe JbJla.

CoBMecTHOE CyIeCTBOBaHHe JKHJKOH M rasoBoi ¢as BemecTBa BO3-
MOKHO He OPHE JIO6HX 3HaueHHAX TeMOmeparypH u japieHus. Camuie
BHICOKHE [aBJeHHe U TeMuepartypa, IPH KOTOPHX MOTYT COCYINeCcTBOBATD
MUIKAA ¥ rasosafg (asel, HaGaomaloTcad B ToYKe K Ha JIHHUHE
OK.

TeMmepaTypa ¥ jJaBieHue, COOTBETCTBYOIMUe 3TOH TOUKe, ABJIANTCH
KPHTHYECKUMH.

B o6snacta, HaxopAmeidca Bul-
e TOPH3OHTANH, BHIXOAAMeNR U3
Touk® K, u cnpaBa or BepTuKa-
JH, NpoXoiAmlell 4depe3 aTy e
TOUKY, BeEecTBO HAXOJHUTCA B
«33KPHTHICCKOM) cocTogaun. O1-
MeTHM, YTO MOJKHO NepeBecTH
BeMEeCTBO K3 JKHIKOrO0 CcOCTOA-
HUsA B raszoobpasHoe ¥ HaoGo-
poT, MHHYSA Tpolecc KHIeHHA.
Jia 3TOro HYKHO H3MeHATHL ero
mapaMeTphl COCTOAHUA B IOCTE-
JOBAaTEABHOCTH, COOTBETCTBY-
oumei, HaOpUMEpP, TYHKTHEPHLIM
JUHHAM, HOKAa3aHHLIM Ha puc. 28 g
Bokpyr Tourku K.

MazoBoe cOCTOAHME ONHOKOM- Prc. 29, ugxéfsgfgh‘x:meﬂf:a:onHOROM'
HOHEHTHOIO BeIMIeCTBA MOET GBITh
BHIpAK@HO TaKyKe Ha JHarpamMme
JaBiieHHe p — YyleJbHLH 06beM V
(puc. 29). B kauecTBe ymenpHOTO ofbeMa MoKHO BHODATH BecoBOM
o6BeM, T. e. HampuMep, o6beM 1 Kr BemecTBa, MM MOJABHEIMA 00BeM,
T. e. 00meM 1 Moasa BemectBa. Hasknodl KpeBo#l COCTOAHHMA Ha 3TOH
IuarpaMMe COOTBETCTBYeT HOCTOSHHAA TeMOepaTypa, TaK 9TO 3TH KpPH-
BhHie UMeHYIOTCA HM3orepMamu. llpocmemmM 3a u3MeHeHHeM COCTOSHHS
BellleCTBa, ABUIrasgCh, HaAIpUMep, IO KPpUBoA / B HampaBJeHUH, yKasaH-
HOM Ha puc. 29 cTpenramu. IIpu BHCOKOM faBieHHE (TOUKa A) BeIIecTBO
npu TeMmueparype 7; HaXojHTCA B ONHO(PA3HOM COCTOABMY (KHIKOM),
YMeHbIeHMe [aBIeHWA NOPUBOJUT K YBeAHICHHUIO Y[eJbHOr0 00BeMa
JAHHOTO BelleCTBa, HpHIEM, HIOCKOJBKY JKHIKOCTH ABIAITCH 9acToO
ciaboCKMMaeMEIME, H3MeHEeHUe NABJEGHUS NPHBOJMT K CPABHHUTEIBLHO
He60ABIIOMY H3MEHEHHIO yaeanrHOro o6bema. B rouke B Oyner Habuao-
JaThCA BhifleleHMe Hapa M3 »KEgKocTH. llpm nanpHelmeM yBeiaudesuu
o6beMa KOJIHM9eCTBO mapa OyleT yBelHMYHBATHCA M B Touxke C BCH Mul-
KOCTh Hepeiijier B rasoofpasnoe cocroanue. Touxa B Ha3wBaeTCH# TO9-
Kol HACHMeHMA, a Touka C — TOYKOH pOCHI.

1 —Ty 2 — Ty 38— Ty 4 — T,



Ilpm mepexone 0JHOKOMIOHEHTHOTO BelleCTBA W3 KHAKOTO B Iaso-
obpasHoe cocrogHWe JaBIeHue He W3MeHAeTca B clydae HOCTOSHHOM
TeMuepaTyph. 9To JapleHHe, KaK VKAasHBAaJOCh BHING, Ha3HBaeTcs
ynpyrocreio mapa. IlByxgasHoe cocTogHHe BemecTBa MOKeT CYHIeCTBO-
BaTh U OPH 3HAYEHAAX p ¥ V, PAacCIOJOKEeHHBIX B 3aMITPHEXOBAHHOI
ofxacte Ha puc. 29.

Touka K, k Koropoil kacaeTcsa mpeneipHag usorepma T, apisgercs
kpuravecroét. WaoTepmul, He HepeceKalomue 3aMTPEXOBaHHYI0 06AaCTh,
HAaXONATCA B 3aKPHUTHYCCKOA 06JacTH, r7e BemlecTBO MOKeT OHTH JHIIbL

» B 0oaHodasHOM COCTOAHHA.

Buime pacemarpuBainces B oc-
HOBHOM >KHMJIKOe H Tas3o0{pasHOe
COCTOAHHA BelmecTB. B mopseM-
HHX YCIOBHAX YIJIGBOJOPOIK
MOI'YT HepeXORHTEL B TBEpHOE CO-
CTOSHWe IPH H3MEHEHWH TepMO-
IMHAMHYeCKEX ycJjopmit. Opnum
‘M3 NpuMepoB 06pa3OBaHAA TBep-
J0T0 BemecTBa B IJlacTe ABJA-
eTcsl BHIIIANeHWe HapadmHa H3
nAacTOBOH HeQTH.

Paccmorpum  Temepr nByx-
das3nylo cMech KaK (H3UICCKYIO
(TepMONMHAMHYECKYIO) CHCTEMY,

0 Ter COCTOAMYIO M3 ;KUIKOCTH M rasa

¥ COJEP/KAINyI0 HECKOJBbKO KOM-

Puc. 30. pT-puarpaMMa [IA ZBYXKOM-  popenToB. JTa CcHcTeMa Gyner
TIOHENTHOTO BelecTsa: CUMTATHCA HaXOfAlieficA B paB-

T~ mopgocts; [T = rag,  JIT— ABYX®ASHAA  popecHoM COCTOAHHE, KOIJA KO-
AMdYecTBa  KOMIIOHEHTOB, Iepe-

XONAMKX B KaK[Hid MOMeHT BpeMeHH WH3 KH/IKoH (asw B rasoByio
u HaoGopor, paBHH Mekay coGoif, Tak 9TO KOMIOHEHTHEIE COCTAaBH
JKHMIKONM M ra3oBoi $as ocralorTcAd HeM3MeHHHIMH, PagHoBecHHe CHCTeME
CyMeCTBYIOT NP¥ TOCTOSHHOM BHAYeHHM NaBIeHHA M  TeMOepaTypH.

Trouanasn pT-guarpamma JuIs CHCTEMEI, COCTOAINEH U3 ABYX BellecTB-
KOMIIOHeHTOB, moKasana Ha puc. 30. B aroii cucreme KakIbI KOMOIOHEHT
COJIePIUTCSA, KOHeYHO, B CTPOTrO ONpeJedeHHOM BecOBOM NPOMOpPIMHE.

BMmecro opmoit auHUW, pasjelAnmeld JKMIRYI0 M Ta30oBYW (ash
B cIyYae OJHOKOMIOHEHTHOTO BemlecTBa, Ha pTl-n@arpamme [ia RByX-
KOMOOHeHTHOM CHcTeMbl cymecTByeT oGiacth NBYX()asHOTO COCTOAHHA.
Mepexon ®m3 sxuAKoH $assl B rasopyr u HaoGOpOT mpomCcXoauT He TPHA
OHOM W TOM jKe 3HAYeHHH [aBjIeHUS MIM TeMIOeparypH, Kak B ciydae
OJJHOKOMHOHEHTHOT0 BelllecTBa, a IPH HM3MeHEHMH 3THX HapaMerpos.

Touxa K na gumarpamme puc. 30 Apnderca RputEdecKoi. IlyHKTHD-
HEHle KpUBHE BHYTpPH 001acTé ABYX(asHOrO COCTOSHHS COOTBETCTBYIOT
Pa3iUgHOMY COJep/KAHUI0 KHIKOH ¢asnl B cHCTeMe, BHpaKaeMOMY
B NOJAX eMHHEIE 0 06bemy uAK Becy. HHTepecHo, 4T0 By XKOMIOHEHT-
Hadg CHCTeMa MOKeT CymIeCTBOBATEL B IByX(asHOM COCTOSIHHH OPH JaBJe-
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HUAX W TeMHOepaTypax, NpeBHINAOMUX KpuTHuecKue. HawuGonpmee
nasnenue p,, (cMm. puc. 30), mpE KOTOpOM 3Ta CHCTEMa MOKeT HaXo-
HNUThCA B IByX($a3HOM COCTOSHUH, HA3HBaeTCA KPUKOHAeHGAp, a HauboIb-
IIag TeMImepaTypa, BO3MOKHAA OPHU BYXxPa3HOM COCTOAHUH, HA3HBACTCA
kpuxongenteps (T,,).

pV-nmarpamMMa s [JBYXKOMOOHEHTHOH CHCTeMH II0OKasaHa Ha
puc. 31. B oTtavume OT AHANOrMYHOH juarpaMMel JJA ONHOKOMIOHEHT-
HOTO BelecTBa M30TEepPME, HaXo[Amuecs B [ByX(asHOi ob6IacTd, UMEIOT
HaKJIOH, BRI3BAHHHH yjKe YOOMAHYTHIM BHIIe ABJCHHEM — H3MeHEeHUEM
HaBIeHHA OPH Tepexojne OT KUAKOI0O K rasoofpasHOMY COCTOAHMIO.
ITo ABIeHHEe U3MICCKHU BIIOJ-
He OOHATHO. B camoMm feme, p
¥3 JBYX KOMIIOHEHTOB, COCTAaB-
JASIOMUX CUCTEMy, OUH Goiee
aeTyqauit, aenm gpyroi. [ostomy
UpH OCTHKEHHH TOYKH POCH
HOsIBIAETCA JKHAKas ¢asa, B
KoTOpo#i mpeoGiajaer Mmemee
Jeryuuit KomuoHeHT. [l1s Toro
9TO6GK IPEeBPATHUTE B 'RHIKOCTD
9acTh BellleCcTBA CHCTEMBl, OC-
TaBINyIOCA B rasoBoil dase,
KOTOpag Temepb  COJEPIKET
GoapOie JeTydero KOMIOHEHTA,
9eM Opeje, HYKHO YBeJIH-
quth mapiaeHue. [losromy uso-
TePMBI FBYXKOMIIOHEHTHOTO Be- v
mecTBa B JByxdasHoi o6aacTn
HMET HAKJIOH. HEHTHOTO BelNecTsa:

JByXKOMIOHEHTHAA CHCTe- ; ;o y 7 5 1oy 1o g xpmowice
Ma B OTJHYHE OT OJHOKOM- cKan TouKa
HOHEHTHOI0 BemecTBa o67aa-
paer eme opHOH ocobenHocteio. Ecam pacematpusats pT-nma-
rpammy (cm. pme. 30), To obGpamaer Ha cefa BHHUMAaHHE CIeLY-
omui dakr. HpeqnomokuM, 9To H3MEHAIT COCTOSHUE BYXKOMOOHEHT-
HOM cHCTeMEl, (BErasch cEu3y BBepx mo JuHuu AB. Jlo mepecedenusa
¢ HEMKHe#dl TIpaHUYHOH KpHUBOH [ByxdasHoro cocroguus (OpH HOAXOje
K TodKe A'’) cMcTeMa HaxonuTcd B ra3oo0pasHoM cocrosnuu. Ha ywacTke
A’'B’ Bepruxanr A'B’ 6Gyner cHadama HepeceKaTtbesl ¢ HYHKTHPHHIMA
IWHUAMH, COOTBEeTCTBYIOIIAME MaJjIOMy COJepsKaiMio KUAKOA ¢dasst
(uuppamu Ha pmc. 30 0603HaYeHO cojep)kaHMe KHUAKOA (Gasu B JBYX-
dasHoil cucteMe). 3aTeM cojepKaHue KANKOCTA B [BYX(pasHOH cucTeMe
Oyner yBenWuHMBaThCH M, HAKOHEN, IOCTHIHYB MaKCHMyMa, CTaHeT
yMeHBIAThCA, a MHHOBaB TOYKY B', cHcrema cHOBa mepefijier B raso-
ob6pasHoe cocrognme.

B cayvae 0HOKOMHIOHEHTHOTO BemIeCTBa, HaXOHAIErocs OpH Ompe-
JleJleHHOM HOCTOSHHOM 3HA9eHWHM TeMIepaTyphi, HOBLIICHHE [aBICHUSA
I0J;(HO BHIBHIBATh JHUIIb ero Iepexoji B sKUJKOe cocTogHue. B nByxkoM-
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TOBEBTHOR jke CHCTEMe IpH U3MeHeHHH ee pVTI-coCTOAENA B 3amMTpPH-
xoBagHOM ofnactm Ha pT-gmarpamMme, KaK 3T0 HOKAa3aHO Bhme, HaGa10O-
naioTca | ofpaTHme ABienmA. Tak, IPE H30TepPMHEYCCKOM CHUMKEHHAH
naplenns (Ipd jBHkeHum BHHU3 mo amHEE A’B’) mabiaiopaerca yBenn-
venne xaproit dasm. To ke camoe Gyjer Habmogatbea npm m806apu-
geckoM (p = const) mOBHIMEHHMH TeMumeparypu. llpm pgemskemm:m mHo
nuHEM, HanpuMep, DE KoamaecTBo kUKol ¢as3ri B cHCTeMe MOKeT Ha
HEKOTOPOM Y9YaCTKe 3aMTPHUXOBAHHONH OGNacTH He YMEHBIIATHCH, KaK
ATO clieflyeT M3 aHAJOTHHA ¢ OMHOKOMIOHEHTHHM BeleCTBOM, & yBelHYd-
BATBLCH.

OnncagHpie BHIIEe ABICHHS HA3BIBAIOTCH pETPOrPARgHHMHE, T. €.
COOTBETCTBEHHO M30TepMHYecKOM m HM300apHueckoit perporpagHoil KoH-
JeHcanmue® MIM HcOapeHmeM. ITH
ApNeHAA HaGII0Al0TCA 1 pHA H3MeHe-
HHUAX COCTOAHHA CHCTEM, COOTBET-
z CTBYIOIUX 3aMTPAXOBAaHHEIM o6Jaa-

ctaM pT-pmarpammu. Ha pV-gma-
rpaMMe 3TH OONACTH TaK)Ke HOKa-
3aHbl INTPUXOBKOH.

Perporpagnrie sABIeHHA CcBOW-
CTBEHHHI HE TOJABKO JBYXKOMIIOHEHT-
HHM, HO W MHOrOKOMIOHEHTHEIM

2 Y CHCTEMaM.
L i Ilpaeenennrie BHme pV- =@
0 035 ¢ pT-auarpaMMu OOHUCHIBAIOT COCTOS-
Prc. 32. pC-nuarpamma jasi [ABYX- HHE JBYXKOMOOHEHTHHIX cHCTEM, HMe-
KOMIOHEHTHOTO BeINecTBa: OIDUX NHINL ol peieIeHHoe COMePIKa~
r— ’""ﬂ“gg’;d)_ag Lo Tas; ol — 009ACT>  Hpe OHOrO W JAPYrOr0 OJHOKOMIIO-
HEHTHOTO BEIJeCTRA B  CHCTeMe
B meyioM. [fosToMy mpm KamaoM M3MeHeHHH COCTaBa CHCTeMH B IelloM

TpefyeTca npUMeHeHHe HOBOH [HarpaMmm.

WHniM cmoco6oM m3006paKeHAA COCTOAHUA JBYXKOMIOHEHTHHIX CHC-
‘TeM paslIMYHOTO COCTaBa HBJIAETCA HCHONL30BaHAE NAArpaMM JaBle-
nme p — coctaB C (1. e. pC-pmarpamm). OpgHa W3 TaKHX [QHArpaMm
moKa3aHa Ha pHc. 32. JlmarpaMMu ¢ mCOONbL30BaHHEM B KadecTse Imepe-
MeHHOH cocraBa C CHCTeMH HPUMEHAIOTCA W [JiA ONUCAHHA COCTOAHHAA
TPEXKOMIOHEHTHHIX CHCTEM.

Heob6xonnMocTs Benoas30Banda pC-aAarpaMM BH3LIBa€TCA ellle I ¢Jie-
aylomum obcroAarenbcrBoM. Hak nHa pT-, Tak m ma pV-gmarpammax
Hellb3s B300pakaTh COCTaBHI ra30BOM W KAAKOM (a3 ABYX KOMIOHEHTHOH
cucreMbl, uro GHIBaeT HeofOxopumo nmpm pane pacueros. Mcmonn3oBaHue
sxe pC-MEArpaMMBl TO3BOJACT 9TO CALHATH.

Hmxuaa wpmeag Ha pC-pmarpaMme ABNAETCA KPHBOH TOYeK pOCH,
a BepXHAA — KPHBOH HAaCHINEHHUHA,

Ha pC-pgmarpaMme MoxHO He TONBKO OTpa’kaTh ($a3oBoe COCTOAHHE
ABYXKOMOOHEHTHOR CcHcTeMB!, 9TO NO3BOJNAET ysHaTh, HaXOAUTCA N
OHa B OfHO- HJNH JBYx(a3HOM COCTOAHAHU, IO U OHPeJeNATh, CKOJBKO
BECOBBIX HIHA MOJADHHEX A0Jedl BelmecTBa NPHXORHTCA Ha HHUAKYIO
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4 rasoByl0 ¢asm B KaKOB cocTaB ()a3 B KOJIMYeCTBEHHOM OTHOMIEHHH.
Opnaro rampyo pC-nUArpaMMy MOKHO HCIIONB30BATH JJIA OLpe/eseH-
HOT'O BHadeHMA TeMoepaTtypw I.

Paccmorpum Gosee mopgpobuo ocobemmoctu pC-puarpammur. Ilyers
Ha pC-gmarpaMMe (cM. pHc, 32), HOCTPOEHHOH HJA OLpefeJeHHOTO
3HaYeHHmA TteMoepaTypw I = const, 3aaH TOYKo# B cocTaB IBYyXKOM-
MoHeHTHOU cMecH. [[J1A ompefeNieHAA cocTaBa TBYXKOMIOHEHTHOR cMecH,
09eBHJHO, JOCTATOYHO 33JaTh BECOBOe HMIHM MONAPHOE COfepIKanme
OJIHOTO W3 KOMIOHEHTOB B CMECH (HaIlpEMep, KaK DTO CAueJlaHO Ha mHa-
rpaMMe pmuc. 32, MOJIAPHYI A0a0 2z Gojiee JeTydero KOMOOHEHTA, COOT-
BeTcTByOMYI0 To9ke B). Ecnm cocraB Herotopo# peyxdasHoit cHcTeMH
HaxoxmTea Ha pC-maarpaMme Ha npsaMoit AC B odeHBL GIM3KOH OKpecT-
HocTH ToukHE C, TO DTA CHUCTEMa COCTOMT B OCHOBHOM W3 rasoBoit ¢asu
¥ HMeeT JHIIb KaWJ0 sKEIKOCTH. [[JIA cHcTeM, cofgep:KallUX [OCTATOUHO
Gonpmoe YHCIO MOJMEKYJT KaK B sKHJKOH, TaK W B ra3oBoH ¢a3aXx, MOKHO
CUUTATh, 9YTO COCTAB ;KHUIKOH I ra3oBoit a3 mHpaKTHIECKH He H3MEHAETCA
OpE E3MeHeHHH o0mero KolmgecTBa BeIecTBa B Kazkfoi m3 ¢as.

Ecam mocTemeHHO yoalAThL W3 CHCTEMH ra3oByH a3y W COXPAHATH
HeA3MEeHHLIMHA JaBleHHe H TeMOepaTypy, TO cOfep;KaHHe B cHCTeMe
Gonee meTydero KOMHOHEHTa 0y[eT yMeHBIIATLCA HPAKTHYECKH LPOLOP-
OHUOHATHHO YMEHBIICHHI0 KONHMYeCcTBA TIa3oBoil (asml.

BriseneM Temepb opMyny, onpenelAnmMyo cogep/Kande gas B ABYX-
KoMIOoHeHTHOM cmcTeme. HMrak, OycThb B [BYXKOMIOHEHTHOH cHcTeMe
CONEPIKATCA n MoJell BemlecTBa, M3 KOTOPHX B RHIKOCTHA HAXOTHTCHA
n, Monei, a B rase n, Molleii BemecTBa. Ecim ropopuTcs, 94TO B cHCTEMe
HaXOOUTCA 7 MOJiell BemecTBa, TO NOJ »THM MOHHMaeTca o0mee 4HEIO
Molleff pa3NMYHEIX KoMmoHeHToB. Hampmmep, 3 Mosia BemecTBa MOTYT
OHTb cocTaBlieHH M3 2 MoJeit MeTaHa M OJJHOTO MOJIA HponaHa, 1,5 Momua
opomasa u 1,5 Mona srama m T. 1. VMeeM, odermpHo, n = n,; + ng
Pacemarpusasa Ganamc Gonee neryiero KoMHOHEHTa B CHCTeMe, IONY-

qaeM 1,2 + ngy = nz (cM. puc. 32). U3 aToro ¥ mpeanigymero cooTHO-
meHAH moNydaeM

ny z—z
e —f" (3.14)

Taxkmm ofpasoM, ecnm Ha pC-gmarpaMMe 3alaHBl JaBleHHE P, H
o6muit cocTaB NBYXKOMIOOHEHTHOM cMecH (TOYKa z), TO, IPOBEJA TOPH-
30HTaNb Yepe3 TOYKY P; M BOCCTAHOBHB HEpPHEHAUKYNAD M3 TOYKH 2,
NerKo HaxonuM ToIKd A, B u C m onpenenfieM cOCTaRH AKHJKOM B razo-
BOil (a3 (COOTBETCTBEHHO TOUKH @ y Ha och abemmec). Konmuecrsa
JRHAKOM W rasomoit ¢as ompepenawrca mo ¢opmyne (3.14).

PaccmoTpmM Temeph TPEXKOMIOHEHTHYI cHCTeMy. BosbMeM s
aroit cumcreMu pC-pHarpaMMy, CUpPaBeflHBYH, eCTOCTBEHHO, TPH OHpe-
neleHHOM 3HauYeHMH TeMmeparypw I = const.

Jaa onmcanma ¢a30BOTO COCTOAHHA TPEXKOMIOHEHTHHX CHCTEM
HCOOAB3YWT TpeyroAdbHuie auarpaMmiul. OnHA W3 TaKAX AAATPAMM IOKa-
3aHa Ha puc. 33 ANA CHCTEMH, COCTOAMeN #3 KoMmOHeHTOB A, A,
m Ag. IIpm aTOM TOUKe 4, AmarpaMMu cOOTBETCTBYET [0JMA KOMIOHEHTa
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A, B cucreMme, papHaA efmHMIE. B Toukax 4, m A, u Ha npaMoii, coegn-
HAKDeHR 5TH TOYKH, cofiepHaHme KOMIOHeHTa A, B CHeTeMe paBHO
nyno. B Touke A, cogepsranme KoMuoHenTa A, paBHO eJUHEIE, a B TOY-
Kax 4, m A, ¥ HA TPAMOH,
COeUHAKIMENA 5TH TOYKH, CO-
JAepaHHe KOMIIOHEHTa A,
paseo Hymo. Te ke paccyxue-
HHEA CIPABeJJIUBLI U IS TOYKH
A, W COOTBETCTBEHHO JJIA TO-
ek A; 1 4, B coequHALMEHR
KX OPAMOMH.

ITyets cocTar TpexkoMmo-
HEHTHOH cMecH XapaKTeph-
ayerca Toukoii B Ha gmarpam-
me (cMm. pme. 33). Conepsxanne
KoMIOoHeHTa 4, B 9TOH cMecH
oNpeneIaeTCA OTPE3KOM X, CO-
Aep;kaHMe KOMImOHeHTa A, —
OTPE3KOM Y, a cojepsKaHue

A2 A7 KOMOOHEHTa Aj; — OTPE3KOM z.
Pne. 33. pC-pmarpaMMa Jias  TPeXKOMIO- IIpm pamaennu p, BeA 06-
HEeHTHOTO BeIleCTBa acTh, JeXAMAaA MeXAY KpH-

Bo / m npsamod A,4,, AB-
aseTca obGmacTeio  paByxdasHoro cocrogHumA. OcrampHasA dYacTh jHa-
rpaMMbi, HAXOJAMAACA BHE 3TOH 06JaCTH, COOTBETCTBYET ORHOMA3-
HOMY COCTOSHMIO CHCTEMEL.

IIpm pmasnenudm p, > p, 06aacTs ABYX(ABHOTO COCTOAHMA 3AKII0O-
9eHa MeJy KpuBoii 2 m mmumeir A,A,.

ITycTs Temeps coCcTaB TPEXKOMIOHEHTHON CHCTEMBl XapaKTepU3YeTCH
To9K0fi Bo, Haxomameica BHyTpEH o6mact# ABYX(Pa3HOTO COCTOALMA.
Cocramy sxuaKo# ¢daspi B 8T0H cucTeMe GYAYT COOTBETCTBOBATH 3IIa9CHHA
monei KoMnoHeHTOB A, A, u A,, pasnnie Zo, Yo B zo. IllycTs naBnenue
B CHCTEME paBHO p,, a Temueparypa T',. O6xacrs gByxdasnHoro cocros-
HUS HaxoAdTcA cieBa oT KpuBoit /. HoMmoHeHTHHE cocTaB ra3oBoit
daspl xapaKTepH3yeTCA KOODAHMHATAMH Z,, Yi, 2; (Touka B;), a KoMm-
HOHEHTHOMY COCTaBY JKMAKOHM ¢das3sl COOTBETCTBYeT TO4YKa B, ¢ Koopnu-
HATAMH Z,, Y, U 2Z,.

OGosnauum ny, n, 4 n, BeCOBOE HJIHM MOIBHOE COflepKalle B cHcTeMe
KoMmonentos 1, 2 m 3, n, ¥ n, — Becoro# MaU MOJBHHIA COCTAB raso-
ol W mupkoit ¢az. W3 ycnosma maTepmasmbHOTO OanaHca uMeeM

1 2 3 — .
ng+ng+ng_ng,

1 2 8 __ .
ni+nji+nj=ng;
1 . 2 .
ng+ni=n; nZ+ni=ny;

nl=xng ni=1,n; ( (3.15)
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Orclofa, HampAMep, HDOIydaeM

n ny
Tyt o =n B 3 —E A 2, =z,
OTKY.a
i (3.16)
n T1—Zg :
Ncnonpsya pmanbiie coornomenua (3.15) m (3.16), mmeem
e (3.17)

ng ro— I3
N3 Tpexdasmoit pgmarpammsi pue. 33 BHAHO, UTO

r1—Zo __ ByBj
Zo—Z3 BoBy *

Ha ocHoBammm ke nogobusa TpeyrodsHuroB B;B:Bo m BoB,B,
noaydaeM
ng _ Boby

ng - BoBs . (3.18)

TaxuM 06pa3oM, COOTHOMEHME >KUIKOR M razoBod (a3 oKa3HBaeTCHA
PaBHEIM OTHONIIGHHIO OTPE3KOB HPAMOHA, KOTOpaA coefUHAET TOYKU B,
u B,, xapaxkTepu3ylolilie COCTABH KUAKOR H ra3oBoi#t a3, ¥ TPOXOXUT
gepe3 T0UKy By, XxapakTepmaylomylo o0Imui cocTtaB cucTeMmbi. Hpome
(3.17), MOKHO HOJIYYMTH elme [Ba AHAJOTUUHHX cooTHommeHMA. U3 dop-
myan (3.17) suTexaer BaskHOe caencTRUe. Ecnm ocTaBUTh HeM3MEHHEMM
COCTABH TAa30BOH M HUAKOH (a3, T. €. BeIHIHHBI Xy, Y1, 21 ¥ Ty, Yo, Zg,
a U3MEHATH TOJNbKO Zo, Yo, Zo, T. €. OOIAHA COCTAB CMeCH B TAKHX IIpepme-
aax, aro6u Touka Bo Haxomuaach B AByXdasHoit o6racta, TO 9TO HpHBeE-
JeT K HU3MEeHEeHHI0 COOTHONmEHHA JKHAKOR m rasosoit ¢as. Haobopor,
eciu U3 cucTeMsl OTOHPAThH KHUAKYI0 MJIH Ta3oeyio ¢asy, TO ee paBHO-
BecHe He M3MEHHUTCH, a OyneT MEeHATHCA JHMb OGIMHE COCTAB CHCTEMEI.

§ 4. RAINJIJIAPHBIE CHJIbI

Monexkynapusie CHAB B3auMOReACTRAA MKy Pa3NHYHREMM BellecT-
BaMH, HACHINAIIMAMA TOPHLE HOPOjb, ATPAIOT Ba;KHYIO POJIb B HPOIEC-
cax m3plegyenna Hedtd m raza m3 Henp. Hanmanapmme cmiaw mpencras-
aAwT coboit ogHy W3 (POpM HPOABICHHA ME/KMOJEKYIAPHHX CHII.

XapaKTep MOJNEKyJNAPDHOTO B3aMMOMEHCTBHA 3aBHCAT OT WPHPOAH
BemecTBa. IIpm HOPMasbHEIX PacCTOAHEAX MEKIY MOJIEKYJIAMH BeIIECTRA
(Ip® HOPMANBHHIX NaBlIEHHH M TeMHIEpaType) B3amMOJEHCTBEE MOJEKy.JI
BHPaKaeTcA B NPATAKEHHH UX Apyr K apyry. Ilpm cmabHoM c6amoxe-
HAH MOJEKYJN BOSHHKAIOT CHJL OTTAJIKHBAHHUA.
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Cuna B3ammopeficTBEs MONeKyA Fo CHIABEO 3aBHCHT OT PacCTOAHMA r
MEKIY MOJNEeKyJNaMH OpH MaJHX I,

®yuknua Fo (r) pia OpPOCTHX MOJEKYN, HMeOIUX cdepauecKyo
¢opMy, mMeeT BH], HOKazaHHEil Ha puc. 34.

IIpepcranuM cebe mgBe sxmaxocTE 4 M B, HACTONBKO JHCHEPTAPOBali-
Heie OfHA B JAPYroM, 9TO HX MOJEKYJH DPaBHOMEDHO pACHpPEeNeNeHEl
B 00BeMe, KOTOPHWHE 3aHUMAIOT STH FKHIKOCTH.

Ilycrs Monekynw sskupkoctd B cmibHee OPATATABAIOTCH K MOJEKY-
naM srugKoctd 4, yeMm Mexnay coboit. Torma nwboe cydaiinoe ckomle-
HEe MoJekyn B (puc. 35) oKasieTcs HeONTOBEYHHM — MOJEKYJHI KHAL-
Koctd A «pacramaTy MoJeKyaH Kugkocrm B. JKugkocers B Anamerca
B QIAHHOM cJydYae HONHOCTHIO DPACTBOPHUMOM B KHIKOCTA A.

Ecnu ke BzauMHOE HPHTAIKEHHE MOJEKYJ KHUAKocTH B HamHoro
00JIble OPHUTAKEHHMA MOJIEKYJ MMEAKOCTH B K Momexkyaam skmpxocra A4

A
Fo(")

S

Mp Cf)
Puc. 34. 3asuncmyMocte Fy (r) Prc. 35. BasanMHOe DpHTH)KeHHe
Mollekyn 4 u B

HJIA eclNH MeMAY OSTEMHM DAa3HOCOPTHBEIME MOJEKYJIaMH CyIIEeCTBYIOT
CHJIB OTTAJIKHBAHHA, TO CKOIJIEHUE MOJICKYJ KATKOCTA B, HaXoqAmuAxca
B ugKocTm A, Oyner ycro@umBeM. Takme SKHIKOCTH Ha3HBAKTCA
B3aWMHO HEPACTBOPHAMBHIMH MM HecMemupatommmuca. ClegoBaTenbHO,
XapaKTep B3aHMOJIACTBEA MOJEKYJ pa3NHIHHX BEIeCTB OMpeneaAeT
AX B3aUMHYI0) pPacTBOPHMOCTD.

PaccmoTpnM cxeMaTMYHO MOJNEKYNH J{(BYX BSAMMHO HEPACTBOPHMEIX
BEIECTB, HAXOJAAIIUXCH B CONPHKOCHOBGHHH Npyr ¢ apyroM (pzc. 36).

ByneM cumTath, 9TO MOJEKYNH JKHAKocTe A W B HCOBITHBAIOT
B3aHMHOE OTTAJIKHBaHME, NpPHATIEM CHJIB OTTAJIKHUBAHUA JEHCTRYIOT
B HaOpaBleHUH, DePOCHAUKYIAPHOM HOBEPXHOCTH pPa3fiesa JKATKOCTE.
Monexkyis 4 W B HCOBTHBAOT TaK:Ke NPUTAMKEHHE B CTOPOHY Toit
HEJKOCTH, KOTOpO#l oHEm mpmHajiear. lomycTmM Temepb, 9TO Mole-
KYJB KMIKOCTA B, HaxogumBmnecAa IepBOHAYAJNBHO B CHJABHO JHCHCPrH-
POBAaHIIOM COCTOAIHHM B yuAkocTH A, cobpanuch B ofHYy Kanlw. B Tom
clydae, KOraa MOJEKyJasl KHAKOCTH B OvulM CHIBHO JHCHePrdpOBAHE
B mugroctm A, onm obnamandm OGodplledl moTeHmMAlNbHOM »Hepruei,
weM Korga cobpanmeb B Kamao. Yrofu gucmepraposats skEAKOCTh B
B JKHAKOCTH A, HY/KHO 3aTPATHTh NOHONHHMTeNbHYI0 pabory. Ecam me
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IpuAAraTh K CHCTeMe, COCTOAINEeHd M3 sKUAKOCTH A ¢ fUCIeprEpoBaHHOM
B Hell KUAKOCTHIO B, HEKaKOH HONONHATENbHOH dHepPrHm, TO MOMEKYIE
JREAAKOCTE B 6yayT yMeHLIIATH CROI0 MOTeHOHAAIBHYI0 9HEPrAI0, CIABaACh
B Gonee KpynHue CKOIIeHHA. B KoHIe KOHIOB ;KHAKOCTh B coepunures
B OfHY Kamlio. JTa Kanaa GymeT mMeTh opMy mapa, ecim mpeHeGpe-
TaTh JeicTBEEM CHJIH TAMKECTH, HO-

CKOJIBKY TIOTeHNHANbHAA OHEPrHA

MoJIeKyJ KUKOCTH B B faHHOM cly-

gae IpAMET HaWMEHbIIee 3HAYCHHE. A
Cnengyer 3aMeTHTh, 9TO CaMOIPOM3-

BOJILHOE COCIMHEHHEe Kamelb KHA[- >

Koctm B Oymer mpomcXouTh He BO

Bcex cayuasgx. Ecnm, Hampumep, Ha

BHemHEH o6oNouKe Kandeldb NpH- 8
CYTCTBYIOT BemecTBa, BHISHIBAIOIIAEC
OTTaJIKABaHHE Kamelb, TO 3T0 6yzer
OpHBOAUTL K 06pa30BaHMUIO CTOMKOHN
SMYIbCHAH JKHgKocTE B B XHJ-
Koerd A.

Hrak, Monekynw KHAKOCTH B, HaxojAmmueca Ha TpaHANe C KAA-
KocThI0 A, OyaAyT MCHHITHBATL OTTANKHBAHHE OT MOJEKYJ KHAKOCTH A
U NpHATAKEHHAE cO CTOPOHH MOJEKynN ;kuakocth B (eM. pmc. 36). Takmm
o6pa3oM, BO3HHKHET COCTOSAHHE, aHAJOTHYHOE TOMY, KaK OyATo Om
KamjA jRAfKoctw B cixmMmaercs ympyroft oGonoukoii. B pesynbrare

7aBJeHHe BHYTDH KaljH He
1[‘” d(; Oyner paBHO [aBIEHHIO B
magkoctH A, OXpymawmel

KaIImo,
PaccmarpuBaas momepx-
HOCTHEIE CHJNH, [e#cTBY-
8 IOm@Ee HA TrpaHENE pasfe-
a ABYX JKUAKOCTEeH B Kall-
Ry & cofiep:Kaime#t Goasmee
9UCIO  MOJEKYJ, MOMHO
y#e He YYATHBAThL B3aMMO-
neficTede OTACILHHX MoOJe-
KyJ, a Depe’TA K MCIoab30-
Pac. 37. Jeficrsie yommmii ma odemeny mo. BARHUIO NOHATHI, CBOKCTEEH-
BEPXHOCTH pa3fielia XEAKocrei A u B HEIX MeXaHHKe CHJIOIIHEIX
cpen. Y4HTHBAA 3TO, Pac-
CMOTPHM YJaCTOK NOBEPXHOCTEH, pa3feAKIIAX ABe ;KHAKOCTH B Kal-

ne (puc. 37).

BepxHnit sneMeHT mOBEPXHOCTA OTHOCHTCA K ;KUAKOCcTH A, a HUMK-
HEH# — K jkugKocTh B; diy m dl, — qNUHE qyr GOBePXHOCTH, HMeOmue
pagmycs R; m R,, a & — yroJ Me;[Qy COOTBeTCTBYWIIHMI Hanpaslie-
HHAMA pagayca. VI3 paBHOBecHA 9TOro y4acTKa HOBEPXHOCTeH BHITEKaeT,
9YT0 K eJUEMIe [JAHL CEUCHHA BHelmHeHl 000JOYKA Kamld HONKHE
OBITH TpHNOKEHA CHJIA O4, a4 K BHyTpeHHel ofomouke — cmia Op.
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Ycnosue pasHOBecHMA MOBEPXHOCTeH pasgella ABYX KHgKocTe# BhIpa-
sxaerca ¢opmynoit Jlammaca

1
Bp=py—p =0 (g=+77) (4.1)
rae 0 = 04 + Opg.

Benuwunna o Ha3smBaeTcA HOBePXHOCTHHIM HATSKeHHEM Ha TPAHMIIE
pasfiena AByX uarocreil. IloBepxHoCTHOe HATAKeHEE HMeeT pasMep-
HOCTB CHJIH, OTHeCEHHON K paccroanmni. Ero Mo3KHO ompepesInTh Takke
KaK 9Hepruio, NPUXOJANYyIcd Ha efMHANY HOBEPXHOCTH Pa3fena MeKay
OBYMSA JKUZKOCTAMH.

Ecnu kanna muaxocrm B umeer ¢opmy mapa, to R, = R,, u u3
dopmyanr (4.1) momywsaem ¢opmyny HKenbpmua

20
AP=T. (4.2)

ITorepxuoCcTHOG HATAKEHHE SABIAETCA CBOMCTBOM He OTHEIbHO B35-
TOr0 BEIIECTBA, a CBOHCTBOM MOBEPXHOCTH KOHTAKTA JBYX HJIH (oJib-
miero 4mcia BemecTB. MOJKHO rOBOPHATH, HANPUMEP, O HOBEPXHOCTHOM
HATA/KeHUN BOJIH HA TPAHHIE ¢ BO3AYXOM MJM HA rpaHHme ¢ HedTsio,
ogHaKo 0e3 yKa3aHHWA KOHTAKTHPYIOMEro ¢ BOJOM BellleCTRA HOHATHE
HOBEPXHOCTHOTO HATAKEHHA TepsaeT cMeica. OQNHO B TO ’Ke BEINEecTBO
MOJKeT UMETh pDA3JIMYHbEIE BeJIMYHHH TOBEPXHOCTHOTO HATAKEHHA Ha
rpaHmdne ¢ pasNmIHHIME BemectsaMd. Tak, Bojja Ha rpaHHmme ¢ BO3AY-
XOM HMMeeT HOBepXHocTHOe HaTsxenme 75-107%3 H/m, a ma rpanume
¢ mefroio — oxomo 30-1073 H/m.

BsamMHO He pacTBOpPEMBIC BeIECTBA, HACHINAKI{AE ILIACT, MOTYT
OHOBPEMEHHO KOHTAKTHDOBATH C TBEPHOH HOBEPXHOCTBI LOPHCTOH
cpens. OOHO M3 BEMECTB MOJKET JAyYIIe CMAaYMBATH TBEPAYI0 HOBEpX-
HOCTh IOPHCTOM cpefnl, ueM apyroe. Torma moBepXHOCTH pa3genaa MeXLy
STHMHE BelecTBaMu OyneT HMCKPHBIEGHHON, T.e. GymeT cymecTBoBaTh
MCHHCK ME:KAy BemecTBaMu. Eciu B nilacre cofepsKarca OgHOBPEMEHHO
He(Th W BOJA, U BOJIA IYIIIe CMAaYEBAeT TBEPAYIO HOBePXHOCTh HOPHCTOR
cpenbt, yeM HeTh, TO TaKasA mOPHCTas cpena ABIACTCSA rAAPodHIbHOM.
Ecnm ke moBepXHOCTDH cpeAnl Jyylle cMaYMBaeTcsl HePTHIO, 4eM BOROM,
TO mopHeTas cpema raapodoGHas. Yrol, KOTOPHHE COCTABIAET MOBEPX-
HOCTh pasfelia Bofa — HedThb ¢ TBepAOH HOBEPXHOCTHIO, HA3HIBAETCA
KpaeBHM YIJIOM cMaunBaH@A. Ecam, HanpuMep, B BORHOR cpefie EMMeeTCA
Kamisa HedTH, OPAJMNNAA K TBepAOH MOBEePXHOCTH, TO B clyiae rMApO-
¢unpHOR TBePROH HOBEePXHOCTH KPaeRo# yroJ cMadnBaHNA GyeT MeHbIIe
90°, a B ciaydae rugpodobuoit — Gompime 90°. Tounsiit pacuer opMmsbt
HOBEPXHOCTH pasfelia MeskAy HecMemmBaoIumuca ¢dasaMd, HaXONAINA-
MHCA B CTATHYCCKMX VCJIOBHAX, W pacHpegelleHHs B HUX [aBJICHHA
BO3MOKEH Ha OCHOBE YPaBHEHHA KaIUWIJIAPHO-TAAPOCTATAICCKOrO PaBHO-
pecus ¢as [70]. Oguako Taro#l pacdeT medecoofpaseH JHINb JJs HAH-
fomee MpOCTHIX ciay4aeB. B peanpHBIX e HOPUCTHX cpenaXx BBULY
CJIO/RHOCTH MX CTPYKTYDH AeTadbHOE BHYHCIeHEEe POPMH HOBEPXHOCTH
pasmena (a3 OKasHBAeTCA HPAKTHYECKHM HEBO3MOMKHBIM, B KadecTBe
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KanmUIAPHHX XapaKTePHCTHK peallbHHX HOPHCTHX Cpef HCHONbBYIOT
MHTErpajbHEE XapaKTePHCTHKH, MOJNYJaeMble HKCIEPAMEHTANbHHM Iy-
TeM, O KOTOpPHX Oy/IeT CKasaHo HHJKe.

B xauecTse OJHOTO H3 TPOCTHX HPHAMEPOB KaOHJJIADPHO-TARPO-
CTATHYEeCKOTO DPABHOBECHA DPACCMOTPHM DaBHOBECHE KHANKOCTH, 3AKIIO-
YeHEHOM MEKIY JBYMA Hapaiielib- 2
pepME miactankamm (pme. 38). Ilma-
CTHHKH HMMEIOT [OCTAaTOIHO (oMb~ z
moe IIPOCTAPaHHe B HAIPaBJICHHUH, i/

NepOeHJEKYIAPHOM IMIOCKOCTHE PH- N z, |0 ! Tz
cynka. Hmxamit KoHen mnacTHHOK /- =

HDOTpY#eH B KUJKOCTh B, cMaumpa- %
OIMYyI0 MaTepmaj MIACTHHOK, a HaJ
JKHALKOCTEID B  Haxomutca ras A. P
NupME cioBaMH, K MOJIeKyJdaM Ma-
TepHala MJIACTAHOK CHIbHeEe HpH-
TATHBAIOTCA MONEKYIH KAJKOCTH

B, 4yem monexkyaw rasa A, HaXo-
- o B. I Puc. 38, HKammnaspHo-THRpocTaTHIE-
AAMEROCH Haj FHUNKOCTH - A8B- cxoe paBHOBECHE IKEJKOCTH MEKLY

JieHHe B Ta3€ BCeraa HOCTOAHHO  ppyMa napajdeJbHEMHA TOBEPXHOCTAMA
H DABHO Dg4.

PaccMaTpuBaeMuil cllydail KamMANAPHO-THAPOCTATHYECKOTO PaBHO-
BecHA MOKeT HMeTh MeCTO B TPEIMUHOBATHX MOPOJaX Ha TPaHHe HedTh —
ras. O6o6man ¢opmyny Jlannaca m monaraa pna menn R, = R, R, —
— 00, m@molly4aeM

—
NN\
]

— !
!
NN

NN\

ENNANNNSN

Ap= %. (4.3)

U3 nuddepennnansHoit reoMeTpHE [NA PaAmyca KPEBH3HE IIOBEpPX-
HOCTH 2z = z (I) WMeeM cleAylomee BHpPajKeHHe:

[T wh

Cormacao pmc. 38, mpm z >0 npomsBojHas % OTpHIAaTeNbHa,

BTOpasA npomsBofHasA d?z/dr? monmokmrensHa, a mpm r << 0 (dz/dz)
OOJOKUTeNAbHa, HO d22/dr? oTpHmaTenbHa.

YaurrBaa 810 06CTOATENBETBO, a TaKiKe momcTaBIAA (4.4) B (4.3),
nonyvaem puddepeHnUanpHOe ypaBHEHHE NOBEPXHOCTH pasfeta Ku-
Koctda B m rasa A B BHje:

d2z Apo——pgz dz 27/ )
(BT 0 a
Apo=p,— Po-+ P82y

rge p — IJIOTHOCTH RAAKOCTA B; g — yckoyenne e¢BoboanoTo majeHuA;
BeIMYHHH po MW 2o IOKA3aHH Ha pmc. 38.
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Wurerpuposanme (4.5) maer

[ ()T =5 (n=) re. o

Hna oupemenennma mocroAHHOR C Hcmoab3yeM corJacHo pHc. 38
ycirorusa
dz
—E=ctg®, 2=0 mpum z=0, (4.7)
Yronl © saBaAeTcA KpaeBHIM YIIoM CcMaYMBaHHA.
Wmeem C = sin ©. [lna onpejieieHnA zo HCHONB3yeM KBAagpaTHOE
yrpapxHenue

06 420 7,4 1—sin ©=0, (4.8)

Pemaa ypasuemme (4.6), monmydaem

dz
-f G 69
z pgz . -2 s L
{[:? (APO —-—2—') —+ sin 8] — 1}
rae C, — DOCTOAHHAA HHTErpHPOBAHUA.

PacemorpuM mpepenbHEA cxydait, Korga Apoe > >pgze. [lonyuaem
Apo =~ ps —po. N3 (4.8) mmeem % =1—sin 8 n m3 (4.9)

EdE _ Apo
_S T e (z+C,). (4.10)
w
2
qaeM QopMyny miiA PasHOCTH JaBJeHHH B ;KHUAKocTH B m rase A:

Hcnonraya yeaopue z = 0 OpE = = — ®W 2 = zo 0p# 2 = 0, moiy-

2 5]
Py—Po~ Apo= =222, (4.11)

Taxoit ;e sum mMeeT m3BecTHasn PopMyia 1Ja mepemapa AaBJeHHHA
B KaIWJJIAPe KPYrJIoro CeYeHHA pPajuycoM r:

Ap = 20086 (4.12)

r

PasmocTs papieHmil Mekay HecMemmpalomuMmucAa ¢asaMB, HacHINa-

IOMEME HOpPHCTHE Cpefsl, ompefgelseTcd KOMHOJIEKCOM G cos 8/7 (r —
cpefHEil pajHyc HOD, 3aHATHX COOTBeTCTByIOme# ¢aszoii). Uem mennme
7, TeM QollpIe KAaNMJJIAPHOE AAaBIEHHe. JKCOEPUMEHTH IIOKAa3HBAIT
9To B rUApoduALHOR mopmcTo#t cpepme, conepskameit xBe $asyH — HedTh
# BOZLY, PA3HOCTh MEKAY HABIGHHAMHA B Bojie H B He(TH (KaIHINApPHOE
naBleHAE) YREIMYHBACTCA C YMEHBIICHHEM HACHIMEHHOCTH HOpPHCTOR
cpembl BORo#. ITO 0GBACHAETCA T€M, ITO BOJA BHAYaj e IPOHUKAET B Mel-
KHe IDODH, TaK YTO IPH Majaodl BOMOHACHIMEEHOCTH HOPHUCTOH CpPemH T
mamo. Ilo Mepe yBenmueHHMA BONOHACHIIEHHOCTH r YBEJIWIMBACTCH,
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H KaOmialNApHOe NaBleHHe yMEHBINAeTCA. 3aBHCHMOCTh KanHMJJIAPHOTO
NaBIEHAA OT HACHIIEHHOCTH ABJIACTCHA OAHOM M3 BaKHHX HMHTErpalbHHIX
XapaKTepHCTHK KaOMIJIAPHHIX HABICHNA B DOPHCTHX cpexax.

Ecnm rugpodunsHad mopHcTad cpeia, HacwineHHaA HeTnio, Oymer
HaXOJAUThCA B KOHTAKTEe ¢ BOfoO#, TO NHoA JNeACTBHEM KaOHJJIAPHOTO
7NaBAeHHA BOAA HAYHET BOHTHBATBCA B HOPHCTYH CPEAY, BHTECHAA
m3 Hee HedTh. ITO ABJIeHHe HA3HBAETCA KANHJINADHON HPONHTKOH.
CKOpOCTh KamUNNApHOH IPOOMTKH, KOTOPYI0 MOKHO CYHTATH 3aBHCH-
me# 0T BOJOHACHIIEHHOCTH MOPHCTOH cPeAh, TaKiKe ABIAETCH BayKHOH
HHTErpalbHOH KAOHNIAPHOA XapaKTePHCTMKOR NODHCTOH Cpemwl.

ITorepXHOCTHOE HATAKeHHe M KpaeBOH Yrol CMadWBAHMA MOTYT
CyIMEeCTReHHO H3MEHHTBLCA, €CIH B KOHTAKTHpYomHUX ¢a3ax HOABATCA
BEIECTBA, MOJIEKYNK KOTODHX MMEIT TAKOe CTPOeHHEe, 9TO OfHA JacTh
MOJIEKY/IH OPHTATHBAETCH K OJHOH, a ApPyraA 9acTb — K apyrod dase.
Taxue Bemecrsa afxcopOHPyITCA Ha MOBEPXHOCTH pa3pena ¢as H cyie-
CTBEHHO CHIPKAIOT IOBEPXHOCTHOE HaTmaKeHHe Ha rpaHumme ¢as. ITH
BeI[ECTBA HABWBAWTCA nNOoBepxHocTHO-aKTHRHMME (IIAB). Tax, ecam
B He(TH, KOHTAKTHpYIOUel# co menodHoll Bomo#, MMeWTCA HapTeHOBHIE
KHCJIOTH, KOTODHE, BCTyHad B Peakmuio cO meAodYaMHd BoOf, o6pasyoT
ITIAB, To mOBepXHOCTHOE HAaTAKEHAE BONK HA rPaHEINE C He(THI0 MoKeT
CHHBUTHCA ¢ NEeCATKOB AMH/CM 10 €AMHHI MIH [0Jed eNMHHIH TUH/CM
[114]). IIpm BBepenun B Boay minm B Hedrs ITAB MOBEepXHOCTHOE HATAMeE-
HEe Ha rpaHOme $a3 TaK:Ke MOIKET CYIMEeCTBeHHO N3MEHHUTBLCH.

Cnenyer ormernts, uto ITAB, yMeHbmas mOBePXHOCTHOe HATA/KEHHe
Ha TPaHHOe HecMeIMHBAalOMEXCA (a3, HempeMeHHO NOJKHE amcopbupo-
BaThCA Ha MOBEPXHOCTH pasfena (a3 mAW Ha HOBEPXHOCTA paszaesa (as -
¢ TBEDIMIM TeJIOM U TaKHEM o6pa3oM cofepsKaHHe HX B PacTBOPe JONAKHO
ymenbmaTecA. CrlemoBaTelsHO, moBepXHOCTHOe pedcrsme IIAB m mx
apcopbnua mpepcraBasoT co6oit B3aMMOCBA3AHHEE M He OTHSIHMES
APYr OT Apyra ABIeHHA.



FTIABA III

IOJ3EMHOE JIBI;KEHHE KUIKOCTEH
1 TA30B

§ 1. OCHOBHO 3AKOH
KJACCHYECKOM TEOPHH O&OHJILTPAIIMH

XapakTep IO/i3eMHOTO IBEIKEHMSA KHJKOCTEH M raszoB OBpPeleNsAeTCA
HX CBOMCTBAMH, COCTOSHTEM ¥ CKOPOCTBIO, a TAKKEe CBOMCTBAMHE B COCTOA-
HEEM TOPHHX DOPOJ, B IYCTOTAX KOTOPHX BEPEMEMANICHA KHUIKOCTH U
ragil. Ecam BMemMamollee HPOCTPAHCTBO IOPOJ IpefcTaBisger coloi
IODH, 3aKJI0YeHHEE MEKIY 3ePHAMHE IODPOJ] @ CBA3YIIIMM 3epHA Mare-
pHEajioM, TO JBHKeHEe B HEX KHUJKOCTed ¥ rasoB HaszwBaercd QMIbTpa-
mEeil.

ITommmo ¢mIBTPAEOHHOTO NBWIKEHWA, KHEAKOCTE W Ta3H MOTYT
pepeMeINaThcA DoJ 3eMlell IO TPell@HAM B FOPHBIX IOPOJaX, KaBepHaM,
TeYb OO KaPCTOBHM KaHAJaM ® T. [.

@uiapTpanE0 BA3KOH KEUJKOCTH Boo6GIe MOKHO paccMarpHEBaTh
KaKk OQEH H3 CAy9aeB [BEKeHHSA BABKOH KHEJIKOCTU, OBHMCHIBAEMOTO
ypasEenuamME Hasre — Croxca. @uapTpanaio raga Tak;ke MOMKHO C9U-
TaTh ONHEM H3 YaCTHHX CJIyYaeB [BE/KeHHS CHHHMaeMOH >KHUIKOCTH.
OpHAKO CAOMKHOCTE CTPYKTYP PeaIbHHX HOPHCTHX CPef M BHTeKanasd
OTCIOfIa CJIOKHOCTH THJPOMEXaHHIECKHUX 3a7aT eJaloT UsydeHme QHIbLT-
panmud Ha OCHOBe O0mMe#l THIPOMEXAaHHKH HPAKTEIECKH HEBOSMOKHEIM.
BMmecre ¢ TeM B DOJaBIARMEM GOJBIMUHCTBe HH;KEHEPHKX OPHJIOKEHUA
= He Tpe6yeTca 3HATH MCTUHHOE BOJE CKOPOCTel BelecTB M moJie JaBJje-
HEH B DOpOBOM npoctpaHcTBe. Ha mpakTmKe dame BCero HYMKHO 3HATh
CBABL MEXKAY OOIMEM KOJHIECTBOM BemecTBa, HOPOTEKAWEro depes
eMEANY HOBEPXHOCTH DOPHCTOM cpeAn B eHHHUIY BpeMeHH (pacxofoM
BeINeCTBA), M FPaiueHTOM aBIEeHAsA B IO PACTOR cpejie. ITa CBA3HL BOEPBHE
6ra moayveHa ¢paHOy3cKHM mH:KeHepoM AHpm [lapcu B 1856 r.

Jlump BHOCHEACTBEE, B CBA3W C M3yIeHUEM KOHBEKTHBHOM BHYTDH-
popopoil auddysuu [122], mosasumach HeoGXOHMMOCTB pACCMOTPEHHS
HCTHHHHIX CKOpOCTedl KHAKOCTH B mopucrod cpefe.

PaccmarpuBas nBuiKeHHe BOAH B QUIbLTPaX BOXOOIECTHHX COOPYHKE-
HEf, Jlapcm Hamea 3aBACEMOCTH MeKIY PacXOAOM BOAH ¢, NpoTeKapomei
gepe3 BePTEKAJBHO pAaCHOdOkeHHYI0 1py0y, HaOHMTyI meckoM, u.THJ-
pocTarEYeCKOM HamopoM p = pgh (p — ODNOTHOCTH BOJH; g — YCKOpe-
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gue cBobogHoro mamenmsa; kb — Becora TPy6n). OTa 3aBHCAMOCTD BHI-
pasraercd gopmyoi
9=KySpg=KeS £, (1.1)

rae S — IJomanb mOmepevIHOro cedeHHa TPyOw; Kg — roaddumment
nponopIAOHAJLHOCTH, HasHBaeMHi xoaddunmenrom ¢uinpTpanum.

B pesyabrare xiaccudeckux pabor H. E. Hyxoscxoro, H. H. Ilas-
nomexoro, Camxrepa, Tepmarm, JI. C. Jleitbensona, Hosemm n gp. 3a-
pucumocts (1.1) 681a 06o6mena m npeoGpasoBaBa B 3aK0H ¢AIBTpanmam,
sanuchiBaeMuil B anddepeHmmaninHOd GopMe cienyomuM obpasom:

o= — % grad p, (1.2)

droT 3aKoH, HMeHYeMH# 3axoHOM Jlapcd, M HCHONB3yeTCA B HACTOA-
miee BpeMsA JAA ONHMCAHUA [BH)KEHHA ONHOPORHON RUAKOCTH HMJIH ra3a

-
B H30TPOUHOA nopucroil cpege. B (1.2) v ABasgeTCA BEKTOPOM CKOPOCTH
¢narTpamuu. Moxyih BekTOpPa CKOpOCTA (EABTpANHUHN PAaBeH pacxomy,
OTHECeHHOMY K eJdHUIe IJiomagu NopHucroir cpemnl. 3akoH Jlapcm
(1.2) panncan pad M36HTOYHOTO napienusa p. Hoadpdmuuent k sapasercs
k03 PUMUERTOM NPOHHLAEMOCTH (IPOHUIAEMOCTHIO) IODHECTOH CpexH.
Iporunmaemocrs pripaskaercsa B gapem (M), 1 [T = 1078 ecm2, B dopmye
(1.2) p — BASKOCTH JKMAKOCTM WJIH rasa. Ecau y4IuTHIBATH IOTHHIR
HAIIOP RUJKOCTH MJH Tasa MIOTHOCTHIO p, TO 3aK0H Jlapem mpmmer cie-

OVIONIMA BUI:
- k
v=— —-grad (p-+pgz). (1.3)

B ¢gopmyne (1.3) z — sepTERaTBHAA KOOpPHHMHATA.

B npeansHOM ciTydae NpPOHHMAEMOCTHh HOJKHA 3aBHACETH TOJLKO OT
reOMETPUIECKEX XaPaKTePHUCTHK nopucToil cpepsl. IlosroMy MHOrmM
HCCAeoBaTeAAM NPEACTABIAAOCH BeCbMa 3aMaHUIEMBHIM HalTH o6mymo
B3aMMOCBA3H MERY 0 PHCTOCTHIO HOPOJ ¥ HX NPOHAMAEMOCTHI0 — NBYMA
Haubojlee BajyKHKWME JJif ONACAHAA (UIBTPANME TeOMETPHUIECKUMH Xa-
PAKTEPUCTHKAMHA IOPACTOH Cpemu. ITY B3aHMOCBA3L MOMKHO OBLIO
HalTH myTeM NOCTPOeHUs Mometell mopHuctHx cpen. IlogpoGEKE aHanAn3
Mofielell HOPHCTHX Cpex YUTaTedb Mos;keT Haittu B tpymax JI. C. Jleii-
6emszona [65, 66], momorpaduax M pyxoBojcTBax o QE3UKe miacTa,
noj3eMHOM rupponMHaMuKe ® ¢gUsHKe nopucTHX cpen [6, 31, 40, 57,
73, 74, 95]. 3pech e yraxieM [Be Hanbosee MpocTHE MOJENH O PHCTHX
cpeq. CaMoii mpocToll MOREAbI0 HOPUCTOM CPEEl ABAAETCSA, NO-BEIUMOMY,
MOfedh, COCTOAMAd B3 Habopa NapajielbHNX MUAMHIPAIECKHX TPYOOK
OJIMHAKOBOrO nuaMeTpa d. 3Ta MOLENL HA3HBAETCA MIEANLHHM IPYHTOM.
Teuenne xmprocT® B TpyOxaX, ecAd OHO JAMHHAPHOE, ONpEeAsAeTcA
mo gopmyie Ilyaseitna. Orciona HeTpyaHO HaiTH BHpajkeHWe NJA IPO-
HHI[aeMOCTH MeaJbHOrO TPyHTa. MOKHO BBECTH TaK:Ke NOHATHe H3BH-
AMCTOCTH MIIEaTBHOIr0 IPYHTa J, PaBHOH OTHONIEHHIO CyMMapHON JJTMHBI
BCeX n HCKPHUBJIEHHHX TPYGOoK, HAXONAMUXCSA B HEKOTOPOM JOCTATOTHO
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6onpmoM o6BeMe MyealbHOTO IPYHTa. ECIAH CpPaBEATH BHpaskeHHe AJIA
pacxofia 3KHIKOCTH, IIpOXONAIieil depes HMpueadpHNE rpyHT, OoupejeaeH-
Hoe B cooTeercTBEH ¢ dopmynoit Ilyaseitna, ¢ BHpakeHEeM, PacCIUTAH-
HHM Ha OCHOBe 3aKOHa [lapcH, TO mOAyYHEM CAeqyOIMYI0 3aBHCHUMOCTH
MeXKAY HPOHHNAEMOCTHI0 HMJeadbHOTO I'PYyHTA k,,, JHaMeTpoM TPYGOK
d,4» TOPHECTOCTHI MIealbHOrO IPyHTa m;, B M3BAIECTOCTBIO J:

digmig
327 °
Ilpocroit ABAsieTcst TaKs;ke MOJeNb IOPHCTOH Cpefh, COCTaBICHHAH

U3 TBEP/IHIX IapOB ONMHAKOBOTO AAaMeTpa. JTa MOJie/Ib HaskpaeTcsa GuK-
TABHHM I'DyBETOM. JIOpHECTOCTE TaKOM CpemH 3aBHCHT 0T YKJIagKA MIapOB.

kpy = (1.4)

Prnc. 39. VYraagkm mapos

PaccmoTpaM saeMeHT (UKTHBHOTO TPYHTA, COCTOAINAA M3 qeThipex
mapos. lleaTpr mapos oGpasyior pomM6oanp (pmc. 39), ocHOBaHME KOTO-
poro, mpencrasias coboit pomG, mMeer naomans df sin & (dy — nmamerp
mapa). Bricota pom6osppa h = d; sin o.. Taxmm o6pasom, 06beM pom-
G6oanpa V = d¥sin ¢ sina. B pomGosnpe moMemaloTcss BoceMb gacTei
mapa, COCTABIAKIEX BMecTe onmH map. CiremoBsaTelbHO, HOPHCTOCTH
m, dIeMeHTa pomboaxpa BEIpamaercsa dopmyaoit

nd?

6 7 1
m=—v =1- % Smeme" (1.9

Ipa camoit TecHo#i ymakoske (pmc. 39,4a) o =& = 60°. B srom
crygae m3 (1.5) mmeem m; =~ 0,3. Ilpm mamGonee memmorTHOM yKIajmKe
(pmc. 39, 6), HO IpH yCIOBEE KacaHHA MapoB ApYT apyra o = ¢ = 90°,
Torpa Ha ocmome (1.5) moaydaem m; = 0,476.

3aKoH BEAEHOA BABKOH JKAAKOCTH B (HKTHBHOM TPYHTE TDPYAHO
DOMYIATH, CTPOTO HCXOMA M3 ypaBHEHHA rHAPOJMHAMARY BABKOH mEM-
KOCTH, BBHJIy CJAOXHOCTE MX MHTeTPDHDPOBAHHA B PacCMaTPUBAECMOM CIY-
qae. [Ipubammennoe pemenEe 3Tol 3amagm Owlyo HaiimeHo CamxTepom
[66]. Bajada o0 TedeHmH KHAKOCTE B QHKTHBHOM TPYHTe GHLIa CBEJeHA
CamxTepoM K 3ajiade O JIaMAHAPHOM ABHKEHHNH BA3KOH JKEJKOCTHE B TPY-
6ax TPeyTOJBHOrO CeYeHUs, DOCKOABKY M OHJIO DPEHATO, 9T0 OPH OAOT-
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HOJ yIaKOBKe IIapOB IPOCBETH MeMy HEMH NDeJCTaBIANT cobod Kpm-
poJinHeltHHe TpeyroipHukA. Camraloch Takie, 9To B obmacTax 3TEX
TPEYTOABHAKOB, NPAMHKAMAX K X BePHIMHAM, CYHECTBYET (MePTBafy
30Ha, TMle ABHKEHHA JKUNKOCTH He npomcxopnmr. CamxTep ompemeama
mIomank ocpeNHeHHOTO (¢dddeKTEBHOrO») CeYeHHA TPeYroAbHON DPA3MEL
® ee QJEHY, BHpPa3HB 5TH HapaMeTpH Yepe3 A@aMeTp MAapoB.

TaxuMm o6pasoM, CarxTep cBeX 3aaTy O JBHIKEHHEH JKEIKOCTE B HK-
THBHOM TPYHTE K 3ajjade O ABWIKEeHHH ;KHNKOCTE B HMNEAJHLHOM IpYHTe
¢ TpyOKaMHE TpeyroapHOro CedeHHS.

3Hasa napaMeTpPH HREaJbHOTO TPYHTa, SKBEBAJEHTHOrO PEKTHBHOMY,
ogeHb IIPOCTO HAfTE BCe rEAPOMMHAMAIECKHE XaPaKTePHCTHKE (PHIBT-
panuu B QEKTHBHOM TpyHTe.

Wnoi#t cmoco6 nepexona oT GUKTHBHOIO IPYHTAa K HAEAJBHOMY GBI
npemioker Kosenm [66]. Ilpennonosxenne, moioaeRHOe B OCHOBY 3TOTO
croco0a, COCTOUT B NpEpaBHABAHUY €MKOCTel H MIIOIajiell cMaIHBAeMHEIX
MOBePXHOCTeH (UKTHBHOTO M HMIEaJHHOTO0 TPYHTOBR.

Kosenm Gmin maiijeH rAppaBidIeCKEi pajEyc H7eaJbHOIO I'DYHTa,
skBmBajeaTHOro ¢uermaoMy. Ilocie aToro Tarme HeTPyJZHO ompene-
JETH THAPORAHAMAYECKHE XapaKTePUCTHKE ¢mIAbTpanad B JEKTHBHOM
TPYHTE.

ITomMEMO OnACAaHHEKX BHIIE COOCO00B ITepexosia 0T JUKTEBHOIO TPYHTA
K HUieadbHOMY, GRIIM IpeI0KeHH MHOTHEe APYIHe cnocolH, ommcaHme
KOTODHX MOKHO HaiiTm B amrteparype. OmHAaKO pealbHEIEe DODPHCTHE
Cpefibl CYMEeCTBEeHHO OTAMYAITCHA OT (UKTEBHOTO TPYHTA. ¥ CHIHH MHO-
rEx mcciaegopaTeleli GhIM HampaBdeHH Ha To, ITO6H HaiiTm nepexof
0T pealbHHX NOPHCTHX cpell K UKTEBHOMY rpYHTY. MHOTrHe cnocolH
CBOJIATCA K HAXOMKJeHHIO0 cpenHere (3¢dexTHRHOTO) IEaMETpa pealbHOi
OOPHCTOH CpefiH, COCTOAMER 13 3epeH Pa3HOTO pasMepa, M IPAPABHEBA-
HEO 3Toro 3ddeKTHBHOTO AWaMeTpa JMaMeTpy mMapoB QUKTHBHOIO
IPYHTA.

IIpencraBrenEs o6 upeaabHEOM B QUKTEBHOM TPYHTAX IPUMEHAITCH
I MITIOCTPanuy 3aKOHOMeDHOCTeH, XapakTepHHX 1A DOPHCTHX Cpe].
Hcmonbsys 3T mpencTaBieHAsi, MOKHO JeJaTh ONEHOYHHE PacIeTH
TeX MJIH MHHX IPONECcCOB, HPOMCXOJAINAX B NOPHCTHX CPeRax.

HKogpeuyno, B mjeanbHoM A UKTABHOM rPYHTAX HE YIMTH BAIOTCA MHO-
rme 0coOEHHOCTHE CTPOEHHSA PealBHHX NOPHCTHX nmopoj — dopMa 3epeH,
EX LIepOXOBATOCTH, HAJMYHE TYUHKOBHX mop ® 1. X. Wccaemopanmamu
®. A. Tpe6mra [110] 6mmo moxasaHo, 4T0 HIPOHHEIAEMOCTH MOPHCTHIX
cpen HePTETras0HOCHHX KOJJIEKTOPOB MOMeT 3aBHCeTh TaKke OT
dmsmro-xmMudeckmx ¢axtopos. BpocaepcrBmm 6HI npeniodeH pAT
GoJee ycaoMBEEHHEX MOfieNel OpACTHX cpe. OfHAKO TPYAHO IIOCT PORTH
MOJleJib, JOCTATOYHO HOJHO YYHTHBAKIMYKH Bce 0COOEHHOCTH peaNbHHIX
mopop-roiaaexTopoB. Hpome Toro, Kauas HOBas yCaOKHEHHAH MONENb
TpebyeT BBOJa B PACCMOTPEHME IEJOT0 DS/ HOBHX DapaMeTPOB, KOTOPHeE
OLPENIeNANTCA JHKCIePEMEHTAJLHHM IIyTeM, 9YTO, KOHEIHO, CHOKHEee
9KCIePHMEHTAJIbHOTO OOpeie/feHEA TOJABKO NOPHCTOCTH H I POHHI[AEMO-
crm. Tem Be MeHee mpo6ieMa ONMCAHHA MHKDOCTPYKTYDH HODPHCTHIX
cpel BaXKHA IJId KOJMYIeCTBeHHOro ONMHMCAHHEA pALa $U3EIeCKHX Hpomec-

73



COB, DPOHECXONAMAX B HOPHECTHX CPeflaXx (IPOXO/eHAA SIeKTPHIECKOrO
TORA, [BHKeHMs 3JEMEHTapPHLIX 9acTHUI B T. [.) I IO3TOMY IPOJOJIIKAeT
OpEBJIeKaTh K ceGe BEAMaHHe HCcJaenoBaTelei.

Boofme caenyeT oTMeTATS, 9TO JJIA HEKOTODHX OOpefeleHHEX TUIIOB
MOPOJ MOMKHO HAATH 3aBHCHMOCTH MEKIY IOPACTOCTHIO H DPOHHIAEMO-
ctoio. OnBEAKO, HECMOTPA Ha MHOTOYHCJIEHHHE DOOHTKH, 06myio cBA3b
HODHUCTOCTE M TPOHMIIAEMOCTH AAs IMIHPOKOIO KIACCa PEAMBHHX MOPOJ
naATH He yjaerca. B TeopEm ¢miapTpanmm NPEHATO CIATATH, YTO 3aKOH
Japcu nepecraeT GRITH cpa-

g Mo BeJ[JIABHIM I pX GHCTPHIX J[BA-

7 JHEHAAX KUJKOCTeH UM ra-

308B B IopHcTOii cpene. Ilpm

5 BHIABJIEHHE yCAOBHiH NpH-

MeHHMOCTH 3axkoHa J[lapcm

BOBHHUKJIO cooOpamenme 00

5 agajJorm®m (uiabTpamEm H

TpyOHO# THJApAaBAAKH, rue

KpHTepEeM HapyIIeHHA Ja-

4 MHHapHOTO Te9eHHUA  AB-

Adercs JOCTH;KEHHe oOmpe-

IEeJCHHOTO  KPHUTHYECKOIO

J 3HAYEHHA gacia — Peii-
HOJABJICA

) ®opmyaa, onpepens-

omas KPUTATIECKOEe THCIO
Peiinonsuca s mopucroi

! . : : - ; cpefnl, Gbijia BIEPBHE Ipef-

< -z 0 1 2 19% ommenta H. H. IasaoBckuM
Prc. 40. BasmcmMocts Ig Ay or IgNme: [89].

1 — TecoK; 2 — MEeCYaHNK, RpI/ITE‘IeCKne gncaa Peid-

y oodlemdp| oo vdp HOJIb/ICA, OPH KOTOPHX Ie-

() 2p7 ' TReT Ty pectaeT GHTH ClipaBe I NBHM

3axoH Jlapch, coCTaBAAIOT OT
7,5 mo 9,0mo H. H. Ilarosckomy, or 0,22 mo 0,290 no M. 1. Mua-
amormumKoBy, or 1 po 12 mo B. H. llenxageny [95]. Cymecrpennoe
pasiamuNe yKa3aHEHX BelMIMH KPHTHUIECKAX ducel PeMHOIBICA 005~
ACHAETCA pAasNWIBHM BHOOPOM XapaKTepHOTO JWHEHHOro pasMepa
mopucToll cpens. Bce mpmBefeHHHEe BeMYMHH KPATHICCKHEX YTHCEN HA
HECKOJIbKO MOPAJKOB MeHbIIe KPMTHYECKOro wucia PedHomnpca, npm-
HEMaeMoro B TpyOHOR rupapamsnmke papaniM 2300.

B xagecTBe SKCIEPHEMEHTANLHOTO HONTBEPH/IeHHA HADYUIEHAA 34a-
rona Jlapcm mcooassyiorca onutet ®smvepa, JIvouca m Bepuca [112]
7 7p. B oramane oT BapylleHERsA JaMUHAPHOTO TedeHUA B TpyGax Hapymie-
BHe 3axkoHa [JapcE npomexopmT miaaBHO (pue. 40), UpHE OTCYTCTBEH
XapaKTepHOTO AJAA MepeXOAHOTO peERHMa (C JTaMHHEAPHOro Ha Typ6y-
JeHTHHHA) pesKoro ypelWIeHAA THPaBINIECKOT0 compoTHBienus [112].
IInapEHE XapakTep H3MEHeHHA THJPABIMYIECKOTO CONPOTHBIEHHA OT
gmena PeftHonbaca mo3BoAmA HafiTE [JOCTATOYHO NpPOCTHE BHIPa}KeHHA
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3aKOHOB (EABTpaIEH, CIIPaBe[IEBEE BO BCeil 061acTh cKOpOCTeil BHIKe-
HHA SREIROCTel 1 rasos B mopuctoit cpene. Miomiom u saTem @opxreii-
mepom [18, 95] G BrepBHe mpeNoeH ABYIACHHHH 3aKOH QHIABTpa-
umn.
B Bacrosmee BpeMs ABywIeHHHH 3aK0H QHILTpAaOAE 3alNCHBAETCHA
B BHJE:
- > k
Av -4 Bvv = — grad p, A=—7' (1.6)
Iinsg roro 9roGH BHIACHHETH CMHCA BeJIWIWHH B, cpaBHHM BTOpOH
gyer npaBoii 9actu gopMyaH (1.6) ¢ @3BecTHOH B ragpaBIEKe dopmynoit
HMapca — Beiic6axa
2
|grad p| = L5, (1.7
rae d — XapaxTepHHI IHHEHHHHA pasMep; U — CKOPOCThH [ABHMKEHHA
RUIKOCTE HJIHN rasa; A — KoddUIEEeHT rEpaBIMIECKOr0 COIPOTHBIE-
HUMSA ; 0 — IJIOTHOCTH JIBEJKYINETOCA BeIIecTBa.
Ecau nonomnts ¥ = v, To u3 cpaBHeHus (1.6) m (1.7) moayamm

M
‘Z"d_l

3axon [lapcu B COOTBeTCTBYIOMEM 06pa3oM 060GmMEHHOM BHAe LpH-
MeHAeTCA A ONMCAaHEA QMIBTPAanuMd B JeOPMAPYEMEX cpefiax, (GUabT-
pamEm MHOTo$asHHX M MHOTOKOMIOHEHTHHX BellleCTB, (EIBTpamud
B aHN30TPOBHHX cpefax ® T. /. B ciydae medopMApyeMHX cpel LIpOHHA-
aeMOCTh IPUEMMAaeTCAd 3aBACAMER OT HaIPAMKEHHOTO COCTOAHHEA CpejH
® Ha OCHOBe B3aMMOCBA3U HaIPAMEHHOTO COCTOAHHA CPEAH B [aBICHHA
HOJNYydaeTcsa CBA3L IIPOHANAEMOCTA W naBienus. llpm ommcaHum MHOro-
dasHO#E ¢EABTpPamMM NPOHENAEMOCTh NDAMHAMAETCHA 3aBHCAMEH 0T Ha-
CHIIeHHOCTH IIOPHCTOH cpepn cooTBeTcTBylomelt d¢azoit. B caygae
JUIBTPAaNME B AHM3OTPODHHX Cpefax CcYATAeTCH, ITO HPOHAIAEMOCTH
pasIdiHa B Da3NMIHHX HAaOpPaBJeHHSAX B CpeJe.

OcoGril crygaii PUABTPamEME EMeeT MeCTO, KOT/IA JKHIKOCTh, HACKIIA-
omad DOpHECTYI0 cpeny,obaanaeT HeHBIOTOHOBCKEMN cBoiicTBamMu. Torpa
dunvrpanma mo saxkony [JapcE nmGo MOKeT HAUMHATHCA JAMNIL IPH
onpejieleHHOM 3HAa4YeHMHW TpajHeHTa JaBieHHs, JHEO0 OpH YMeHbIICHWH
TpajEeHTa jaBieBHHA HaOalopaercs Oojiee pe3KOoe CHEKEHHE CKOPOCTH
$unpTpanuu, weM 5TO cAeyeT M3 3aKoHa JlapcH.

B= (1.8)

§ 2. YCTAHOBHBIIAACA ®HJIBTPAIAA OJHOPONHON KHUIXKOCTH

Jls onmcaBmsA TeYeHUA KAKOCTe M Ta30B B DOPHMCTOH cpese HapAIY
€ 3aK0HOM QHUIbTpPANMH, CBASHBAOIMAM CKOPOCTh QHEALTPANNA U Tpa-
JWEeHT naBieHHsA, HeoOX0MUMO HCOOMB30BaTh 3aKOH COXDAHECHHA MaCCH
¢masTpylOmeroca BemecTBa. Y paBHeHHe HePa3PHBHOCTH MacCH, OTpa-
FKalomee 3TOT 3aKO0H, BRBONNUTCA NJA NOPHCTOM cpelik TaKEM e 06pasoM,
KaK OHO OHIJIO ImMoJIy9eHo @ 171 o6niero Ciydas NBHMKEHHMA MATePHAJBHOM
cpentt B § 4 mepBoit riasw. IIpE BHBOjEe YPaBHEHHsA HEPa3PHBHOCTH
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Macch QHABTPYIOMErocA BEMECTBa YYMTHBAETCA TOT (AKT, 9TO 3TO Be-
INEeCTBO 3aKJII0YEHO JMMb B mopax cpens. IlosTomy, ecam moapsoBarbed
HOHATHEM CKOPOCTE QEIBTPAamWM, PaBHOH, KaK M3BECTHO, PacXONy Be-
MeCcTBa, OTHECEHHOMY K HOJHO BOBePXHOCTHE NOPHCTOH Cpemsl, BRANIAH
u MaTepHhaj CpejH ® IOPH, TO B YPaBHEHHEH HepaspHIBHOCTH Heobxommmo
VIATHBATH HNOPHCTOCTH CpPEIHL.

YpaBHeHHMe HepPa3pPHBHOCTE MACCH (UIBTPYIOIMErocs BemecTBa, Ha-
3HIBAEMOE JACTO IPOCTO YPapHEHNEM HEepaspPHIBHOCTH, NS YCTAaHOBHBHIE-
rOCA [BU;KeHUA MMeeT CJHefyoIUi BUA:

div p;=0. (2.1)

Bypnem pacemarpEBaTh yCTaHOBHBIIYIOCA GEHABTPANMAIO, KOTMA MOMKHO
camrars p = const. Torma ma (2.1) mMeem

divo =0, (2.2)

Bynem cautaTh mOpHCTYIO Cpeny OXHOPONHO# T m30TponHOo#. Memonn-
3yd sakoH Jlapcm, u3 (2.2) moiaygaem

divgrad p=vy?p=0. (2.3)

Vpaererue (2.3), asisionmeeca ypaBHeHHmeM Jlannaca, omDHECHBaeT
pacnpejiefieEde NaBIeHNA IPA YCTaHOBABMeHcA RABTPAnHY OJHOPOIHOM
/KUIKOCTE B ONHOPOJHOM M M30TPOIHOH HOPHCTOH cpepe.

Ilpm oHOMEPHOM JBHKEHAE HeC;KMMaeMOM KUKOCTH B DPAMOIAHEH-
HOM IJlacTe ypapHeHHe QuabTpamum (2.3) IpEHHMaeT BH:

ap
—627—0. (2.4)
Ero maTerpmposanme paer
Bumonuas yeaosua p = poupu x = 0 m p = p, upHE z = [, EmMeeM
LPb 2% 2.6
pe—po 1 (2.6)

Mepexons x pacxomy g mo gopmyne g = vS (S -— momepedHoe Ce-
weHHe INTacTa), MoJydaeM, HCHOAb3yA 3aKoH Jlapc:,
o= kS (Po— Px) . (2.7)

pl

laprerue po OGHYHO HaA3HIBAIOT JaBlIeHHEeM «HA Tajepeey, & p, —
NaBJeHEEM ¢Ha KOHTYpe HETaHOs.

B caygae ofjHOMepHOR pajmalbHO# (QEIBTPANEU ypaBHeHEe (2.3)
npeobpasyercsa K BELY:

q

9%p 1 dp _
75——-}— _r-_(F ——0. (2.8)

IT0 ypapHeHHe HMeeT PelleHHE
p=Alnr+B. 2.9)
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BunoxEmM yciaoBEA Ha IPaHENAX:
p=Dp. OPE r'=T,, Dp=p, ODPHE r=r,. (2.10)

3mecs p, — NaBleHHe B CKBa)KWHe, & p, — JaBieHde Ha KOHType
NUTaHASA.
B pesyarTate moryiaem

In—
P—Pe e, (2.11)
Pxk— Pec In K. ‘
Te

Ilpm mepenape pamxenmsa Ap, = - H3 PAgHAJBHOrO IjacTa
c K pc

JoGHBaeTcsa KAAKOCTH ¢ pacxoxoM ¢. Ha ¢uapTpyromeit mopepxHOCTR

CHKBKIHK HMeeM

_ omkh op
q=—pTe (T>'="c, (2.12)
rae h — MomHOCTh (TOMIMEHA) IJIACTA.
Hockoasry ('ip—) =pi~_—‘i°-—1-, 23 (2.12) momygaeM ¢opmyay
ar Jret, InT& Te
Te
Jromron:
2nkh  px— Pc
g=—"-"t = (2.13)
¥ Ix
Te

IIpn npumenenmm gopMyam [(omoM K peaibHHM CKBa)KEHAM YACTO
noiydaerca 6ojninoe HECOOTBETCTBEE MEKAY pPAacIeTHRIME M daKrage-
CKEME BEIMIHHAME DAaCXOJIOB KUIKOCTH ¢. 3T0 OGBACHAESTCA HaamimeM
B6IE3A peadbHHX CHKBa;KUH NOBHIIEHHHX, a MHOIYA HOHEKeHHHX
(RALTPAEOHENX COODPOTHEBICHEA, OOYCIOBIEHHHX €CTeCTBEHHHM WHJIH
HCKYCCTBeHHEIM H3MeHeHHeM c000mMaeMOCTH CTBOJA CKBaKHHH ¢ IIIa-
CTOM B pesylbpTaTe 3arpsAsHeHHsA DJacTa IpH GypeHEHM CKBAKHHHL,
nJacTHYeCKol mefopMand® mopop, HeAoCraToYHOA mepdopammm ofcap-
HOII Tpy6H, BO3NEHCTBEA Ha HPHECKBaKHHHYI0 (mpm3aGoiimyio) 30HY
miIacTa ¥ T. 1. B HedrerasompoMecA0BOi JHETepaType HM3MeHEeHHe IIpO-
HHIAeMOCTH IijacTa BOAWSH CHBaKEHHL 9acTO HA3HBAT 3@dexToM
«HECOBEPINEHCTBA CHBAMKHHHp HJIH (CKHH-3JJeKTOM», KOTOPHH y9HMTH-
BawT, BRoaA B (Qopmyny Jlionmom (3ddeRTHBHHITY pag@yc CKBa)KHHH.
Ha npaxtnke GmBaer, 4To oTHomeHMe d>PQEeKTHBHOTO pPajgAyca CKBa-
MEHH K (aKTHIECKOMY COCTaBAseT BeAHYUMHY, M3MEHAKINYIOCH DpH-
mepHO oT 102 10 1075,

IIpa nenTpansHO-cCEMMeTpUYHOM fuabTpanmm ypasaerue (2.13) umeer
BAL:

ora +_r' ?‘:0. (214)
Ero pemenmem siBnfercs BHpameHHE
p=5+0, (2.15)

rme C 1 C; — NOCTOAHHEIE WHTErPUPOBAHMEA.
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HonycraM, 910 ¢uUABTpamua NPOMCXONHT B LJACTe MEKNY RBYMHA
KOHIEHTPHYIHKNMHA CpepHIeCKEME DoBepxHOCTAME. Ecim Ha ojHO# mmo-
BepXHOCTH, EMelIIedl pagmEyc r., naBleHHe p = p., a Ha JIpyroi p =
= p, OpE I = r,, TO pacupejejleHHe NaBiAeHHEA B miacTe GyjeT BHpa-
marsesa dopmyroit

P=pc __Te T | 2.16
Pk— P¢ 1 . 1 ( ) )
Ie g

WnTepecHo, 4To B clydae meHTPaJbHO-CHMMETPHIHON (GEIbBTpPANAm
HaplcHEe MOKET HMeTh KOHOUHYI0 BeAMIMHY NP OeCKOHEWHOM pafiuyce
BHemBel cpenn. Jto BEnHO H3 gopmyaw (2.15). B ciywasax e mpsamo-
nuHeHAHO# ¥ pajmaibHO# QEABTpAamEMH JaBie-
y BHEEe CTaHOBHUTCHA OeCKOHETHHM IPH CTPEMJICHEE
K GecROHEYHOCTH pACCTOAHEA MEKAY ratepeeit
AJMd CKBaKHMHOA ® KoHTypoM pmrasms. Ilpm
r, —> oo u3 (2.16) moaygaem

ﬁf%%=1—%?' (2.47)

Pacxon ¢ mmproctu, ¢mabrpyomefica B
njacTe MeKIy HABYMA cdepaIecKAMH IOBEpX-
HOCTAMHE, ompepeaseTca ¢opmyaoi

0 x
Puc. 41. Cropocts ¢min- q= 4nk _ Px—Pc (2.18)
TpanmEE v H ee IpPOeK- I S

ned re rx

M3 comocraprenns gopmyn (2.13) m (2.18) BugHO, 9TO PacXop sKEA-
KOCTE IpH IOPOYAX pPaBHHX YCAOBAAX B Ciaylae paamnaibHo#l ¢mianrTpa-
OHEE pacTeT NPONOPUEOHaABHO (In 7, /r.)”, T. €. CPaBHUTENBHO MEJIJIEHHO,
a npm chepmdecKod QuabTpanEmm — GrcTpee (IPONOPIEOHAIBLHO 7).

Paccmorpmm Teneps nByMepHYH ¢uiabTpamuio. YpasHeHHe QHIABTpa-
nau (2.3) IpAEEMaeT BHJ:

02p 02p
Froaan v =0. (2.19)
Ecnm BBects moremmuan ¢uasrpammu @, mpuaem O = -k—p-, v, =
e e i
= —%; W= —%; TAe U, v, — cKopocT: dEabTPpAmUHN  BHOJB

COOTBETCTBYIOMMX ocei, To u3 (2,19) moayIuM ypaBHeHHe IJsA DOTEH-
nEaxa \

02 a2

—012 +_6y2 =O. (2.20)

BBG‘}IGM HOpencTaBleHNe O JIHHHAX TOKa H JIAHMAX PaBHOTO NOTEH-
nuaJna. Jlupmm Tora — aro JAAHEA, KacaTeJbHHE K KOTOPHBIM B Ramnoﬁ
TOYKe CcOBHANAIOT DO HAaOpPaBJAEHHIO C BEKTOPOM CHKOpPOCTH (bnmﬂ'pannn
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B pamHOK Touke. JImHME paBHOrO HMOTEHNHWAXa WM SKBENOTEHIEANHE —
AMHEEE, HA KOTOPHX NOTEHOUAN TeYeHHMA OCTAETCH HOCTOSHHEIM.
Coramacao pmc. 41 mmeem dopmyamn

cosQ =

cosp=—t o2 (2.21)

[v] ar’ [v] 1

mep&v[ — MOJyJib BEKTOpa CKODOCTH (JUIABTPAIHH.
3 (2.21) moaywaeM pmmdpdepeHmEaNLHOE YpPaBHEHWe JIHHHH TORA

-E-=iy-, v,dz—v,dy=0. (2.22)

Uy vy

Ilycrs ypaBHeHEme JHMH@IA TOKa BHpaskaeTCs B BHJE:

¥ (x, y)=const. (2.23)
Yuanrusan (2.22) m (2.23), mmeem
o o )
oD o0
- dy_Ty dr=0. (2.25)
Uz cpasmenms (2.24) m (2.25) noxydaem
ob 0¥ a®d v
ey s (2.26)

Ecam tremeps BRecTE B paccMoTpeHre JYHKIEIO KOMILIEKCHOrO mepe-
MeHHOTO F (z) = @ - {¥, 10 ypaBHeHHs (2.26) MOKHO CIHTaTh YCJIO-
saamME Homm — Pumana. Tarmm oGpasoM, KaKol aHaaaTRIecKOR yHK-
OEell KOMIUIEKCHOTO epeMeHHOro F (z) ommcEBaercs onpefeaeHHOE yCTa-
HOBHBIIEECH TeUeHHE B INIOCKOCTH T, Y.

Meroxgst ¢yBKUIME KOMIUIGKCHOrO IIepeMEeHHOr0 HANUIM HIEpPOKOe
OpAMeHeHHE B IJIOCKEX 3ajadax TeopHum ¢uabTpammm Gaaromaps pabo-
taMm H. H. Ilasaosckoro [89], II. fl. IlonyGapumosoii-Koampoir [93]
= 7p.

IInockme TegeHEA B miaacTax pacCMAaTPHUBANNCh € MCHOJb3OBAHEEM
dyERmUiE romuxercroro mepemensoro B. II. Ilmmartosckmm [90].

IIpexpe Bcero paccmoTpmM QyHRIEIO

F(z)=-% Inz. (2.27)

2n
HenocpencrBennoii npoBepKo#i MOKHO JeTKO yOeXMTBCA B TOM, UTO
BemecTBeHHAA M MHAMAs 9aCTH 3TOl (YHKINE YXOBIAETBOPAIT YCIOBHEAM

(2.26) m, cnemoBaTeapHO, 3Ta (QYHROUA MABAAeTCA aHaJATHIECKOi.
N3 (2.27) monywaeM, 0TReAAs MHEMYK H BelleCTBeHHYI 4acCTH,

q)=_2;1[_h In (22 + y?)'/s, ‘F=2;1I—h arctg = (2.28)
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OKBHIOTEHNWAJA [AaHHOTO TeYeHHA HPeNCTABIAIT coloit ceMelicTBO
OKDY}KHOCTeH, a JHMHAE TOKa — IIYY0K IPAMHX, IPOXORANIAX depe3
Hadamo xoopamuaT. O6osmavaar = (22 4 y2)!/2 m paccMaTpUBaA TEICHA
MeKAYy HABYMA KOHIEHTPHUYECKAMH OKDYKHOCTAME, JI6TKO HOJYYHTH
$opuyny Niomon. Ecan r — 0, aMeeM pemeHHe, onpeseadomee TeIeHHO
K TaKk Ha3HBaeMOMY (TOZeIHOMY» HCTOTHHKY.

B TpexmepHoM ciyuae ypasmerme (2.3) mpEHHAMaeT BHX:

02p d2p a2p
N (2.29)

Ero pemenmmeM, onmmcHBanmaM (HIBTPANHI0 K TOTETHOMY CTOKY
PACIONOKEHHOMY B TOUKe T = Zo, ¥ = Yo, 2 = Zo, GyHeT BHIpaKeHH®

= B (@ — 2P+ (Y — o)+ G — 2P (2.30)

Ucnonbays mpmamun Hanokemns (cymepnosmnmu) pemenumit (2.30),
a TaxkKe cC4BTaA, 4T0 ¢ = q (Zo, Yo, 20), ¥ BHIOJIHAA COOTBETCTBYHIINO
I'PaRHMYHEIE YCIOBHA, MOKHO HOJY4IATH pelleHHA, ONHCHBAIIMHAe YCTa-
HOBABIIYIOCA GHIBTPANINI0 B TPOXMOPHHX 06JaCTAX €O CIOKHOH KOHQH-
rypanmues.

Yy
X a-=a
l
}f 0y by S x
l |
\b_/

Prc. 42. PacooNOKeHHe TOYeUHHX HCTOYHHKA M CTOK:

BepHeMcsa Temephb CHOBa K pPAcCMOTPeHHH) HEKOTODHX CAydYaeB
¢mabTpagEME B ABYMepHOA 00JacTH, IpeACTaBIAKNIIAX HHTEpeC AJaA
HpaKTHEKH.

B xagecTBe OXHOro W3 HPHEMeDPOB DPaCCMOTPHEM YCTAHOBHBIIEeCH Te-
YeHHe B IJIaCTe OT HCTOTHMKA K CTOKY M HOKasKeM, Kak, ACIOJb3yd Moy~
YeHHOe DeIlleHHe, MOKHO HalTH pemeHHe 3ajayd o ycTaHOBHBIIeHcA
¢EIbTPANAA K CKBAKEHO, DACIIOJIO0KeHHOH SKCHEHTPETHO B INIACTe KPY-
rosoit gopmu. McmoasayeM MeTogmky pelleHHs 9Tol 3afadd, AAHHEYIO
. A. Yapaum [119].

ITycrs B Touke x = a (pHc. 42) pacmoiosKeH TOYEIHK CTOK, 2 B TOYKO
£ = —a HaXOQHTCA TOYCYHHH HCTOYHHK. ¥ pasHenme Jlammaca, KoTo-
pomy ypmoiaersopsior ¢yEknmu @ m W, ammeiino, W, cllenoBaTeNbHO,
CyMMa BYX PelleHHil 5TOT0 ypaBHeHHA TaKiKe ABJIAGTCA ero pelleHHeM.
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ITosTOMy MOKHO HeMeJJIeHHO BHIIHCATh HCKOMOO POIIeHHe B clegyomeM
BHJIE:

F(3)=3—[ln(z—a)—la(z-+a)l. (2.31)

OTnensas BemecTBeHAYI 4acTh B opmyie (2.31), mmeem

_q (z—a)24y2 7}/s
0= In [ FEEE ] (2.32)
YpaBHeHHe 5KBHIOTEHIEANEH B 3TOM ciydae Oymer
(z—a)2+y2 __
et =const. (2.33)

Ypapmennme (2.33) saABIsAeTcHA ypaBHeHHeM CeMeHCTBA OKDY)KHOCTed,
SKCIOEHTPAYHHX [0 OTHOMEHAI) K HCTOYRHEKY H cTOKYy. OnHy H3 OKpYX-
HOCTeH MO)KHO IPAHATH 32 DKBANOTEHIIAAND, & CTOK AJH ACTOTHEK MOKHO
npROIEKeEHO CYATATh EMEOIHM MajJuil, HO He DABHHH HYJI0 pagHyC
re.

Torga moskHO cumTarh, 9T0 B a1060# TOYKe HPH r = r, HOTEHIHA.I
mocrosaeH B paseH D.. [lpm y = 0 na (2.32) mmeem

, (2.34)

z—a
z-+ta

4
O = 2nh In

a NIPHA r —r. OPpEGIH/KEHHO MOKHO HOJAraTh (cM. pmc. 42), 4ro

r—a

Te
|~ (2.35)

~~r
x>a 2a

Beprmkaisane amEmm B dopmynax (2.34) m (2.35) osmawawT, 9T0
paccMaTphBaerca abCONIOTHOe BHAYeHH® BeIHYHHH (r — a)/(r + a).

U3 dpopmynn (2.34) m pmc. 42 Buireraer, 4ro upa x = b m x = b,
HMeeT MeCTO COOTHOINGHHe

b—a a——bl
=t (2.36)

YamruiBaa, uTo b—’% =r, B COINIaCHO pHC. 42 b =a + § +
+roampmr=5b @ = O, norysaem
_q b—a q &
(DK“ Itk ].n b+a = Sk ln TK-. (2.37)
N3 (2.34) m (2.37) mMeem
25th (Og — O,
=2 . (2.38)
In o (1-—?

Ilpm orcyrcrmm skcmemrpmcmTera, T. e. mpE § = 0, ma (2.38) mo-
ayaaeM ¢opMyny Jlomon.
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Ilpm mcciaenoBaEmE NMIOCKEX TeYeHHMH IMMPOKO IPAMEBACTCA TeOPHA
$yBEKIOAN KOMINIEKCHOTO IlepeMeBHOro H, B IacTHOCTH, KoH{popMHOe
npeoBpazosanne.

PaccMoTpmM, HampEMep, IPHATOK JKANKOCTH ¢ febmToM g #3 Gecko-

'HOYHOTO IJAACTa MONIHOCTHI kb K TOHKOHM medm (puc. 43) mammHoi 2 I.
Nenonssyem pyrxnao H. E. Hy-
A KOBCKOTO

- z=%(;+%). (2.39)

[ L —™ HKaxk 6ma0 cKasaEo BHIDe,

sTa (GYHKOHA HEpPeBOXAT OKPYK-

HOCTH OBGJacTH  KOMILIEKCHOIO

HepeMeHHOTO0 [ B »indncs o06JacCTH KOMOJEKCHOTO IEPeMeHHOIo Z.
IIycty B obaactE { pasa QyBROAA

F=--Ing+C. (2.40)

r-

Puc. 43, Tpemmna

OHa OmACHBaeT TeYeHHe JKHAKOCTH B GeCKOHewHOM MIACTe C KPYTro-
BHM BHpe3oM. Ecam mepeiitE B obaacth 2z, To dopmyna (2.40) 6ymer
OTIACHIBATh TedeHHE W3 TOHKOH IelW B HeorpaHAYeHHWIH HAacT.

Prmc. 44. DBataped CKBaXHH B ILIACT®

B kadecTBe BTOpDOro HpHEMepa PACCMOTPHM TedeHHEe B ILTACTe, AMe-
1omeM B INIaHe KpYroByl ¢opMy B cojep:xameMm (Garapeio m3 n CKBa-
HUH, PACHOJOEHHHX IO OKPYKHOCTH DAXHEYCOM r¢, KOHIEHTPHYHOM
IO OTHONIEHMI0 K BHeIIHeMy KOHTYDY r, Haacra (pHc. 44, a).

MosHO, HCXOAA W3 CHMMETDPHH, pacCMaTpHBATh TedeHHe B OHOM
cexTope ¢ yraoM O (cM. pHc. 44, 6). IlpumeEmEM Temepp cliemyromee

npeobGpasoBanme:
[=2z" (2.41)

OHO TIPOW3BONAT (PA3BEPTKY» CeKTopa (CM. pHc. 44, 6) Ha HMOAHMIH
KpYT.
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TaxaM o6pa3oM, ecIH B IJIOCKOCTH z MMEEM CEKTOD ¢ HCTOYHHKOM,
T0 B IVIOCKOCTH { IOJyYaeM HCTOYHHK, PACHOTOKeHHHHE 5KCIEHTPHEIHO
B xpyre. Pemenme 3aja9m 06 HCTOwRHKe WIE CTOKe, PACIOJOMKEHHOM
DKCIEHTPHAYHO B IJIAcTe KPYroBoil ¢opMu B miaHe, GHI0 MOMydeHO BHIIe.
Jle6uT cKBasKHHEL B 3TOM caydae ompepeiserca gopmyroi (2.38).

Temeps, mosaras, 9ro HOTEHIMAAH HA CKBa)KHHEe W KOHTYDe HATAHHA
OCTAITCA ONMHAKOBHMA KaK B IIOCKOCTH z, TAK H B IJIOCKOCTH {, mocra-
TogHO B opMyiie (2.38) 3aMeHATH reoMerpAYECKAE HapaMeTPEL B COOTBET-
cTBAE ¢ npeobpasoBarmem (2.41), aT06m moay4uTH PopPMYITY, OHpefeIA-
MYy ae0AT CKBaKHHE, PACHOJIOMKEHHOH
B cexrope (cM. pHc. 44, 6). On

HomoxmM { = pet®, z = retd. Torma %7
B coorsercrEE ¢ (2.41) p, =13, 0 = 8
= nB, § = r}. 3amermM, uro B dopmyne 6
(2.38) remepnr BMecTo r,, r. 6ynem mMers
Pys Pc- MiA TOoro wurobm HallTH 3aBHCH-
MOCTH MEXIY P U I, IPEMEM OTH BeXH- <
9ABH JXOCTATOYHC MAaJHMH II0 CPABHEHHIO . .

!

g 7
C P H Iy 2 Lgn
Mz (2.41) caepyer, uro Kaskpoil TOY9- Pme. 45. 3asmcmMocts Qp/q,
Ke miockoctd § coorBercTByeT ompee- or lInn
JIeHHAA TOYKA ILUIOCKOCTH Z, a TaKKe 4T0 B
™ o d
9TOA Iape TOYeK CYMIECTBYeT OIIPefleJieHHOe 3HAUeHHEe NPOA3BOJHOM é .

Ecam cumrare pajgmycH P, W r, MaJdHME OTpDe3KaMH COOTBETCTBY-
omux obxacrelt, To, HoCKOABKY d{ B dz — GecKoHe4HO MaJdHe OTPE3KH,
MOKHO HPHGAHKEHHO HAOHCATH

d

d_g ~2L npm z=r, (2.42)

e

Orcrona
Pe= (—%) re IPpH Z=r,. (2.43)

Hopcrasms yrasangme Bume Bexnudnan B (2.38), nonyaam ¢opmyay,
onpeeNANMYI0 fe6HT ¢ KaxKAOH CKBaKHHH B GaTapee (cM. pPHC. 44, a):
21tk (B, — Do)

. (2.44)

q_ln(rK)n ro 41— 1
ro nre rg \2%
(7%)

Qopmyny (2.44) BBEAYy NPHEATHX OPA ee BHBOje NPHGIHKeHHH
MOMKHO UPHMEHATh NPH 1, A3MEHAKMEMCA OT eXUHANL 70 BelHYAHEI,
IIPEMEPHO PaBHOH ry/r..

MEaTepecEo mpocaequTh 3aBECHMOCTh CyMMapHOTO JeGHTA BCeX CKBa-
’KHH B GaTapee (), oT YACIA CKBAKHEH n. J[JA IPOCTOTH IpAMEM OTHOIIe-
ume ¢, K 1e6ATy OfHOE CKB&)KHHH g, NIPH OJHEX W TeX jKe 3HAYCHHAX
napamerpos b 7 (O, — @) m wmomowmm r./ro = 2, ro/r, = 1000.
I'pagmx 3apmcmmocram Q,/g, = f (Ig n) moxkasam Ha pmC. 45 H3 KoTo-
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poro BBRHO, YTO IPH yBeJIHYeHHH UHACJa CKBa)XHH B Garapee oT ommEOM
KO XeCATH cyMMapHHH ne6AT Garaped yBeHIHBaeTcd ToNbKO B 6,4 pasa,
a IpHA YBeJIMYeHAH YHCIA CKBAXKHH OT ogHOM mo cra @, yBeamgmBaerca
B 10 paa.

Ilpm yBenmueHHMm Ymcia CKBaKEH CBHINE CTa CyMMapHHI nebut Ga-
Tapem IpaKTHYecKHW He yBedmumBaercA. Onnmcammoe BHiIle sfBlIeHHEe He-
TIPONOPNHOHANBEOro yBeJIHYeHHA CyMMapHOTO jebmTa GaTape:m ¢ poCcTOM
YuCcaa CKBaKMH 06yciaoBIeHO AX B3aMMHHM BIHAHHEEM, HOCAMEM Ha3Ba-
HHe WHTe[(QepeHIVH CKBAKUH.

Ilpm qmcne ckBakUH, NpeBHINAIONEM CTO, CYMMapHHE Re6ur GaTapem
CTAaHOBHTCH NpPAKTHYECKH DaBHWM AeOHTY OFHON KPYymHOM CKBa’KHHH
PajiEycoM ro IPHE TOM jKe 3HAYeHHH r, — DaJRyCa KORTypa OATAHHA.

§ 3. HEYCTAHOBABIIAACA ONIBTPANNSA JKHJTKOCTA

Ilpm HeyCTAaHOBHBIIEMCA JABHKeHHE >KHJKOCTH B IODHCTO# cpepe
H3MeHeHHAd BO BpEeMeHH JaBJIeHHA B CKOPOCTH XHIKOCTA IPHBOXAT K M3~
MeHeHHI0 NIOTHOCTH >XKHAKOCTH H IIOPHCTOCTE IOPOX.

Ilpm BmBOJe ypaBHeHMA HeyCTaHOBHBINeiica ¢mapTpammm Heob6Xo-
IAEMO B3HATH 3aBACHMOCTb IIOTHOCTH KHJKOCTH OT JaBJEHHS, a TAKXKe

VIATHBaTh H3MeHeHHe H0poBOTo 065

‘q’ ¢ eMa @OpU UW3MeHeHHH HAIPAKeHHOI0

COCTOAHHMA NODOJ, BH3BAHHOIO Nepe-

pacnpeneieHHeM JaBIeHAA KHATKOCTH.

Baxmoe 3HageHme [IA NOHEMAaHHASA
MeXaHH3Ma BIHAHAA CHKHEMAEMOCTH IO~
poA Ha ¢EIBTPAanBI HMedH paGoTH
H. M. Tepcesanosa [29], M. A. Buo
(1331, B. A. O®aopmra [113],
0. E. T:xexo6a [140}, B. H. lleaxa-
geBa [125, 126} n np. Teopna meycra-
HOBHBIIe#cA QUIALTpAaOME B He{TeBO-
NOHOCHHIX IJAaCTaX ¢ y9eToM CKEMae-
MOCTH KHJKOCTH HW IIODPOJX HOJYYHIa
Puc. 46. Jleficreme ycunmii ma Hambodee mojiHOe pa3BHTHe B paborax

06pasen, HOPHUCTOM CpeABl B. H. lllenxagesa (125, 126]. Hanpa-

JKeHHOe COCTOAHHAe HOPHCTHX IIOPOT,
HaCHIMEHEHX JKAJKOCTHIO, OyReT mogpofHO paccMoTpeHO B ciaexyomeit
raaBe. 3pech Ke YKajKeM HEKOTODHE OCHOBHHE 3aKOHOMEDHOCTH MeXa-
HEYECKOTO B3aHMOAEHCTBAA TOPHHX HOPOX M HACHD{AKDIAX HX Be-
mecTB, HeoOXogAMue IPH BHBOJe yPaBHEHHWA HeyCTaHOBHBINeHcA QHIL-
TPAanHHA }KEIKOCTH

s roro arobu Goslee HaraARHO HPeACTABATH MeXaHH3M CIKAMAaeMo-
CTH TOPHCTHX, HACHIIEHHHX JKAJKOCTHIO, TOPHHX IODOXK, pacCMOTpHAM
obpasen HexoTopoit 0co0oi mOpHCTOR Cpefbl, MMeOmel BEICOKYIO CHH-
MaeMoCTh 3epeH (HAIpHEMep, IODHCTaA Cpefa, COCTABIGHHAA M3 PE3HHO-
BHX INapHKOB, HAIOAHeHHHX Bo3XyXoM). Jror obpasem (pmc. 46) mo-
KDPHT HONIPOHANAeMoi IJIeHKOH u PaBHOMeDHO CKaT BHeIMHe Harpyskoi
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¢., AMATHEpYIOmeii ropEce AaBieHde. JaBsieHne ;KHZKoCTH BHYTPH Hop
ofpasma paBHO p, a HanpA;KeHWe B 3ePHAX PaBHO .

U3 TeopEm MeXaHEYeCKOT0 B3aHMOJEHCTBHA MOPHCTHX IOPHHX IIO-
pON H HaCHIMAOMEX HX JKAJKOCTed M3BECTHO, ITO

gr=0-p. (3°1)

Orciofa, eciid H3MeHATH NAaBJIeHHE KAAKOCTH ) H OCTABHTH HeH3MEH-
HBIM ., A3MEeHUTCA HaIpA)KeHHe B IOPHCTOM cpejie O, 3epPHA CPeJHl Te-
$OpMEDYIOTCA B IOPHCTOCTH CPEALl M3MeHHTCA. Eciam ke M3MeHHTh Ha-
BJeHHe KANKOCTH p Ha HEKOTOPYIO BeJHIHHY M Ha TAKYIO ’Ke BeJIHYAHY
H3MeHHTEH g,, T0o ¢ ocramerca memamepHol. [llapukm, cocrasaawmue pac-
CMaTpHBaeMyl0 CPefy, JAIIb COKMYTCA HJIH Pa30;KMYTCA, & KOHQHTypa-
IAA X He A3MeHATCA. TakAM o6pa3oM, HOPHCTOCTH Cpefs B HPHHIANE
He JOJ;KHA M3MEeHATHCA OT [eHCTBAA BHYTPHIOPOBOTC JaBJIeHHA — OHa
ABAAercA pyHKOIUeH HanpAxeBnd 0. AGCONI0THAA jKe BeJIMYAHA HOPOBOTO
o6sema OymeT H3MEHATHCA NDH H3MEHEHAH JaBJICHAA p ¥ HEH3MEHHOM O.
Tak, IpA CAABHOM CKaTHHA JaBJleHAEM p IPH O = CONst MapHKA COMK-
MyTca B Bechb o6bseM ofpasma 3EaumTeabHo yMespmurca. Ilpm arom,
KOHEYHO, YMEHBIOUTCA W HOPOBHE 06BeM.

Ilopo6Hana wxapTmEA H3MeHeHHA NOPHCTOCTH H HOPOBOro ofbeMa
mopoa Oymer HabamomareCA W B pPeaNIbHEX OAACTAX, OTPaHHIEHHLIX
HENPOHHIAeMHIMH KPOBJei B IO0MBOM.

[Ipm yuere c:xEMaeMOCTH HACHIAWMEH HOpH KAJKOCTH 00KYHO
OPAEAMAKOT JIAHEHHEYI0 3aBACEMOCTD INIOTHOCTH >KHJIKOCTA P, OT JaBile-

HHUA p, T. €.
P = P% [1 4 B (P — Po)1s (3.2)

rie p% — WIOTHOCTh >KHJKOCTH HpH HAYaJdbHOM JNAaBIACHHH Dy P, —
Ko9QPHUIAEHT CHAMAEMOCTH KHUJKOCTH.

3aBHECEMOCTh MOPHCTOCTH M OT CPeJHEro HOPMaJbEOTO HAaNPHAKEeHHSA
0 TaKsKe NPHHAMAIOT JAHWHe#HOU B BHUjE:

m=nmy— Bncv (3'3)

roe B, — cKEMaeMoOCTh LOPOX.

Y4ecTs maMeHeHHe IHopoBoro o6beMa IJIacTa HPH H3MeHEHHH JaBie-
HEA KEAKOCTH MOMKHO pasimYEnMA cmocofamu. MoskBoO, Kak 8To OhUIO
comenago JIxexo6om [140}, yudTHBaTH H3MeHeHHe MOIHOCTH IJIacTa
IpHA H3MEeHeHMH JaBleHHA KAQKOCTHE. MoKHO Tak:Ke YCIOBHO CUHTATh,
qaro B gopmyry (3.1) naBieHHme p BXOZHT C HeKOTOPHM Kod(dumumenTtom,
He DaBHHIM eq@HEne. MoskHO, HaKoHeI, YIATHBATh B ypaBHeHUH Hepas-
PHBHOCTH H3MeHeHHe o0beMa HOPHCTOM cPegsl IyTeM HCHOJb3OBAHHA
YP4BHEHHA Hepas3pHBHOCTH, IIOJYYEHHOIO A eNHEHNOH MAacCH HODH-
cToit cpemm [50].

O6osmaumm HexoTopyw Maccy mopmereil cpexst M. Ilpm sroM

Mn = ann- (3'4)
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B ¢opmyae (3.4) o, — IUIOTHOCTS mopHcToit cpegn; V,, — paccmart-
pHBaeME# 06beM MOPHACTON Cpemul.

Macca KUOKOCTH, HACHIAMed paccMaTPHBaeMyI0 Maccy HOpHCTOMH
cpean, obosmagaerca M, , Tak 4TO

My = pxmVy. (35)

Ilpm nocrosmmom o6beMe mopmcroit cpemel V, = const @3 (3.9)
IoJiyiaeM ypaBHeHHE HOPA3PHIBHOCTH B CIEIYIOINeM BHJE:

M, =const; dM, =V d(pun)=0;

d (o 9 0 (mox
(‘:i:M) (""P)K) +dlvmpmvc M"‘dlvpmvc =0, (36)

rge v, — CpefHAA CKOPOCTh NBHIKEHHA KHAKOCTH B IOPHACTOR cpene,
npHYeM

>
14

Ve = gl (3.7)

Hpﬂ BhIBOJie YPaBHEHHsA COXPaHEHHA MaCChL d)EJII)prIO]]leﬁCH JKAa-

KOCTH (ypaBHeHAsA HePa3PHIBHOCTH) B 3JleMeHTe IOPHCTOM cpesl HOCToAN-
HOH MaCCH ciaepyeT IOJOKHATH

M, =const, dM_ =d(p,V,)=0
dv,=— ‘;: dp,,. (3.8)

Uz (3.5) moxyzaem
M, =const; dM, =d(p,mV,)=0;

d(mpm)—m% dp,=0. (3.9)

Ecam npereGpeub [BAKeHAEM IODPACTOH CpefH, HOJAYYHMM ypaBHEHHE
HePa3pHBHOCTE B ClIeXyIOmeM BHJe:

8 (mpx) Px_ 5Pn
—5 Mo +d1vp,,(v~0 (3.10)

Yanrusaa (3.1) 7 (3.2), a TarkKe ocpenHAA p,, #3 (3.10) momyzaem
M\ 0 g
(Mot Ba— T2 ) 22 4 div 5 =0, (3.11)

e P, — C:KEMaeMOCTh MaTepHaja IODHCTOM Cpemsl OT HA4BIeHHA
JKHIKOCTH.
MoskHO, gasee, HOJOKHATH

p=mPy~+Bc; ﬁv;:ﬁn"%- (3.12)

Beamumny f npmEATO HasmBaTh Io npeniaoskennmio B, H. Ilexxauena
YOPYTroeMKOCTBIO IJIACTA.

86



Ucnoawaya 8 gopmyne (3.11) sakom [lapcm, molydyaeM ypaBHeHHe
QEUIBTPAIEA C}KEUMaeMO#t KHJKOCTE B CKEMaeMoH# NODHCTOH cpepe:

P __ 2 -k
9 =RVP =Ry (3.13)

Ypasaenne (3.13) HasuBaloT Tax:Ke ypaBHeHHeM YHOPYTOro peKHMa.
Belr4#Ha % Ha3HBaeTCH IHe30IPOBOAHOCTHIO.

YpasHerne (3.13) BnosHEe aHANOTHYHO KIACCHIECKOMY YyPaBHEHHIO
TeIIONPOBOHOCTH, NOAyIeHHOMY (pammysckmM MarematmroM @Dypse
B8 XIX Bexe. IlosToMy Bce cosjaHEEe B KJIaCCHYECKOH TEOPHH TeILIO-
I POBOAHOCTH METONH MOTYT GHTH HEIOCPeACTBEEHO IPHMEHeHH € B Teo-
pPHH HeyCTaHOBHBINeHCA QMIBTPANAA JKAJKOCTH HPH YIPYrOM Dpe;KuMe.

IIpomeccr  meycramoBHB-
meicA, Kak # YCTAaHOBHBIIEH- Px
¢, QEIBTPANAA JKAJKOCTH B __ [ .
OXHODORHHX mJacrax B Ha-
CTOAIlee BpeMA [OCTATOYHO
noApobHO H3yYeHH IOJ3eMHOM N
ragpoaaBamMmkoi [18, 38, 39,

60, 126]. Uanoxenme 31eck BO

BCeX jleTajfaX BOHPOCOB (UIb-
TpanHHE 3aHBANC OH MHOrO Me- [
cra. Hmxe paccmorpmM ammb 0 T
HamboJdee mpocTsie W BMecCTe
¢ TeM NpPaKTAYECKH Baj)KHEIE
cllyia¥ (HIbPTpPaNdH IpHA yn-
pyroM peskmme. Hagmem ¢ 3a-
Kadud 0 IPHTOKe YIPYrod KHAKOCTH M3 MOAy6eCKOHEYHOro YIPYroro
maacTa K rajaepee. Ilycrs Ha rpanmne (raiepee) miacra r = O (puc. 47),
AaBleHHE XAAKOCTA B MoMeHT Bpemen: ¢ = O cramo pasEmM p,. Mo
9TOr0 JgaBlleHHe BO BCeM ILIACTe OHUIO paBHHM p,. ¥YpaBHeHHe (QHIb-
TPalAA B 3TOM cliydae HpHHAMaeT BHJ:

ap 02p
'a—t—'——-"n 5z (3.1.4)

Pmc. 47. PacumpepelieHHe JaBlleHAA B IUla-
cTe

HaganbHoe m rpaE@YHBIe YCIOBHA:
p=p, upr =0, t=0;
p=pc TPE T —> 00, I (3.15).
p=p, upa z=0, ¢

Bsenem pernumpy f = P—Px  Porpa yemosma (3.15) mepenmmyres

P1—Px
B BHJe:
f=0 npm z=0, t=0;
f=0 npm z— o0, ¢ (3.16)

f=1 opm z=0, 1.
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Benmawraa f Mosxer 3aBECeTh TOABKO OT KOODAHHATH r, BpeMeHH i
M Ibe30IPOBOHOCTA %, T. e. f = f (z, t, ®). lIpuMenAA amamma paszmep-
HOCTeH, moJy4yaeM

F=1®), t=— (3.17)

(m)‘/: .
Hopcrasnaa (3.17) B (3.14), noayvaem ciaexyomymo 3aaaty:
r4+2r=0 (3.18)
f=0 opa §—>o00, f=1 mpm E=0.
Narerpupysa (3.18), mmeeM
=€, {exp (=) @+, (3.19)

Yunrtnsag ycaosea (3.18), momyuaem
1

Cl = - n_l/” C2 =1 (3.20)
MIH OKOHYATEJIBHO
D _82
f=1——r Sexp( - )dg. (3.21)
Yacro BMecTo mepeMeHHOH § BumbmpanT 2z = % Torna BMecTo
(3.21) momyuaerca
§
f=1—erf(¥), erf (§)=—,1—/-Sexp(—z2) dz. (3.22)
1 4 2

0

Oyaxnus erf () HasmBaerca maTerpaidoM sepoaTHOCTA. OHa 3arta-
6yIEpoBaHA B MaTeMaTHUECKAX CIPaBOYHHKAX.

HaTepecHo oTMeTnTH, IT0 pacupejeieHde GYHKOHHE f HJIA JaBleHHA
JKHIKOCTE ¢ TeIeHHEM BpeMeHHW He CTPeMHTCA K pacHpefeleHHI0, XapaK-
TepHOMY JJA YCTaHOBHBINeWcA (EABTpagEE. IJTo OOBACHAETCH TeM,
9T0 paccMOTpPeHHAd BHle 3agada L0 CBOeMY (H3ATIECKOMY CMEICIY
npencrasiger cobolt 3agaTy 06 mcTomeHWE HOAyOeCKOHETHOro HAACTa.
Taxkmm ofpasoM, gasierume B miacre, HauAHad ¢ & = (, HempepHBHO
CTPEeMHATCA K T'PAaHHYHOMY 3HATEHHAIO Pj.

PacemoTpuM Temeph 3aaqy 0 NPHTOKE KEIKOCTH K CKBa)KHHEe OUeHD
MaJioro, «HYJIeBOros, pagmyca B OecKoHeTHOM INIOCKOM IIACTe IpH
YOpYTIOM DeKHEMe.

IlycTs B mavanpEH#t MoMeRT BpemeHH ¢ = ( JaBlIeHHe JKHAKOCTH
B miaacre Oeiio pasmo p,. Ilpm ¢ >0 m3 ckBaKEHH HYJEBOT0 pajmyca
HAYAHAKT OTOHPATH }KUAKOCTH C HOCTOAHHHM DacxofoM g, T. . B CKBa-
’KAHe WMeeM TDAHHYHOEe YCJIOBHE

q=2nﬁ—h(r%’-),_’o. (323)



YpaBHeHHe QEAbTpAOEA Temeph HMeeT BHL:

ap __ d2p dap
E—n () (3.24)
Pemernne mmem B BHje:
2nkh (pe—p) r :
j=2h _]‘( x,/,t‘/!). (3.25)

Iopcrasasa (3.25) B (3.24) m npuEAMas BO BHAMaHHWe YyCJHOBHE f =
= Qupa z — oo n ¢t = ( B rpapAYHOe ycaoBHe (3.23), NPAXOLAM K Cle-
pyoIeil samage:

d

S~

du | Lu ‘ . .
._§.+T=O, u:E—d—E—, E= l/’t‘/‘ ; (3.26)
: daf —_—
/=0 npm &—>o0, (E—E o= 1.
Narerpupysa (3.26), noxygaem
) g2
exp { — —=—
]‘=J——-—-——( : & ) dt. (3.27)
[Ipeo6pasyem muTerpax (3.27) myrem BBoja TepeMeHHOH u, = -E;
Us (3.25) m (3.27) moaygaem
o k2 o
exp ( el -——)
. qp 4 ___ap exp (—uy) —
Pe™ P =G, 5 3 B = Tnir 5 el
g _ﬁ_
= 4nkh Zoun E ( 4xt )’ (3.28)
rae —Ei (—r%4uf) — 3araGyampoBansas gyHKnuA. IIpm Mannx 3HaTe-
HEAX aprymeHTa r2/4xt gaa ¢ysxkumm —Ei (—-—— CymecTByeT NpH-
ONM)KeEHOe BhIpaKeHHe
2
—Ei(— o )Nln 220 (3.29)
Taxmm obpaaom, m3 (3.28) u (3.29) mmeem npm Goxpmnax !
Pu—p~ b _In 224 (3.30)

4nkh r2

U3 supamennsn (3.28) BEgHO, 9T0 NPH MAJHX 3HATCeHHAX U, HAIPHA-
mep upe u, << 0,01, exp (—u,) =1, B cBg3E ¢ 7eM CTAaHOBATCH CHpaBe-
AIABKM OpROGAM:KeHHOe BHpakenme (3.29).
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IlycTs mamepsierTcs faBJeHHe NIPH ONpeJeJeHHOM 3HAYEHUH ', HAPH-
Mep B CKBayKHHe UDH r = r.. Ecam r. = 10 cM, » = 10* cm%/c, 10 yixe
uprt = 2,5¢ Be.nn‘mﬂa&% = 10-* € 0,01, m raxmm oGpasom ¢ Goab-
ol TOYHOCTHI MOJKHO HmOJB30BaTheA ¢opmynamm (3.29) m (3.30).

W3 (3.30) cnexyer, 9To mpw GonpWAX f mepemaf XaBAeHAS P, — P
BO3pACTAET MejJieHHO, W MOKHO HpPUGIHKeHHO NMPEHEMATH ero ycra-
HOBUBIIEMCH. ECIH B MOMEHT BpeMeHH f, IPeKpaTATH 0TGOp MHUAKOCTH
W3 CKBa’KMHE, TO JaBjJeHAe B CKBajkMHe HAaYHET NOBHIIATECH, T. €.
«BOCCTAHABJIABATECAY. llpeKpamende 0T0Opa JKANKOCTA M3 CKBAKAHH
PaBHOCHJIEBHO 3aKadKe B CKBAKHHY JKHJKOCTH ¢ efHTOM ¢ UpH Hempe-
Kpamamomemcs otbope KnApx-
KOCTH C TeM ;j;Ke [eCHTOM.

Ilpesnmenne gapienna B
cKkBasKmHE Ap. Haj IpeKHAM
VPOBHEM MaBIEHAA  TaKKe
MOKHO NPAGIHKERHO BHpa-
3ATE HopMyIO0K

Apc

__qu 2,25%T
Ap.= 4nkh IDT’

T=t,"‘to. (3.31)

@®opmyra (3.31) nBcmoxs-

—» 3yeTCH JJIA OLpefeleHHS Ia-
Ln7T PaMeTpoB IIaCcTa OO AAHHHIM
0 BOCCTAHOBJEGHOH JRABIEHHA

L
|

Prc. 48. 3asmcmMocts Ap. oT IlnT: B cKBaskmHax. Ha pmc. 48
11— KPHBAA BOCCTAHOBJCHHA MABJICHHA, HOI{aaaHa (baKTqucKaH an_
__ar . gk g, 2.25% Bas BOCCTAHOBJICHHA aBIIeHAA

tgo=—1opn inkh 73
¢ B ckBa)kmHe. Ilo mariony Kpm-

Boi mpm OGoMbmAX T BHYAC-
nsercd BenmudmHa gp/4nkh, a Do OTpesKy a, oTceKaeMoMy Ha OCH
opAHEHAT, ompefensgerca #/ra. OICOma BHYACIHATCA IPOHHIAEMOCTH
I ILe30HPOBONHOCTH IJIACTA, €CIH H3BECTHH MOMIHOCTH ILIACTA, BA3-
KOCTh KHJKOCTE H DARAYC CKBAKHAHH.

Wsnoenne MeTO0B NCCIEXOBAHAA CKBAKEH HOPA PA3IAYHHIX YCJIO-
BHAX Ha TPaHANAX OJacTa MOKHO HAliTW, Haupumep, B pabore [24].

§ 4. IBHKEHHE TA3A B IIOPHCTON CPEJE

Ilpupopasiii ras B OTIHYAE OT HeTH B BOAH — CHJIBHO CKAMaeMoe
BeI[eCTBO. DTO CBOMCTBY Tasa YIATHIBAETCA CYIECTBEHHHIM 06pasoM mpu
MaTeMATA9ecKOM ONHMCAHWE €ro [JBUKEHNS B IOPHCTOH cpeme. Y paBHe-
HAe HeyCTAHOBHBINEHcA QUIBTpanEE rasa ObJIO BHeDBHe IOJYIeHO
JI. C. Jleit6ensonom [64].

Ilpm BHBOAE ypaBHERAA (AIBTPANAHA Irasa WCMOJB3YIOTCA ypaBHEHHE
HepaspHBHOCTH [BH;KYIIEHCSI MACCH ra3a, 3aKOH (pMIBTPAIMA A YPaBHe-
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HBEe COCTOSHMA rasa. IIpm cpaBHHTeNsHO HeOOJABMHUX CKOPOCTAX PUIBT-
pandd Ta3a B IJIACTOBHX YCJIOBHAX cuopaBefIdmB 3akoE [apcu. Bupy
GONBIIOA CIKMMAEMOCTH Ta3a CKAMAEMOCTHI0 IOPHCTOM cpemh MOKHO
gpeaebperaTts, camTad m = const. IlogcraBasAs B ypaBHeHHe HepaspHB-
HOCTH MAacCH Trasa

m 2.+ div (pr) =0 (4.1)

ypaBHEHHE COCTOAHHUA pealbHOTO rasa B d)opme
-§=z (p, T)RT, (4.2)

a TaKKe HCuoJp3yA sakoH Jlapcd, monydaeM ypaBHeHHe H30TepMEYe-
cKOMl (MIBTpAaDHH¥ pealbHOTO Tasza:

7] k .
2 ;) = divZ grad p. (4.3)

B caygae mpeaasEoTO Tasa z = 1. Torpa u3 (4.3) aMeeM

op k .
5 = divp grad p. (4.4)
VYpasaernsa (4.3) @ (4.4) ABAALTCA HelAHEAHHMH OTHOCHTENHHO
MaBNEHAA p.
PaccMoTpaM mpekjpe BCero yCTaHOBHBIIeeCH JBH;KEHHE Tasa, KOTHA
dp/dt = 0, Ua (4.3), sanpumep, monydaem

divZ grad p=0. (4.5)

Ona nDonydenus pemenmsa ypapHerums (4.5) BBopgmuTesA GYHRIES
JI. C. Jleii6ensona

Lp={ G5 dp+C, (4.6)
rie € — IOCTOAHHAsg HHTErPHPOBAHMA.
Torma
grad L=L’(p)grad p= 71(2;)- grad p. (4.7)

CnepoBarensro, ®s (4.5) mMeeMm
viL=0. (4.8)

Taxam o6Gpasom, BuIHCIeHAe YCTaHOBABIIETOCH ABMKEHNA PeaTbHOTO
Tasa ¢ yieTOM ypaBHeHHA COCTOAHAA (4.2) CBOTMTCA K PellleHHI0 ypaBHe-
uua Jlannaca aas ¢ymxmaa L (p). Juaa mpeanpHOTo Trasa QYHKOHEA
JI. C. Jleitbensona umeer Gosee mpocToii BAA:

L(p)={pdp+c=5+c, (4.9)
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MoxHO Tarme mpocto monosurh L = p2, m rtorga mpm z=1 wus
(4.5) monygmm
v:L=0. (4.10)

HPH I[pHMOJIHHeﬁHOM IJOCKOM JBU;KEeHHH rasa pelleHueM ypaBHEHHA
(4.10) 6ymer
L=p*=Az+B. (4.11)

-
CropocTs ¢mABTpanad rasa B INIaCTOBHX YCIOBHAX v, BEpaMKaeTcd
qepes TpajHeHT NaBJeHWA, TAK e KaK U AJId jKAJKOCTH, B BAJe 3aKOHA
Hapcn
> k dp
Vp= —I_a?° (4.12)
B cooTBeTcTBHE ¢ ypaBHEHHEM COCTOAHAA HjeaJbHOTO Ta3a LpPH
H30TepMHIECKOM TpoNecce HMeeM

VP =UVgPa. (413)

B ¢opmyne (4.13) v, aBasercs 06seM0OM HEKOTOPOH BEeCOBOR eMHAITE
Tasa OPHE aTMocepHOM paBNeHHAHE p, llogcramaas (4.13) B (4.12),
moJIydaeM

> k ap
ppa P oz

Vg= (4.14)
Wnrerpupys ypasmenme (4.14) upm v, = const, modydaeM gopMyay
A 06beMHOTO pacxopa rasa ¢,, 3aMepeHHOTO IPH arMocdepHOM HaBie-
HHEH p,, QUABTpyIOMmErocAs depes UNACT AAWAHOW [, MApAHOE b ® MoIm-

HOCTHIO h:
_ Fbh(Pg—p3)

T opd (4.15)

Iroe p, — BaBleHHWe Tasa OpHE z = [; p. — maBileHne npu z = (.
QopMyna ana pacupejeNieHAsA AaBJICHAA B IJAcTe HMeeT BHA:

2gatrp
p*=pi+ZEle a, (4.16)-
CoBepmenHO aHANOTHIHO HoNyIaercad GopMyNa [id YCTAHOBUBIIEHCH
H30TepPMAIeCKOl (UAbBTpaIMM ra3a K CKBaKMHe DajiycoM r, B IiIacTe
KpyroBoit ¢opMH pagmycoM r,, KOTAa HaBleHHe p = p. LpH r = r,
mp=p, UpH r = r,. B oroM caydae mMeeM
nkh (p% — p2
o TEh(Pk—P5) (4.17)

ln &
WPq e

Pacopenenenue gasieHusa rasa B IIacTe TAKOBO, 9YTO JaBJeHHe Ta3a
BONH3H CKBA;KUH HM3MEHAETCH 09YeHb Pe3K0. TaK HasHBaeMHe «BOPOHKH
JenpeccHn» BOIM3H rasoBHX CKBaKMH 09eHB Y3KHE 0 CPABHEHHUIO ¢ 00LITHO
OpUMeHAEMEMA pPAaCCTOSHHAMA Mepay ckBakmaamu. B. B. Jlanyk 06-
Hapymmn [125] Basmayw ocofemHOCTh paspaloTKHE Ta3oBHX ILIACTOB,
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3aKJII09AI0NIYIOCA B TOM, 9TO Y30CTh BOPOHKH /[eIPeCCHY BOJIHSH ra30BHX
CKBA)KHH IPHBOXHUT K TOMY, 9TO CpejgHeB3BelleHHOE [aBlieHHe B paspa-
OaTHBaeMHX Ta30BHX IIAacTaX OKAsHBAaeTcA OYeHh OJHBKAM K IJIACTO-
BOMy naBlenmio. McomonbsoBaHme 310 0COOEHHOCTH NIPH HHKEHEPHHX
pacderax W3BJIeUYEHHA Ya3a U3 IJIACTOB I03BOASET HEe YIUTHBATH ABUIKE-
HAe Ta3a BOJHSH OTHENBHHX CKBAa)KHH, a4 paccMaTpHBATh pa3paboTky
rasoBbiX INACTOB B IENOM. JTO CYIECTBEHHO YIOPOIMAeT pacdeTH pas-
pabOTKE TasoBHX ILIACTOB.

Ecrm ¢unnrrpanma rasa ABIAeTCA M30TepMHYecKoil, 3TO BHATHT, UTO
K TMBIDKYMEMycsS B IOPHCTOH cpefe Tasy HOABOAUTCA TelN0, KOTOpoe
OTHEMAETCA Y TOPHHX IOPOA-KOJIEKTOPOB. '

IIpm MaTeMaTMYecKOM onMcaHMA OGIUX CJAyIaeB HeM30TepMUOYIECKOH
¢uaprpan¥u rasa Heo6X0A@AMO HCHOJH30BATh, IOMHAMO yPaBHEHHA [BH-
JKeHHUA, elle W ypaBHEHHe dHepruH. B Tex ke ciIydasX, KOrZa MOKHO
TNPAHATH, YTO OPH HEM30TepMHYECKOHX (HIBTPANHE rasa HA KaKOM-TO
oTpesKe BpeMeHH B HOPOJaX COMEPIKATCA JOCTATOTHOE KOJNIeCTBO Tella,
TaK 9TO OTRA9a IIOPOJAMH TelJla Tasy HecyIeCTBeHHO CHU’KAaeT TeMIle-
paTypy Hopoj, ypaBHeHHe dHEPTHA MOKHO He YUHTHBATH. ToTga Hemso-
TepMBYECKasA HeYCTAHOBMBMAACA PUABTpandsa rasa OyaeT ONACHBATHCA
ypaBHeHHEEM

a )4 k. )4

rTi (F) —TL—;{ div Z_T— grad D (418)

IIpn ycranopusmeiica ¢unbrpanmu w3 (4.18) mmeem
div% grad p=0, (4.19)

ITyrem npnMeHeHEA PyHKIHY
=12
G_S L dp+c (4.20)
ypaBHerme (4.19) Tarke cBogMTes K ypasHeEHIO Jlanmaca

v0 =0, (4.21)

PaccmoTpuM Temeps HeM30TepMHIECKYI0 (PHABTPANUI0 HAeaJbHOTO
rasa, KOT/la B IJIacTe HMeeTcA 3aJlaHHOE pacUIpefeleHHe TeMIEepaTypH.
Taxoii cnyJaii QuABTPAIEY MOIKET BOSHEKHYTH, HApAMep, OpH OCyIle-
CTBJIeHHH IOJ(3EMHOTO TOPeHWH, KOTHA B 30HE IJIACTA ¢ HepeMeHHOM TeM-
nepaTypoit psm;kerca Bosayx. Ma (4.19) mas aroro caydas mpm omso-
MepHOM OPAMOJEHENHOM $UABTpanum mMeeM

d p dp
= 7 5 =0. (4.22)

HomyctuM, 9T0 pacupesiefieEHe TeMIepaTypH B miacre mIMHON [
AMeeT BU:

T=T,+ L Loy, (4.23)
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B ¢opmyne (4.23) To — remmepaTypa Ha BXoAe B IiacT, a I\, —
Ha BHXofie W3 miacta. MaTerpuposarme ypasHennsa (4.22) mpm pacmpe-
ReJleHWH TeMIepaTyphl (4.23) paer cilegyiomee pacupefelieHAe naBlIeHASN
B mJacTe:

p2—pd _ 2T¢ z 4 Tx—Ty 22 4.24
pi—pE  Ty+To !l Tx+To 12 ° (4.24)
B caywae T) « T, u3 (4.24) monyuaem ciaepyomyo $opMyny mad
pacupejelieHAA HaBJIeHUA:
p2—pt 22
—pt =TT (4.25)
OTIAAYAINYICE 0T GOPMYdH DacmpeselieHHsA RABIeHHS OpPH H30TEPMHA-
49ecKod UALTpagdM Tasa.
PaccmorpuM, nakoHen, HEyCTAaHOBHBIYIOCA H30TePMUYeCKY0 PHIBT-
panHmo HmeaJbEOro rasa. BosbmeM cuyuail ogHOMepHOM mpAMOIRHEeHHOM
¢unprpanuu. YpaBuenHe (UABTpaEM B DTOM CIydae MMeeT BHA:

2k 2 po (4.26)

at pm  dz oz *
IIycre ma rpammme mosybecKoHEYHOTO HiacTa IMAPHHOA b ® Mom-
HOCTBIO h 3amaHH clefyoIlde yCHOBHA:
p=p. upa z=0 n p=p, Opa T—oo. (4.27)

Pemas aTy sagawy mpmbiamskenHo, OygeM CYHATaTh, 9TO paclpepeie-
HHe faBleHUA Tasza 3afaHO cne,uylom;eﬁ $opmyoi:

z A A
P2=A T0) — 5 l2(t) +PK
A= 2(pk — p?). (4.28)

IIpu atom p = p,, Op/dz = 0 upu z = [ (f). 3peck I (t) — rpaHEna
o6nacTd BO3MYWeHWs NaBJeHHS, T. e. PACCTOAHHE OT TparHnH r = 0
mo obnacTH, The eme faBleHde PaBHO HAYAJIHHOMY IIaCTOBOMY.

W3 pemenns sagadd mojiydaeMm cilegynommyl ¢opmMyry niad oupepele-
HEA paccroxHns [ (f):

. 24" 2kt )‘/z
1(6)= (W . (4.29)

Bxogamas B gopmyny (4.29) senrmanna J, onpegeinserca caefyomuaM

o6pasom:

BB e Pk
p— T d; A,: —0’5. 4.30
S AT (490

Cnenaem omenky Beamamus! [ (¢). Joaycram, aro p, = 9,81-108 [la=
= 100 rrc/cm2, k = 10"®cm2, p = 0,02 clls ~=2.1071° &rc-.c/cm2,
t = 10%¢c. Benrmumura A ~0,5 1 J ~(,27.

Torga
2.200'/%.10-9. 108 \'/»
I= ( 3.10-19.02.0,2 ) ~ 600 M. (4.31)
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Jlnsa conocraBiaennsd [ ¢ I, — rpaEHell o6nacTd BO3MYyIleHASA aBje-
HMA OPHA HEYCTAaHOBUBINEHCA QHUIBTPANAM KHJKOCTHE B aHAJOTAYHOM
ciIydae ¢ ACHOJH30BAHAEM TAKOTO jKe NPAGIMKeHnoTo cIocoba pelmeHus
3ala9d HOJIydaeM

L (8) = (12x2) /%, (4.32)

Ecan, sanpumep, mugrocts umeeT Baskocrs 1 clls =107 8 krc.c/cm?,
k=10"9%cm2u B = 1,02-1010 1/TTa = 10~ ® cm?/kr, T0o % = 104 cm?c,
Torma npm ¢t = 108 ¢

L, =(12-10%.10%)"* ~ 3,5 rm, (4.33)

s cpapnenns [ @ I, B cnydasx (4.31) m (4.32) MokHO BHRETh, UTO
pacupocTpaHeHAe BOJHLI JAABJEHUA B JKHAKOCTH HPOHCXoAHT OHICTpee,
YeM B Tase.

§ 5. BBITECHEHHE HE®TH BOJON H3 IIOPHCTON CPE]BI

lluporoe pacupocTpaHeHHe MeTO[OB 3aBOJHEHHSA CHelaJ0 BHTeCHEe-
HEe HedTH BONOH W3 INIACTOB OCHOBHKWM IIPOIECCOM Da3paloTkm HedTd-
HEX MECTOPOKeHnHA.

HecmoTpa Ha KamymylOcs IPOCTOTY 3TOTO IMPOIECcca, ero Koilmde-
CTBeHHOe ONHCAHWE BH3HBAET OIpefelieHAKE TPYIHOCTH, CBI3aHHHE
TiaaBabiM 00pasoM ¢ HeOOXOAEMOCTHI HIPABHJBHOTO Yy4eTa peajlbHEX
cBOMCTB mmacroB. B aroM maparpade 6yayT paccMOTpeHH JHIIEL 0CO-
OeHHOCTH BHTEeCHeHHS HedTH BOJOH B3 MOPHUCTOH Cpexss, a He B3 IJIACTOB
B NEJIOM.

Coriacao opHO# w3 Hambolee HPOCTHX C¢XeM, BHTecHeHHE He(TH
BOJIOi W3 mOPHCTOM cpegH IpeAcTaBiISeTcsa HPOHCXOAAINAM Hamomobme
TOMY, KaK, HaIpAMep, BOAA, IOJaBaeMasg CHU3Y B BepPTHKAJLHO ITOCTA-
BJIeHHYI0 TPYOy, 3aMemaeT HaXogWBIMYIOCH TaM paHee Oojiee JETKYyIO,
9eM Bojia, MKAAKOCTh. Takoe BHTeCHeHHe HOJYIWANO HASBAHWE <O pITHE-
BOT0». OHAKO DKCIEPUMEHTH W OLHTHHE JaHHHE 0 PaKTHIECKOA paspa-
60THe He(TAHHX MeCTOpPOKACHUH NOKA3aNHM, 9YTO BHTEeCHEHWE HedTH
BOROH MasKe M3 MOCTATOYHO OMHODPOMHHX HOPUCTHIX Cpel ABJIAETCA He-
moaaEM, Tem 6oilee HeHONHHM OKA3HBAETCA BHTEeCHeHHe He(TH Bojoi
U3 PealIbHHX HEOJHOPONHHX miIacros. HecMoTpd Ha 9To, HpefCcTaBleHHe
0 DOPIIHEBOM XapaKTepe BHTeCHeHHAA HeTHA BOJOH ¢ YIETOM HeEIOJHOTHI
saMeleHAA He(TH BOJOA MOKeT GHTH HCIOJH30BAHO LPH ONpeReldeHHEIX
pacderax.

Passatne ncciemoBaHEA mpomecca BHTECHeHHS HedTA BOAOH MOKa-
8aJlo, 9T0 mpH TOM Ipomecce HeTh U BOfA ABHKYTCA B HOPACTOH cpene
cosmectro. ClegoBaTelbHO, Jake B OZHODOXHOHR cpefe He CYMECTBYeT
9eTKOTO pasrpanMdeHEs oflacTell ABHMKeHNA HeTH ¥ BOXH, a o6pasyerca
BaHATAA BOJOA 06iaacTh, B KOTOPOH MMeeTcd KaK HOABH;KHAA BOJA, TaK
H DojBm:kHasd HeTh, MO KpaitHe# mMepe B oI peftesIeHHOH YacTH 3aBOJHEH-
HOM oGiacTH.

IIpm n3ydennym @ pacgere COBMECTHOTO [BHKeHHWS BONH W HedTH WIH
Apyro#i He CMEIIMBAIOMENCH ¢ BOAOM KAAKOCTH LPERJe BCEro HYMKHO
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3HATh 3aKOH COBMECTHOTO JBHKEBHA — 3aKOH (HIBTPANHHE HEOXHODPOX-
HHX KHEAKocTell. EcrTecTBeHHO mpeamosokuTh, 970 B TOM cIydae BH-
noJiHAETCA OCHOBHOe HoJiokeHHe Jlapcm o nNHHEHHOH CBA3SH CKOPOCTH
¢uapTpanum ¥ rpagdenta papiendd. OpHaKO NPY HANMYME B HOPHCTOH
cpezie AByX HecMemMBajomuxcA RKEURKocTed («dasy) HA CKOPOCTH PUAIBT-
PanHH OKA3HBAIOT BIMAHHAE He TOJBKO TPAgHEeHT naBjeHHSA, a0COJIOTHAA
OPOHHATAEMOCTh H BASKOCTH KHAKOCTH, HO H BeJAYMHA HACHNEHHOCTH
HOpHCTOM cpepHl opmoil M3 AsmKymuxca $as. [Ipu manuannm B nmopuctoit
cpepe He CMeMHMBAONAXCH APYT ¢ ZPYTOM KHAKOCTeH JaBleHHd B pas-
JIUYHHX KEAKOCTAX TakKe pasnmyaH. [losromy mox rpagmerToM paBie-
HHA clefyer, Boobme roBops, DOHAMATH TPAJMEHT JAaBJIeHHS B COOTBET-
CTBYIOIEH KHATKOCTH.,

B oGracta wmsyuemms Mmexa-
HU3Ma BHTECHeHHs He§TH BOMOR
08} A3 DOPHACTHIX Ccpexy HMeeTca 00-
mupurag JamTeparypa. CoBpemeH-
Kn Kg HOe IPeACTaBleHne 0 COBMECTHOM
0,6F dunpTpanam HedTE ¥ BOOH BO3-
HHKJO0 B pesyuapraTe pabor Ma-
e ckera [73], Baxam m Jleseperta
’ [134], Panmonopra u JInca [149],
A. M. IMupseppsara {91],
02} N. A. Yapsoro [119], . A. 3¢-
pocad B. II. Omonpmerko [129],
{ | 10. II. Bopmcosa [23] m pApma

mocjepylomux  paboT  gpyTrEX

0 0’2 0,4 06 08 S aBTOPOB.
Pmc. 49. OrmocHTensiHe TPOHANAEMOCTH Ilo ogmoit m3 cxeM mpomecca
ky B Ky funnpTpanEAm ABYX HecMeIIABa-
OIMUXCA KUAKOCTe, naBleHde B
dasax mpenmonaraercs ONEHAKOBHM, a IPOHHIAeMOCTh pasamumoi. Co-
TJIaCHO 3TOM cXeMe, H3BecTHOM Kak cxema Bakanm — Jleeperra [1_.2)4], AMeeM

Kn, K8

CleyIOIIAe BHPAKEeHEA JJIA CKOPOCTH ¢uiapTpandd megra v, & CcKo-
-

pocTl PHIABTPAHM BOREL V.
- >

(i) > (]
V= — % grad p; v,= —-}’% grad p. 5.1)

3necy k$, p, — $asosas IpOHMIAEMOCTH ANA HeTE H BABKOCTH
nedrn; k¥, p, — $asoBas HPOHANAEMOCTH JJIA BOJH H BASKOCTH BOMHL.

®a3zosne npormnaemoctd kY # k¢ mo Baxnm u JleBeperty cumranTca
3aBHCAIIMMHA OT BONOHACHINEHHOCTH HOpHCTOM cpeas s. llockoabky
B DOpax cojepsKarcs TONBKO nHBe ¢ash, HACHIIEHHOCTh MOp HedThIO
paBra 1 — s.

VnoOHee m0JNB30BATHCA HOHATHEM OTHOCHTENBHHX IPOHHLAEMOCTeil
ks # k,, PaBHEHX OTHOIIEHHIO COOTBETCTBYIOIEX (a30BHX HPOHHLAEMO-
ctell K abcomorHol mpommmaeMoct: k. Ha pue. 49 morasaHH 3aBHCH-
moctd ky = k() 1 ky, = k; (s).
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OTHOCHTeNEHYI0 NPOHHIAEMOCTH MOKEO OHUIO OB paccMaTpHBATh
KaK IPOBOJHMOCTH 3JIeMEHTA OPHACTOH CPeNH, OHA IaCTh CeYeHUA KOTO-
poro samaTa oxHOl, a Apyrad Yacth — Apyro# ¢asoid. Ecim Ok Cpena
6HTa WIEANBLHHM TPYHTOM, TO OTHOCHTeJEHEE HPOHUIAEMOCTH, I0~BH -
nEMOMY, GHAN Ol JPReHHHME (GYHKDHAME HACHIIeHHOCTH S.OpgHaxo,
KaK BHIHO M3 rpadumeos prc.49,3T0 He Tak. OfpACHAETCA 3TO OPeskae
BCero TeM, 4To paciupefielieHne (a3 B HOPHCTOR cpeme BIHAIOT KALMJ -
JsAPHEIE CHJH D TPagHeHTH XaBJICHHAA HMAQKOCTH, IPAYEM TaAKAM 06pa30M,
9T0 M3MEHeH¥e HACHIIeHHOCTH UOPHCTOR CPejy HE BH3KBaeT NOPOIOP -
MUOHANBLHOr0 HW3MeHeHuA PasoBol mPOHMIAEMOCTH.

Ecanm cropocTu $MIBTPANEE H, CIEHOBATENbHO, TPAJACHTH AaBJeHAA
Malpl 00 CPABHEHWI0 ¢ KAOMJJAADHHMA CHJIaMH, TO ¢ask B IOPHCTOM
cpefle pacHpefelNAloTcss BCAKAA f (s)
pa3 coridacHO LIpPAHOWNY MHUHH-
MyMa OOBEPXHOCTHOH SHepruu A
cacreMm — uwopucras  cpeja — (8|
nedpts — Boga. EcIH e CKOpo- '
cTE (EIABTPALAM CPaBHHTEIBLHO
pe1pkm, To Ha pacupeperenme 0,0
$a3 B TOPHECTOH cpefe BJIHAET Ia-

pame'rp—-k—g-l-%ﬁ (0 — moBepxsO- (4

cTHOe HaTasKkenme). B Goxee cirom-
HEIX CIydasX, KoTja Habaopaerca [ 2t .
BJMAHWE MHOTAX ¢(aKTOpOB, da-
30BHe NPOHHIIAEMOCTH B3aBUCAT / , | )
cpasy OT HeCKOJIbKWHX OespasMmep-

HEIX IIapaMeTpoB. 0 0z 04 065,08 s

®a30BHE TPOHUIAEMOCTH , €C - Puc. 50. Oymxman F (s)
TECTBeHHO, B3aBHCAT OT CaMoi

CTPYKTYPH LOPHCTOM CPegH, 0Co-
ferHo 0T pacupefeleHEA NOP IO PasMepaM, CMaiWBaeMoCTH HOPOT,
COCTaBAAKWIIAX IOPUCTYIOCPey BONOM . 37eck He pacCMaTPHBAIOTCH
6onee CiaOMKHEIE (opMH HEOXHODOZHOCTH HOPHUCTOM CpemH, OT XapaK-
TEPUCTHK KOTOPHIX, TaKMe MOTYT 3aBHceTh (as30BHe MNPOHAINae-
MOCTH.

B cxeme Bakam — Jleseperra BasknOe sHadenme umeeT pyrrnus F (s),
OnTenelsdeMas clegylomuM oOpasom:

kn

F(s)=
ks + :ia by

. (5.2)

H

Ha prc. 50 moxasanma ¢ymknma F (s) mpm p,/p, = 1.

Cxema Baram — Jleseperta maer mpocToe pelleHHe B caydae OHO-
MEPHOTO IPAMOJPHeHHOr0 BHTeCHeHNA HeTH BOJI0M U3 MOPHCTOH ¢ pejIH.
[as omMcCaHHA Lpomecca BHTeCHenrs nedTH BOJOH B 3TOM clydae
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HCOOJBR3YIOTCA ypaBHEHHA HepPa3PHBHOCTH (bﬁB:

v ds
- +m =0
oz ot
w05 (5.3)
“or AR
CraanmBasa (5.3), moirydaem
”U;—jm- =0, vy+v;=v=const, (5.4)

W3 npuBegenanx BHINE COOTHOMEHWH HOJyY9aeTcsA CleAylolee ypaB-
HeHme:

F (s)v oo +m2=0. (5.5)

B uponecce BrTecHeRUA He§TH BOJOM HACHIIEHHOCTh S B KaKoM-1160
(PUKCHPOBAHHOA TOUKe IJIACTA M3MeHAeTcA. Bmecre ¢ TeM ToukHd, B KOTO-
PHIX HACHINEHHOCTH PABHA KAKOMY-IH00 (uKCApDOBaHHOMY 3HAYCHHIO,
mepeMemaloTcs CcO BpeMeHeM B Ha-
OpaBlIeHHA [JBHKEHHAA IKATKOCTEH.
PaccmaTtpaBag paBHiKeHHe TOYKH Z
C HEKOTOpOH HACHIIEHHOCTBI § =

s = const, Ha3HBaeM0o# XapaKTepu-
CTEKOHI, moXydaeMm -ciegyiomee pe-
meHde ypaBHeHHA (D.3):

04r mz =vF (s)t. (5.6)
0,2t / N3 (5.6) BEgHEO, 9TO B MOMEHT

Bpemenn ! = ( Bce XapaKTepHCTHKA

1 cxomarca B Toaky r = 0. 3agaBasacs

o 0 4. 20 ¢ zpavenmem BPEMOHHE [ H 3HAH TAKKE

Pnc. 51. PacupemeneEme Hacumer- BeIHYHHH m I v, B3 ¢opmyH (9.6)

HOCTH s = s (§) ompepgesiseM KOOpHAHATY Z, Tje Ha-
CHIIIEHHOCTH paBHA S.

Tlpodunp macHmeRAnocTH y4lle HPEACTABETH B BHAE 3aBHCHMOCTH $§
or GespasmepHO# KooppuHATH & = mz/vt (pmc. 51). s pme. 51 Bmano,
9T0 HACHIIEHHOCTH B KaK[O# TOYKe T B Ka'KuHi MOMEHT BpeMeHH }
ABNAETCA JBY3HAYHOH, 9ero, KOHEYHO, (U3MYecKH OHTEH He MOIKET
Oro moKasHBaeT, YTO0 3aBHCHMOCTh HACHINEHHOCTH OT KOOpPAHHATH &
cnpaBenJidBa TOABKO A0 HEKOTOPOro 3Ha4eHHsA § = §,, W, ecJIH mopHCTas
cpefa [0 Hadajla BHTeCHeHUS W3 Hee He)TH BOROH cofeprkalla TONBKO
HedTh, mpu & = E, sHaueHme s OyseT M3MEHATHCA CKAIKOM OT § = S,
mo s = 0. Bespasmepmas Benmamma § = §, ABIAeTcA KOOpPAHHATOM
«pponTa BHTecHeHHS». HoopamaaTta ¢poHTA BHTeCHEHHAA OHpEReNAeTCH
M3 faJaECa 3aKAaYaHHOH B IJACT BOXKE H BHTECHEHHOH OTTyAa HedrH.
Ob6o3Eadaa V o6beM Bomepmeir B mJIacT BOXBI, HMeeM

X ¥

V=mbh | s(z)dz, (5.7)
0




roe bh — mromans cedeHMA ONACTa, HAH

f s(B)dE=1. (5.8)

0

Ecan mpoummaeMocTs mia medru k, (s) oTamdaerca oT HYAS uUpH
s — 1, T0 B OpERN¥Ie MOKHO CIHUTATH, 9T0o OpH E =0 s= 1.

Ecnm e upm s - 1 k, (s) = 0, o Ba rpaEune E = 0 ycranoBmTCA
HEKoTopasA HacHImenHOcTh So 5= 1. Ilockonsky ma (5.6) § = F’ (s),
10, mpEREMadA, 910 s = 1 mpm § = 0, moxydaem

S»

[ sP"(syds =1. (5.9)

1

Packpusas (5.9) m monaras F* (1) = 0, F (1) = 1, nmeem
S«

[ sF(s)ds =5, (s,)— F (s5) +1. (5.10)

1
Orciona, ¢ ygerom (5.9) moiydaeM ypaBHeHHEe AIA ONDPEAENICHHAS S,:

_ F (s#)
S = m . (511)

Benwuuny s,, kak 870 BEgHO U3 (5.11), MosKHO Jerko ompeaendThb
rpadumaeckn. [Ias atoro gocrarogHo Ha rpadmke F (s) mpoBecTH M3 Ha-
9ajla KOOPAHHAT KacaTeJdpHYI K KpHBOA F (s) m Torma aGcmmcca TOIKHA
KacaEHA A Gymer paBHa s, (cM. puc. 50).

[ pyro# rpaguyeckmii cmocol ompepeNeHHA BeIHYHHH S, COCTOHT
B TOM, 9T0, Kak oTo cixepyer m3 (5.8), wromage Ha rpajguke s = s ( E),
3aKJIYeHHAA MeKpuy oppuHatos E = 0, abcmmccon s = 0, KpmBoO#
s = s(z) Ha yvactke O << § << §, m BepTHKanbHOM JmHMeH CcKadKa
HacHmennocTa § = §,., momkxHa OHTH paBHa epmmmnme. Ilockoanky
s (0) = 4, pgaa rpagugeckoro oupenenennsa E, @ s, AOCTATOYHO IPHPAB-
HATH wiomann [ u I ga puc. 51. HlupHoi nuHMe# Ha pAc. 51 mokaszano
m3MeHeHHe BOJOHACHIIEHHOCTA S§ B 3aBACEMOCTA 0T GespasmepHOH
KOOpPAHHATH &.

Ilpomecc BHTecHeHEA HedTHm BOAOH mo cxeme Bakiam —Jleseperra
€0 CKaYK000pa3HHM W3MeHEHHEM BOJOHACHINEHHOCTA B OIpefe/leHHOM
CMBICJIE TIOXO0K HA IPOIecC TedeHds ra3a ¢ 0Gpa3oBaHAeM yia pHEX BOJIH.

Nssecrno, 970 HeGonpImne W3MeHeHAS HABICGHAA B rase pacmpocrpa-
HAKTCA CO CKOPOCTHIO 3BYKa, HPOOOPIHAOHANLHOW KOPHIO KBaxpATHOMY
13 JAaBJICHUA Ta3a, AeJeHHOMY Ha ero INIOTHOCTh. JHAYATEIbHEIE JKe CiRa-
THA Ta3za pacOpoOCTPAaHAITCA B BHJE YIADHHX BOJH, HA (POHTE KOTOPHX
rabaopanTcs cKadkooOpasHOe H3MeHeHHMe AABIEHHS rasa, €ro IJIoT-
HOCTH H cKopocTH. IIpm aToM 10 cKadka H ImoCide CKaYKa COXPAHSIOTCA
Macca rasa, ero HMOYJIbC H 3HepTHA.



IIpm pacnmpocTpaneBME yAapHHX BOJH B KaUecTBe yPaBHEHHA COCTOA~
HHS OKa3HBaeTcA cOpaBefiuBoil agmabarta I'loroHmo, coriacmo Koropoit
IJIOTHOCTD ra3a BO3PAaCTAET JHIMb KO OIPeAeIeHHOM KOHEYHON BeJHIHHE
Aajie IPYW HEOrPaHHYCHHOM YBEJHMYEHHH [JaBJICHHSA, HO IDH 3TOM MOKeT
HeorpaHHYeHHO BO3PAacTaTh TeMIOepaTypa rasa.

O6pasoBanme CKaYKOB HACHINEHHOCTHE UPH BHTECHEHHH He(TH BOJOH
MOKHO OGBACHATHL TeM, 4TO B COOTBETCTBHE C XaPaKTepoM (QYHRIWH
F (s) ckopocts ABmikeHEHs BOAH B 061aCTH ¢ GoJbMed BOJKOHACHIEHHO-
CTBI0 HAMHOTO BHIIE CKODOCTH ABHKEHHA BOXH B 06JaCTH ¢ Membmei
BofoHacHmeHnHoCcThI0. IloaToMy monyYaercs, 9To B HEKOTOPOH ToUKe
WIacTa JOMKHH CymECTBOBATh KaK OH JBe CKOPOCTH ABH)KEHHA BOJH,
OAHa M3 KOTOPHX HaMHOro GoJbme Apyroi, qro Hepo3MokHo. B pesyns-
TaTe BOJa, HOCTyHaoIadA H3 3aBOJHEHHOH 06JacTH, HaKaIIHBaeTCs
J(s) mepej He3aBOAHEHHOH o06Ja-

€TI0, T. €. 06pa3yeTcd CKadoK
10 BOJIOHACHIMEHHOCTH, XOTO PHIA
pacupocTpaHfaeTcsi € oIpene-
JeHHOH CKOPOCTHIO.

IIpn reuenumsx rasa ¢ o6pa-
30BaHHEM YAapHBIX BOJH JaB-
JIeHNe B Ta3e, B COOTBETCTBAMN
05 ¢ agnabaroit T'loronmo, Moker

! 3HAYHTEABHO BO3PacCTaTh IHPH
cpaBHATEIbHO HeGOABIIOM YBe-
angennH ero niaoruoctu. Ilo-
5TOMy CKODOCTH pacmpocTpa-
HeHnA 6oJjiee CHABHHEX CIKRATHA
B rase pesKo BO3pacTaloT, OKa-

' 3BIBAIOTCA HAMHOTO BHIIIE CKO-

0 0,5 ,0S  pocrm 3BYKa B HEBO3MYIIEH-

Pmc. 52. Qymxmus J (s) Ho#t ofaacTd H GoJjee CHIbHHE
C/KATHA «HAroHAKT» MeHee

cuapnree. OTciofa ¥ o6pa3yerca CKa90K JaBJeHHA rasa, ero INIOTHOCTH U

CKOPOCTH. ¥YHapHEIE BOJHH BO3HHKAlT TOJABKO HDPH pacopocrpane-

HEM CXKATHA rasa. YQapHHX BOJH pa3peKeHHA He GHBaeT, Tak 9ro

paspeskeHHe ra3a DIPOMCXOLHT IO OGHIHOM apuabarte, a He mo agmabare

T'roronwmo.

Cxema Baxam — JleBeperra, y4HTHIBag pas3imduubie (asoBhe Hpo-
HENAEeMOCTH A HeTH ¥ BOAH, 3aBACANEE ONpefeJeHHHM 06pason
OT KaOHIJAPHHX CHJ, BCE K€ He MO3BOJIAET ONHCATH TaKHE IPOIECCH
$EILTpanEHE HecMEIMINBAaIOMAXCA KAJKOCTel, KOTAa CamMo ABIKEHHE
JREAKOCTERA 06yCIOBIMBaeTCA qelfcTBEEeM KanHJJIAPHHX CHJ. Tlo3soaaer
$To cpenaTh Haubolee E3BeCTIafs H HKCIEPEMEHTANbHO 0GOCHOBaHHAA
K HacToAmeMy Bpemenm cxema Pammomopra — Jlmca [149], xoropas
m Gyner ma3noxena umxe. CormacHo oTol cXeMe, B 3aKOH [BHKeHHA (a3
BBOJNATCA JABAa JaBJeHAA — faBieHde B HeQTH p, H JaBJcHHEE B BONE P.
IIpnuuMaercd, 9To DOpORA ABJIAETCA MEAPOQUALION M PAa3HOCTD MEXIAY
[aBJeHWeM B HeTH U Boje pPaBHa KaIHIJAPHOMY JaBJIeNHIO. 3asucumo-
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CTH KAaIMIIAPHOro AAaBJEHAA p¥ oT HACHIIEHHOCTH s o6HTHO mpexcra-
BIAIOT B BHfAE:

P*(8) = Py — o =250 7 (s), (5.12)

)"

rae J (s) — ¢ymxnua Jleseperra; 0 — yron cMaymBaHHA HOPHCTOR
cpelH BoJoOH.

Ha pnc. 52 moxazana 3apEcEMOCTE J (s), oIpeiedeHHaf dKCOEPH-
MEHTAJIBHO.

Bes upencTaBlienHs 0 KanHMMIAD- /
HOM JIaBJICHUH Heab3A OGBACHHTH, Ha-
npuMep, ABIEHHSA IPOTHBOTOYHOH Ka- L = T— —] 1
OWINApHOR NpPOmMTKHA, HaGaopaome- [ 6__ 6 —
rocd B HOPOAAX — KoOJJeKTopax Hedrn
T rasa. JKCIePUMEHTANBLHO PTO ABJEHAEe | - | 4
mceaegoBaar A, A. Houemxos, —
M. M. Kycakos u H. M. JIy6man [58], [~ —
Marrake ® Kasir [145], H. [. Tam- | -— | /"eam—F=
poB, [M.M. Beampos, @.T.HKepn- ~ —1i_|} '
mosa [105] m ap. Ecam obGpasem rujg- — =
podnasHoil mopmeroit cpeam (pme. 53), | —_ =
MepPBOHAYAABHO HACHIMEHHNHE HedThIO, - - —
IOMCCTHTH B BOAY, TO 3aKJIIOYEHHAA - — - -
B €ro nopax HeTh HauyHeT 3aMeMATHCH
Bojgoii. Hedrs Oymer BHXopuTs H3 Pme. 53. IIpoTmBOTOYHAA KAIMII-
ofpasma, BCIVIKBAg Ha IOBEPXHOCTh JIAPHas# NPONHTKA HedTeHACHIeH-
BOJH. HOM IIOPHCTOHM Cpenml:

quome OPOTHBOTOYHOM KamHANADP- I — COo¥R;, _258322211131&.)“3 — Bofa;
HOfl TDPONATKH, MOMET HPOUCXOIUTh
TaKke OPAMOTOYHAs HPONATKA (pmc. 54), Korjga HaCHMEHHHI HedThIO
o6pasen ranpodHILHOIT NOPHCTON CpeR BOHTHIBaeT BOIY € OHOTC KOHIA,
a medTh BHXOAMT U3 06pasna ¢ gpyroro Kounma. Ilokasaunaa na pmc. 52
3aBHCAMOCTs J (s) DmOJYyYeHa NPH KAaOWIIADPHOM BIOHTHBIBAHUH BOJEI
B ofpasern DODHETOM cpepgbl, pamee HacHIMeHHHH Hedrpio. MoskeT Ha-
fGaoaTECA KOMOWHADOBAHHAA (HPAMOTOYHO-IIPOTHBOTOUHAM) HPOMHTKA.

CoriacHo cxeMme cOBMeCTHOHM (puiabTparum HeQTH U BOXHI, YIWTHBA-
Yomedt pBusieHne $as nox neAcTEHeM KAIMIAAPHHX CHJ, HANUIIeM 3aKOH
aBmKenns Gas B caegyIomeM BWe:

-

- lﬂ d kg) )
vy=—sgrad p,, v,=—-F grad p,. (5.13)

Ia ocnoBe ypasuennit mepaspusHocT das (5.3), cBasn memay $aso-
BHIME paBiacHmamm (5.12) m 3akona xBmkenns ¢as (5.13) monygaercs
cllefylomee ypaBHeHNe, ONMCHBAIOMEe H3MEHEHHE BOAOHACHINEHHOCTH §
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B DOPHWCTOM cpepe IPH COBMECTHOH PHAbTpamun HedTH B BOJH B OJHO-
MEepHOM cJaydae:

F()" £(s) 2P0 fm (5.14)

B kagecTBe mpmMepa mcmoJb30BaHEA ypasHeHHa (5.14) paccMoTpmm
Ipouecc IPOTEBOTOYHOM KaOMJUIADHOE OpOmATKE ruapodmibHOR no-
pHCTOH Cpeflbl IpH ONHOMEPHOM HpAMOJHHeHHOM ppm:KenmH. s aT0oTO
npoyecca mMeeM clenylomee ycJOBHE:

v, +v,=0. (5.15)
Hak mokasano B. M. Pruxmxom [18], ypasuenme (5.14) npm ompe-
IEIEHHKX MPeJIoOKeHHAX MOeT OHTH CBeeHO K yPaBHEHHIO

ds g 02"

VYpasuenus tEna (5.16) EMEOT pelleHHs, 3aBHCAMHAE OT ONHON mepe-
MCHHOR (aBTOMOJEJNBHEE peIeHHsA) BHAA

s=s(8), E=—o. (5.17)

I'. 1. Bapen6aarrom [18] Gro moxasamo, 4To AJIA BTHX pemIeHAH
XapaKTepHa KOHEYHAas CKOPOCTh PACUpPOCTpaHeHHA (POHTA BO3MYLNEHUS
(B maHHOM ciaydae — «ppOHT2 KaUHIIADHOE IPONHTKH», HAa KOTODOM

o N,

Boda — — Hepms

vz 977 4

Pme. 54. IIpamorounas KANEJAIAPEAA NPONHTKA

BOJOHACHIIEHHOCTs, PaBHA HAYaJbHOM BOJOHACHIIEHHOCTH B mJjacre),
KooppzmHate ¢poHTa NpPONHTKA &, COOTBETCTBYeT 3Hadenme E = §,.
U3 (5.17) cremyer, 9r0 KoopamHaTa (QPOHTa TPONMTKE GyneT IpPOBH-
raThCA BO BPEMEHH IO 3aKOHY

Te=tt " (5.18)

3HaYAT, CKOPOCTH NPOABHKEHHA 3TOr0 (PpoHT2 6yHeT IpPOmOPIHO-
Hansna t1/2,

MMonnoe pemenme safa9n 0 KAUHIJADHOK IpODHTKE MOKET OBITH
WOJy9YeHO MYTeM YHCIEHHOTO CYeTa.

MoskHo paccMOTpeTs UpOIECC KAUWIIAPHOA OponATKuH H Goiee
YOPOIIEHHO, HPHHAB CAeyIOmAe UPHGIMKEHHEE 3aBACHMOCTH:

Pr=pi(1—5) Po=R,=W
=k(1—s);, kb¥=ks; p%=const. (5.19)
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Torga, ACOONB3YA OJHO A3 ypaBHEHHI HePa3PLBHOCTH (D.3), & TaKkiKe
dopmyasr (5.13), (5.14) m (5.19), momyunM caefylomee TpHGIMAEHHOE
ypaBHeHHe, OIACHBAlMee A3MeHeHTe HACHIMEHHOCTH B MOPHCTOH cpefe:

LR B AP Tr e Ly (5.20)

3% p oz

Haxee, nuneapuays (5.20), moayiaeM ypaBHeHHe

ds kp® 02 -
M= (5.21)

JAA CKOPOCTH QHIBTpAaIHH HMeeM, B COOTBETCTBHH C IIPIIATHIMA
BLINIE JOOYVIMEHHAMHE, BHpasieHHe
> kp®  as 5.9
a=— g Tr - (.22)
Cunras, uTo 0Gpasey rMeeT 04eHb GOMBIIYIO IAHY, & TAKKe IMOJaras
s (0, f) ~1, monywaeM Ha OCHOBe WN3BeCTHOTO peImeHHA YpaBHEHUsA
TeIJIOIPOBOJHOCTH CleNyIOmee BHIPajKeHHe [Jf CKOPOCTH QHIBTpaAH
v BpA z =0 (CKOpPOCTH HPOTHBOTOYHOM KaNAAAAPHOH NpPOOHTHH):

kp% NI IANE 5
v, (0, ¢)= : (6n)-/2(mp—”t-> ) (5.23)

ITo sKcmepAMEHTANLHEIM aHHBIM
3 =i
gcos® — St
m
s

rge Sy — yAenabHasg MHOBEPXHOCTh MOPHCTOH CpeH.

Hak BagHO B3 cpasHennsa (5.23) 1 (5.24), B pasKeHHA AAA CKOPOCTH
KaORAIADHOH IPONHTKY, HOJyIeHHEE Te0PeTAIECKH H DKCIePAMEHTAIBHO
AHAJIOTAYHH, €C]IHM, HANDPAMED, OPHHATDH

O €08 85;,

e

WcnonnzoBaune cxemu psyxdasuoit ¢masrpaunm Panmomopra —
Jlmca pas ommcaHws mpouecca BHTeCHeHHA He(dTH BOHOH M3 HmpAMOIH-
Heiinoro o6pasma mopHcTol cpegbl He ONPUBORAT K HOABIEGHHUI0 CKAUKa
IIACHIIEHHOCTA AJINM pPe3Ko 060311ageHHOTO PpoIITa BEITECHENHS, KaK 3TO
66110 OpE HCOONh3oBaHWHM cxembl Daxaw — Jleseperra. Hanenenme
HaCHIIEAHOCTH N0 BCeH piampe o6pasya DPOHCXOANT mocTeneHHO. Brime
GHlIM PaCCMOTPEHH TaKHe CHYdal BEHITECHEHUA 11edTH BofoH A3 DOPHCTHIX
cpen, korja $as3oBue NPOHANAEMOCTH U KAaOHIAAPHOE JaBIEHHEe 3aBACAT
TOJHKO OT MIHOBeHHOM HachmeirnocTd. OgHaKo, Kak 3To GHJI0 YKa3aHo
I'. . Bapeu6aarrom [18], B mopmeroil cpeme Moryr uabiaogarsca mpo-
ImeccH mepepacnpenedenksa HedTH B BOLHl, KOTOPhie DPHBOLAT K H3MeHe-
A0 BO BPeMeHH (a30BrIX HPOHUNAEMOCTE! H KAaNHAJAPHOTO NaBICHAA
H, CIeN0BATEeAbHO, K A3MCHEHHIO MHTErPadhHBIX MOKaszaTeled Opomecca
BHTecHenHA HedTH BOmOIL.

v, (0, 7) ' (5.24)

(5.25)
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§ 6. ABHREHME SKHIKOCTH
B HEOJHOPOAHBIX M TPEMMHOBATBIX IJIACTAX

HeogropoaHocTs peadbHHIX IJIACTOB BeChMa pasHoo6GpasHa. Bmecte
€ TeM H3 BCeX (OPM HEOJHOPONHOCTH, MOKANYH, MOJKHO BHAEAHTH, KaK
HamGosee XapakTepHbie, ABe (OPME — CJOHCTOCTh H TPEMUHOBATOCTH.
B cBow ouepeap clomcTHe NAACTH MOryT OHITH HmpeACTaBIeHH JIHGO
coobmanmuaMACH Mesxay coboil mpocaoaMH, JHG0 OpaKTHYeCKH COBep-
mMeHHO HecoobmaomuMuca. I'AApoJUHaAMAYECKAe MOJENAH IJIACTOB C He-
COOGMAIOMEMECH TPOCIOAMHE B HACTOAMEE BPEMs IMHPOKO HCIONb3YIOTCH
OpH pacdeTax IpoIeccoB BHTecHeHHA HedpTE Bopmoi. Mcmoas3zoBaume
BTHX Mopjejiefl OPW NmpoeKTHPOBAHWE H aHalH3e pa3paboTKE HedTAHBIX
MeCTODOKJHeHEH M3103eHO B H3BECTHOM DPYKOBOACTBE IO pa3paboTke
Hedrsanmx mecroposxgenmit A, II. Kprmosa u np. [94]. B Mopeannx, pas-
BATHX B paGotrax [0. II. Bopmcoa [23], M. M. Carraposa [101],

B. T. Baumesa [10] n xp., niact opmun-

Ll Y. MaeTesl COCTOAMMM U3 GoABIIOro YHCIa He

v(z)? Z\ coobmanomuxcsa Mexny coboit mpomracT-
0

KOB, QHJIBTPAIIHOHHEE CBOMCTBA KOTOPH X

TMONYAHAKITCHA CTATACTIHYECKOMY pacipee-

x JEHHI0O B COOTBETCTBHE ¢ 3aKoHamu Iayc-
ca, Makceenna # np.

M. M. UIsapnepom [121] mpepnosxennt

T A,  obmEe CTaTHCTHYeCKHe MOMENH JIfA OIH-

CAHHUA HPOUECCOB pa3paboTKH peadbHBIX

Pmc. 55. Pacopepenemme cKo-

POCTH BAsKolf sKEAKocTE B Ienm  LJIACTOB,
T'mppopmBaMAadecKEe MOpmelH®  Ijia-

CTOB, COCTOAMHAX B3 COOBMAIOMUAXCHA APYT
¢ IPYTOM TpOWIacTKOB, paccmarpusaimes A. H. Msarmesnm [81],
I1. 51. TlonyGapnHoBoii-Koumuoti [93], M. A. I'yceitu-3ame [37] = nap.
HcnonbsoBanme 9MCIEHHBIX METOOB IPH DPENIeHAH 3aiad pas3paGoTkm
HEOJHOPOXHHX IIacToB Haxoxeno B pabore I'. I'. BaxmroBa [26].
IIponeccs BhiTecHenms Mmopedcii HedrTn BONOA W3 Mofeseit CIOHCTHIX
OJaCTOB M3ydaluch sKcumepmmenTandsno B. I'. Orammmansumem [86].

Cuegyer 0TMETHTH, YTO MeXaHW3M MHOTMX BHYTPHMILIACTOBHIX IpO-
HeccoB, HPORCXOAAMAX B COOGMAMHEXCA APYT € APYTOM CIOHCTHX Ia-
CTaxX, CXOJeH ¢ MEeXaHHW3MOM aHAJOTMYHHX HPONEcCOB, HPOMCXOAAIEX
B NOPOBO-TPCHIHHOBATHX KOJJIEKTOPAaX.

TpemnnoBaTOCTL ABJAETCA OJHAM H§3 O0Y€Hb pPaCOPOCTPAHEHHBIX
CBOMCTB He()TAHBIX H Ta3OBHIX ILIACTOB. ['OpHEE MOPOAH, B YACTHOCTH
KOJJIEKTOPH He()TH I rasa, B TeUeHHE re0JOTHUYECKAX BPEMEH HCHBITH-
BaJIE Pa3iHYHOTO pofa HedopMaund B PH3AKO-XMMAIeCKHe IpeBPameHu .
M=orne ropusne mopoas He 06:1a5ai0T JOCTATOUYHOM TEKYIeCThI0, KOTOPasA
Op® pedopMaOWH NOPOH BHI3KBajda On PETAKCAUI0 HalpsKeHMH.
IlosToMy manpsi:kenHs, KOTOpHE BOZHUKAJM B HOPOJAaX HpH ABEKEHHAX
3eMHOHl KOpH AW NpH QH3AKO-XHMAYeCKNWX IPEBPANMEHHAX IOPOJ, Ipe-
BHIDAAE Opedessl HPOYHOCTH IOPOJ H BHIBHBAJIH LMOABIEHHE TPEIHH.
B macroamee BpeMA HMeHOTCA MHOTOUHCJIEHHHE NpAMHE H KOCBEeHHHE

104



HaHHEE O HAJWYMM TpPeMEH B HePTAHHX, ra3oBHX M yroibHHX IUIA-
crax.

[ BE:KeHHe ;KEAKOCTeH W ras3oB, W B ocobeHHOCTH MHoOroQasHHX Be-
MeCTB, B TPEIIKHOBATHX IIaCTax 06Jla;1aer MeJHM PAOM 0COGEHHOCTER,
Paccmorpenne sTnx ocobeHHOCTel HadHeM ¢ IpHMepa JBHYKEHHSA OJHO-
PONHOA KEAKOCTH B TPEIMWHOBAaTOM H TPeMEHOBATO-IOPHCTOM ILIACTe,
T. €. B TaKOM IJ1acTe, KOTOPHHA COCTOMT H3 IODPHCTOr0 MaTepHala, Das-
6MTOr0 PaBHOMEDHO MJH Xa0THYHO CHCTeMOH TpemmH.

OnpHEaxo Npeae IeM HepPeATH K PacCMOTPEHNIO NBHKEHHA ;RUKOCTH
B BTHX WJIACTaX, YHEAHM BHEMAHEE BOUPOCY ABHIKCHAA BABKOH RHAKOCTHE
B IMeAH. 3aKOH ABHKeHHA BA3KOH KHAKOCTH B HPAMOARHeilHoH mean
¢ HapajJjJelbHHIMHA CTeHKaMu (pHC. D)) moJyJaeTcA K3 DellleHMA ypaBHe-
NI JBH)KeHHA BA3Koi :uaAKocTH (ypasuenuii Hasse — Crokca) n umeet
BH:

> w? dp
e VTR P (6.1)
>
A€ U — BeKTOpP OCPeJHEHHO! [0 IMTHPHHE IMeJH CKOPOCTH IBH/KeHHSA
’KEJKOCTH; W — IITAPHHA TPEmHHH; | — BABKOCT: Hedrm; dp/dr —
rpajdeHT NaBieHUA.

Mmeorea sKcumepEMeHTadbHEHE Hanune [67], morasmBawmue, 9TO
3aBHCAMOCTh MY CKOPOCTHIC H rpafmedHToM Aasiaenus (6.1)Bnimo-
HAETCA [0 OHpeNelIeHHHX 3Ha4deHHWl gHciaa PefiHoabnca:

N Re == ot =20
B B
(g — pacxoj KHAKOCTH B MeJH, DPAXOAAMAICA Ha eAAHUIY ee INPUHH,
A3MepsAeMOil B HaUPaBIeHMH, NePHeHAHKYAADHOM ILIOCKOCTA DHC. 55).
[lpnm auaveBmax Nge, opuMepHo 66apmux 500, 3axon asmxenus (6.1)
OepecTaeT GHITH COPABENJAHMBEIM, TaK KaK JBH:KeHHe B IeXA CTAHOBATCH
TYypOYyIeHTHEIM.

N3BecTn TakKe sKcmepaMeHTaidbHHe nanHue [98], cormacuo KoTo-
peIM 3akoH (6.1) OpH JaMHHapHOM TeqeHHH BHIIOJIHAETCH AJMA 0YeHb
Y3KHX melell, IMAPHHOH B HECKOJHKO MHKPOH.

CpasuuBas dopmyay (6.1) ¢ sakonom [{apcH, MOMHO HOJYIHTH BEI-
pajKenHe JJIA «IPOHHEIAEMOCTH» eAHWYHONA TpemHHH k = w?/12. IJra
IPOHNNAEMOCTs 09YeBbh BexuKa. Tak, Hanpmmep, mpu w = 10" 3cm
k ~10-7 ¢Mm2 = 10 [I. OgHako TaKyio IPOHANAEMOCTh HMEIOT JIHIb OTeNb-
HO B3AiTHe TpemBHH. [IpaKTAYeCKY Ke TaKEX TPEMEH B HOPOJE HEMHOTO,
M TO3TOMY CyMMapHasd OPOHHIAEMOCTh TPEIMHOBATOM WOPOAH MOJKET
OKa3aTbeA He Taxoit Gonpmoli. Tax, HanpuMep,eclH Ha OHH KBajpaTHHH
MeTp (I)mlbrpyxomen HOBEPXHOCTA MJIaCTa NPHXOQUTCA OfiHA TPEMHHA
wuprHOE w = 10~ 3 c¢cM, a npounuaemocn, caMOX mOpOAK paBHa HYJIO,
To 3QQexTHBHAA OPOHHNAEMOCTh TaKo# mopons 6ymer paBHa BCETO
0,1 mJ.

CnenoBaTensHO, pacCMaTpHBaf TPEMHEHOBATYI0 IOPOAY Kak (HIBT-
PYOIMy0 cpefy, HY/KHO ONPENeIHTh MIPOHHIAEMOCTh TPEMHHOBATOR
HOPOAH B HEJOM.
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IIpesxme 9eM 8T0 clesaTh, BBejeM HOHATHA IyCTOTH H cpejHed IOHA-
puutl TpemuH. Ilopx rycroroit Tpemmn I'y 6yneM mOHEMATh OTHONmMeHHE
HoJaHOM gauuk AZ], BceX TPemIBH, HAXONAIMEBXCA B JAaHHOM CeYeHHH
TpemUHOBATON HOPOAH, K yABOeHHOH naomans ceueHds AS. Tarkmm

obpasom,
A l;
- 6.2

Ecanm cerka TpemmH xBagpatHaa (pmc. 56), to 't = 1/I. Orciona
ONpefeNseTCA H «CPegHAA NJIHHA TPEMMIHEY [, , PaBHAA TaKiKe «CpefiHeMY
paamepy 6aoxa mopopny. VMeem
[/ 1
/ L= (6.3)

Cpennss ¢msmgeckas mMEPHHA Tpe-
muH Wy = AZw,/An (w, — mapnHa
i-i TpemmuHH, An — WHCIO TpemHH
B ceuenmn AS). CpepgHion rmppasim-
9eCKyI0 MHEPHHY TPemUH ONpexelsioT,
HCXONA A3 THAPABIHYECKOr0 HOapaMeT-
pa — IPOBOJAMOCTH CHCTEMH TPeI[HH.

OcHoBHIBafiCh Ha UpeACTaBJIEHHH O
KBaJpaTHOl ceTKe TPeIuH (MOKHO, KO-
HeYHO, HCIOJb30BAaTh M JpPYrHe Ieo-
MeTpHYECKHE NIPEJCTABIECHHUA), LOJY-
9aeM 1A OCPEHHEHHOM IO CEeYeHHIO
AS (cm. pme. 56) cxopoctm ¢mEABTpa-
OOW SRUAKOCTH B Cpefie ¢ YHCTO TPEIMHHHON HOPHCTOCTHIO CAECAYIONMYIO
dopmyay [50]:

- Aq UJEA 2 li

_ - wEFT
v=—ﬁ———m—§sr3§p———6p—gradp- (6.4)

Pmc. 56. TpemmeoBaTas cpega:
1 — TpemAHH; 2 — OJOKA YIOPONHI

Brpaxenne (6.4) MOKHO CIATATH 3aKOHOM JBHKeHHA (QEABTpammm)
HAKOCTH B cPefe ¢ 9ACTO TPEMAHHON IOPHCTOCTHI0 H MPOHHIAEMOCTHIO.

Hlmpuna TpeI[EH B TPEIMHHOBATHX HOPOJAX MO’KeT CYIMeCTBEHHO
3aBHCeTh OT JaBJeHHA JKHAKOCTH, feliCTBYIOMEro Ha DOBEPXHOCTb Tpe-
mEns. [losToMy TpeIImHOBATHA HiacT BoOGIe cieqyeT CIHTaTh medop-
MEpyeMo#l cpenoii. PasBaTHIO TeoprE PHABTpPAmHHE KHEAKOCTeH H ra3oB
B pefopMHEpyeMHX KOJJIeKTOpax DocBameHnwn paGoru A. DBanua,
H. C. bacumena, B. H. Hakonaesckoro [11], A. T.Topbyuosa m
B. H. Hakonaenckoro [34] m pgp. B paborax [4, 34] mmpoko mcmoas-
3YeTCA DKCIOHEHIHAIbHAA 3aBACAMOCTH IODHCTOCTH H OPOHHIAEMOCTH
mopog ot gasienusa. OfHAKO B mepBOM HDHGIMKEHHHE JJIs# ONHCAHHA He-
QopMan¥H TPEmHHOBATHX HOPOJ MOMHO NMCIOJb3OBATH CAELYIILYIO
3aBHCHMOCTh:

Wy = Wyo [1 — Py (0 — D)) (6.5)
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IJle W,o — WHEPHHA TPeIWHH IPH JAaBJeHWH D KAAKOCTE B TpellUHe,
pPaBHOM HAuaJdbHOMY JaBIEHHI p.; P, — (CIKEMaeMOCTB» TpPemUHEL

Benmumpa f, B 3aBECHMOCTH OT CTPYKTYDH TpPeIEHOBATOM CpeHH
MOACT CYIECTBEHHO OTAHYATHCHA OT CKEMAeMOCTH MartepHalna GJI0KOB
TIOPOIE, T. €. OT CKAMAEMOCTH CaMHX HOPOJ, CJAATAIINAX TPeIHHOBATHI
roaaexTop. YToGH NOACHATH 3TO, PacCMOTPHM B KauecTBe HpHMepa
GHNBTPYOIIEe CeYeHHEe TPEMHHOBATOTO IJIACTA, COAEPIKAMEro rOPH30H-
TalbHBIEe TPEMEHH €O cpejHell MApPHMHOE w, m jpirmHo# [, (puc. 57).
Bynem cauTaTs BHaYajXe, uTo TPEIAHE NJINHHEE U y3KHe, T. €. 9T0 [, >
> w,. Ilnacr cBepxy c;xar ropHHM naBiaenneM ¢, = p gH, a ¢ GoxoB —
GOKOBBIM JI2aBJEHHEM (. JlaBleHHe KHJKOCTH B TPeNIHHAX DPaBHO p.
Ilpn naMeHeHWH HaBIEHHA HEFKOCTH B TPEIHHAX MOBEPXHOCTH TpPEIUH

1 gr=pagH

|

Pme. 57. JedopManma tpems:

1 — obmacty cymecTBeHHHX medopmanuit

BHIy4nBalTCA, Aedpopmmpyschk, Cpentee mepememenue Ay mosepxHo-
CTH TpeIMHUHH II0 BePTHKAaAH COrlacHo 3aKoHY I'yka BHpaKaercs, Kar

Ay =l Ap, (6.6)

e f, — cHHEMaEMOCTh MaTepHada GIOKOB.

Wsmenenne sxe of6bema Tpemuuk AV OpomopmHOHANLHO JIHHE
TPemuHH [, W ToamuHe 6a0Ka b, 3aMepeHHOH B HampamjeHWH, lepIeH-
AURYAAPHOM ILIOCKOCTH pHC. 57, Tak uTo

AV =g,13b Ap. (6.7)
«CxmMaeMocThy Tpemuub P, onpefgensM Temeps mo Qopmyie
AV
Be=v2, (6.8)
Hocroasky V = w,l,b, 13 (6.7) 7 (6.8) umeem [50]
Ly
B* =By W * (69)
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Ecan I /w, = 10, o B, = 10, a opm I /w, = 100 «c:xmMaeMoCTb»
TpemuH GyneT Upe3BHYAAHO BHICOKOH M MO3TOMY GYAT OKa3HBAThL Cy-
MEeCTBEHHO® BIHAHME HA IPOBOAMMOCTH TPEMEHOBATOrO ILIACTA.

Hao6opor, npu Mamnx [, /w,, IpakTHYeCK: paBHHX egEHENE, Aedop-
Mamus TpemuH GyneT HesmaumTenbHOR. IlmacTei ¢ MaxmM I,/w, CKOpee
MOXHO Ha3BaTh KaBEPHO3ZHHIMH, U€M TPEIXHOBATHIMH, IOCKOABKY Iy-
CTOTH B HEX 6oJlee HOX0KH Ha KaBePHH, YeM Ha TPemMUHH. EcIH K ToMy
JKe KOJIHIeCTBO TAKHX «KaBepH» B CEUCHHH IIACTa Majo, TO IPH H3MeHe-
HHEN JaBleHHSA JKHAKOCTA B HEX fefopMamua 6ymeT mPaKTHYECKH pac-
TpPOCTPAHATECA Ha 061acTh, HAXOJAMYIOCH B6AH3M KaBepHH (06macTs 1
Ha pEc.D57),a He Ha BCIO HOPOAY,TaK 9T0 3P PeKTuBHAA C:KAMaeMOCTh OT M3~
MEeHEHUA JaBIeHHA KHAKOCTH TAKOr0 KABEPHO3HOIO IIACTa MOKeT GHTH
Jaxie MeHpIIe CKAMAaEeMOCTH MaTepHajla, H3 KOTOPOTO COCTOAT GIOKH
HOPOJHL. )

IlpeacraBiends O C/KEMAaeMOCTH TPEMIHHOBATHX LOPOJ HBIO0KEHH
Takme B pabGore [69].

OnHaro BepHeMes K HEPBOMY CJIydYal0 TPEIHHOBATOrO ILIAacTa ¢ 9H-
CTO TPeIABHON HOPHCTOCTHIO, JAA KOTOPOro I, > w,.

Hpnnwumasa (6.4) B KadectBe 3akoHa ¢miasTpamum ¢ yaeroM (6.5),
a TaXyKe HCIOOJNb3YA OOHTHOE ypaBHEHHE HePa3PHBHOCTHE MOTOKA, MOKHO
monyguts gEPPepeEIHATpHOE YPaBHEHTe ABMKEHHA JKHEAKOCTA B CHIBHO
gebopmMupyeMoit cpeme ¢ WHCTO TPEMEHHOE TmOpHCTOCTHIO. B ciywae
YCTAHOBUBINEroCA NBHKEHHA KHIKOCTH B TaKOH cpelie 3TO ypaBHeHHe
mMeeT ClHeyIOMUi BHU:

div (p) grad p=0;
f(P)=1—B«(px—P). (6.10)

B caysae, HanmpEMep, yCTAaHOBHBIIETOCH paJgMAJbHOIO JBHKEHHSA
AKEIKOCTHE B cpeje ¢ YHCTO TPENHHHOM MOPHCTOCTHIO OT KOHTYDa IIacTa
PajHycOM r, K CKBa)XHHe PajEyCOM r, HMeeM CJIeNyKILyl dopmyly
[50], ompepensomyn Ae6UT CKBaKHHE:

onkch (a +bpk)t—(a+ bpc)t :I

4b (6.11)

1874
wln ="

8
a=1—PBuP; b=Pu kT=—"’—‘61i

M3 (6.11) BEaHO, 9T0 AAA CKBaKHHH, SKCINTYaTHPYHOMeEH TpeIlmHO-
BaTHl IJIACT C CHJBHON CKEMaeMOCTBI0 TDOImUH, yiKe He IOJNYJaeTCH
NPOOOPOEOHANBHOM 3aBHCUMOCTH MEKIY JeOHTOM CKBajsKHHH H Oepema-
JIOM AAaBJIeHHA, KaK 3T0 HMeeT MeCTO B CAydae CKBaKHHH, 3KCIUIyaTADY-
omeli o6H9BHET caabo CKEMaeMbld TOPHCTHEA IIacT.

3asucemoctn q = q (Ap.) upE Hcmoixszosanum (Gopmymm (6.11)
HOJYYal0TCA KPUBOJAMHEAHKMHE, 3aruGaloMAMHACA K OCH IepemafioB Na-
BJAGHHA.

Teneps mepeieM K pacCMOTPEHHUIO JBHKeHHA OHHO(DAZHOH KHUAKOCTE
B TPOIMEHOBATO-IOPHCTOM IacTe. ByjneM paccMaTpHBATh TPeI{HHOBATO-
MOPHCTHE HAACTH cO ¢iabo#l CKEMaeMOCTHIO.
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B TpPeIEHOBATO-IOPHECTOM IJIACTE EMKOCTHIO H IPOBOAMMOCTHIO 06a-
H2I0T Kak GJIOKM HOPOAH, TaK WM CaMH TpemuHH. Brime 6ri0 moxasaro,
gT0 ecad GJOKE DOPOAK HEIPOHHIAeMEie, TO CHCTEMY TPEIHH MOKHO
¢c4HTaTh CBOeoGpasHo# (HIABTpYIOmER cpefoli. YpaBHeHHe HeyCTaHO-
BUBIMErocA JBHKEHHA OFHOPONHOH XHAKOCTH B TaKo#l cpepe (B caydae,
KOHEeYHO, caboil ckuMaeMOCTH cpefsl) 6yAeT BIOJHE aHATOTHIHKEM yPaB-
HCHUI0 ABHKEHHA ONHOPONHOM KHJKOCTH B OORYHOM IOpPHCTOH cpepe,
T. €. YPaBHEHHNIO THOA TeJONPOBOJHOCTH. ECIH ke TpemUHH B Tpemu-
HOBaTO-IIOPHCTOM IJacTe KaKEM-TO 00pasoM CHejaTh HelPOHUIAEMEIMH
B OPONOJAHLHOM HANpPaBJEeHHWH, HO IPOHHIAEMHIMA B MONEPEIHOM Hampa-
RJIEHHH, TO, YIATHBAA, 9T0 06'HeM TPENEH OOHYHO HEBEJHK IO CPaBHEe-
HHOI0O ¢ DOPOBHM 06BbeMOM 6J0KOB, TPENEHOBATO-MOPHCTHH IJacT Ipe-
BPAaTHTCA TIPAKTHYECKH B OGHYHYI0 HODHCTYIO cpeny. TakuM oGpasom,
TPeIlWHOBATO-NOPHCTAA Cpefa MOKET B Hpejelie «IPeBPamaThCA» KaK
B CPeAYy € YHCTO TPEIMHAHHOH IIOPHCTOCTHIO, TAK H B OGHYHYIO IODHCTYIO
cpeny. B o6mem ke corydae aTa cpefa COePKET IPA3HAKE KaK IO PHCTOH,
TaR M 9HCTO TPEIEHHOMA CpEJH.

[MosToMy npH MaTeMaTHYeCKOM ONHCAHEM [BHKEHHA OJHOPORHOX
YKUJKOCTH B TPEMUHOBATO-HOPHCTOH Cpefe eCTECTBEHHO IPECTaBUTH
BTY CPEAY B BHAE (BJIOKEHHHX» APYI B APYra MOPHCTOM H TpemHEHHOM
cpen [15]. Mipm ycranoBmBIIeMcA [BHIKEHHH ;KHIKOCTH B TPEMHEHOBATO-
OOpHCTOHM cpefe 3Ta cpena Gymer BeecTH cebs Kak cpefa, IPOBONEMOCTH
KOTODO#M paBHa CyMMe LUPOBOAHMOCTEH NODPHCTOR M TpemEHHOR cpen.
Ecam ;xe ABH;KeHHe ;KEAKOCTH B TPENM{EHOBATO-IMODHCTOM cpefe HeycTa-
HOBHBINeecsA, BCTYNHT B HeACTBHE fMABJEHHe 06MeHa KHUAKOCTBI0 MEKAY
cHCTeMOH GJIOKOB H CHCTEMOM TPEIIHH.

JiA MaTeMaTHYeCKOr0 OUHMCAHEA ABMIKEHHA JKHUAKOCTH B TpPEI[HHO-
BaTO-OOPHCTOH Cpefe MOMHO BBECTH ABAa LOHATHA CKOpocTE QHUIABTpa-

-

OAH — CKOPOCTHh GMALTpamUM B CHCTEME TPEIAH Uy B CKOPOCTH PHABTpa-

-
LuE B cucreMe GIOKOB v,; [Ba NABJEHHUA — JABJICHHE B CHCTEMe TPOIHE
P1 ¥ HaBieHde B GioKax p,, Kak 3To cheldaHo B pabore [15].

I[IpunmMasn, 9To 06MEH KHIKOCTHI0 MEXKNY GJOKAMH H TpeIEHAMU
OPOHCXOJHT KBA3HCTAI[HOHAPHO, T. €. ABHO HE 3aBHCHT OT BPEMOHHE £,
ooxydaeM cAeRyomyno GopMydy JJIA CKOPOCTH v 3Toro oGMeHa B dile-
MeHTapHOM o6beMe miacra [15, 16]:

= (P, =Py (6.12)

rae o — KoddhPunuenT, XapaKTepH3yONMKA HHTEHCHBHOCTH 06MeHa KUz~
KOCTBIO MEKAY CHCTeMOo# GJIOKOB H CHCTEMOH TpEemHEH.

N3 Qusmaeckux coobpasxenmii ciaenyer [16], uro kosddumment o
HOJKEH 3aBHCETH OT IPOHHI26MOCTH GJIOKOB E HX reOMeTpHYecKOH Xa-
PaKTepHCTHKH, B KadeCTBe KOTOpoil BEGepeM yjelbHYI0 MOBEPXHOCTH
6m0K0B Sy, PaBHYH OTHONICHHI0 MOBEPXHOCTH GIOKOB H HX 06BeMy.

KosddunmenT oo GeapasMepumit, moaToMy o =~ k,Sy. Cumras GIOKH
Hopoxs Ky6amm co cTopoHoil a, aMeeM o = 36 ky/a?. Ilycts a = f M =
= 100 cM, ky = 10 ][ == 10-1° cm2. Torma a = 0,36-10"12,
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YpaBHEEHHS HepaspPHBHOCTH TEUEHHA OJHOPOJHOH KHJKOCTH B Tpe-
I]J,EHOBaTO-IIOpECTOﬁ cpenge B COOTBETCTBHUH CO CKAa3aHHEIM BBIIIE UMEIT
CaeRyOIMuEA BUN;:

a . >
% +div (pvy) —pv =0;

- (6.13)
200 4 i (poy) + pv =0,

Ifle my U M, — NOPHUCTOCTH CHCTEMH TPEI[UH U GJIOKOB; p — ILIOTHOCTH
K HIKOCTH.

IlpuEMMan 3aBECHMOCTH CKOpoCTed QUIABTPANUH B TpemuEax #H 6a0-
KaX OT COOTBETCTBYIOMUX FPAJUEHTOB NaBIeHUH B opMe 3axona apeH,
u3 (6.12) u (6.13) noaxyuaeM 3aMKHYTYI0 CHCTeMY yPaBHEHHH, oNHCHBa-
WOIUX ABHKEHHE OJHOPOAHOM ;KUAKOCTH B TPEMUHOBATO-IOPUCTOM cpefie.

3aKoH 00MeHAa IKUIKOCTHIO MesK Iy OJOKAMH H TPEeMUHAME MOKeT BHTH
IpexCTaBieH, KOHEYHO, © B (opMe, SIBHO YYHUTHBAIMEH HeCTANHOHAP-
HOCTB, T. €. 3aBHCHMOCTh OT BPEMeHH, TOro Ipopnecca. Taxo# 3akoH
obMeHa JKUIKOCTBIO MeKAY O1oKaMu U TpemunaMu 6k sBesen . A. Boa-
koBuM [27] m B. C. Kyrasposnm [63]. Vramem rakixe gopmyay o6-
MeHA MKy GJOKaMH H TpPeIIMHAMH, NOJYUeHHYI0 B pabore [49] Ges
HCIOAB30BAHHA NOHATHSA JaBleHUs B 610Kax p,. [loMasa, 9To naMeHeHme
STOr0 AABJIEHHA NMPOUCXONHUT B Pe3yJbTaTe HAKOIJIEHUS HIAM PACXOn0-
BAHHA JKHUJKOCTH B OJIOKAX H3-3a IEPETOKA M3 TPeIUH B OJOKH MAMN
Ha060poT, ¢ HcnoanzoBarueM (6.12) momygaem [49]:

¢
a 1
U==T po—p-—-ﬁ—zzgvdt s (6.14)

Ifie po — HadagpHOe J[AaBJIeHHEe B TPemMHAX; [, — YIPYroeMKOCTh
610KOB.

Cucremy ypasuenuit (6.12)—(6.13) mo:xHO TakKe CIHTATH CHCTEMOI
ypaBHEHMH IBHIKEHHS ONHODONHOH >KHUAKOCTH B cpefie ¢ nBoiiHOM Io-
PHCTOCTHIO ¥ MCIIOJB30BATH STy CHCTEMY IS ONHCAHHUA COOTBETCTBY-
10IEEr0 TeUCHUA KHUAKOCTH B IOPHCTOM IJIACTE ¢ CHIBHO PassHTOMH AHTO-
JIOFHYeCKOW HEONHOPOTHOCTHIO.

Ipu ucnoapzosanuu ypasaenui (6.12)—(6.13) npuMenuTeIBHO K TPE-
MHUHOBATO-NIOPHCTOHA cpeae B Psje CIYyIaeB MOKHO C/Ie1aTh NajipHeHNIze
ynpomenus ypapaenuit. Tak, Hampumep, mpu GoJbpmoi DPOBOJUMOCTH
TPEMHUE N0 CPABHEHHIO C IPOBOUMOCTEI0 (I0KOB pacupefielieHue Jasie-
HHA B HAX MOKHO CYHTATH KBASHCTANUOHADHHM, a TaKKe CYHUTATH, 9TO
6M0KM ABIAIOTCH CBOEr0 pOJA (HCTOYHHKAMH», NHTAIOMHUMH CHCTEMY
rpemun. Torna ypasuenus (6.12)—(6.13) ynpocTATes B IpuUMYT cleny-
pomuit sup [15, 16]:

kyvipi o (0 —p)=0;

(6.15)
B — - (p,— 1) =0.
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Ipn wmckmrouernum uz ypasmenmit (6.15) mamaenus p, Dojydaem
ofHO ypa sHenue [16]

opy _k ovimy _ Ky

5 — ot o Vi (6.16)

B ragecrBe mpmmepa, HarnagHo AeMoHCTpHpylomero 3PgdeKT obMena
JRUIKOCTHIO MEKY GJOKAME M TpeMmUHAMH, MOKA’KeM, KAK MPOHCXOJHUT
ABUKEHHE KHAKOCTH B TPEIMHOBATO-NOPHCTOM IJacTe KOHEUHHX pa3-
sepos (puc. 58). B HawanbpHKI MOMEHT BpEeMEHH B 3TOM LJIACTe ABHKEHTE
RUAKOCTH OBind ycramosusmumca. V3 ypasmenus (6.16) caexyer, uro
paclpenesieEHe JaBIeHHS B DTOM CJyuae ONMCHBAETCA ypaBHenmeM Jla-
naaca 4, KOHeYHo, UMeeM P, = p;.

Ilpu yeramosuBmemcs ABUKEHHH B IIJIacTe AABJeHHE p; = p, IpH
z=1,anpux=0mwu p, = P,.

7 2
P

o, Px

-——

DI 7 I LA /L

g v

Puc. 58. TpemmHOBaTO-MOPHCTHIA MIaCT:
1 — TpenMHE, 2 — GJIOKW NOPUCTON ITOPOMBI

BseneM OespasMepHEE KOODIUHATH
; x klt -
g—-—l—; T—mﬁ-. (61/)
HawanpEnie H TpaHHYHBE YCAOBUA CleNyIOMuUE:

p=P,+(p— P))§ nmpu 1=0;

apl (T, O) =O
9% mpu >0, (6.18)
by (Tv 1)=px

Pemennem ypasnenns (6.16) npu ycaosuu (6.18) 6ymer [50]

(2n+1)2 n2 <

. — 8(px—P1) _1_._ 4
Dy=DPy———13 (@nt1)2 expy — | (2n-+1)2n2 7 X
T ®
n=0
X coS M__zi)n_ g, n — %- . (6.19)
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IIpm n = 0 pacmpepmeneHHe napiAeHHEA p, COBIAaeT C paclmpeneie-
HHeM J[aBJeHHA NPH JBUYKEHHU XKHAKOCTH B AQHAJOTHIHOM cJIydae B
o6rraHo#t mopmcroii cpeme. Ha puce. 59 moxasama 3aBECEMOCTH QyHEKIHEE
Px —p1 (0.1)

!

u 'q/lz 10.

3ameTum, 9TO caydait 1/I2 = 1 MOKeT COOTBETCTBOBAThH, HANPHMep,
ky =101, k, = 10~ * [, nuneitnomy pasmepy 6aoka 6 m m [ = 100 M.

Taxum oGpasom, dYeMm Ooibime 7, TeM
Gonbime OTIMYAETCA H3MeHeHHe [aBIeHUA
B TPENIMHOBATO-IOPHCTOM INACTe OT H3Me-
HEHHs [IaBJeHHA B OGKYHOM IOPHCTOM
njaacre.

IIpm 6mcTpoM H3MeHeHHW NABJEHHA HA
FPAHHNE TPEN(HHOBATO-NIOPHCTOrO ILJIACTa

oT GeapasmMepHOro BpeMenu T mpd /2 =1, n/i2 =

s HABJCHHE B TPEMIMHAX B HeNOCPEACTBEHHOM

0 2 4 6 8 T GIH30CTH OT TrpPAHHOH IJacTa IPpUHHMaeT

Prc. 59. 3apacEMocTh [px — BHAUeHHe, 6JIH3KOe K NABJIEHHIO HA TPaHHIle
py (0, 7)/pc]l — py OT T mpE  macra. [lasienue ke B Gi0Kax p, BGIH3H
pasmaTHEX 7)/12 FPAHMIH IJIACTA MOKET, KaK 9TO cixegyeT

HemocpencTserHo H3 (6.15), cymecTBenHO
OTIHMYATHCA OT JABIEHHA B TPENUHAX p,. PasHOCTb JaBieHHH B 6a0KaX
U TPemuHAX BOAHM3M TFpPAHEHNH ILIACTa — CKA40K pasieHus» [18]
YMeHBIHAeTCs CO BPeMEHeM II0 HKCIOHEHIMATBHOMY 3aKOHY.

§ 7. BBITECHEHHE HE®TH BOIOU
N3 TPEMBHOBATO-HOPHCTOIO IJIACTA

MexanusM JABHKeHMSA OHHOPOMHHX H HEOMHOPOAUHKX FKUJKOCTeI,
a TaK)Ke rasa W Ta3HPOBAHHKEX >KHAKOCTEH B TPEMHUHOBATO-IMOPHCTHX
IJIacTaXx B HACTOAMEe BPeMA H3Y4YEH B COOTBETCTBHH C IPHBEHCHHHMH
BHIIE TpefcTaBleHUAMH o6 3TEX maacrax. Hsmosxenue pemenwuit 3apau
JBM;KEHHUSA JKUAKOCTEH B TPEMIMHOBATO-IOPHUCTHIX IIIACTAX UMEETCS B Psje
pa6or [4, 16, 18, 46].

Boarmoe 3navenue A4 NPAKTUKU HUMeeT NPONECC BHTECHEHHUA IedTH
BOJOH U3 TPENMHOBATO-TIOPHUCTHX IJIACTOB. JTOT Omponecc W Gymer pac-
CMOTDEH HHKE.

Hax yxe GuI0 DIOKa3aHO, B TeX CJAydasX, KOFJA MOPUCTHH KoJJIeK-
Top HedTH ABNAETCA THAPOPUNBHEM, IPH KOHTAKTE BOJE C STHM KOJLJIEK-
TOPOM NPOHCXONUT KALMMIAPHAA NPOOUTKA. Eciam mnopucreie Grokm
XOPOMO CMaYyUBAXTCA BOMOM, TO IPH 3aKaUKe B TPENIMHOBATO-IOPUCTDLL
ILTACT BOAH OHA BEITECHsAET He(Th U3 TPENMH, a H3 OJOKOB MOPOJK B Tpe-
IUHE TOCTynaeT HedTh 32 CYOT KANHJJSAPHOM IPOINHTKU.

PaccmMoTpuM TpemMHOBATO-NOPHCTHI NJACT, BMeomiui ¢opmy npsa-
MOyroisHoro uapaiienenunena (puc. 60). Ecam zakaumsars B 9TOT
IUIACT BORY, TO OHA GymeT HocTynaTh B OIOKH MOPOAH 3a CUeT KANMIIAD-
HOW NPONHTKH,
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JKCIepPAMeRTANLHRE JaHHEE ITOKAa3HBAIOT, 9TO CKOPOCTh KAOHMIAAD-
FOT0 BIMTHBAHUA BOAH (PacXoj BoAk, BIHTHBAWMEHACA B HOPORY B eH-
HOIY BPEeM@HH, PaBHHE PacXofy HeTH, BHXOMIAMEA U3 TOPOXH) MOAHO
IpEeACTaBHTh ciaefyomuM oGpasom [211]:

o cos B Vk—z S3
me T_l/’, (7.,1)
W

H
ko
o cos B V o sy
pa ’

rne 4 — xoaddmumenT, ompeneNseMHE JKCHePHMEHTANbHHM IIyTeM;
k3, My — NPOHMOAEMOCTh H IOPHCTOCTH BNOKOB NOPOAHE; OCTAJIBHbBIE

A
P () = 5~ my8

T=

J 2 7
f ; /,%/ A/ T ”ll"lr}"”' % nunuJ/ : } 7 ‘
Boda ' ; Heqms
? T
2 &1
n ¢
Prc. 60. BurecHenme merm Bomof M3 TPEIMIEHOBATO-MOPHCTOTO

miacra:

1 — OJ0KM TOpOMH, HACHIEHHNE HC(TbIO;, 2 — OJOKH IMOPOJE, NPOINUTHBae~
Mbie BOMON; 3 — OJOKM HOpONL!, NPOOMTAHHHE BOAOH

0608HAYEHHsA, KpPOME S,, KOTOpOoe OGBACHAETCA HUKe, yiKe H3BECTHH
YUTATENI0 U3 IPEALIYNIEr0 H3NO0KeHHA.

B orim4He oT NpHBECHHOr0 BHIIE TEOPETHUECKOT0 PelICHHUS 3aJa4M
0 KamnMJANAPHOH NpoNHTKe B JaypHeiimeM (yneM Opeamosarartb, HCXOAS
H3 YHCTO NPAKTHIECKHX coobpasKeHHH, 9T0 Iponecc KANHJIJIAPHOHA npo-
OUTKA He IPOAOIKaeTcA (GeCKOHEYHO AONI0 He TONBKO W3-33 TOro, 4TO
caMH GIOKH HMelOT OFPaHHYEHHHE DPasMepH, HO H NOTOMY, 9TO IpH
6oNBIINX BpeMeHaX 3TOT LPOmecc UAET O9eHb Mepienno. IlosTomy, Hc-
nonp3ya gopmyay (7.1), npuMeM, 4TO KANUIANAPHAA NPOIUTKA 3aKAHYH-
BAaeTCA K MOMEHTY BPeMeHH f,, KOIla CPeJHSAA BOJOHACHNIEHHOCTh 0J0-
KOB COCTABHT BeJIMYHUHY S,. ITO NPENNOJIOKEHNe He ABIACTCA CYIMECTBEH-
HEIM OTPaHUYeHHEM H3JIaraeMoil TeopHHE, H B ciIydae HajoOHOCTA MOMeT
OHTh NPHHAT HHOH 3aKOH KANHANAPHOH NIPONHTKH.

Husxe Gyner uard peys 0 NPOTHBOTOYHOH KanUANAPHOH IPOMHTKE.

IIpr Bakauxke BOAH B TPENMHOBATO-NIOPHCTHH IJNACT C PACXOAOM
g (T) mpomeccoM KAamHMINAPHOH NPONMTKH OXBATHBAKTCA HE OJHOBpE-
MenHO Bce Gmoku naacra. Ilostomy oGosmauum cumsosoM A (E) spems
Havajla KaouAJIAPHOH IPONUTKY OJroka NOPONH, HAXOAAMIErocs Ha pac-
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crosanu § = 2/l, (I, — paaMep GioKa HOPORH) OT HAYaNa KOOPIMHAT.
Ecnu xammmnspeas mponurtka 610Ka mOPOAH HATANACh B MOMEHT Bpe-
MeHH A (), TO CKOPOCTH KAaUMJIJIAPHOM NPONUTKH 3TOTO OJOKA B MOMEHT
Bpemenu t pasHa ¢ [t — A (E)]. Cunras, 9T0 B KaOKALH MOMEHT BPeMeHH
Pacxon BOABI HIET HA KAIMANAPHYI IPOOHTKY Gioxos, moixydaem [21]

£ (A=1)
elt—A(E)ldE=q (7). (7.2)

0

B (7.2) neussecTHOM BeqMYMHOH IpPH 3aJaHHOM ¢ (T) ABIAETCA A =
= A (E), mosromy (7.2) ecTp WHTerpaipHOe ypaBHeHMe. IlOCKONBKY
010 mPHEATO, YTO NPOUeCC KANMJIIAPHON NPONHTKH 3aKAHYHBAETCH
3a Bpems f,, IPH BHTECHEHUW HeTH BOJOM H3 TPENMHOBATO-IIOPHUCTOLO
IAACTA CIYCTA HEKOTOPOE BPEeMA B HeM BO3HHKAeT U IepeMemaeTcs 30Ha,
B KOTOpO# NPOHCXORUT KamwiisApHasa nponutka. O6osnauuM mepegHion
GeapasMepHYI0 KOOPAMEATY 9TOM 30HH £, a 3aHION, I'/le yiKe 3aKOHTH-
ach KAIMNNAPHAS OpOnHTKA — §,. Torma OespasMepHas jiMHA 30HH
KalWJIJApEO# npomutku A, = §; — E,.

HOns ompenenenus pasMepa 9ToH 30HH HeoGXOAUMO HaHTH COOTBET-
CTBYIOIiEe PellleHue WHTErPaJbHOro ypasHeHus (7.2) npy 3aKoHe Kanuj-
Japeo# mpomutku (7.1).

Iopcrasasa (7.1) B (7.2) m cauras g = const, moaydaeMm

k 1
A ocose(m—22> /'Sg, 5 it
5 MoSx [y =q. (703)
2 Ha fr—A(E)]"/*
Ee
Jlerko y6enuThcs HemocpenCTBEeHHOH MOACTAHOBKOH, YTO pelleHHeM
(7.3) 6yper

k 1/
Amgys,G cos 6 (—m—2-> ! S%

== =3 2 . 7,4
A=ak, a P (1.4)

Ilpu sToM smHawenmio £ = &, GymeT coOTBETCTBOBATH BpPeMA T, TaK
gro T = a §;, a sHaueHn0 § = £, cOOTBETCTBYET BPEeMS T — Ty, TAK UTO

T — 1, =ak, Orciopa Af, = §; — &, = TT*EJm

ot _ Ot
Azy = Asy,mg  Ssymg ? (7.5)

rae ) — pacxop BOAH B pasMEPHHX eJHHUNAX; S — INIOIIAAs IONeped~
HOTO CEYEHHA IJIACTa.

Paccmorpum mpumep.

Cornacao 3KkcmepUMeHnTalNpHHM JAHHHM, OPH MOPONHTKe 6X0KOB
NOPOAH NPOHHIAeMOCThio k, = 2 MJ u mopucrocreio m, = 0,07 sopoit
¢ 0= 344-1002H/M = 35.10"¢ krc/em u cos ©® = 0,6 npu BaskocTH
medrr p, = 2,7 clls, pazmepe Giaoka I, = 100 ¢y momysumocs, waro
s = 0,5, 4 = 0,199, 1, = 25,3.
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Ilycts uMper BHTecHeHMe HeQTH BONOH M3 TPEMMHEOBATO-IIOPHUCTOrO
macTa ¢ yKasaHHHBIMH Bhime nmapamerpamu npu Q/S =0,1 M/cyT. Ilo dop-
myure (7.1) mmeem t, = 6,25 cyr. Torna mo ¢opmyne (7.5) monyuaem
Az, = 18 M. Ilpm cropoctu BrTecHeHMA 1 M/CyT pasMep 30HH KaIMa-
aspuoil mponuTkm Gymer pasem 180 m.

ITOT NpEMep MO3BONACT NPENCTABUTH, B KAKHX CIy4aAX 3aBOJHEHHE
TpPeIIHOBATO-IOPHCTOTO miracTa Oymer Goiee 3QEeKTHBHEM M B KaKHX
meHee 3QPeKTHBHEIM.

Cpean HHKeHEpPOB-HeTAHHKOB €Mmle CYMECTBYeT MHeHHe, 4TO IPH
HAXHIAN B NOPHCTOM IJIACTe TPENIMH €ro HeJNb3A NMOABEepTraTh 3aBOXHE-
nuio. lIpuBeeHHENe BHITEe TeopeTHUECKHE COOGPAMEHHA H PACYETH
IIOKAa3HBAIOT, YTO 3TO JAJEKO He BCErna Tak. MHOrHe mIAacTH, CIOKEHHLe
TIeCYaHHKAMH H H3BECTHAKAMH, B HACTOAMIEE BPEMSA NOABEPTaIOT BaABOA-
HEHHIO, H BO MHOTMX CJIy49afX OHO INPOXOJHUT YCIOEHIHO — pPe3Koro o6-
BOJHEHHS CKBAKMH HE IPOHUCXORHUT. JTO YKA3HBAET HA TO, YTO pasMep
30HH KANMNJIADHOW IPONHTKH B TAKHX IIaCTaX Maj X0 CPAaBHEHHIO
¢ PACCTOSHHAMH MEKIY CKBAyKHHAMH H C PasMepPOM 3ajie:KH B HEJIOM,
" IO03TOMy IPH Y3KOH 30He KANUANAPHON NPONHUTKH 3aBOJHEHHE TPENIH-
HOBATO-NOPHUCTOr0 IJjacTa OymerT Majo OTIMYATHCA OT (IOPITHEBOTO»
BHTecHeHHs. Eciu ke pasMep 30HH KAOHNNAPHOrO BIOUTHBAHHSA BEJIHK
A OpeBHIIAET NPHHATHE Ha MeCTOPOKIACHHH PACCTOAHHA MENy CKBa-
YKHHAMH HJH pasMep 3aJie;kH, TO BCKODE B IIPOIEcce 3aBOAHEHUSA Oyner
HabMI0maTheA CUAbHOE 00BONHEHHE CKBAKHH. B TakHX cAyd4agX MOMHO
FOBOPHTD, 4TO 33aBOJHEHHE IJNACTA OKA3aloch He3(PPEeKTHBHHIM.

HomewyHo, B peaNbHHX NJIACTAX BHITECHeHHE Hed)TH BopoH W3 GIOKOB
IPOHCXORUT HE TOJBKO 3a CYET IPOTHBOTOUYHON KAIHANAPHOH MPONHTKH,
HO ¥ NIoJ AeHCTBMEM FPAJHENTOB JABJICHHA B TPemHUHAX.

JasA onucanus BhTeCHeHHS HeQTH BOJOM M3 TPeN[HHOBATO-HOPHCTOTO
mjIacTa HeoOXONMMO TaK:Ke 3HATH paclpejeleHHe HACHIOIEHHOCTH B Ca-
mux rtpemuHaX. OHO paerTca cienyowmuM ypaBHeHHeM, aHAJXOFHYHBIM
ypasuenmio Baknm — JleBeperra (cM. § 5 9Toi raasml), ¢ TeM TOJBKO
OTIHYHEeM, YTO B HeM YYHUTHBaeTcs HedTh, IpHTeKaiomas H3 OIOKOB

B TPeIHHEH: —_—
d myc cos 6 V% S% os
‘I(T)F’(s)a_g+ m 2 —6T+€P[T—l(§)]=0- (7.6)

Cucrema ypapsennii (7.1), (7.2) u (7.6) moxHOCTHIO OIHCHIBAET pac-
CMaTPHBAEMHH Ipomecc. 3aMeTHM, KCTATH, 4ro BXopamui B QopMyny
(7.1) sxcuepEMenTaABHBYE Ko3pPUOUEnT A cam 3aBHCHUT OT BPeMeHH .
Tax, ecau sBectn ¢ynkumio ¥ (£,), onpenenseMy0 Kak

ty T
0 cos 0 V—2 S8
m

A
Vty)= | @(t)dt == mys,

H

0
ty - Yy /s
0cos 8 V,:—2S’yt ' (Ucose‘l/k2 S3ta
2 (7.7)
, (7.

X dt = Amgs,
W
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Vite) __
TO WOAYYUM, CUHTAA, UTO == =const,
2° %

At (7.8)

JlabopaTopHEe HcciefoBaHUA M JaHHHE 0 (axkTUdecKod paspaborke
IIAaCTOB TOKA3HBAXT, 4T0 CKOPOCTh KANHJJIAPHOM NPOOHUTKA HOPOX,
ABIAMAACA caMa mo cefe HEBHCOKOH, MOKeT eme CYHIECTBEHHO CHU-
IKATBCA H3-84 HANWYUA IPOCIOEB OMEHH MAJIOd NPOHHI[AEMOCTH HA KOH-
TAKTe MEKAY IPOINACTKAME MJAH HU3-38 YXYAMIEHHA IPOHHUNAEMOCTH
Ha IOBEPXHOCTH HOPHCTHIX OJOKOB B TPENMHOBATO-IOPHCTHIX IIACTAX.
B oroM caydae, ecTecTBeHHO, Pa3Mep BOHH KAUMMNAPHOH NPOMHUTKH
Az, MOeT CymeCTBeHHO IPEBHINATH Pa3MePH 3alle’KH, TaK UTO BCKOPe
mocjie HAadajJa B3aBOJHOHUSA BCA ONOMAAbh 3alieku Oymer o6BogHeHa,
YTO B KOHEYHOM cyeTe IpHBejeT K mobrde smecre ¢ HedThi0 Oonpmux
KOJIWYECTB BOJIH.

JJis yeKOpeHHA KamMJUIAPHOH OPOIUTKHE GJIOKOB M JIMTONOTHIECKHX
HEOJHOPOJHOCTEH MO3KeT GHTh NPHMEHEeH YHOPYTro-KalWJINAPHHHA DUKJIH-
qecKuit ciocob mobran wegru [104, 22, 127]. TlpakTugeckoe ocymiecTsie-
HHE 9TOT0 cI0c06a 3aKII0YAETCA B IePHOMUISCKOM H3MEHEHHH NABJICHU S
HIH PAacXofa KUJAKOCTH HA FPAHHIAX INACTA, HIPHUBONANIEM K IEpHOIH-
9eCKOMY M3MEHCHHIO STHX HAPAMETPOB HA KOHTAKTE BEHICOKONPOHUI[AEMHIX
H HHBKOIPOHHOAEMHX 06'beKTOB INAcTa (IIPOCioes, JJUHS, OJMOKOBH T. X.).

Bo speMsa nuxia ODOBHINIEHUS JaBIeHHUA HedTh, HAXOAAMASACHA B IO-
pHCTHX GJOKAX, JIMH3AX WJH IPOCHOAX, CHKUMAETCA W B HUX BXONHT
sona. Ilpu mukie ke mOHWIKEHUS RABINEHHA conep;KuMoe muacra (HedTh
H BOJA) pacImIUpsSETCA, HO BOJA yHeP/KHBAeTCA KANHNISDHKMHE CHIAMN
B TeX HEOJHOPONHOCTAX, B KOTOPHE OHA IPOHHKJA, 4 HeQTH BHXORHT
H3 HUX.

B Mexagu3Me yUOpPyro-KamIMJUIAPHOrO MUKIMYECKOro cIocofa noOHam
HedTH ecTh ABa dddeKTa, OT KOTOPHX 3aBHCHT Pe3yINBTATHBHOCTH 3TOTO
cnocoba. Ongun U3 9QQeKToB BAKIIOYAETCA B YCKOPEHAH BHEJPEHHA BOJK
B HE OXBaUeHHHE BOJOH HEOXHOPONHOCTH IIJACTA 3a CUET YBeJHICHHA
B CpeJHeM Tepemajia HABJeHHA Me:ny Humu. Bropoir addexrt cocromt
B KAOWJAPHOM YHeP;KAHUH BOJK B HEOQHOPONHOCTAX.

Jns onenku 3eKTa yCKOPEHNs BHEAPEHHUA BOAB B HeOQHOPOJHEOCTH
PACCMOTPHM TPEIHHOBATO-HOPHCTHE MNACT, HCIOAL3YS ypaBHeHHe 006-
MEHA JKHAKOCTBI0 MeKAy OJoramMu B rtpemuuamu. Juddepenmupys
ypasHenue (6.14), monygaem

$45 (e )0 @

Ionomum p = P sin wi, ® = 2a/00 (O¢ — mepHO] nHKIa H3Me-
HeHEA fasienus). Torma ns (7.9) umeem

dv a v
_dt—+_p— (E—]—Pmcosmt):O. (7.10)
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Pemenue ypasmenusn (7.10) smpaskaercs chemylomuM oGpasom:

v=exp(_ = t) [S “‘;‘” coswt exp (,%-f;) dt+C:|. (7.11)

ITpu crammomapHoM peKuMe KoleGanWil mMONyIHM

oaPw ( o .
v= cos wl |- o sin cot) . (7.12)
a? ()
i ( u2p3 +w2>
Paccmorpunm cayuaif, xKorpga
a
0L T (7.13)
Torpga
v = Powf, coswt. (7.14)

IIpu o = 10-'2, 4T0 WO HOPAAKY BENMYMI COOTBETCTBYET Kk, =
= 10710 cm2, 8§ = 36-10"* 1/cM2, a Taxske mpm p = 10 clls, B, =
= 10" * 1/(grc/cm?) Benmuumna o/pP, = 0,1 1/c u ycnosue (7.13) Bui-
noauseTcs npu Oo 3> 63 c. Ilo-supuMoMy, BOONHE HOCTATOYEH HEPHOS
B0 = 600 ¢ = 10 muH, 9T06H OOMEH KHUIKOCTBIO MOKHO OHUIO ompe-
me1ars mo gopmyne (7.14). CpepBuil 3a TUKI MePETOK JKUAKOCTH B OHOM

-
HanpaBJeHHH (HAIpPUMep, H3 TPemuE B 6I0KM) v ompefenserca no §op-
Myte

v =2 S PoB, cos ot dz=%f2. (7.15)

0

IIpm €, = 600 ¢, P = 9,81.10° Ia (10 xre/cm?), B, = 10~ 4/Tla =

= 10~ 4 1/(xrc/cm?) Benmuuna v = 0,33-10" ® 1/c. IlockoabKy v — 3TO
06beM JKHIKOCTH, BHTEKalouiedl, Hampumep, H3 GNOKOB B TPENIHHH
3a eJHHHNY BpeMeHH HA EQUAHNY O00TBeMa TPemHEOBATO-IIOPUCTOrO
IJ1acTa, TO o6muil 06beM HUIKOCTH B eUHNIE 06peMa TPeNHHEOBATO-I0~
pucroi cpennt Gyner pased m = m, 4 m,. Torna opH ycuosuu, 4o B 610K
6ynmer BTEKATh Boja, a BHTEKaTh HedTh, B ciaydae MPHBEIEHHOTO BHIIIE
npuMepa, cautag m = 0,2, MomHO 6h10 GH B 6/I0KE MONHOCTHIO «BaMe-~
HuTEY HedTth Bomo# 3a 0,2/0,33.10°5 ~0,6.10%c, T. e. MeHee 4eM 3a
cyTKH, fia dero norpebosanoch 6u 100 quxnos. Koneano, aro 600 61
B clyYae NOJHOTO yAeP:KAHHS BOAH, uocrynawomeir B 6roxn. IlosTomy
I pHBeACHHK BRI IPAMeD CKOPOCTH «3aMeHL» Hedru B OJ10Ke HA BOJY,
T. e. N3BJedeHHA HeTH M3 GJIOKa, cleqyeT PAcCMATPHBATH JHIIH KaK
BO3MOIKHOCTDh TOCTHKEHHUSA TAKOH CKOPOCTH IPHM OCYINECTBIeHHH IUKJIM-
9eCKOr0 BO3JEeHCTBHA HA IIACT.

CpaBEEM Temepb CKOPOCTH «3aMEHH HedTH B GiroKe BOMOH IPH UKIH-
YeCKOM BOBEHCTBHH HA ILIACT €O CKOPOCTHIO MPOTHBOTOTHOM KAIIVIJIAD-
Holt MPONHTKH mPH Tex ke mapamerpax (k= 1071 cm2, m, = 0,2,
St =36-10%1/cM2, 0 = 35-10"® krc/em = 34,4-10"3 H/m. Cos 6 =
= 0,6, p = 10 cIlz =107 krc-c/cm?).
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Ns (7.1) monydaeMm ciemyiomee BHpajkeRHe ;1A cpPexHell 3a Bech
TePHO], CKOPOCTH KAUMIASAPHOH IPOMHTKH:

ts k 1/, 1/,
- ocos B [ = Sty
@(t*)=%j ¢ (t)dt = A'ffs' (’;’2> . (716
0

Wau, yuwrnsas, uro

l/ 1
ccos® (’];—2> 2S§,t.. /x

A = =1, (7.17)
nMeeM
_ Mys4G COS O Vﬁl—? 82
@ (ty)= - : (7.18)
slln

CorsiacHO NIPHUBEEHHHM BHIIIE SKCOePHMEHTAIBHHIM JaHHBM, T, =
= 25,3. Torga mna Tex sxe mapaMerpos EmeeM @ (f,) = 6,7-1078 1/c.
Taxum ofpasom, Bech mponecc IPOTHBOTOYHON KANMAIAPHOH IPOTHUTEM
IPOUCXONMUT NPH YKA3aHHHX BHIIEe yeaosuax 8 50 pas Goaee Memmenno,
geM Ipornecc ofMeHa JKHAKOCTHI0O MeKAY OJOKAaMH ¥ TPemWHAMM 33 CUET
HUKJINYeCKOro BO3NEHCTBUA DU yCAOBHHU MOJIHOTO YAEp:KAHUA B 6A0KaX
NPOHHUKIIeH B HHX BOJH.

OpHako, KakK 9TO yKA3HBAJIOCh BHINE, HEQOCTATOYHO TOJBKO «BHEX-
PHTBY» BOAY B HEOXHOPOJHOCTH — Ba)KHO, YTOOH B YaCTH IHUKJNA, KOT]a
JlaBJieHMe CHMKAETCA, BOJA MOIJAa YACPHATHCA B HEOJHOPONHOCTAX Ka-
OUANAPHEMA CHJAMH M U3 IOPOJ BHIXOAHIA HEHTS.

IKCIePUMEHTANbHEMHE HCCICROBAHUAME yIepKaHUA BOAK B HeOAlIo-
POOHOCTAX NPH NURIMYECKOM BO3elcTBHE Oblo moKaszamo [127], dro
BpeMs, Heo0Xomumoe A TOTo, YToOH BOJA, BHEJPEHHAsA B HEOJHODOI-
HOCTH, TMONHOCTBIO TaM yHeps;Kajach, IPHMEPHO PaBHO BPEeMeHH, 3aTpa-
YHBAaeMOMY HA IPOTHBOTOUHYI0 HJIHM NPAMOTOYHYHI KANIHAJNADHYIO HpO-
OHTKY RAHHOM HEOQHOPOJXHOCTH NPH Xopomeill cBA3H JAHHON HEOZHODPOI-
HOCTH € OCTAJNBHBIM mjactoM. I|UKAHYecKoe BO3NeHCTBHe IO3BOJIAET
YCKOPHTH «IONAYy» BOAK B HEONHOPOAHOCTH M H3BIeYeHHe M3 Ilee
HedTH, €CJIM JAHHAA HEOQHOPOJHOCTH OTHENEHA OT OCTAJBHOIO IVIACTA
cI0eM NA0X0H INpOHHOAEMOCTH.

§ 8. O®HIIBTPAIIMA TA3APOBAHHON KHAKOCTHA

OpauM U3 pacnpocTpaHeHHHIX BHIOB NON3eMHOTO JBHKEHHUSA JKHMIKO-
cTe#l W rasoB ABJIAETCHA COBMECTHOE JBH)KeHHe B IOPHCTOM WM TPEIUHO-
BaToM cpene KEKOCTH M PaCTBOPAIMErocA B Hell rasa. Takoe nsusxenue
TIPOMCXONMT N PH pasdpaborke HeTAHHX 3ajeKell HA PeKUMe HCTOMER UA.

Hedrs, KaK cloHAA cMeCh PAa3NEYHHX YIAEBOLOPOJOB, CONEPIRHUT
B CBOEM COCTaBEe CaMHe JierKHMe yIiIeBOJOPOAL!, o0BepuHseMEle 1oy 06-
UM Ha3BaHMEM «IONyTHLM» ras. IlocKodbpKYy HavaabHKMA COCTAB MIACTO-
BOH HedTH ABNAETCA QUKCHPOBAHHHIM (HA HEKOTOPOe KONWYECTBO Aera-
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31{POBAHHOA HeTH NPUXOUTCA ONPENEIEHHOE KOIMIeCTBO rasa), To NpH
oNpefielIeHEHX aBIeHHH H TeMIeparype B miacTe ra3 Gyqer MOAHOCTBIO
pacTBOPEH B HeTH, KOTOPAA B 9THX YCAOBUAX GyNeT IpefACTaBAATS co0oit
onHy ¢asy.

Ecnu e B nponecce paspaboTKu 3aje;kd JaBjieHHe B IJacTe NpH
NOCTOAHHOM TeMIepaType yMeHBIIAETCS U CTAHOT HHUie JAaBIeHHA HACH-
MEeHHs He(pTH Fa30M, B NIACTE HOABNAETCA KPOME KHIKOH elle U razoBas
dasa. '

B HekoTOpHX caydasgx MOKHO NPUGAHKEHHO IOJAraTh, 4TO B IPO-
Hecce BHlelIeHAA rasa U3 He()TH COCTAB rasa, a TaK:ie COCTAB JErasupo-
BaHHOM He(dTH OyAyT ONUHAKOBHMM, HE 3aBHCANMMH OT JAaBJEHHA.

Torna MO}XHO CIHTATH,4TO YCIAOBHA, CYMECTBYOMHAe NPH BH/EICHHA
rasa 43 HeTH (HampHMep, COCTaB KOHTAKTHPyiomero ¢ HedThio rasa),.
OpaKTAYecKY HE BIHMAIT HA NPOIECC pasrasu-

poBaumsa medpru. Opmako >T0 MOKer OHTH Kom Kr

IMIbp B OIPeRENEeHHHX CiAy4YasX, HaOpuUMep 08r

IPH JOCTATOUHO T:KeNHX HedTAX. B nemrom sxe 0,6+ Kr Ky

pAje IPYrUX clydaes, KOIJa B NacCTe JBHKYT-

¢ BelllecTBa, CYIIECTBEHHO pacTBOPAIOMIUECH 0,41

JPYyr B JApyTe, UYTO HMeeT MECTO B 3allesKax 0,2

NerkEX Hedred ¢ GoNpMIAM KOJIHIECTBOM pac- L

TBOPEHHOI0 B HHX TIas3a, HYXHO YYUTHBATH 0 02040608 s

ABHJKEHHE B IJIACTe He TONXBKO (a3, HO H  py.. 61. OTEOCHTENbHEHE

KOMIOHEHTOB. OpoRHnaeMocTH Ris Bed
Ilpu usyueHu” noaseMHOro ABHKCHUSA KU~ ks @ Tasa kr

ROCTH € PACTBOPAIONIMMCA B Hell Fa30M HCIOIB-

3yI0TCA B CBOEH OCHOBE T€ K¢ YPABHEHHS] HePA3PHBHOCTH ABMKYMUXCA
BEMIECTB, YTO M NPH H3yYeHUHA ONHOPABHOTO ABHKEHHA HIH JBHKEHUS
B3aUMHO HE€ pAaCTBOPAIONIUXCA SKBJKOCTeH, TAKUX, KaK HedTh M BOZA.
Y pasrenus MuEorodasgol GuaAbTpanuu 6IH BIEPBHEe moxyIeHH Macke-
rom ¥ Mepecom [146]. B stTux ypaBHeHHAX yYMTHBAJOCH ABHKeHHE, HA-
npuMep, HeTM M rasa, HaXOJANIErocd He TONBKO B ras3oBoi ¢ase,
HO H pacTBopeHHOro B Heftu. B Teopum Muorodasmof ¢uibLTpanUm
VIHTHBANUCH TaK:ke ($as0oBHE NPOHUIAEMOCTH JKHAKOH M ra3oBoi gaa.
Ha puc. 61 wokasaEH oOTHOCHTeJBHbIE IPOHMIAEMOCTH ANA HedTH
u rasa k, ¥ k;, OTKy/la BUJHO, YTO OHH HMEIOT B OOMIUX 9ePTaX TOT e BU],
9T0 M OTHOCHTEIbHHE IPOHUNAEMOCTH JIJIfI B3aUMHO HE PACTBOPHMEIX (a3.
@ a30BHE NPOHUIIAEMOCTHE BOO6Ie, H B YACTHOCTH JJIA CHCTEMH He(Tbh —
ra3, OniH BIepBHe ompeneilesH BukosoM u Borcerom [152]. 3akomm
NBUKEHHA He(TH M rasa TaKyKe aHAJOTHYHBI 3aKOHAM NBHKeHHA HedTH
M BOOH W HMEIT CIeNYIOmMMUA BHI:

- ¢
Vy=— e (5) grad p;
Ha (8.1)
> K (s)
v,=———=grad p,
Ur
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rae k® (s), k? (s) — dasosrie mpormmaemMocTa 1A HeTH M rasa, 3aBMCA-
mue OT HACHMEHHOCTH IOPHCTO# cpefikl He(THIO §.

B sakomax (8.1) He yIATHRAIOTCA KATWILIAPHEE CAIH, KAK # B CXeMe
Bakxu — Jleseperra.

OpgHuM ¥3 OpPOCTHX BHUAOB MON3eMHOr0 HBHyKeHMA Ta3HPOBaHHON
He()TH ABIAETCA €€ YCTAHOBHMBINeecs ABMyKeHHe. Takoe [BMKeHUEe MOKET
OCYIeCTBAATECSA, eCAH HA BXOJe B MIACT KOHEYHHEX PasMepOB IOHABATH
B OIpefelieHHOH NpPomopIAN HeTh M Tra3, a HA BHIXOJE H3 TOTO IJACTA
H3BJIeKaTh HedTh M ra3 B To#d sKe mpomopmmm. B OTHeJbHHX TOUKAX
ONacTa M B LjacTe B IeJOM HACHIEHHOCTh HedThI0 M Tra3oM, KOHETHO,
6ynmeT oTAMYaTHCA OT HPONOPINH, B KOTOPOH HOMAXOTCA B HIlacT M A3BIeE-
KalOTCA M3 Hero He(Th W ras.

Teopna ycranosmBIleiicss PUIBTPAUHE Ta3HPOBAHHON KHKKOCTH GELIA
cosgana C. A. XpucrnagopugeMm [116]. Havamo usyduenumio mHeycrasHo-
BHEBIIeiicA (UNbTPaI¥A Ta3WPOBAHHON ;KHAKOCTH OHIIO HOJOMKEHO pa-
Goramm JI. C. JleitGenaona [65, 66], K. A. Ilapesnga [117], M. M. I'mo-
rosckoro 1 M. [[. PoaenGepra [32], M. JI. PosenGepra [97]. Teopnsa
KaK yCTaHOBHMBINeWcs, TaK W HEYCTaHOBHBINEHCS (HIBTPALME Ta3HPO-
BaHHOM JKHKOCTH IOJYIHIA fAalbHeAIlee passmTHe B paGotax [1, 2,
115 n ap.] ¥ ucnonbayeTca B HACTOSIMIEE BPEMS IPH pacdeTax IIPOLECCOB
H3BleYeHHAA He(hTH M raza ¥3 HeRAD LPH DeKAMAX HCTOIEHHSI.

Teoprsa pnabrpanny razmpoBanHoil sxmaroctn [146) He Mosxer OHITH
HCIOJb30BaHA IPH PACCMOTPEHHMH (HIBTPAIMM TPeX H Golee KOMIOHEH-
TOB ¢ HOJHKIM Y9eTOM HX (a30BOr0 COCTOSHHA. OTO HO3BOJAET CHENATh
TeOpAA (MILTPALlNA MHOTOKOMIOOHeHTHHX cHcreM [47, 115]. Teopusa
$HABTPAalIAA TA3MPOBAHHOM JKMIKOCTH B TPEOIMHOBATO-IOPHCTOH cpeje
6maa passura B paGore [17). Teopma uapTpanmm raszoKOHAEHCATHBIX
cMecell manoskena B paGore [96].

PacecmoTpuM B KadeCTBe NpHAMepa YCTAHOBHBIIYIOCS (RIBTPaLMIO
rasMpOBAHHOM JKHIAKOCTH, IOJb3YACHh LPECTABICHHAMH TEOPHH (PHIBT-
pallid MHOTOKOMIOHEHTHHX cHcteM [47].

[pexxpge weM HapnmCATH RIS PACCMATPHBAEMOTO CJAYYas YDPAaBHEHIIA
HEpPa3PHBHOCTH [BIKYIINXCA (a3 — He()TH H pacTBopslomerocs B Hell
rasa, ciexyeT emle pas OTMETHTD, YTO a3 B IMEJOM YCIOBHO IPHHAMAETCS
33 OJHO BEmECTBO (HEPBHA KOMOOHEHT), a HOJHOCTBIO RErasMpoBaliHas
He(Thb — 3a BTOPOe BemecrBo (Bropoil kKommonent). Hpome Toro, cum-
TaeTcs, 9T0 B N1000if MOMeHT BpeMeHM B H1060# ToUKe miacta ra3o-sKu;-
KOCTHasf CHCTEeMa HAXONMTCA B TEePMOJMHAMHYECKOM pPABHOBECHH.

Ilycre g; — BecoBoe comepskaHHe ra3oBOT0 KOMIIOHEHTa B Ta30BOIl
¢ase, I; — BecoBoe cofep;KaHMe ra30BOT0 KOMIOHEHTAa B ;KMAKoH (ase,
g, — BecoBOe CORep/KaHME KHMAKOTO KOMIOHeHTa B TrasoBoll (ase,
a [, — BeCOBOE COMep/KaHUe >KXHAKOTO KOMOOHEHTa B KHRKOHE Qaze.

YpaBHeHUsA HEpaaPHBHOCTH KOMIOHEHTOB B Ciiydae YCTAHOBHBUIEIOCSA
ABH;KEHHUA MMEIOT CAeqyIOIAi BAL:

div (vrprgl) +div (Unpull) =0;

div (;rprg2) +div (_l;ﬂpul2) =0. 5.2
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B TeopHm aBmMKeHHa TrasMmpoBaHHOM KHIKOCTA B LOPHCTOH cpefne
0OHYHO NPAHMMAETCsI, 9TO TadoBas (asa He COePIKAT KHIKOTO KOMIO—
HeHTa, T. e. 910 g, = 0. IlpnHAB 5T0 MpenuoNoKeHAe U YIHTHBAA, ITO
I +1,=1, g +g, =1, nz (8.2) moxygaem

-> ->
div (lirpr"}‘vnpnll):o: }
div [v,pu (1 —14)1=0.

BuineceM 3a ckoOkHM B IepBoM ypasHeHuH (8.3) Benmumuy vyp, (I —

— 1,). B pesynprate Gynem mMmerhb

(8.3)

[~ or 1 !
div [vaH (1_zl)<g‘;; =+ 1_1[1)] =0, (8.4)
Beepem ofosHagedne
vr 1
= (;_P + zl) - (8.5)
uPu

Wcenonpayn m3BecTHYI0 (GOpPMYyNy BEKTODHOTO aHalXW3a, nNolydaeM

Aiv [up, (1 — 1) T} = T div [0, (1— 1)) + [upu (1 —1) grad T, (8.6)

TlepBLit anen B mpasoit zactm gopmynn (8.6) pasen HYII0 B COOT-
BeTCTBHH €O BTOPHM ypapHeHHeM (8.3). Caepopatensro, ¢ yerom (8.4)
i1 Bropoit uier B (8.6) paserm mymo. Ilockoxbky BTOpOit wien B (8.6)
npencrasiager coboi ¢ TOYHOCTRIO RO MHOMXHATENs p, (1 — I,) ckamapuoe

-
npousBegeHde CKopocT® v, Ha grad I', xoTopoe paBHO HPOM3BEREHHIO
Monymnell, TOMHOMKEHHOMY HA KOCHHYC YIVa MEXAY NepPeMHOKaeMEMH

-

BEeRTOPAMH, IIOJNydYaeM, YToO B HANDABIEHHMH CKODOCTH Uy, T.e. BIOIb
awmEni roka, grad I' = 0 u raxmm oBpasom

I'= const, 8.7)

Yro ke npepcraBiser coboii sexmunmua I'? Herpynmo smgers, ato I’
ABIAETCS Maccoi Tasa, NPOXORAMEro ¥epes DIEMEHT IJIAcTa 82 HEKOTO-
PHE OTPe30K BpeMEHH, OTHECEHHOHM K Macce yKMIKOTO KOMIOHEeHTa (jera-
3MpOBaHHOA HedTH), HPOXOJiAMmE# Tepes TOT yKe DIEMEHT HIACTA 8a TOT
7Ke OTPe3OK BPEMEHH.

Bennunry I' masnBaoT rasoBuM (GaKTOPOM, NPHBEJEHHHM K aTMOC-
$epHEM YCIOBHAM.

TlonosxxmaM Temepn

Fupy -
H= S—%dp—}-const. (8.8)

dH
YuanruBasg, dro gradH=—d-ﬁ grad p, ¥3 BTOPOro ypaBHEHHSA

(8.3) momygaeM
divgrad H =y*H =0. (8.9)

Qyuxuma H, ynoBlerBopAomas ypaBHerHio Jlanxaca (8.9), masu-
Baercd ¢yHrumeli XpHCTEHAHOBHYA.

IIna BHumcnesMs ¢yHROHE XpHCTHAHOBMYa HeoGXommMO, YTOOH
BCe BeJIMTHHH, BXORfAMME B HOOJLIHTEIpalbHoe BHpaykeHne (8.8), Goiam
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BHPaKEHH KaK QyHKINA AaBineHnsa p. [lockonsRy B mM10060M ToUKe nyacra
HedTerazoBasg cMech HAaXOQHTCA B TEPMOJHHAMHYECKOM PABHOBECHUH,
BeJIMIHHH p,, {[; U WU, 3aBHCAT TOABKO 0T p. Onuaro $a3oBas mponunmae-
MoCTh k2 BaBMCHT 0T HACHIEHHOCTH HOPOBOI'O HPOCTPAHCTBA HEPTHIO S.
CrnenoBaTebHO, HYKHO HAATH B3aBHCHMOCTh $ = §(p), HCOOAB3YA
yCIOBHE YCTAHOBHMBIIETroCa TedeHHs [' = const. 3agaBasg sHagenme I,
no ¢opmyxe (8.5) ompemensieMm s = s (p). Ias sToro B CBOKO o0depe]nb
HY/KHO 3HATH 3aBHCHMOCTL 0, QO;, Uy I BEJHYHMHH [; 0T p.
PaccmoTpaM BHagYame 3aBHCHAMOCTH p, = p, (p). Bec =eroroporo
KOJHMYeCTBA He(TH B IIACTOBHX YCIOBHAX, P, paBeH cyMMe BecoB feTa-
BMPOBaHHOM HedTH M pPacTBOPEeHHOTo B HeHd rasa, 7. e. Py m PP, Mcexona

b 13
J.LH,C”3
2—12 b
11|
Hon
1,0 | 1 !
0 50 100 150

p-pa, xec/cm?
Prc. 62. 3aBHCAMOCTD BASKOCTH He(hTH py H 00B-
eMHOI'0 Kod(pmnmeHnTa b oT mM3GHTOYHOTO AaBJIe-
HAA p — Pa
n3 3aKoHa ['eHpwm m yIMTHIBas, 970 B KOXXKOH ToUKe MiIacTa CymEeCTBYeT
‘TepMOAAHaMHA9eCKOe paBHOBecHe, HNMeeM

Py
£y
Beegem eme poHsrume o6meMHoro kosddmmmenta b, paBHOTO OTHO-
mennio o6seMa V,, KOTOpBIA 3aHAMAEeT HEKOTOpOe KOMMIeCTBO HedTH
BMeCTe C PACTBODEHHHM B Hell Ta30M IIPH LIAaCTOBOM JaBIeHNH, K 00BeMy
Toro e Koxmdecrsa Hedru Vi B aTMOCPePHHX YCIOBHSX, T. e. Ge3 pac-
TBOPEHHOTO B Hel rasa. Takmm obGpasom,
Va
7o =t (8.11)
H
VuamruBadg, ato P, = P% - PP, m3 (8.10) m (8.11) momysaem ciue-
AYHIee COOTHOIIEHHE:

l,= =ap, a=const, (8.10)

—__Ph
p}l"" b(i-ﬂ—ll) ’ (812)
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rie P, Py — COOTBETCTBEHHO NUIOTHOCTH [erasMpOBaHHOM HeTH W
HedTH B NTaCTOBHX YCAOBHAX IPH HAJXWIAH B Hedl PacTBOPEHHOTO rasa.

JKcHepMMeHTAaldbHEE JAHHEE NOKa3hBAlT, 9T0 00beMHEM K03()-
¢unueHT b B CBOIO OUepefb 3ABHCHT OT AaBjleHHA. BsaskocTs HedrH,
coAeprKamell pPacTBOPeHHHHA B Hel ras, Tax/Ke 3aBHUCHAT OT JaBJICHHS.
Ha puc. 62 npencrasieEn THHMYHKE 3aBHCEMOCTE b H p, OT RaBIeHAA
P — P. ada derxoi medtm (p, — arMocdepHOe KaBIeHHE).

IIpm pacuerax ynoGmee moiab3oBaThbca He $yHKIMeH H, 3anmncadHOR
B ¢opme (8.8), a ¢pyurnueit H*, onpenengeMoii ciefyromuM obpazoMi

*® pd
B = kphe H, (8.13)
rje pj — BA3KOCTH HedTH HpH H3OHITOYHOM NABIEHHH, PABHOM HYIIO)
k — abcoXTHAS NPOHHUIEEMOCTL.
Han nmocrpoenms dynkummm H* = H* (p — p,) HcHoldbayeM cleny-
fomme nagpue: o = 1072 1/xrc/em?; pf = 800 wr/m®; p. = 0,01 clIz =
const; mNaBIeHMe HACHIEHHA p* =

147.10% Tla = 150 wrc/em2. ilmort- ”
HOCTE Tasa B aTMOCPEPHHX yCIo- H*
Busax 1 wre/m®. Tasosmit ¢garrtop T
MOYKHO ONpENeIHTh B3 YCIOBHSA KOCTH-
REHHAA B HEKOTOpOH Touke mnaactra 300
Kn, S I S
- KH
0.8 200~
0,6
0’1”- 100 -
0,2
, l ) | L L
0 50 100 150 0 50 100 150
p-pa, rec/cm? p-Pa, kec/cm?
Pue. 63. 3asmcEMocTs ky M s oT mBbHTOw- Pme, 64. 3asmcEMOCTb (QYHKOEA
HOTO JABIEHASA p — P, H* or p — pa

AaBIEHWs HACHMEHHs p*, npu kKotopoMm Iy = Ij, I, = [;. Cu;epoma-
TeJbHO,

_ A1 op*
I'= B T—ap (8.14)
Jisn npueenesnnx BHme ycaosmir I' = 0,177 kr/kr.
Hcnonbays aarosn ¢maprpanun ¢as (8.1) ¥ cunras ras mpeanbHEM,.
npeobpaszyem Qgopmyny (8.5) ® caeaynomemy BHAY:

ku(s) __ pu(p—pa) | 085 (p— pa) 5
o &) ™ A I (8.15)
R 1—a (p— pa)
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JleBas wacte cootHomennsa (8.15) saBmcHT TOABKO OT §, a HpaBag — .
TOIBKO OT p — p,. CuremoBaTensHo, HA ocHoBe (8.15) MOKHO mOCTPOHTE
3aBECHMOCTE S = s(p — p,) B k, = k, (p — p,), KOTOpHE H IOKa-
3aBN Ha pnc. 63.

Tenmeps Momuzo mairm 3asmcamocts H* = H* (p — p,). OHa npegn-
CcTaBlleHa Ha puc. 64.

Ompenenum Temepr ne6ur HedTH ¢, LHOCTyHalmedl B CKBUKAHY
W3 NIACTAa, B KOTOPOM IPOHMCXORHMT YCTAaHOBHBIIeeCs NBH)KeHHMe HedTe-
rasoBoit cMecn. QueBHAHO, HMeeM

kP d kk 9 .
qH=qf,b=vHS=—-—;(s—)2nrh-(-)—f-=— o 2nrh SE =t (8.16)

oH* _dH*op dH* _ kf

Iockonbky S =35 o' dp —3b’

@3 (8.16) moxygsaem

k oH* -
qﬂ:-——mn—Z:n:rh " (811)
Orcrona
o2nkh HY%— H:
‘73:"—2?. __IR rxc, (8.18)
N

e

B ¢opmyxe (8.18) mumercaMy «K» H «C» HOMEYEHH BHAYEHHS COOT-
BeTCTBYIOIIMX BeIMUMH Ha KOHTYpPe M B cKBayknHe. MHTepecHo, aTo B pac-
CMOTPEHHOM BEHII¢ IpHMepe, AJXA KOTOPOTr0 TOCTPOEHA 3aBHCHMOCTh
H* = H* (p — p,), upeucrasieHHaa Ha pwuc. 64, cpaBEATeIbHO He-
fonbloMy mHepemafy HABIEHAA COOTBeTCTBYeT He(oXblIasi pPa3sHOCTh
¢yuronit H*, Hanpamep, upa Ap = 4,9-10° I1a (50 kre/cm?) Bexmanna
AH* = 42 enmunnu. OgHAKO ¢ yBelWdYeHEEM Nepedafa AaBIeHHS pas-
Boctb AH* npesunmaer Ap. Tak, npu Ap = 9,81.10° Ila (100 xrc/cm?)
AH* ~180 eqnannam. Ecam cpaBEmEBath, Hoab3ysach popMynoit (8.18),
¢Juaprpanuo oxHOpazHOA M TrasHpOBAHHOM JKHURAKOCTH, To NMpH Ap =
= 4,9.40°% Ila m npm BaAsKocTH oAHO(A3HOH FKMAKOCTH, DaBHOH p,
nebuT onHOopasHOM MUAKOCTA Gyner Goabme nefuTa ra3MpPOBAHHON MKII-
KOCTH. B [ma#HOM cjaydYae HaJlHYMe raza B IOPUCTOH CpeRe LPHBOJHAT
K CHMKeHHI0 NebFTa CKBKHHE, ONHAKO €CIM B3ATH Hepenaj AaBICHUA
TIpH ABEKeHANA ogHodasHoM ugKocTr paBHEM 9,81 - 108 [la (100 kre/cm?),
uT0 MoOMKeT OHTHb O00eCHEYeHO NLPHA JOCTATOYHO OONBLIIOM ILIIACTOBOM
JaBJIEHMH, TO OPH TAKOM HNepenaje RaBJIeHHA Re6ET HedTH, RBHXKY-
mefics B miaacre LPHM PeyKMMe DPACTBODEHHOro rasa, OBI 6H Goxbme
Rebura ofHOpa3HOH JRUAKOCTH. JTO HPOHMCXOAAT M3-3a TOIO, UTO HAJNH-
gpe GOXBIIOr0 KOJXMYECTBA ras3a, PAcTBOPEHHOTO B He(dTH, MPABOLUT
K SHAYATEJIHHOMY CHIKEHHIO BA3KOCTH HedTH, YTO CHUIKaeT PmIABTpa-
IIHOHHOE CONpPOTHBJeHME (oliee CYHmECTBEHHO IIO CDABHEHHIO C POCTOM
CONPOTABJICHMS JIBHKEHNI0 He(TH M3-3a HAXWIASA B ILIacTe razoBoii dpassr,
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§ 9. BJINAHUE CHJIbI TAKECTH
HA TON3EMHOE JBHKEHHE HE®TH H T'A3SA

Ha xmgkocTm W rasnl, HaCHMalm#ue He$TeragoHOCHHEE IJIACTH,
BCerfa peicTByeT cHIa TS)KeCTH. B TeueHHe Ie0JIOTEYECKHX MEPHOMOB
BPeMeHH, NpollefIIAX ¢ Hadaxa GopMHPOBAHHA 3ajexeil HedTH M rasa,
OPOMCXOAMI0 T'paBHTANHOHHOe (IO AeHCTBHEM CHIL THAMKeCTH) pasfie-
JeHNe BelleCTB, HACHIMAKMMUX IIACTH. B pesyiabrate 8TOr0 B COOTBET-
CTBYIONIAX YCIOBHAX 06pa30oBalMCh 3alieKAM HeTH C «ra80BRIMA INam-
KaMu», TPOM3OILIO pasfeleHre HeTH M BONH HJIHM fa)ke paspeleHde
Ta30BBX H HepTAHKX 3aleell OyTeM MUTDAI[MH rasa B BRIEJEKANHe
anactu. Ilpm  paspaGorre "

MECTOPOKeHNHA, Comep/RamEX / l

HedTh, ras m Bomy, Hapy- !
nIaeTcA ecTeCTBeHHOEe COCTOf-
HWe, B KOTOPOM HAXORHUIOCH
TO MM MHOE MECTOPOKJeHHE,
E CHJa TSHECTH HaYMHAaeT
BHOBb DepeMEemiaTh KXHIKOCTH
H rassl B paspabaTHBaeMHX v, |YT
00BeKTaX. "

Paanenenme Bemects, Ha-
CHIMAIOMNX HedTAHHE OIACTH,
oK feMCTBAEM CHJEH THMKECTH, L
T. . fIBJleEHe cerperanuda, B 0
pAge ciydaeB OKAa3HBaeT Cy-
IMeCTBEHHOE BIMAHME HAa pas-
paboTKy NJIacToB.

IIpn MaremarmuecikoM omm-
CaHMH IponeccoB ¢uibTpanun
C cerperanmueii MCHOAb3ylT 0600MeHHHMH B3aKOH QHIBTDANAN, CBA-

-

BHBAIOMMA CKODOCTL QHAbLTpan®m i-toit ¢asm v; ¢ mepemajoM HaB-
aeHnd B dase grad p,, naoTHOCTBIO $asn p;, $a30BHIMH HPOHHEIAEMO-
ctamMu kP m maskocreio ;. Mmeewm caenynmy®w GopMyIHpoBRY 0000-
HIeHHOTO 3aKOHA (EABTpammm:

. .

Vi= T (grad p; + p,g sin o). (9.1)

Bxoasaman B Bepaxxkenme (9.1) Benuunna o ABIAeTCA YINIOM HaKJIOHA
NOTOKa K TOPH30HTANBHON IIOBEPXHOCTH.

Ecan, nanpumep, B BepTHKaabHOM maacte (pHc. 65) RBExXyTCH HedTh
H ra3, T. e. fiBe ¢ask, To Ha ocHoBe (9.1) moxyuaem ciremyrwomue 3apm-
CHMOCTH:

.

Pmc. 65. Jpmwxenme Bed)TH H rasa B Bep-
THKaJbHO PacHOMOMEHHOM IIIAcTe

1 — naacr

>

kP a
=B LPu .
UH - . 9z {_ png) ’

(9.2)

>

bp=— i:{— (ZE=+pg)-
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Wapercu «g» # «» B BuipaskeHnn (9.2) OTHOCATCA COOTBETCTBEHHO
K HedTH m K rasy.

B carywae, Korga B nxacte (cM. puc. 65) nemkercda, HampmaMep, ofHA
HedTh, TPOMCXORMT JXHWHeHHoe pachpefielieHme RaBieHHss p = p (2).
Ilpm oTCyTCTBHM ABHKEHHA p = Po — Py32-

IIpn Banwgny B mOpPOBOM NpOCTPAHCTBE LJIACTa BOMH BMECTO rasa
BTOpaA 3aBacAMOCTE (9.2) 3aMeHsieTCsI 3aBHCHMOCTBIO

k?: 0py 9.3
vo=—2= (T o). (9.3)

Hak msBectHO, cBsI3b MeKAY (a30BHMHA NaBIEHHSAMH HOJYIaIOT,
BBOAS DOHATHE KaNAJJAPHOro RaBieHHs (cxema Panmomopra — Jlmca),
HJIM CYMTAl0T €ro OfHHAKOBHM B ofemx ¢dasax (cxema Bakam — Jlese-
petTa).

ITycres BepTMRANBHO PACHONOYKEHHLH LTacT B HAYANXBHHH MOMEHT
BpemeHn ¢ = ( Omx HacumeH HedThio. I'a3 cogepkurTcsa B HeTH TOIBKO
B pacTBopenHOM cocrogEEH. IIpm ¢ > 0 mpomsonio GHICTpOe CHHKEHHE
JaBIeHAA B IJIacTe, W3 He(TH BHAEIHICH ras M moj ReficTBHeM CHIH
TAKECTH a3 HaTall BCONKBATH B YXOAATh Yepe3 ra3o-EedTAHOH KOHTAKT
(rpasnma z = [) B rasoBylo INamKy, T. €. BO3HHK OPOIECC Cerperamny
rasa.

Bynem npn6ansKkeHHO CYMTATh, 9TO HedTh HPAKTAYECKH He BRMKETCSA,

-5

T. ¢. v, =0, Torma ms zaxoma (9.2) momywaercsa, 4r0 HadalbHOE pac-
mpefielieHAe AAaBIeHAS B HedTH ABIACTCH THAPOCTATAYeCKEM. IIpmMmem
TaK)Ke, 9TO [iaBjeHUe B razoBoi ¢ase paBHO NaBieHHIO B HedTsaHOH dase,
T. €. Py = p. = p. IlocKOXBKY B TeUyeHHe BCETO BPEeMEHH Cerperamn
rasa pacupefelleHHe ABJICHHS p NPAHHMAaeTCA THRPOCTATHYECKEM,
noJxyvaem

= —pg. (9.4)
Orcioga corxaceo (9.2)
- kg’ (s) 95
vr““T(pH_pr)g- ( . )
IlogcraBum (9.5) B ypaBHeHHe HeDa3PHBHOCTH rasoBodl (asm
6_;,- as
9z m ot * (9'6)

‘THe S — ra30HACHIeHHOCTD.
B pesyabraTe moaydaeM cliefylllee ypaBHeHHe:

k2 (s) 8
2 [——“—— (pﬂ—pr)g] =m—-. 9.7

HpousBeneM ONEeHOYHHA pacdeT BPEMEHH Ccerperanmd rasa, nJs
wero momommm kP (s) = ks (k — abcolioTHAsT HpPOHMNaeMOCTh MOPOJK
miaacra). Torfma 7nidd CKOPOCTH IePeMelleHAA HeKOTOPOro 3HAUCHHS
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ra30HACHINEHHEOCTE B IJIacTe, HANpAMep HMKHel I'DaHUNE JBUyIIe-
rocsi rasa, T. €. JJIA ¢CKOPOCTA Cerperanyumy u,,, HOXYIHM Ha OCHOBAHUH
ypasHennsa (9.7) caefyiomee BIpajKeHHe:

_ klon—pr)g
Ver = — (9.8)
Ecam BucoTa miacta pasHa [, TO BpeMsa f., 38 KOTOpoe HIKHAA
TpaHHMIa Tasa NEPeMEeCTATCA K ra30-He(TAHOMY KOHTAKTY, COCTABHT
! H
L 2 R (9.9)
Uer k{pu—pr) g
Bosemem, nampmmep, k& = 100 m[] = 10-? cm?, m = 0,2 (p, —
— )8 = 0,8-1072 mrc/em?, p, = 0,02 clls ~2-1071® krc-c/eM?, [ =
= 20 Mm.= 2.10% cM. Torga v, = 21072 cm/e, a ¢, = 10° c. Taxmm
ofpasoM, MOJHAA cerperandsa ra3a B 9THX ANEaXHM3MPOBAHHEX YCIOBHAX
IPOH30HRET JOBOILHO GHICTPO MO CPABHEHMIO ¢ OOHTHO CYMIECTBYIOMBEME

| !

by =

Z . . il

Pmc. 66. Homyc Bomm:

1 — CHKBL)KUHA; 2 — KOHYC BOQH; 3 — HAYAJBHOE MOJ0-
yHeHUe BOXO-HePTAHOrOo KOHTAKTA; 4 — Boja

C¢poKaMH pas3paboTKH miacToB. HoHeYHO, HOMHMO HPHMHEATHX BHINe [OLY-~
MeHn#, clefyeT YIATHBATH, YTO peAJbHHE IJIACTH HMEIOT CIOHMCTOCTD,
M HPOHUI[AEMOCTh HX B BePTHKAJHHOM HalPaBJeHHN MOeT GHTh MeHbIIE
9eM B ropHsoHTalbHoM. Eciam npmEsate k£ = 1 M]l, To BpeMa cerpera-
OU¥ 0O CPABHEHUWIO CO CIEJaHHOH BHINE oleHKo# yeenmgmrca B 100 pas
m cocraBat yxe 107 ¢, 1. e. Gomee 100 cyr.

JleficTBHe CHIH TAMECTH IPOABAAETCA B IIACTAX OCOBEHHO CymecT-
BeHHO B CJIy9ae IPHATOKAa HepTH K CKBa)KMHaM, BCKPHBIIAM HeTAHON
IJIACT C HOJOIMIBEeHHOI BOROH, HIIM OPH 3KCHAYATAIMHA CKBAYXMH, BCKPEHIB-
mnX HeTAHYIO YaCTh HllacTa HPHM HaJAYMA B HEM ra30Boi mankn. B stux
YCIOBHAX MOr'yT 06pa3oBaThCA BOJSHEE, TA30BHe HIA [BOHHKE (raso-
BOAfIHHE) KoEycel. Ha puc. 66 DoxkazaHa CKBa)XHHA, 3KCOIAYaTHPY-
oman HeTAHON HIACT, NOACTHNAeMElH BOmod. 3afoll CKBa)KHHH HAXO-
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AUTCA Ha DAaCCTOAHMH Zo OT 3epKala Bopgo-HeQTAHOrO KoHTaKTa. Ilpm
DKCIIIYaTAIMM CKBAKHUHK, T. . NIPH HAJUYAH NPHUTOKA SKETKOCTE K Heil,
AaBJeHAe H& Pa3IHIHEIX PACCTOAHHAX OT OCH CKBAKWHH Gymer pasmmis
HEIM. JTO BHIB0BeT HedopMAIMI0 BORO-He$TAHOro KOHTAKTA M MONTATH-~
BaHHe KOHyCa BOgH K 3a0or CKBaK¥HEL. IIpm oCraHOBKe CKBayKHHH
KOHYC BORH ocakgaercA. MccienoBaHuio o06pa3soBaHMA BOAAHHX M
rasoBhHX KOHYCOB B IJIACTaX nocBAmeHH paborsi Macrera [73, 74],
M. [O. Mannnommurosa [76], II. fl. Ilony6apnuososi-Kounmoit [93],
M. A. Yapsoro [119], II. A. 3dpoca [130], A. K. Kyp6anosa [61],
II. B. CagaurxoBa [100], A. II. Texrkoa m [0. WU. Crxasenra [106],
H. C. IlncrynoBa [92] n np.

B crabEO HCTOMEHHHX HedTAHHX LIacTaX, KOrja yposeH:s Hedrn
BOIM3H CKBAKMH HIH B ILIACTAX B I[EJOM He JOCTATAET ma’ke KpPOBJH,
ABH;KeHHe HO(TH HPOMCXORUT DPAKTAYECKH TOABKO NOX JeHCTBHEM CHJIE
TAKecTH. B maEHOM cllyYae BO3HHKAaeT TAaK HasmBaeMasa OesmamopHas
¢naprpanua. as npubGam;KeHHOro MaTeMaTHYeCKOI0 OMMCAHNA pacmpe-
ReleHHA Hanopa (ypoBHA) HeTH B HjaacTe HcHoXb3yeTca NHPdepeHIHA-
aIbHO® yPaBHEHHAE, aHANOTHYHOE AAJPepeHINAILHOMY YPABHEHHIO H30-
TepMudecKkod ¢uapTpaumm rasza. OpEako, kak nokasamo M. A. Yap-
muM {118], gopmyan gas ne6uToB ralepeMm U CKBaKHMHEI, MONYIeHHHE
HA OCHOBE DTOH NPHOAHMIKeHHOH TEOpHH, COBHAAAIT C TOYHHKME ¢op-
MyJdaMH.

§ 10. KOHBEKTHBBAA JHGOY3UsA. COPBNUA

McturHAS CKOPOCTD 3KHIKOCTH MJIH Ta3za B KajKnoll oTHeXbHO# TOUKE
BHYTPH HOpPOBOT0 LPOCTPAHCTBA OTIMYAETCH KaK HO BeXWIHHe, TaK H
no HampaBIeHHMI0 OT CpefHEeH CKOpoCTH aM:xenms. IlosToMy cropocThb
HEKOTODHX dYacTHI (HIBTPYIOMUXCA BeMEecTB OKA3HBAETCA MeHbINe

7 1 I cpenHed CKOPOCTH  J[BHSKeHUA,
CKOPOCTH ;Ke RPYTAX YaCTHI Ipe-

k BHOIaeT ee. Ecam B ¢HIABTPY-
’ omeficss KHIKOCTH PAacTBOPEHO
EHOE BEmeCTBO, TO YACTHIH DTO-

To BemecTBa OYXYT mepeMemaThCsa

B HOPHCTOM CpeJe CO CKOPOCTAMH,
OTIHMYHEIMH OT CPeRHeM CKODOCTH
PuALTpyIOmeRcsa JKAJKOCTA. JKC-

' OHepUMeHTAbHEIe M TeopeTude-
CKHe MCCIeqOBaHNA [BHKEHHA
BeIeCTB, PACTBOPEHHHX B QHIBL-

X Tpylomelcsa XMIKOCTH, a TaKKe
PUILTPaNME B3AaHMHO PACTBOD-
IOMAXCA JHHIKOCTeH, BHIIONHEeH-

I ~ Hne d¢om PosenGeprom [150],
£ Koxom m Cxobomom [141], Ieii-

nerrepowm [122], Aponodcku u I'exn-

Prc. 67. JIpmkeEnme MeweHEIX dYaCTHIL
- . JIaeB-
MUIKOCTH, HabmogaeMoe B Moppmkmoir *L°POM [131], B. HBI%HKO e

clucreMe KOODREHAT cknm [83], II. . 3abpompmubiM
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H. JI. Paxopexum m M. JI. PosenGeprom - [53]), B. K. I'op6amen =
A. U. Xasuedeporsm [33] m gp., nokasanm, aro mpomecec pacmpocTpa-
HeHHs B HOPHCTOH Cpefie PaCTBOPeHHHX B (PUABTPYIOMEACH KUEKOCTH
BEI[eCTB HpPOMCXOAHMT HoRobHO pnddysuu. B pesyinsTaTe yHOMABYTHX
BHIIe paGoT CIOKMIOCH CIefylomiee NPeACTABICHHEe 0 MeXaHUSME DTOTO
nponecca. Ilyers B npamonmmefiHOM 06pasme mOpHCTOH Cpefiil $Hib-
TpyeTcA OXHOPONHAA FKHIKOCTh C HePABHOMEPHO PACTBOPEHHHM B Hell
raxkuM-1#60 BemecTBoM. BHenmM MuicaenHo B 3ToM o6pasme TpH cede-
mna I, I_{ n III (puc. 67), nepeMemanmuXcs clieBa HANpPaBO €O CKO-

pPOCTBI0 V., PaBHOHK CpeiHeA CKOPOCTH MBMKeHUA KUAKOCTH B IOPMCTOM
cpefie, T. ©. CKOPOCTH (HALTpa-
I[AH, AeNeHHOH Ha mopmctocTh M. J@
Ha pmc. 67 samrpuxoBamHL- 7)—5
M3 Qurypkamu co crpeiaxama /0
0003AAYeHH OTHEJbHEE JaCTHIHI 10*
WIM CTPYHKE QnasTpyomedica
JKMJIKOCTH, COfiepsKamme «Mede- 1p3
HHe» YACTAIH, T. €. JACTHIL pac-
TBOpPeHHOro B JYKHIKOCTE Beme- 12
crpa. Ms-3a pasiHuEMsa CKopo-
creff oTHenAbHHX dYacTmn mam 10
CTPYeK ONHHM M3 HEX ABHAKYTCA
¢ Gonee BHICOKOMH CROpOCTHIO, YeM

> -]

V., & RKPYTHE HABHIKYICA CO CKO-
-

10 — L 1 1 L i ] 1
03021107 1 10 107 169 ud
D

pocTbio, MeHBIIe# v.. Torma mpm
HabuoneEnn B KBAKYMeHCA CH-

cTeMe KOOpAHHAT Puc. 68. 3asmcmMocts DI/D or wvd/D:

1 — 3KcHepUMeHTANbHBIE TO4YKH
E=z—vt, 1=t (10.1) P

Oymer DpefCTaBAATLCA, YTO HOKOTOPEI® JACTANL NJIA CIPYHKE 3RAAKOCTH

«yxonAaTy U8 cedeHmA I Bueso, a Apyrme — pupaso. (DakTudeckH Bce

TaCTHIH KUAKOCTH [BHKYTCA ClleBa HallpaBo, HO TAK KaK MX JABW/KeHWe

HaOaiomaeTcs M3 LDOXBMIKHOA CHCTeMbI KOODJAMHAT, OTHOCHTENBLHO Hee

JaCTHME MOTYT IIepeMemaTbeA BieBO HAM BHpaso. lMeloTcd Takske
-

JaCTHIH, JBW/KYIGEECA CO CKOPOCTHIO, PAaBHOM U,.

Hapranaa, noxoskada Ha onmMCaEHYIO BHIIIe, CYMeECTBYET H B COYOHEAX
I n FIT (cm. puc. 67). IpumeM, 9ro ofmmift ypoBeHb KOHIEHTPAINH
pPACTBODEHHOro BeIecTBa MM MeYeHHX dacTHii B cedenmmn | Goxbme,
a B cedenny J]] mensine, 9eM B cegennn JJ. Torma MoMHO CINTATH, ITO
BOSHMKAET «PesyALTAPYIOMMIA TOTOKy JACTHI] MIM CTPYyeK OT ceueHmA [
K cegennio I7 u ot ceuenusa [] K cegenmio /[]. OuncanEHA BHIEe HPO-
I{eCC pAaenpocTpPaHeHAsd PacTBOPeHHOTo B (HABTPYIOmeicA MHUAKOCTH
BemeCTBA HOJNYYH] HasBaHMe KOHBexTHBHOM pnuddysmm. Ha sror mpo-
HecCc OKASHBAeT BIHMMAHME TAK)Ke Mojexyiagpuasa amdpdysus. B memom
paccMaTphMBaeMH# NPOMeCC ONMCHIBAETCA, KAK MOKA3HIBAIOT OKEMEpH-
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MEHTH, ypaBHeHHeM
aC 9 aC ;
—-5?:5_& De —0-§—-, (10.2)
rae C — KoOHOEHATpanHUs BelecTBa.

B ypapmennnm (10.2) kosdpdunuent D, yIRTHBaeT H MOJEKYJIAPHYIO
W KOHBeKTHBHYI nupdysumio.

CornacHo sKcmepEMeHTAIBHLEIM JaHHKEM [56], npm Mammx ekopocTAX
¢uasrpanun Koapdunuert D, ¢ TOTHOCTHIO Jo Koa(PHOMeHTa, Xapak-
TepHU3YWINEero CTPYKTYPY HOPHCTOH cpeil, paBeH Ko3pPHAnmeHTy MOJie-
Kyaapuoi puddysun D, a npm Godasmmx cropoctax [, mpomopruoHa-
JieH cropoctu duiasrpanuu. 3asucuMocts D,/D o1 vd/D (d — nuHeRnnR
mapamerp, HaIpHEMep JAaMeTD 3eDeH HOPHCTOH cpefbl), olpejeeHHA s
aKcOepuMeHTAaAbHO [56], moraszama Ha puc. 68. Boobme KoHBeKTHBHAA
Aaddysds OpOHCXOAAT He TOMBKO B HANpaBlIeHHH BeKTOpa CKOPOCTH
¢EABTPANEY, HO M B ONEePEYHHX HAOPABIEHAAX, TaK IT0 3PHeKTABHEIHE
rosppunuenr muddysum D, mpeacrasaserca [83] B BEme Temsopa.
Hax BupHo m3 puc. 68, D, Mosker HaMHOro (HA HECKOJIBKO IOPAIKOB)
TPeBHIATh Beamqudy [, cocraBasawmyio npumepao 1078 cm?/c.

Mepexona x woopamueatam z u ¢, u3 (10.2) moaygaem ¢ yuetom (10.1)

9C _0C 9 | oC ov _ oC,
oz 9% oz gt Oz FI
9C _9C 0§ 4 9C ov . 9C | oC
oL e ot T ar et =  YeaE tar

(10.3)

B dopmyne (10.3) dt/dx = 0, mocKoibKy = W { — HezaBHCHUMLIE
TepeMeHHEIe, a T = [.

N3 ypasHernua (10.2) mpm sroM moaydaercsa puddepeHmBEaIbHOE
ypaBHEHEHe KOHBEKTHBHOE nuddysun

ac > aC , 8 aC
ot = Ve oz toz Do (10.4)

B o6mem caygae ypaBHeHUe KOHBeKTHBHOA nupdysnm mMmeer caemy-

IOmMui BA:
acC > . -
- = .+grad C+div D,grad C. (10.5)

B ypasrenmm (10.5) v.-grad C — cradsapHOe mpouaBejeHAE BEKTOpa
CKOPOCTH [BU;KeHHA (UIBTPYIOMEHCcA KUJKOCTH Ha TPaJUeHT KOHMeH-
TPAROHY PACTBOPEHHOTO BEINECTBA.

Pemenne ypasgenns (10.4) M0o)xHO DOJyYHATH OYTeM pelleHHA ypaB-
mernds (10.2) npu coorBeTCTBYOMUM 06pa30M BHIOMIMEHHEIX TDaHHIHEIX
yeIoBAAX ¢ DOCIHeAYyIONIEM IIEepPeXoJ0M OT CHCTeMH KoopauHaT &, T
K KoopauHaTtaM x, (.

Ecnm B cayuae MOIeKyJIApHOX puddysEm mepeMemeHHe YacTHIY
PACTBOPEHHOTO BellleCcTBa HPOUCXONMT IO /led CTBHEM IBHKEHHAA MOIEKY T
TO MOKHO CY4HTaTh, UTO KOHBeKTuBHasa AuddysHa o6ycloBIeHA THAPO-
JUHAMAYECKEMA cniamd. Eme Golpmee 3HaYeHHe THpOAMHaMHTECKHE
cwrIH NpuoGpeTaOT IpPH IMepeMeNIMBAHWE B MOPHCTOH cpefe B Ipomecce
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(¢RIbTPaNEA B3aAMHO DaCTBODAINAXCA XKAAKOCTeHA pasimIHOR HCXOA-
HOI BasKocTH. IIpH MaTeMaTndeckoM OIACAHAY IIePeMEIMIABAHAA B3aUMHEO
pPacTBOPUMEX (RABTPYOIMAXCA KAJKOCTEH PA3IHYHOHE BASKOCTH MOKHO
B IpPUHIAING HMCIOJb30BaTh TeOpHI (HIBTPAMEE MHOTOPA3HEIX MHOTO-
KOMIIOHEHTHLIX BeIecTB C yueToM oOMmeHa Meyxnyy dasamm m3-za qud-
¢y3un. Ecam yIuTHBaTh He TOJBKO MeXpasHyw auddysdio B Kamyod
TOUKe cpeisl, HO U ampdysmio B HampasieHHMH (GHIAbBTpPaIEHd, TO, HAA
3TAM IyTeM, MO;HO OblIo OB mONYYaTh pemleHHs 3ajad B Hauboxee
ofmux caydasx. Bumecre ¢ TeM jJOCTATOYHO TOYHBIE DPe3yJBTATH AaeT
u pufdysmornana teopus [48] mepeMemmBaHEA B3aMMHO DPacTBOPHMEIX
RUIKOCTeH pasiUYyHOH HMCXONHOM BaA3KocTH. ¥Ypapdenusa puddysan
(10.2) m (10.5) MoxHO HEHTEpHpEeTHPOBATHh KaK ypaBHEHHA HepaspHIB-
mocTE auddysmorHOoTO moToKa. OTHOCHTENIBHAA CKOPOCTH 3TOTO IOTOKA
-

Up, PaBHasfg pPasHOCTE HCTHHHOH cKopocTH AEGPY3HOHHOTO MOTOKA H
-

cpegHeR CKOPOCTH ABHKeHHA (QUIBTPYIIErOCA BemecTsa ., Ompeje-
aserca Ha ocHoBe (10.2) m (10.5) caegyromum o6pasom:

-

v,=—D,gradC. (10.6)

B (10.6) mMeercss B BEAY BHIpA)KeHHE MIA TpajueHTa KOHIEHTpaXUE
B LOOABM;KHOM cucreme Koopamdar tama (10.1).

Boire yike 6o cka3aHO, 4To B o0ImeM ciydae sQdexTHBHEEA Kodd-
dunuent nudpdysuu D, npeacrapider coboi TeH30P, XapaKTepH3YOIAL
pasinuie UCTHHHHX CKOpOCTedl B mopmcroil cpeje.

Taxum obGpasoM, coraacao (10.6) ormocmrensHas cropocts gaddy-

-

3HOHHOTO HOTOKAa Up BHPAKAETCA IPOHM3BENCHHEM IBYX BeJIAYMH —
apdexrnBHOTO KodPdHmmeHTa mEGPysEHE, T. e. TeH3Opa JHCHepPCHH
HCTHHHHX CKopocTeli [),, ¥ rpaguenTa KOENeHTpanuy BemecTBa grad C.
B paGore [48] 6muI0 BHICKaBaHO mpeamosokeHHe, 410 D, Kak axTop
CEIPOAMHAMNYECKOH IDHAPOAS IpH HOpeMemIMBAHHYM B3aAMHO DPacTBODH-
MHX SKHAKOCTeH DasNMYHOM HCXOJHOM BABKOCTH 3aBHCHT OT IpPajdeHTa
BASKOCTH CMeCH 3THX jKHAKocTedl grad p.. [ledAcrBErexsHo, 4eM Goabuie
pazraude BASKOCTEHA CMEIIUBAIOMAXCA KUAKOCTed B paccMaTpHBaeMoOi
TOUKE HOPHCTOR Cpefibl, TeM HOJKHA OHTh GOJbUIE JUCHEePCHA ACTHHHBIX
cropocTelt ¢maprpanuu. llpegmomosxenme [48] o sasmcmMmoctm D, or
rpagHeHTa BA3KOCTA CMeCH IPH NOepeMemIMBaHAA B LOPHCTOA cpene
FRATKOCTEH pasmuIHO# HCXOXHON BABKOCTH BIOJNHE YHAOBJICTBODPATEIBHO
OOATBEPIKAAeTCA SKCOepAMeHTANPHNMHA jgadauMu [53]. Boobme mpa-
BHJIBbHEE OHIO Gbl IPHHEATH, YT0 D, B paccMaTpHBaeMoM clAydae 3aBHCAT
0T CKaJAApHOTO NIPOH3BEEHHS BEKTOPA CKOPOCTH (HIBTPANAH Ha Trpa-
oHeHT BASKOCTE cMecH. Toraa mis sddextuBHoro xKoapdummedra nud-
¢ysun D, opr ¢uasTpamuy B3aMMHO CMeMHBAMIAXCA 3KEJKOCTeH pas-
AUYHOHA WcXomHON BA3KoCcTA GymeM mMerh Ha ocHoBe paGots [48] camemy-
WMy 3aBACHAMOCTE:

ky -
De=D2<1 —{—T?v-grad pc). (10.7)
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rie D} — sperTaprnit Koaddnmment puddysdE npE NepeMemMnBaHAM
$EALTPYOIIAXCA METKOCTEH ONMHAKOBOM MCXOMHOM BAskocTH; kp —
rosppmumment [48].

Ilpu coBOajeHEm HANpPaBICHHM BEKTOPA CKOPOCTH (QRIBTPAamHH M
rpajjuenTa BABKOCTH NOJYyYaeM

D,=D%(1 +k, | grad ). (10.8)

Tocame moacranoskm (10.7) B (10.5) moayuaeTcsa ypamHeHme KOHBEK-
TaRHOM nudPysnd npu mepeMeIIABAHMHA B MOPHUCTOH cpeme B3amMHO pac-
TBOPAKMUXCA KEJKOCTeH pasiuYHOH BA3KOCTH.

PaccMoTpEM Teneph mpUMep MeépeMEIIABAHEA (HIBTPYIOHIHXCA JRHE-
KocTell pasIHIHON ncxo;zmoﬁ BA3KOCTH. OJIHHM H3 BeChbMa XapaKTepHhIX

//l// i D

S j% 1

/////// SIS 7
fe—ux= vct—J/

1
0 T

Prc. 69. JipmxeHHe CMEMIHBAIINAXCA KAJKOCTER B DPA-
MOJIHHeiHOM ILTacTe

clIyuaer mepeMeMABAHUA PHIBTPYOIHEXCA SKEFKOCTeH ABIACTCA mepe-
MeIMUBaHEE NYTeM BHTECHOHHS W3 HOPHCTOH CDEMIHl OJHOH JKEIKOCTH
Ipyroff, pacTBopAOMmMelica B mepBoit. [omycTrM, uTo NpAMOIEHEHHKH
OeCKOHETHHH IIACT B HAYaJIbHHE MOMEHT BpeMeHH GHI 3amOJHEH JKHI-
KOCTHI0, KOTODAfA 3aTeM BHRITECHAETCS N3 ILIacTa APYTof KAJKOCTHIO,
pPacTBopsIOmeiica B mepBo#. B pesyabraTre B HeKOTODHIT MOMEHT BDEMeH
B IUTacTe mOJy9dM KapTHHY, CXEMATHYHO NOKAasaHEYI Ha puc. 69, rme
BHTECHADMAA KAAKOCTE A BmMeeT HCXONHYI0 BA3KOCTHL W;, & BHITECHAE-
Masfl JKENKOCTh B — HCXOHYI0 BABKOCTH W,. Mexay mumrocTamMu A u B
BOSHHEaeT 30Ha cmecH mamuofi 2/. TpeGyerca onpeneAHT: KOHOEHTpa-
nnE C REZKOCTH A B RAAKOCTE B B moboit MoMeRT Bpemernn. Ilpm pac-
CMOTPEHHY 3TOr0 IpEMEpa HCHOoJb3yeM HEKOTOPOE YIPOIeHde ypaBHe—

mma (10.2), a mMenmHO mpeHeGpeskeM WIeHOM, COJEPHANEM ( ag)

B peayJsbpTaTe 4ero ¢ mcnoxbzoBaEmem (10.8) moayumm ana ompenerenmsA
KOHIEHTPAT[AH C cneuylomee yDaBHEHHE:

9
o= D2 (1 + ko 38) o — v I (10.9)

HcnonpayeM Takse H3IBECTHYIO B JHTEPATyDe 3aBACAMOCT: BA3-
KOCTE CMeCH |I, OT KOHIEHTDaI# H BABKOCTeH# HCXONHHX KHTKOCTEMH:

e =M1 (Ro/py) ™" (10.10)
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Pemenne aTod 3anaud npulam;KeHHHIM METONOM, IOJYYE€EHOE B pa-
6ore [48], mMpEBOAET K cAemyOMEMY BHP&KCHHIO, CHYHKAIMEMY MJIA

ompejeleHna I:

S +p—2( )+ I+ +5=25;

z=S11 a=2,14D% b=0,804D%pp,J.

ast

(10.11)

Bxopamas B dopmyay (10.11) Bernunna J 3aBHCHT OT po/py (prc. 70)
N3 supamenns (10.11) Mosxumo noxyunts e acmmnroTHdeckue ¢op-

MYJIH:

opr z & 1
21 = 2,68 (D%pp,J1) /% (10.12)
opE z > 1
21 =4,14(D%)"/*. (10.13)
PacopepesleREe KOHIEHTpamum B DNJIacTe JaeT QopMyaa
T—vUct r—vct \8
c=025[2— It — (L)) (10.14)

®opmyna (10.14) noayuema mcxofd W3 NPEANONOKEHMA, UTO I PR

E=z—upt=0 C=0,5.

Ha pmec. 71 mokasaHEa 3aBHCHMOCT JJIHHH 30HH CMeCH 2/ OT KOM-
mrexca kpDip,Jt. Ha sToM ke pACyHKe NOKazaHH SKCIEPEMERTANb-

ae Toukm, Coraacmo aKcme-
PHEMEHTANLHEM JaHAKM, D) A=
~ 10~% cm?%/c, BeaWYmHa K
kp ~10'2 em3/Kre - c2.
ITepetinem Temeps K pac-
CMOTPEHHEI0 ABJEHHUA CopOIAE
B Dopucroir cpeme. Uenmit
PAA, BEIECTB, CONEPIKAIMEXCH
B IJIACTOBOHE Bojge uIE Hed-
TH, MOKET BCJEICTBHE H3Me-
HeHHA  TOPMOSMHAMAYECKUX
YCIOoBEA OCa’KAaThCA Ha IO-
BODXHOCTE 3e¢peH mopHCTOH
CcpegE. 9T0 MOKeT B OIpe-
JleNeHHHX YCIOBAAX NIPOUC-
XOJATH €O ¢MoJaM# U acdhaib-
TeHaMH, KOTOpHE BXOJAT B
coctaB HedTel, ¢ coaAMH, KO-
TOpPHE COAePIKATCA B IJIACTO-
BOI BOZle, HJIHE C pPAa3JIHIHOTO

J
40

20

yd ) | L
0 10 20 %

Prc. 70. 3asrcEMocts J = J (u,fu,)

pona nmo6GaBRaMm K 3akaumBaeMoff B mopopH BOZe.

C meas0 moBHmeHHEs HePTEOTAAYM IJIACTOB IPH 3aBOXHEHHH K BOJIE
noGampmaores [68, 114] noBepxmocrmo-axTmBHEe Bemecrsa (IIAB),
KOTOpHE, M3MeHAs YCIOBHA CBASH YTJIEBONOPOjoB HedTH ¢ mopoxofi,
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YBeJUYHEBalOT H3BAedeHHe HepTH B3 Heyp. OqHAKO HOBEPXHOCTHO-aKTHB-
HEe BellecTBa IPH 9TOM YaCTHYHO OCTAIOTCA HAa 3€PHAX NOPOXH, «TepA-
0TCA», AHOT/{a BPOMEHHO, M0 TeX mop, moxa Bopa Ges IIAB, sakaumsae-
Mas Bclef, 3a Bomoit, cogepskameir IIAB, me cMoer MX ¢ HoBepxHOCTH
3ePeH IOPONH U He IlepeHeceT B riy0h IIacTa 0o HAIPaBIEHAN, B KOTO-
] POM IPOHCXOQUT BHITECHE-
Hue HedpTE ®H3 mopop[114].
EcTecTBeHHO, 9TO KOJIHA-
9eCTBO copbupymomerocs
IIAB Bamser Ha addex-
TABHOCTH €rQ IIPEMEHEeHHA.
[loaromy HE0OX0TUMO yMETH
ONeHUBATh KOJHYECTBEHHO
apcopomuo [1AB ma sepnax
TOPOJHL.
flnenne copbumm B 06-
meM clIy4ae pacCMaTpHBaIOT
¢ yaerom Kumetuxm [109].
IIpm aTOoM c9uT20T, 9TO H3-
Lot MeHeHHe KOJHYECTBA afcop-
0 10 20 30 kyDfpyJt,10%m? Gupopammoro B emmEEme
Piic. 71. 3aBHCHMOCTh IIMHNM S0HN cmememma 00BeMa CpeJH BemecTBa A
21 ot mapamerpa kpDdu.Jt: 3a BpeMA ! IPONOPEAOHAIE-
1 — teopeTHyecKaa KpHBaA, 2 — 3KCIePEMeHTAJbHEIE HO Pa3HOCTA KOHOEHTpanmuu
TOuKH C BelllecTBa, HAXOIAMETroCs
B pacTBOpe B HaHHOH ToYKe
OOpHCTOX CpeaEl B JaHHHEA MOMeHT BpeMeHH, H TaK Ha3hBaeMoil
paBHOBECHOX KoHmeHTpamuu C,, YCTAHABINBaWIe#dcA OpuE Gecko-
HeYHO AOINTOM BHJIeD/XHBAHHH pACTBOPa B HOPHCTON cpele Oes aBH-
JHeHHA.
TaknM oGpa3soM,

20,10%m

05

0A
S =B(C—Cy). (10.15)

B ypasmemum (10.15) xoagdumueHT P Ha3HBaeTCA KHHETHYECKHM
KoappunmenTOM.

W3 TepMomumEamMEYecKHX coobpaskeHHmil caemgyeT, UTO KOJIHAIECTBO
ajZicop6upoBaRHOTO B eflmHANEe 06BeMa MOPOXEL BelIeCTBa JOIKHO B CBOIO
odepeflb 3aBHCeTh OT DaBHOBECHOH KOHIEHTpamuu, T. e.

a=1(C,). (10.16)

3asucumoct THma (10.16) HasmBaloT m3oTepMamu copbmuu. B Tex
cIy49aAx, KOrja KOJHYECTBO ajACOPOEPOBAHHOIO Ha 36pHAX BelecTBa
CTpeMATCA K IpeleXy Opu Bo3pacTaHEH C ., MOJKHO HOJB30BaThCA H30-
TepMoR JlaErMiopa

A=—FLr (10.17)
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B smpaskerum (10.17) go m A — mocrosnnse Koapdmmments. [Ipm
maneix C, ma (10.17) momywaercsa wmzoTepma Iempm

A=5 (10.18)
g0
Jas mommoro omucaHEA COpPOMHH HMCIOAB3YeTCA ypaBHEHHE MAacco-

nepeHoca ¢ ydetoM puddysnm # copbmum

div D, grad € = v grad C + -+, (10.19)

Cucrema ypasuennit (10.15), (10.16) u (10.19) mareMaTH9ecKH OOHCH-
BaeT mpomecc copOmE¥ B MOPHCTOH cpefe ¢ yueTOM KHHeTAKHA copbmuu.

Ecam jxe mMe0Tes mocTaTouHEe OCHOBAHHA CYMTATh, YTO B KaKgod
TOYKe CPeAn O0YeHb OHCTPO JOCTHTARETCA PAaBHOBECHOE COCTOSHHE, TO
TeKYMy KOHIEHTDaNHI0 c0p6npyemoro BeIMecTBa B PacTBOpE CJIEHyer
moJjlaraTh PaBHOM paBHOBeCHOH KoHOedtpamud, T.e. C = C,.

Ypasreenme (10.15) opu sTom Tepser cmeica, a BMecto (10. 16) Oymem
UMeTh

A=A(C). (10.20)

Ncnonp3ys saBHcHMOCTH, aHAJNOTHYHYI0 W3oTepMe ['eHpH, @ mpeHe-
Operas pgugpdysmeit, Moxuo u3 ypasmenma (10.19), cmpamegnmsoro u
NpHA paBHOBeCHOM cOpOMHMH, HOJYIATH JJIA ONHOMEDHOTO claydas Clexy-
omee OpPOCTOe ypaBHEeHHe:

ac 1 ac
vc?x——{—(i—{——g 2 —o. (10.21)
3 (10.21) BuTekaeT, 9YTO B MOPHUCTOH cpede MOKeT BOSHHKHYTB
«bpouty copbmmu [62], T. e. rpammma pacmpocTpaHeHHs copOEpOBaH-
HOTO BeINecTBa, AaJbll¢ KOTOPOH II0 HANPABIEHHI JBHKeHHA copOHEpo-
BAHHOE BemecTBO orcyTcTByeT. CKOpOCTh pacHpoCTpaHeHHS 3TOH TIpa-
HEIOH W, BCEeIa MeHBIIe CKOPOCTH JBHIKEHHA v.:

1
l'f_::_—HL ) (10.22)
8o

Hanpamep, mycrs go = 0,25. Torga w./v. = 0,2. Iro smaumrT, 9TO
CKOPOCTDH [BH)KEeHHA TIPAHHANE afAcopOMpOBAaHHOIO BemecTBa B HIATh pas
MeHBIIE CPefHed CKODOCTH ABHKeHUA 3aKAYABAEeMOH B HMOPHCTYIO cpefy
sruprocTE. KoxuyecTBo BEemecTRa, agcopOEPOBAHHOrO HA 3¢PHAX MOPOALI
B epmamEne 00beMa cpejsl, BhipaskaeTca Kak A = C/go. Ecam mcxognas
KOHIOEHTPAamHUA B JBIKYINeHCA >XHUAKOCTA amcopOEpyeMoro BemecTBa
C = 0,025 r/1, To a 1000 cm® nopmcroit cpenm amcopbmpyeres 0,1 r
BelecTBa.

§ 11. ®HJIBTPAIN A HEHBIOTOHOBCKHX ;KHKOCTEN

PasBaTHe MeTomoB Bo3HelcTBUA Ha HeQTAHNE 3aA€KA B MeJAbK NOBH-
IeHAA NPOXYKTHBHOCTH CKBAajKMH B yBelmdeHds He(TeOTHAUH NPHBENO
K DHAYHATEJIHPHOMY paCOIAPEHMI0 acCOPTEMEHTa BEI[eCTB, 3aKAaYUBAEMHIX
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B He()TAHbe INIACTH. MHOIEe B3 JKUIKUX BeIleCTB, IPHAMEHACMHX IS
3aKaUKA B CKBa)KMHEI, He 00GIaflal0T CBOHCTBAMHE HBIOTOHOBCKAX FRKAJI-
KOCTeH.

B BacTosmee BpeMA B3BeCTHH (QaKTH U3 IPAKTAKA PaspaboTKH HedTa-
HHX MeCTOPOJeHHH, KOTopble MOryT OHTH OGBACHEHH IPOABIEHAEM
HEHBIOTOHOBCKUX CBOMCTB ;KHMOKOCTeH mpw mx ¢uiabrpanmn. Ilpoasmenune
3THX CBOHCTB IPHBOAMT K BO3HMKHOBEHHI0 HEIMHOHHOrO 3aKOHA (GHIB-
Tpam@d, B YACTHOCTH 3aKOHA (RIbTpamuE ¢ HA4YaJbHHM TPAgEeHTOM
nasiaenust [78]. Ha puc. 72 mokasana 3aBucuMOCTE 1 MEMXIY CKOPOCTHIO
(AIbTPANFY W IPARJIAGHTOM JaBIeHAA (3aK0oH QUILTpandm), A1 KOTOPOM
XapaKTepHEIM ABJIAETCA TO, 9T0 QHIALTpanuA HAYAHAETCA HE IpH HYJe-
BOM B3HadYeHmm Beamumunl grad p, a mpum grad p, paBHOM HEKOTOpOH
Belnunne (, HaspBaeMmOH HadaJbHEM
TP2JIHeHTOM JIaBICHHASA.

3axkoH PMILTpAan®A B COOTBETCTBUR
¢ saBEcHMOCTBI0 1 (cM. pme. 72) ¢op-
MyImpyeTcA clenylomuM o6pasom:

—
(743

z_;:——:i-(gradp—G), |grad p| = G;

v=0, |gradp|<G. (11.1)

3axon ¢uakrpanmm B gopme (11.1)
nasa HeTAHKX NAacTOB OHJA 06ocHO-
0 grad s paH paGoramm A. X. Mupsamxansaje
Pmc. 72. 3awom Jlapem = sakom ¥ CO2BTODOB [36, 78] m monrmepmnen
¢naprpanEk ¢ HawambEmM rpagE- dKcmepmMeHTaudbHO B. M. CyaramoBrM
eHTOM CJIBHECA [103]. Hccaenopanmio  $raAsTpanmm
OJHODONHKX ¥ HEOAHOPONHHX HEHBIO-
TOHOBCKMX ;KHAKOCTel mocBamenH pabotu M. I'. Armmaesa, I'. T'. Ba-
xmtoBa, . ®@. T'aymosa, . E. ®omernxo [88], B. M. Erropa [42],
M. I. Bepunapgmrepa [19] = np.
IIpuBejenHENM BHIIe 3aKOHOM MOKHO HPHGIWKeHHO ONMCHBATH TaK-
e saBacEMocTh 2 (cM. pue. 72). XoTA dTa 3aBECHMOCTH M ACXOJAT H3

>
HadaJa KOOpAMHAT, HO HpH 3HaweHHAX |grad p|<< G Benmumma v
09YeHb MaJNa. BenmuuHa G B cllysae GUapTpanyuy HeHBIOTOHOBCKHEX »REJ-
KOCTell 3aBHCHT OT LpeleJbHOT0 HANPAKeHAA CABATA KUAKOCTH M Cpea-
Hero amaMeTpa Iop.

Huas cpasmenns ¢ (11.1) ma puc. 72 mokasan sakon [lapcm (3aBHcE-
MOCTE 3).

Heofxomumo orMeruTs, YTo HalGiiogenue B Ja0opaTOPHEX BKCHIEpH-
MEeHTaX HIH B IPOMHCIOBON IpaKTHKe 3akoHa ¢miasTpanmm tuma (11.1)
He BCerja MoskeT GHITh CBA3RHO ¢ HEHBIOTOHOBCKEMH CBONCTBAME JKHI-
koctedt. Ilpmumaoii BosEmKHOBeHWsA 3akoda ¢mabTpanmm (11.1) moryT
OHTh PE3AKO-XUMEYECKOe B3aMMOjeificTBHe PUIBTPYIOMAXCA MHIKOCTOH
¢ MaTepHajoM LMOPHCTOM Cpeibl, HAlpUMep THAPATAI(AA FJIMH.

B mopncroit cpepme, mo-sEqEMOMY, MOT'YT GHTH YCIOBHEA, KOT/IA HEHBIO-
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TOHOBCKAs JKHAKOCTb, NPOABIAIOMIaA HAYAJLHHN TrpagdeHT CIBHATa
B 1ab0opaTODHKX MCIHTAHAAX, MOMKOT JABHIATHCA B mAacTe IO 3aKOHY,
Gau3KOMY K 3aKoHY 2 (cM. pmc. 72) mam naske K 3aromy Jlapcm, m3-3a
OPHECYTCTBAA B INODHCTOM cpeme cBABaHHOH BOAH, OOBOJaKHBAIOMeH
3epHa IOPOAH ¥ ABIAOMEHCA cBOeoGpasHOM «CMaskofy AJIA OCHOBHOR
GUIBTPYOmMelcA KATKOCTH.

I Bmxenme HedTu B miacTax mo 3axody (11.1) mpmeBogmT x cymecT-
BeHHHIM 0CoGeHHOCTAM paspaloTKm BTHX IIIACTOB, He BCTPeYaMUMCH
B cay4ae QpuabTpamuu mo 3akomy Jlapcm. BospmeMm, mampumep, mpamo-
auaed#nb# maact (pac. 73), Ha rpanmme Kotoporo z = 0 B MOMEHT Bpe-
meHn ¢ = 0 ycraHaBIHBaeTca jaBleH®e p., a opu z = L p = p,.

Ecam paccMaTpmBarh Hey- 2
CTaHOBHBIIYIOCA (GUABTpamUiD |
IpHM YOPYroM peKEMe Io 3a-
koay Jlapcm, T0 cOycTa HeKo-
TOpPOEe BpeMsA, KaK H3BECTHO,
B DPAMOJIMHEHHOM IIACTY, IO-
Ka3aHHOM HA pHC. 73, HOIK- J 4 ' 7

HO UDPAKTHYECKA YCTAHOBRTDB-  p,. 73  pacmpenenenme Rasienns B ups-
¢A CTallHOHApHOE pacIpejeie- MONWHOHHOM TLIaCTe:

HEe JaBieHAs (MEHEA I HE ;oo secucisves o saxomy Mapew; £ — mpa
pHc. 73) r[pn CI)nJILTpaI[HH Ke QEiIbTPamAA ¢ HAYATBHHM FPaJHEHTOM CIHBHTa

no 3axkony (11.1) soana monn-

JKeHUA [NABJACHMA IPH ONDPEHeJeHHHX SHAYOHWAX Iepenajia NaBileHAs
He DaCOpOCTpaHATCA Ha BCO [IRHY mJacTa L, a AWMb HAa HEKOTOPYIO
ero gacTs [ <C L, rme Gymer maBueHme p = p,. Hax Herpygmo mm-
merb, AMAEHA ] ompejelseTcs (opMyioi

| =Pk

Pe !
|

__ Pxk—DPc
D= = (11.2)
Toasro ecim Ap, = p, — p. = LG, BonHa HOHMKEHHUA NaBICHUA
«IIpoGHEBAET» BOCH IXACT, T. €. BO BCEM IXacTe OymeT IpOMCXONUTH PUIiIb-
Tpapua. OnHako AEGHT JKHEMKOCTH, KAK BTO CIENYeT HENOCPENCTBeHHO
3 (11.1), 6yner menbme, 94em np® QmibTpanuu mo 3akory Jlapcwm.
Ecnm npm puabTpanuy mo 3axoHy JlapcH mpm yCTaHOBHBHIOMCS Dac-
IpeieIeHHE NAaBIeHAA IJIAcT Gyner SKCOIYyaTAPOBATHCA ¢ AeCHTOM

_ kS (px—p¢) /
= 25 (humpe) (11.3)

TO IIPE YCTAHOBHBIIEMCH PacCHpeeNeHRHA JaBJACHAS B COOTBETCTBHHE C 32~
romoM (11.1) Gygmer

_ kS(py—pc—GL)
qg= v . (11.4)
Ilpm 1< L peGHT paBeH HYJM, Tak Kagk mpu z > ] PEALTpanas
OTCYTCTBYeT B K IOBeDXHOCTH r == | He CMO’KeT NOCTYHDATH KHIKOCTH
H3 o6JacTH IiIacta = > .
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IIpn pagmanbHO# PUABTpPamEE K CKBajKUHE PafHyCcOM Iy H3 IJIacTa
PajEyCcoM r, IpH HANHYAM IpeJAeJbHOT0 TPajHeHTa JAaBICHHA MLOJNY-
qaeM A jgebuTa KEAKOCTE ¢ BMecTo $opMyuH Jlomou ciepynmyo
$opMyTy — ee aHAJOT:

2nkh Apc—ryG
— Dc K . A

B In X
Te

g=0 mpu Ap.<r,G. (11.5)

Pe= Px— Dey

Us (11.5) caexyer, 9t0o saBuHcEMocTh g = ¢ (Ap.), T. e. AEAAKATOP-
HaA KpHBAaA CKBA)XKHHBI, NpH (UIBTPAOEM C HAYAJBHLIM TrpagUdeHTOM
LG JABIEHUA He HPOXONHT de-
= pes Hadallo KOopaHHAT, 2
Apc orcekaer Ha ocE Ap. oTpe-
30K, paBmulit r.G. Hak He-
0,8} IOCPEeJCTBEHHO BHUAHO W3
dopmyant (11.5), Hamumude
0.6l Ipe/ieJIbHOTO TPAJHEHTA FaB-
JeHHA B ILIacTe BemeT K
yMeHbIIeHA ne6HTa cKBa-
0,41~ JKAHBI IIPH TeX jKe YCIOBUAX
oo cpaBHeHHMI0 ¢ ¢HABTpA-
oueir mo 3akomy J[lapcwm.
IIpu BeycramoBmBmeiica
¢UIPTPAIAE ¢ HAYAJIBHHIM
| ] I - rpagueHToM JaBlIeHHA rpa-
qn-3 -2 4n~2 5.4n-2 o~ HEIOA 00JACTH, € CKOPOCTH
0 510 1075 1,5107% 21074 T dunprpamum  OTIHYHA OT
Hyns, OygeT mepeMemiaTbCA
€O CKODOCTHIO, 3aBHCAMEH
0T Nbe30NMPOBOTHOCTA IJACTa X, HOPeRedbHOTO FpajueHTa cgBura @G, me-
penafa pamienua Ap. @ BpeMemd {. JlaA clIy4as mpAMOTAHEAHOTO
HEeYCTAHOBHMBIIETOCHA [BU)KEHHA, T. €., HAINDHEMep, AJA HOJacTa, OOKa-
3aHHOTO Ha pHC. 73, MMeeM 3aBECHMOCTH BedlHWHHEH [G/Ap. oT Geapas-
MepHOTo BpeMmenE T = %G2t/Ap.2, msoGpaxerHyo Ha puc. 74. a3 mee
caenyer, uro upd IG/Ap. = 1 Gespasmepmoe Bpema t = 0,2. 3Han x,
G u Ap,, MOXHO ompefenHuTh pU3MTIECKOe BPeMA, He0OX0EMOE IIA J0-
CTH/KEeHHA MpeleIbHOTO pPACCTOSHHA [, Ha KOTOPOe MOKeT PaclupocTpa-
HUTHCA BOJHA [AaBleHusA OpE QUILTPANEHA ¢ OPEAEIBHLIM I'DAHEHTOM
JlaBIeHHA.

Basxenm a¢dexToM ¢uapTpanuyd ¢ OpeAeIbHHIM TPaJUEHTOM HaBle-
HUA ABIAETCA BO3SMOKHOCTh 00pasoBaHHA B miacTe 3aCTOHHHIX B30H,
T7ie JBH)KeHHe KHKOCTE MJIA raga oTcyTcrByer. Bo3EHKHOBeHHe 3acToli-
HHIX 30H BeJleT K yMeHbmeHuo0 medTeoTmadn miacroB. O6pasoBanme 3a-
CTOAHHIX 30H pacCMOTPHM Ha IpWMepe BHTeCHeHHA HefrH Bojoll H3
mIacTa ¢ OATETOYeYHOM CHCTeMOH DaCHOMO’KeHHA CKBXMEH (pHC. 75).
IIycrs 9epes marmeraTedbHYI0 cKBaskuny I (puc. 75) sakadumBaeTcd BOja,
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a Yepes JKCINIyaTaMOHHEIE CKBa)KHHEH 2 oTOHpaeTcsai HedThs. Hak cie-
AYeT U8 XapaKTePUCTUKE ABYMEDHOTO TeUeHHSA, B 30HaX J CKOPOCTH Tede-

grEA GymeT Malla IO CPaBHEHHIO CO
CKOPOCTAMH TeyeHHA B o0JaacTaAx,
OpUJIeraloMAXx K IPAMEIM, COeqAHdA-
OI{EM HarHeTaTeJABHYI0 H SRCIIya-
TanuoHHAKE cKBaxuHb. llosToMy aTH
30HHI B OKaxkyTcA 3acroiianiMa [19].
OrHolleHue HE3aMTPAXOBAHHEIX 06-
macrter Ha puc. 75 Ko Bcell mioman?
OATATOYeYHON sIYeKE MOYKHO CYH-
TaTh KoapyuMIeATOM 0XBaTa IIACTA
BoageiicTBEeM mo miomamd. Ha
puc. 76 morasamo, Kak Oyner 3aBH-
cerb KoapdhnuenT oxpara f oT ma-
pamerpa A = gp/kGL (q — nmebut
OKCINTyaTamUoOHHOH cKBajKEHH). W3
puc. 76 BanHO, 4To f§ yBeIHUEBaETCA
¢ yBeandenueM A. B caMmoMm Jede,
geM Goabme G, IpU OJHUX U TOX Ke
OCTAJBHHIX BeJWYHHAX, BXONAIIUX
B A, TeM MeHbme Koappamuaent
oxBata. BMecTe ¢ TeM ¢ yBexmde-
HUeM ¢ U | 0XBaT yBeJHYHBAETCAH.
O0bsACHeHHEe YBeJIAYEHAA O0XBaTa C

2

Puc. 75.

2

BoitecHerme BHedTH BOAOH

Opx CymecTBOBAHWH Ha9aJbHOIO rpa-

1 — parHerarelibHagd CHKBKHUHA,
NIyaTaulHOHHble CKBAM{HHHI;

JAUCHTA CABHIrAa:

2 — BKC-
3 — 3acToiiublie
30HHI

pOCTOM | COCTOHMT B TOM, 4TO IpH GOJBmMAX | BOSHHKAKT B GoJbIUe
mepenags JaBIeHAA, YTO cHoocobcTByer G0JMbIIEMY BOBJIeUeHHIO B pa3-

S
1,0

0,5

] ]

0 5 10

JH
k6L

Puc. 76, 3asucumocts Koaddunmenara oxsara P

OT mapaMeTpa gu/kGL

paboTKy 30H ¢ MaJILIMU rpa-
TUEeATaMHA JABJICHHA.
Hemoanmit oxsaT miacra
BO3JeACTBAEM W3-3a HAIHA-
YU DpefeJbHOT0 TpajuenTa
JaBlIeHAA MoMeT BHIpa-
J€aTbCA He TOJBKO B BHAAE
HeIOJHOTO 0XBATA IO HIO-
mMajgd, HO M II0 MOIIHOCTH
eclidm INIaCT MMeeT HPOCIOH
Pa3I@IHOl OPOHUIAEMOCTH.
Bamecre ¢ TeMm ciaemyer oT-
METUTH, 9TO [OIA VCTAHOB-
JeHHA HW3MeHeHUA KodddHh-
IFeHTa OXBaTa HM3-3a Ipe-
JelIBHOTO rpajHeHTa AaBJe-
HUA OPUMEHUTEIbHO K pe-
aJIbHOMY KOHKPeTHOMY ILIa-
CTY HeoOXOMHMEI ele 0IeHb
TIATEeJIbHEIE BCECTOPOHHHE
HCCIeHOBAaHAA € TeM, 9TO-

139



61 BueanTs 3PPeKT NPEAeNBHOr0 TIpPAJUEHTa HABACHHA B IUCTOM
BHf{e, IOCKOJABKY H3MEHEHU® OXBaTa ILIACTOB MOMKET GHITH CIEACTBHEM
IIeJ0ro pAfa APYTHX HPHINH, CBASAHHHIX C JedopMandei ropHHX HODPOH,
HEOJHOPOJHOCTHI0 IJIACTa, (PUBMKO-XAMHMIECKHMM fABJCHHAMHA H T. A.
Hanpuwmep, mamenenme abCOMIOTHOR BeAMIMHAK U NPOQUAA IPHEMACTOCTH
HaTHeTaTeJAbHHX CKBAYKHH DU M3MEHEHNH JaBIeHUA HarHETaHAA MOMKeT
6uTh cBA3aHO ¢ medopManmed mopox mAacta m o0pasoBaHHEeM B HHX
TpPeIMHH, a M3MEeHeHHe HPOQUAA OTHAYH B BKCIIYATAIMOHHHX CKBAyKH-
HaX — ¢ KaOHIAApHHMHE >¢dekraMu B mpusaboitnoit 30He, a He ¢ OpoO-
SIBIEHHEM NpPEfeAbHOT0 TPafiHeHTa JaBIEHUsS BO BCeM ILIacre.



TIABA1Y
JEOOPMAIIMA T'OPHBIX IIOPO]

§ 1. ECTECTBEHHOE HANPAKEHHOE COCTOSHHE
TOPHBIX ImOPON U EI0 HBMEHEHHE
BBJIASA T'OPHBIX BBIPABOTOK

Toprrie mopoxs, 3ameraomue B 3eMHOM Kope, HOABEPTANHNCEH B TeUe-
HHe Ie0JOrMYecKOr0 BPEMEHHM M NOJBEpPraloTCA B HACTOAUIee BpeMdA meid-
CTBHIO CHNH TAMECTH, BHYTPH3eMHHX cui, npHTmxenua Coxana, JIyan
H IIaHeT, (USMKO-XMMHYeCKHM mpespamenuaM. llom pmeficTBHeM OTHX
$aKTOpOB B TOPHHX HOPOAAX CO3FAMOCH HAUPAKEHHOE COCTOAHHE,
Koropoe OyaeM HaB8HBATH ECTECTBEHHHM HANPMKEHHHM COCTOSHHEM.

Ilpn HcRyccTBeHHOM BOBfeHCTBUE Ha OPHEE HOPOIH IyTeM BHpaGo-
TOK B HUX HPOABAAETCA 3Q(EKT ECTECTBEHHOI0 HANPAMKEHHOI0 COCTOAHMIS
OOPOf, HMJAHM TOpPHOTO HAaBICHMA.

PacecMaTpuBas ecTeCTBeHHOe HAmpSKEHHOE COCTOAHHE HOPOJ, Cle-
Iyer DpasaMdaTh BePTHKAALHYH KOMIOHEHTY TOPHOIO [aBJICHHA O,
¥ TOPHBOHTANBHYIO Oy, ,. BePTHRaNBHYI0 KOMIOHEHTY FOPHOTO AAaBJICHHS
HA3HBAKT TaKKe HOJHKM FOPHHM AaBIeHAEeM H 0603HAYAOT ., @ FOPH~
SOHTAJIBHYI0 KOMIOHEHTY — OOKOBHIM TrOpDHHIM faBieHmeM n o06Gosma-
qalT ¢o [45].

Ecrecrennoe HampsyKeHHOE COCTOSHEE FOPHHX IOPOA MOMKHO OIpe-
ZIeJIATH KOCBEHHHMHE METOflaMH, HAIPEMEp IO AaHHKM O PacHpOCTpaHe-
HHH BOJH HaNPAKEHEE B IOpPOJAX, NCHOAB3YA 3aBHCHMOCTH ILIOTHOCTH
OOPOA M MX MOAYAA YHOPYroCTE OT CKHMajmero HampsuxeHHs [55].

K opammiM mMerogaM onpefgeaeHus ropHOro JABAEHHUA MOKHO, C HEKO-
TOPHM [ONOYIMEHHEM, OTHECTH H3MEPEHHe IOPHOrO0 [aBJAEHAA B FOPHHX
BepaboTKax (CKBaKMHAX, CTBOJAx MaXxT, ITpPEKax U T. A.) ¢ WOCHERYIO-
IAM DPACcCYeTOM HAOpSKEHHOro COCTOAHHA IOPOA BAaJX OT Brpaborox
OO0 COOTBETCTBYIOMEM (OpPMYJaM TEOPHH YUPYTOCTH, IIAACTATHOCTH H
T. . MoXHO mOMyIaTh CBEEHAA O ECTECTBEHHOM HANPKEHHOM COCTOA~
HHUH IOPOJ, ACIOAb3YA AaHHLE IHApaBANYeCKOro paspusa maacra [50].

Hmeomuecs B nacTommee BPeMsA AAHHHE, NOAYIEHHHE DPasIHIHEIMHA
METOAAaMH, CBHAETEABCTBYIOT O TOM, YTO JJIA OLpefeleHIs BePTHKaIbHOM
ROMIOHEHTH TOPHOTO AaBJIEHUA B He HACHIIEHHHX XHAKOCTHIO H/IA ra3oM
TOPHHX HOPOJaX MOKHO HCHOABL30BaTh QopMyay

o, =pngH. 1.1
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B gopmyne (1.1) p, — ocpegHeHnas NNOTHOCTH TOPHHX MOPOX
B maTepBae oT z = 0 10 z = H (z — BepTEKanbHasd KOOpPAWHATa, IpH-
yeM z = (0 Ha JgHeBHO# HOBEPXHOCTH); & — KAK H BHIIE, YCKOpeHHE
CBOOOHOTO mafeHus.

Cunraercs, 970 FOPHSOHTANBHYI0 KOMIOHEHTY €CTECTBEHHOI'O Halps-
MHEeHHOT0 COCTOSIHUA HOPOJK [ He HACHINEHHHX KHJAKOCTHIO HIM Ta30M
IOPOR MOKHO OIpPENeNHTH HO (opMyne

o =00, (1.2)

HoadgumuenT oo onpepensiercsa CymecTBYOMUEME B HACTOAMEe BPEMA
MeTofaMH BecbMa OpuOnmskenno. Cumraercss, 4To HauGolnee BePOATHbIE
SHAaYeHHWA o, MJd XPYOKHX TOPHHX HOPOX BaKiaogensl B mpegenax 0,3 +
+ 0,7. lna Mamompounkix, TeKYIMX ropHHX mopof o ~=1. OGbacHA-
€TCA DTO TEM, UTO peJaKCamuA HaODMKEHHH B TBePAHX, XPYOKAX rop-

HHX mopopax ambo He mpo-

XJIHBHIHECA  JOEeCATKAMH H

Gy=-
y="%y HCXOZUT BOBce, IuB0 mpo-
HCXOZHT Ype3BHYallHO Me-
IeHHO, TaK 4YTO [Aake 3a
] reoJoruyecKnue  OePHOALI,
]

Cx="Q2 cormaME MHITHOROB Zer,

— ds ~€——  Da3HOCTH MKy BePTHKAIb-
— - HHM ¥W OOKOBEIM TOPHHM
co c NaBIeHMEM  COXPaHAETCH.

) Ecam ropume mopomm ym-

— — - pyrue m B mIacraXx OTCYTCT-
— 0 X  e—— BOBAIHM 3HAYHTEIbHHE TEK-
TOHHYIECKHE JBUKEHHUSA, 0CO-

6eHHO B TOPH30HTAIBLHOM

—_— ~®€—  HanmpaBJIeHHH, TO o = v/

(1 — v) (v — roappuumenT

ITyaccona). ¥ MaxonpodgHsIX

IOpoA BpeMsA pejdaKcamul

NOCTATOYHO MAal0 IO CpaB-

Pac. 77, JeiicteAe ycmami B ropHHX Oopogax HEHHMIG ¢ OepHMOZaMM Cy-

BOKPYI BEDTHKaAbHOH BHDaGOTKE KpPYroBOH mecTBOBAaHHA reolornYe-

dopuur & miame CKHX CTPYKTY D, H BCIEACTBHE

TeKYJECTH HOPOJ, XOTA H

MeeHHOM, PasHOCTh Me;KAY OOKOBHIM M BEDPTHKAIbHHM TOPHLIM JaBIe-

HHEeM MOIJla HPAKTHYECKH HWCYeS8HYTh. B BABKOH KHIKOCTH, HAIIDHMED,

cornacHo gakomy Ilackansa pmaBiaeHHme, ReAcrBylomee HA SIeMEHTAaPHBII

00beM IKHIKOCTH B BePTHKANbHOM HAIpaBleHWH, PABHO [aBIEHHUIO

JKHIKOCTH, NeHMCTBYIOIEMY Ha 2T0T 00beM B rOpH30HTAJIBHOM HAIpPaB-
JeHdH.

Buimle peup muza 0 HaOpPAKEHHOM COCTOAHMHM IOPOJ, KOTOpPHIE eie
He MOJBePriMch HCKYCCTBEHHOMY Bo3felicrBuo. Ilpum mpopemeHMEH Top-
IIHX BHPabOTOK HampA;KeHHOe COCTOAHHE, WO Kpalimell mMepe BOIM3U
pPHpaboTox, cymecTBeHHEIM 06pa3oM MBMEHAETCA.
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Basxnoii 8agaueil B ropHOM flene ABAseTcA obecmewenme yCTOAYMBO-
CTH TODHHX COOpY)KEHHI, mO3TOMY HeoOXomMMO 3HATh xedopMamuio
DOPOM IIPH CTPOHMTENBCTBE H SKCHAYATANMHE OPHHEX BHPaBoTOK, a TakKe
BOJHUKAIOMUWe NPH 3TOM HaODPSA;KEHHA, ¢ TeM Iro6H MoxHO G0 mpa-
BUILHO WPOEKTHPOBATH TODHHE COOPY:KEeHHA.

CrBOJNE MAXT W He(TAHNE CKBAXUHK ABIAOTCHA OCHOBHEIME I'0PHLIMU
COODY;KEeHUAMH, WMEOIMMM NEePBOCTeNeHHOE BHAaYeHHe IuA Ho0bIIH
MOJE3HHX HCKOIAeMHX.

Haupsa;keHnoe cOCTOAHWE TOPHHX HOPOX BOMHMSH CKBayRHH M IIAXT
OPH OCeCHMMETDHIHOM JIeHCTBHH HArpysoK OIpeuelserca Ha OCHOBE
MeToJioB u GopMyH, H3A0KeHHEX B raaBe [. PaccMorpmm Temeps ynpy-
ryo pepopMamuio TOpHHX HOpoj BOAm3W BHpPaGoOTOR KPYyrosoli ¢opMu
B IJI3He, KOrja melcTBHe HAIPY3KHW Ha BHPAOOTKY He ABIAETCA OCECHM-
MeTPHIHHM. PaccMoTpHM mpHMep MIOCKOr0 ABYMEPHOTO IIAIIPAMKEHHOTO
COCTOSHHA.

Ilycrs cxBaskMHa pagmycoM r. npobypeHa B MacCHBe, e [eilCTBYeT
IMNIE ORHOCTODOHHEE C}KEMalllee HaOpA’KeHHe O, = — ¢,, HaOpa-
BlleHHOE BHoAb ocl Oz (pmc. 77). 3aMeTHM, UTO COOPY;KeHHE CKBAKHHH,
T. €. BHEMKa FOPHOH DODOJH M3 MacCHBa, C}KATOT0 HAUODSIKEHHEM G, =
= —¢,, PaBHOCHIBHO TOMY, KaK eciM On K Ka}KJ0i 2jeMeHTapHOHR
oaomanke KOHTYpa CKBAKUHH ds = r.d} OPUAOKMAH YCUIUA O, =
= —@, c0s ¥, 0,, = O (cM. puc. 77). Iloaromy, ompenesiuB HAOPAKEHHO®
COCTOfIHHE, KOTOPOe BO3HHKIO OH mpM HOPMIOKEHMH K KOHTYPY CKBa-
JROHH YKA3aHHHX ycuau#, ¥ HQJI0KMB 9TO HANPAKEHHOE COCTOAHHE
Ha HepBOHAYAJHHOE HANPAKEHHOE COCTOAHWEe B TOPHHX OOPOAaX, HOIY-
YHM HCKOMOE€ HAOpPA;KeHHOe COCTOAHHE.

Pemenne sroit 3amaum wmoxydaerca Mertomom K. M. Mycxennm-
puau [80]. Jlna ompemenemmsa HampaskeHud WMeeM B [aHHOM clIydae
crepyiomue QOpPMYIH:

P (3 W (A Y (AN g (9) &)
O'x l":xy-— (‘)’(C) + __C (1) (C) [(‘) (C)] C
P () 4 90 ].
%+ 9, —2[m (§>+m'<c>]’

eR)=—; Q) ="F—55

o@)=rd; ¢ (5)= ";E? ;

(1.3)
’ I (9 I
o' §)=rq w0 2
(9] o E T ax,
o= [Tyl -
L (3] 39x
w €y 2C2 2t -’
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Us (1.3) momyuaem BupaskeHme NAA HAUPSKEHAS G, HAa KOHTYpe
CKBayKHHH:

ox=—qx(1——~g—-c052ﬁ+-;—cos4ﬁ). (1.4)

N3 gopmyan (1.4) BrTeraer, uro npr ¥ = 0 w O = 5 HampsKeRUe
6 =0, amgpu ¢ = /2 m ¥ = 3n/2 Benmumna o, = —3q,.

Kombuaupys npuBenennsie BuIle PeleHHs, MOKHO IOAYIHTH TaKiKe
pemlenne 3aaYM O HAUPAKEHHOM COCTOSHHH BOKDPYI CKBa;KHHBI, IpO-
OypeHHOH B MaccEBe, Tjje AeACTBYIOT ABA MAM HECKOJBKO OJHOCTOPOHHE
HAaOPaBAEHHHX CKHUMAOMHUX ycuami. Tak, HampEMmep, ecim CKBaKHHA
HaXONHUTCA B mOJe YCHIAMA O, = —¢,, NEUCTBYIOMUX 10 OCH Y, H yCH-
ani o, = —gq, (cM. pHEc. 77), To, HCHONBIYA UPUHIUE CyHepHOSHITUII
HaIPAUKEeHHKX COCTOAHHM, ITOJAyJYaeM cJefyioImee Bhipa;KeHAe NIIA
Hanps/KeHUsl O, Ha KOHTYPe CHKBaKWHEL:

O, = —q, (1 —-—2— cos 2ﬁ+%cos 41‘)) +

+% cos2(ﬁ+%)+cos4(ﬁ+-§-)]- (1.5)

B stoM ciyuae mpw ¥ =0 m ¢ = n umeeM o, = 0, a mpn ¥ =
= n/2 1 & = 3n/2 Gymer 0, = —2q,. OUAcanHOe BHUIEe HAaOPAKEHHOE
COCTOAIHHE CYMECTBYET B HOpofax, AefOpMHPYIOIMHXCA YOPYro B COOT-
BETCTBHE ¢ 3aKoHOM I'yka.

PaccMoTpuM Temepp OpEMep NHIacTHYecKOH [fedopMamuM TOPHBIX
Dopoyx BOAM3Y CKBKMHEL, CIMTAA HANPAKEHAOE COCTOSHAE O{HOMEPHEIM,
BaBHCAIAM OT pajgmyca r. B BTOM ciiydae mMeeM clenylomee ypaBHeHHe
IS HaUPSAKeHWA O, W Og:

fo, %6 . (1.6)

or r

BepTuranpnas KOMOOHEHTa& HAOPAKeHHA
= = (0, (1.7
02——-'0——2-(0'r~r0'e), . )

B ¢opmyae (1.7) ¢ — cpenHee HopMallbHOE HaIPAIKEHHE,

ByneM cumtaTh, 9T0 COCTOAHKE NAACTHIHOCTH HACTYIaeT, KOTH&
MaKCEMaJbHOE KaCareJbHOE HANPSIKEAHE JOCTHITAeT HOCTOAHHOA mpe-
qenbHOH BenmuMHH K, T. e.

1
= 5 (0, —0e) = Ko (1.8)
IlycTe pajgmyc CKBR/KHHEL COCTaBIfIET I',p @ CpefHEe HOPMANBHOE

HaOpsOKeR®We IpPH 7 = r, paBHO ©,. Torma, pemas ypabmemme (1.7)
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[pH YCAOBHHA (1.8) momygaem ciefyiomue BHpayKeHAA A HaOpAXKeHHHA:
0=—0,=0,+F ZK,,In—rrc—;

—0,=0,—K,+ 2K, In '::: (1.9)
—0g =04+ K+ 2K, ln—;r:-.

Us (1.9) caenyer, 9To B6AMSM CKBayKHHH 06pasyercs HIacTAYECKAR
0613CcTh, I7le BEPTHKAJBHOE HANDSKEHHE O, OKasHBaercA HHU)ke Bep-
THKaJBHOTO TOPHOIO AaBAeHHA ¢,. dra o6aacts, massanuan C. A. Xpn-
CTHAaHOBHYEeM O0GIacTHI0 pasTPYSKH TOPHOT'0 [gaBIeHHA, pacIHpocTpa-
HAETCA OT CKBa;KHHH He (ECKOHOYHO AajeKO, a /IO OIpefedeHHOTO pa-
Juyca I = r,, HA3HBaeMOro paguyCcoM pa3TPYy3KH rOPHOIO NaBJeHMA,

Ecam Bo BpeMsa coopyHeHHA CKBayKMHH [aBIEHHE >KMAKOCTH B Hei
6HMI0 paBHO I'HMAPOCTAaTHYECKOMY, TO COraacHo Bropoit gopmyae (1.9)

pBgH=Go—Kn9 (1.10)

rge P, — OAOTHOCTh BOAHM; H — rayGuna 8aleraHMs NAacTHYECKH
RedOopMEPYIOIMErocs ImIacrTa.
Paguyc o6macta maacTugecKoit gedopmanan onpefeaserca fopmyaoii

ro=0,61r exp [ en—£elef 1 (1.11)

HUs (1.11) pugro, wro pasMep o6macTm pasrpysKW FOPHOTO AaBlends
CHIBHO BaBHCAT OT mapaMerpa [(p, — p.) gH1/2K,.

Tak, mpm (p, — p.) g = 1,5-10-% &rc/em?, K, = 29,5.10° Ila
(30 Brc/cm?), H = 2000 M, r. = 1 M pagmyc o6aacTE pasrpyskd rop-
BOro gasiaenus paseH 90 M, a mpu ray6une 1000 M m Tex sKe mapaMerpax
OH paBeH JHMb 7,4 M.

Pasrpyska ropaoro gaBleHus OKasnBaer G0lbIIoe BIAMAHEE HE TONb-
KO Ha Opomece IPOXOAKH CKBa)KMHE, TaK KaK M8-8a OJIacTHYecKoH gedop-
Manuu U3 pasypMBaeMHX rOPHSOHTOB «BHaBAMBaeTcA» GoJabOIOe KOJH-
9eCTBO MaJIONPOYHHX HmOPOA, HO M Ha HOCAEAYIOmMYH paspaboTKy mia-
CTOB, PaCHOJIOKEHHKX OKOJO0 HMAACTHIECKH AedopMHDYIOMErocsa MIacTa.
Taxum obpasom, pasrpyska FOPHOro RaBIEHUS H3MEHAET HALPAIKEHHOE
cocTosiHMe BOMM3HM CKBaKWHH W obierdaer o6pasoBanHe TpemdH B IIa-
CTax OPH NOBHIIEHHMM AABICHHS KHIKOCTE B CKBaKHHE,

§ 2. OCHOBHBIE IPEICTABJEHHAA
0 MEXAHUYECKOM B3AHUMOJENCTBHM T'OPHBIX IOPOX
H HACBIMAIOMHX UX KATKOCTEN

IlopoBoe mpocTpaHCTBO IPaHYAAPHKEIX FOPHHX HOPOJ, & TAKIKE HMOI0-
YAeCH B MOPOAaX TPEMMHK, KaBePHE U APYrie NOJOCTH B eCTECTBONHEIX
VCAOBHAX, KaK MPaBHJIO, OHBAIOT 3aHONHEHH ;KHAKOCTAMHE MJIH FasaMl.
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OTH HmOBHIKHEE BeEeCTBa, HAcHIAalmye TOPHEE OOPOMb, HaXOJATCA
[OR AaBieHnHeM. B ropHHX mopomax B CBoIO 0Yepenb MMEIOTCA HAIpPAKe—
nua. Jlioboe maMeHeHne qaBieHUA KUIKOCTH MIH Tras3a, a TaKKe Harpy-
30K Ha TOPHEIE HOPOJIH HapYIIaeT HMelIeecA B JAHHEIR MOMEHT BpeMeHHO
COOTHOIIEHHE Me;KIy NABICHHEM M Hampa;KeHWAMu. J[pYyruMm caoBaMH,
MEKY DOPOJaMHU H HACHI(AOMAME HX BelleCTBAMHU CYNECTBYET MeXaHU~
YeCKoe B3aWMOJeiCTBHE.

HauneM paccMoTpenme MeXaHWYeCKOro B3amMojeHcTBHA TOPHHX
DOPOJ W HACHIANMUX KX BEmECTB B CieqyiomeM nauGolee OPOCTOM
cayvae. BosbsMeM oBpaserm mopucroit cpensl (puc. 78), OKpPHTHE CBePXy

rubroii HempoHHIaeMoil 060X0UKO,

Sz M TIOMeCTHM ero moj mpecc, co3fa-
13 I BepTHKAIbHOE aBlenue S, Ha

/ / ob6pasen. [Momyctum, uro ruppaBaum-
7777 YeCKAM MJIM HHEM crocoboM B 00-

/1174774,

: pasne co3aeTcs TaK/Ke TOPU3OHTAIb~
R Hoe flapaenne S, = S,. BryTps 06-
Sx=S, Pasua MOXBOJUTCA IO TpyOKe KU~
«— KocTh, WMeImad naBieHMe p. B Ma-
2 Tepuaie o00pasma COOTBETCTBEHHO
p BOSHUKAKT HAODMKeHUA Oy, O, H
«— 0,. FEcau, wHampuMmep, H3IMEeHHTH
AaBIeHHE SKHIKOCTH p, OCTABUB He-
W3MeHHLIMH BHeEITHNE HArpy3KH Ha
TILLETLIL7 777777707777 obpasen; S,, S, # §,, To 3TO0 NOMK-
HO BH3BAaTh W3MeHeHHe HallPAKeHHH
0., Oy U 0, B MaTepHane obpasma.
BosnukaeT BOOpPOC: KAKOBH 3TH W3-
o Y . MeHeHHUA B KOJHYECTBEHHOM OTHO-

3el DOPHCTOH TOPHOH HOPOMH: S

1 — ofpasern;; 2 — rpybra; 3 — rubkrana .
HeNPOHHITaeMan 000JI0uKa Ilpeskme 4eM OTBETHTH Ha 3TOT
Bompoc, pasbepeMca B caMUX HOMA-
THAX 0 HAOPAXKeHHAX B HOPUCTOM Tele. MeXxaHMKa B3amMOJeicTBHA
JKUAKOCTEA W TBepioro BemecTBa B HOPHUCTOM Tele TpeOyeT BBeeHus
PA3MHYHLEIX HOHATHH 0 HaOpAKeHHAX. EcIU JeTalbHO paccMaTpPHBAaTh
nedopmManmuio CaMOTO MarepHala IOPHCTOH CpPemH, T.e. KaKJOro ee
«3epHa», TO HYKHO MMONB30BATHCA MOHATHEM MCTHHHHX HAOpAKeHUH.
HNctnnusie HampAKeHWs — 3T0 OOHYHHe HANODAKEHHA, C KOTOPHMH
HMEIOT [eJ0 IpH H3YIeHHWH AedopMamuM MOHOJHTHOIO MaTepHaia.
Ecau ke paccmarpmBath medopManmuio DOPHCTOrO Tella B IENOM,
T. €. IPHHAMATH BTO TeJO0 3a HEKOTOPYIO YCIOBHO MOHOJHUTHYIO cpeny,
TO cleAyeT BBeCTH B pPaccMOTpenHe nouATHe 00 sPdeKTHBHOM Hamps:xe-
HHH, WJIH YCHIWH, JeACTBYIOMEM Ha e[HHHIHYI OIOMAAKY IOPHCTOrO
Tella B Iel0M, BKIK09ad KaK 3epHa, TaK M OYCTOTH. Hlampsaikenmma o,,
0, W 0, B 06pasme MOPHUCTOTO Tela, MOKA3aHHOTO Ha PHC. 78, ABAANTCA
spdexTuBHEME HampsakenuaMu. VcmoapsyeM eme HOHATHE TaK HAa3H-
BaEMOr0 HeHTpaJbHOr0 HAampPAKeHHA, CO37laBaéMOT0 B IIOPHUCTOM Tele
TONBKO BHYTPHHOPOBKM [aBICHUEM p M OPUBONAMIEr0 K BO3HMKHOBEHHIO
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B MaTepHaie HODHCTOrO TeJla CIelyOIMUX HCTHWHAKNX HAaNPAMKeHHi:
O, =0,=0,=p; Ty, =T,=T,=0. (2.1)

Besycnosno, m sdpeKTHBHEE HaOpsIKeHWA W HEATpPAIbHOE HANpHA-
JKeHHe CBA3aHH OOpejieleHHHM 00PasoM ¢ MCTHHHHMHE HAIPFAKeHHAMH.
IlonaTusa 06 5dPeKTHBHOM ¥ HeATPANbHOM HAPAXKeHMAX GHIN BBEIEHH
K. Tepmarm [108].

Bruuno 6w, B03MO;kHO, Golee NPaBHIABHHM IOIb30BATHCA TONBKO
MCTHHHEIMHE HaOPAKeHHAMH, OQHAKO TPYAHOCTh HX OIpeJielIeHAA B MOPH-
CTOM Teje NIPUBONHT B KOHIE KOHIOB K He0GXOMUMOCTM IPHUMeHeHHH
DoHATAA 3QQEKTHBHHX HANPAKeHAN, TaK KaK JKCOCPHMEHTAIBHO MX
onpeneNuTh 3HAYUTEILHO Jerde.

Sz
!

Puc. 79. Heiicteiie ycinii Ha 3epHa HOPOJNL:

1 — yeupodunaevMana obolouka; 2 — 3epHa TOPOTH

BepreMcA Temeph K IOCTABIEHHOMY BHIIEe BOIPOCY O KOJIMIECTBeH-
HOH B33aMMOCBA3HM MEKIY BHYTPHOOPOBHIM AaBieHueM p, 3P eKTHBHEIMU
HaIPSKEeHUsAME O, O, U O, ¥ BenrwawHamu S,, S, u §;, KOTOpHe Ha30-
BeM MOJHEMH HAOPAKeHHAMH.

B cBsA3W C 5THM BOOPOCOM PacCMOTPHM PaBHOBECHE CHJ HA KOHTAKTe
o6pasma ¢ mpeccoM (puc. 79, a). IlycTs «3epHO» MOPOJH Ha y9acTre ab
CONPUKACaeTCA ¢ HempoOHUIaeMoll o00l09KOH W [anee — C IPECCOM,
a Ha yuacTkax bc, de u fa (puc. 79, 6) cMaguBaercs skuaKocThi0. Ha yua-
crkax ab, cd W ef Ha 8epHO MEACTBYIOT OCpPeqHeHHEE HAOPAKEHHA O .
N3 paBeoBecus ycmumii ma ygacrtke a’'b’ (pme. 79, a) mammoii, papHoi
eWHHUNE, moJydaeM, CIUTAd, ITO CMAYWUBAEMasa JKHIKOCTHIO 9YACTh yda-
cTra a’b’ paBHa m,

S,=mp-+40d (1—m). (2.2)

Ha mepBHit B3IIAR MOKeT MOKAa3aTbCA, 9TO COTIAcHO (2.2) mamjienne
FKUIKOCTH He IOJHOCTHIO (IPOTHBOCTOMTY BHeNHHM ycmamaM. OgHako
9To He TaK. Bhile mox HanpsAKeHWAMH HOHWMAXMCh TOIBKO 3PdexTus-
HHe HaOPAKeHNUsA, a HaOpAKeRHe o' BKI0YaeT B cebs Kak sdeKTHBHO®S,
TaK W HeTpalbHOE HaUpA;Kenwe. B caMoM fele, ecId pacCMOTpeTh Jeit-
CTBMe 13 3ePHO LOPONH PAa3IHIHHX YCHIWA coriacHo pmc. 79, 6, To
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MOKHO YBHAETH, YTO CABHIOBHE HaUDPSKEHHA W, CIEKOBATENLHO, Aedop-
Manuio, BHSHBARIOMYX H3MeHEHHe KOHQUIYPAamWH 3epPHa, MOKeT €03-
JaTh TOJABKO PasHOCTh Hampskenuid A = ¢’ — p. NaMenenue e meii-
TPaAbHOTO HAUDPAMEHAA He IPHBOAUT K H3MeHeHnIO 3PeKTHBHRIX HampsA-

Joar

-p, x2c/cm?

2001

100}

A

Cam [am [ox] [ o
0 20 40 60 80 100
éx =Sz-p, Kzc/cm?

6, =5;

Pnc. 80. 3asmcuMocTs OF OT Of:
1 — 3KCMNEPUMCHTANIbHME TOYRU

3HaveHEA p B Kre/em?: I — 0; IT — 35,2;‘ II1r — 10,5;
IV — 106; V — 123; VI — 141

wennii. Ilpm cymectsoBannu meiirpaaproro mampsmuenna (2.1) sddex-
THBHLIE HaOPAKEHHA B MOPHCTOM TeJe MOT'YT GHTH paBHH HyX. dfdex-
THBHEE HAOpAKeHHA BHBHBAIOT HSMEHeHWe KOHQUIYpallHH CKexera
TOPHCTOH Cpefnl; HIPH OmpeReJeHHOM 3HaYeHAW d3PPeKTHBHEX HalpssKe-
HHE MOKeT mpowsofiTH paspymenme mopucroii cpexs. Heitrpaabnoe ke
HaOps:XeHHe BHSHBAET AMNIb CKATHE MaTepPHaka IHOPUCTOH Cpems.
BpAag nIH MOMHO OKH-
OaTh paspymieHHEs MarepH-
aja OOPHCTOX CPegH mOof
fJe#fcTBUEM BHYTPHIOPOBOIO
naBnenuss p. llosToMy ¢
IeAbI0 BHAeAeHHA B gop-
myne (2.1) wgacrH, cBasan-
HO# ¢ 5ppeKTHBHEIM HaUPs-
JKEHHEeM, ¥ JacTH, CBA3aH-
HOI ¢ HeHTpPaJAbLHEIM HampHA-
menneM, Heobxommmo B (2.2)

’
Puc. 84. CxaTme mopHcToii Cpeps mpH ypenrn- SaMEHHTL G Ha A +p.
YGHWH JABJIGHHWA OT Py A0 P,. Torga moxyamm

S;=mp+(A+p)(1—m)=A(1—m)+p=0,+p. (2.3)

Bennunna A B ¢gopmyae (2.3) cAsaBHa ¢ 3QQEeKTHBHEM HampsKe-
HUEM, H BHIY TOI0, 90 sPeKTHBHOE HAUPAKEHHE eCTh yCHIne, OTHeCeH-
HOe KO BceMy yuactky a'b’, Benmamna A (1 — m) sameHeHa Ha O,.
Vs dopmynr (2.3) Temepsr y:ke BHAHO, 9TO YMeHbiIleHHWe BHYTPHIOPO-
BOTO naBleRMA p B ofpasme Ha KAaKy-TO BeIMUMHY HPH HEHBMEHHOM
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[DOJIHOM HAUDSKeHHWH S, IPUBOAUT K YBeIHICHAI dQeKTHBHOTO HAIPA-
JReHHA O, Ha TAKYI0 K€ BeXHYUHY.

Ir0 TEOPEeTHIECKOE MOIOKEHHE XOPOUI0 IOATBEPKARETCA SKCIEepH-
MeHTaNbHEME (akTamu. Tak, paspymeHde HOKPHTHX HeNpPOHHIAeMOX
o0onouKoili 006pasmOB HPH pASAWIHKEX 3HAYeHWAX BHYTPHHOPOBOro:
naBienud p moKasano [50], aTo BCce BRCHepHMEHTaNbHEE TOIKH Ha 8aBA-
CHMOCTH IIpefielHOr0 3(QeKTHBHOIO HaUPsKeHHA a; = S; — p, UPH
KOTOPOM HPOWCXOfMI0 paspymenme o6pasma, OT IpeneAbHOTO 3fde-
THBHOI0 HAUPSMKEHHA Gy = Sy — P YKIAAZHBAIOTCH NPAKTHYECKH Ha
oxny mpamyio auamio (puc. 80), Kak aro u caexyer u3 Treopuu. CorjacHo
9KCIePHMEHTAAbHKHM [@HHWM, LOKasauwHmM Ha pmc. 80, momysaercs,
970 KO3(PUOHEHT UPH JABIACHHH p PaBeH eNEHHUILE.

OnmcaHnHe BHINe 3KCOEPUMEHTH OTHOCATCE K Pa3pyMEHHI HOPH-
cTix o6pasmoB. Ecawm ke paccMaTpuBaTh PesyAbTATH sKCHEPHMEHTOB IO
C/RUMaeMOCTH IOPHCTHIX Cpejl, TO MO}KeT MOKa3arbCA, UTO0 COOTHOMEHHe
(2.3) me BRNONHAETCA, TaK KaK KoaQUIHEHT IpH NaBIeHUH p B fOopMyne
(2.3) He paBem egummme (DO pesyABTATAM MHOTHX DKCHEPHMEHTOB OH
pasen 0,85). Oguako coorHomenme (2.3) cupaBenumBO W B STOM ClAydiae.
Hero B tToM, uTo mopoBHi# 06peM 00pasma MOPHCTOR CpPeqH BaBHCHT HE
TONBKO OT 2P(eKTHBHOTO HAUWPAKEHNUSA, HO M OT HEATPANABHOI0 HAMPKe—
HHA, OpPaBAa, He TaK CHABHO, KaK OT 5()JeKTHBHOr0 HAOPIKEHHA.

Ha pmc. 81 msobpaena B Kpynnom Macmrabe mOpHCTaA cpefa mpH
Pa3IMYHHX SHAYEHWAX HEHTPAAbHOIO HAUPAKEHHWA O = D, H O = p,,
Do > Py, KOHEYHO, B CHJIBHO YBeJIHYCHHOM BHJE.

Ilpr yBeamueHMu HeATPaAbHOI0 HAOPMIKEHHA OT G = Dy 0 G = Py
3epHa HOPUCTOH CpeNH CHKMMATCA ® YMeHbIIaercAd IOPOBHE 00beM
ofpasma »Toif cpefrr, Kak m pasMepu caMmoro ofpasma. XoTA cxKEMae-
MOCTH MaTePHaJla 3ePeH MeHbIle CKHMaeMOCTH MOPHUCTOM cpexsl OT adder-
TABHHX HAUDAMKEHWH, OfHAKO OHA CYIOIECTBYeT.

Namenerne moposoro ob6bema o6pasma MOHO G0 OHW W3MEpHTH,
OMeCTHB He MOKPHTHEA 060707K0# 06pasen B 6oMOy BHCOKOTO faBIeHUA,

JomycTuM Temeps, YTO M3IMEPAETCA HW3MEHEHHe IOPOBOro ofbpeMa
o6pasma mOPHCTOI CpPef, HOKPHTOro IMOKOi mempoHHWIaeMoi 060104~
Koll. B aTom ciyvae mopoBrii o6beM 06pasma Gymer 3aBHCETH I/IaBHHIM
00pa3om or 3QPeKTHBHEIX HaUPAMKEeHWH W, B HBBECTHOI CTeleHH, OT Hel-
TpPaAbHOT0 HAOpsKeHHA. I[02TOMY, HCHOAB3YA DPafHaJbHO-CHMMETPHY-
HYIO CHCTeMy KOODIWHAT, a TaKyKe CIMTaA 3aBHCHMOCTH HOPOBOro 00beMa
OT HAOPSIKEHMI B HepBOM HDPHOMWKEHWH NWHEHHON, MOKHO HamHCaTh
AnA W3MeHeHMA HopoBoro obkemMa AV/V caegyiomyo gopMyny:

— A —poAc-B,Ap=Po (AS—Ap)-+B, Ap=

= Bo [AS—Ap(i-—%)J; (2.4)

0z+20, S = Sz--28,

O=—73 3
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B dopmyme (2.4) Ps — roapmument mameHemma (C:KHMAEMOCTH)
TopoBoro o6beMa oT 3QQeKTHBHEX Haupsmxenmii, a B, — Koadgduument
u3MeHeHHMA LOpOBOro ob6wveMa oT HelirpadbEOro HaOps:XeEdA. Ilycrs

S Bo/fs = 0,15. Torma m3 (2.4) mmeem

l i — AVIV = B (AS — 0,85Ap).
IIpuBenennne BHIE pacCy:KIeHAH
/), OTHOCATCA K CpelaM C CHJIBHO Da3BH-
- OOPOBHIM 06BeMOM. Y HODPOX Ka-
BEDHO3ZHOTO THIA MEXAHMUECKOe B3aH-
MopjeidcTBEe TBepHOro MarepHalza I
i HACHIMAIMUX HOPOAY JKANKOCTEH Opo-
N nexogat ciuozkuee. llyern cormacHo
puc. 82 Takag ODopoJa CONEP:KHT KHT-
Prc. 82. Iopncran cpea ¢ ya. KOCTP JHIIB B BEPTMKAJNLHO PACLOIO-
KUMH KaHadaMi MEHHBX «TPYyHOIKAX» pagmycom r, co-
OPHKACAIMHAXCA ¢ «KPOBJeH» OO KOH-
TakTy ab. ItH «rpyGOUKH» PACHONIOMeHH IaJieKo APYT OT APYra, Taw
4TO IPH H3MEHEHNN JABICHUA KUAKOCTH B HUX M3MEHEHHE CaTHA Ma-
TepHaja cpefbl OPOMCXOJHMT HNPAKTAYECKH JIHMINL B o6iactH r < ry,

nprierarme K «rpyGouxe». y 7

Torpa nu3Menenne JaBIeHNAA KA~ / ;
KocTH He Gyner BHI3HBATH B IIe- i
JIOM TAKOro jKe HM3MeHCHHA HeH-
TPAIbHOr0 HAUDIKEHHSA B Mare-
pHaje H, CHIeN0BATEAbHO, LPH-
BejleEHEe BHINE COOTHOUIEHUA He
OYIyT BHIOJHATHCH. ~

OpBEaxo manbpHeHIIHe paccyik- T~ 3
meHHA GyayT OTHOCHTBECA K HO- ~
PHCTHEIM cpejaM C CHJIBHO Pa3BH- \H\l\m\m\
“THIM DOPOBHM 00BEMOM, IOITOMY I :

OymeM OCHOBHIBATHCA HA HOJNY-
YeHHEHX BHIIe gopmyaax. 0606- /6I=—p
masgs 9TH QOPMYJIH, INOJe3HO 4
IpencTaBdTh HX B TEH30PHOM A
BHJE: — )
L
0

ol 772754

-

R R e R R R R e

Ts=Te+T, T,=pT;, (2.5)

rne Ts — TeH30op wmoaHOro Ha-
npsxernd; Ts — TEeH30] gq)d,e}(_ Pnc. 83. [efictBHe TpajgdeHnIoB JaBie-
TUBHOrO Haupswenus; T; — equ- HOSA Ha TOPHCTYIO CPefy:

('

7 1 — ofpasen; 2 — HelPOHHIACMOE NOKDBITIIC;
e TeH3?p. 3 — omopa jAaBicHuA p; 4 — duwpa sdderTus-
Baanmonencmne TOPHBIX OO- HOTO HANpAHEHUA

POJ ¥ HACKIMI AKX U X A UK 0CTel

OPOMCXOJAT, €CTECTBeHHO, HE TOJBKO KOrja ;KHJKOCTH HAXOJMTCH B HO-
Koe, Ho M Korjia oHa gBmkercA. Ecam, Eanpumep, uMeeM obpasen mopi-
croit cpensl B QopMe mapaiiedenunena (pHc. 83), uMenmui cHAPY:RH
HeIIPOHHIeMOe HOKPHTHe, H K KoHNY ofpasua z = (0 npmioaceno
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faBlieHHe JKEAKOCTH p, a Ha JAPYroM koHme obpasma z = ! faBlieHRe
JRHIKOCTH DABHO HYJIIO, TO pacupejelieHHe JaBjJeHRA KAIKOCTA B MOpax
o6paana 6ymeT coraacHo 3akoHy Jlapcm mpencraBieHo 3mopoil 3, moka-
zanmoii Ha puc. 83. JlapleHue sRAKOCTH B 06pasme ¢ PocTOM KOO PIMHATH
7 YMeHBIIaeTcsi, HO IOCKOJBKY MAaBIeHHe JKUJIKOCTH CO3NAeT YCHiaHe,
KOTOPOE KOHKHO BOCHIPHHUMATHCS MAaTePUAJIOM HOPHCTOH CPeIsl, B MaTe—
puajie MOPHCTOH CPEeHl JOAMHO ¢ POCTOM KOODAMHATH I yBelHYMBATHCH
s deKTHBHOE HaUpsKeHHe O,. PaccMarpHBasg paBHOBecHe CHJI B Opo-
U3BOJALHOM ceUeHHMH o0pasna, modydaeM, 9TO pacupejelieHHe HaOpAKe-
HIIA O, BHIpakaeTcd 3WI0Po# 4, nokasamuoi Ha TOM Ke pHc. 83, OTKyA
BIJHO, YTO

doy dp
i Pl (2.6)
Ilpm paccMoTpeRHE B3amMOJEHCTBHA TrOPHBIX HOPOJ H (PUABTPYIO-
mMeiics B AEX KBAKOCTH TAKKE HA NepPBHH B3riAAx HOJIYy9Iaercs, 4TO
NOCKOJBKY QUIBTPYIOMASACA HEIKOCTD 3aHIMAET B OCPETHEHHOM efRHIY-
HOM CeYeHHH HOPOJE YacTh, PABHYIO M, TO KaK OyITo HA 3JeMeHT IIMHE
nopoasl Az nepegaerca yemame —mAp. OnrarKo B cpefe ¢ CHABAO Pas-
BUTHM HODPOBHM 00BEMOM H3-3a TOTO, YTO HeATpAJIbHOE HANDSKEHUe
n3MeHseTcA Ha aamme Az mHa Beamumny — (1 — m) Ap, B cymme moiy-

gaeM

A, =—mAp—(1—m)Ap=—Ap. (2.7

Homeuno, coormomennsa (2.6) m (2.7) mepecralor GHTEH COpaBeyIA-
BHIMH B clydae cpeg ¢O0 c¢iafo pPa3sBATHIM HOPOBEIM 00eMOM, TaKHX,
HaIpEMep, Kak cpefa, IokazamHas Ha pmc. 82.

Wz Bcero cxasamHoro BHINE CIEAYeT, YTO TPaJHEHTH JaBIACHAA
PUIABTPYIOIeNCcA KUAKOCTH JeHCTBYIOT Ha MOPHCTYI0 Cpedy KaK Macco-
Bagd cHJa, KOMOOHEHTHl KOTOPOH, AefcTBYHIMHe B HAUPABIEHHUAX Z, I
M z, BHIpPA/KawTCA clegylomuM obpazoMm:

_ ap _ ap _ ap
X-—‘—'_(??s Y—_(?_y’ Z___a?' (2-8)

IopcraBasaa (2.8) B ypaBHenme TEOPHH YUPYroCTH MJASd KOMIOHEHT
CMeIleHnd, HAOWCAHHOE B BeKTOPHOH ¢opMe, HOTydaeM

-> ->
(A+2p")grad dive —p'rot rot u —grad p=0. (2.9)
IlpeoGpasya ypasrenne (2.9) ¢ mcnoapsoBanueM GOPMYI BeKTOPHOTO
aHaAW3a, OoJIyJaeM, UTO, KAK M B CIydae OTCYTCTBHA OGBEeMHEIX CHJI,
->
BERTOpD CMEMEeHMA U YJOBIeTBopsAer OHrapMOHMYECKOMY yPABHEHHIO-

Vv = 0. (2.10)

Ilpm m3yueHNE MeXaHHYECKOrO B3aMMOJEHCTBHA TODHHIX WODPOJ H
¢unpTpyomeiica B HIX KEZKOCTH B Caydae Oaactudeckoi medopmanum
nopoji BHpameRAnsa (2.8) HmOACTABAANTCA B YPaBHEHHA pABHOBECHA,
KOTOpHE PEINATCA ¢ MCOOAB30BAHHEM TeX jKe THIOTe3 HAACTHYHOCTH,
49T0 M IPH OTCYTCTBHH MACCOBHIX CHII.
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§ 3. AEQOPMANAA TOPHBIX TIOPOJ
B PESYJBTATE MEXAHHYECKOIO0 B3AHMOJEHCTBHA
rOPHBIX HOPOX H HACBIMAIOEHAX WX KHAKOCTER

HcnonwvsoBarne onmcaHEWX BHINe OOMHUX COOTHOINEHWH MeXAHMYE-
CKOro B3amMOfeHcTBAA rOPHHX IOPOA ¥ PEIABTPYOMAXCA B HAX KAAKO-
CTell DOKa’keM IPHMeHATENBHO K NedopMamnl DOpox BOamam cKBakAH
HJF CTBOJIOB MAXT, a TaKKe NP M3ydeHEN BAAARNA AedopManAM TODPOX
Ha mponecc QHABTPANAE KHIKOCTH B YCIOBAAX HeYHPYIHX PEKAMOB
OJaCTOB.

Brmme 6mura pacemorpena zedopMannA HeOpPOHWIaeMBIX TOPHBIX
TOPON BOGIE3N CKBAKHMH, KOIKAa [laBJeHHMe HAIKOCTH NPHJIoKeHO K IO-
BEPXHOCTH cKBaKHAH. IIpm pefopManmWyE HOPHCTHX W TIPOHANAEMBIX

Prc. 84, J[lelicrBue IpafnieHTOB AaBJIEHHA Ha [OPOAM IIAcTa
BOKPYT CTBOJNIA 00CAIKOHHOH CKBA/KEHHL:

1 — ofcagHaa Tpyba; 2 — meMeHTHOe Kollbilo; 3 — IIOPOAHN IIIacra

TOpoA B mpomecce MIBTPANNM COREp)KAIMMXCA B HAX JRUNKOCTEH MM
rasoB Ha KaKOHHA 3jleMeHTAapHEN o0beM NOpHACTO cpegn MelicTByeT
‘COOTBETCTBYIOMaA KOMIOHEHTA IpDAAMCHTA JaBleHRA JKUAKOCTH HIH
rasa.

Bynem Taxske yIWTHBaTh Haimune oGcagHON cTalbHOM TpPYOH (KO-
J1oHHH) B cKBakmEe [50]. BEemmsasa moeepxmocTh Tpy6H (pmc. 84, a)
CKpemJieHa ¢ IOPOAaMA IJIACTA IPH IDOMOHIA MeMeHTa. B measax ympo-
meHEA Banaum OygeM CYATATH CBOMCTBA IeMeHTa M CBojicTBA IOPOA
oanHaxoBEME. IIpmMeM TaKsKe, UTO KHAKOCTH He OKA3HBaeT JaBJeHHA
Ha o6cagayr TpyOy, DOCKOABKY 0HA HepdoprpoBaHa H, CJAEAOBATENBHO,
ouerb Xxopumo npoHRmaema. dedopmanmmio obcammoit TpyGm Oymem
canTaTh yupyroii. OueBmzHO, 9TO B PacCMATPABAGMOM clydae KaKIOMy
BHAUEHWI0 HOPMAJbHOr0 HANPSKeHHS B TOPHHX IOPOAAX G, AEHCTBY-
jomero Ha Tpy0y, 6yder oTBevars oHpefiesIeHHOE 3HAYCNHE CMEINEHHA U,
TOPHHIX TOpox BOGAW3A TPYOHL.
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B coorBercrsmm ¢ pmc. 84, 6 moayYaeM clegyiomee COOTHOIMOHDE
MesKy HaOpsKeHHAMA B TpyGe H B mopojax IPH r = r,:

o, D = 280, (3.1)

Yeenuuenme mepmMeTpa TpyOm Al oupegenserca caexyiomuMm o6-
pasoM:

Al =nD—EgT—, (3.2)

rge E, — monpyas IOHra MmaTepmana TpyGwi,
VYuntnpag, wro Al = 2nu., DoxydaeM

D2

uc=K0,c, K=46—ET.

(3.3)

Iaa Toi uvacTHm 3agayW, KoTopasd Kacaercd (MIbTpanmm, DpPAMeM
CIeqyIOMyI0 cXeMy: B o0JacTE r. <X r << r, CymecTByeT yCTaHOBHB-
IeecA ABHKEHNE ;KHAKOCTH, 4 IPA I = ry KAAKOCTh HAXOHATCA B HOKOE,
Takasa cxeMa ¢ ompegeleHHHM OpROIR;KEHAEM MOKET COOTBETCTBOBATH,.
HaOpAMep, CAYIAAM 3aKAUKHA B ILIACT >KHIKOCTA ¢ BA3KOCTHIO, HAMHOTO
HOpeBHINAIINEA BASKOCTL DJIACTOBOM KMIAKOCTH, WMJIR DpHE IpHGImmen-
HOM DACCMOTDeHRR HeyCTAHOBHBIIeficAa (MAbBTpamUM IPR YOPYIOM pe-
simme. CiefoBarennHo, JIA pacOpefeleHna JaBICHHA KAJKOCTA B IIa-
cTe AMeeM (OpMYyILy

p=pc———1:i— lnr—r- HDH TFe ST <<7y;
K C
=t (3.4)
p=py=const opua r=r,;
Ap. = p.— py.
Cuntan pepopmanmio miracTa WIoCKoH, AMeeM ypaBHEHEE PaBROBECHSE
dar Or—0g p
m t =5~ =0 (3.9)
0 ypaBHEHHe CMeINCHHH
d du u\ __ ®
w(F+r)=—% (3.6)
= BPc 1 Te
O=Tov In —r
VYpapuaerne (3.6) umeer pemenme
- Cz [0)] r
u—-C'lr T—Trln?. (37)

Jlna Toro wro6u HaiiTH mocTosamune C, u C,, He0GX0AEMO BHIIOI-
HATH rpaEMinOe ycioBme (3.3), a Taxke yclnoBHA

0, =0y,
Gp =09, ; UDH r=r,. (3.8)
z =0
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Hanpsamenna e of n o) Haxogarea m3 pemenus Jlams gia mony-
GecKOHeYHOro UMIAMHADA, KOTODOe WMMeeT CAeXyIOMME BAI:
B B
0 ___ 0 __ o __ ‘
Gr_"—ﬁ’ 06—-r—2, 02—0- (39)
Tenepr HeoGxoxmmo eme, Kxpome mocTosauuX C, 7 C,, oopegeanTh
nocroarAyl0 B, OgHako rpaHMYALIX YCAOBHEH HOCTATOYHO [JiA ompedele-
HUA BCeX HOCTOAHHEX, TAK YT0, BEHIOOJHAA HX, DOIydaeM

Ci=zIn* . 2

rcTZ;
A Ik _Wo e (o "_KJ_£>

_ Gwieh - =g hvo 7). (3.10)
2= ; ; .

12

Kre r2

, 202 [(}]

)

A “HOPMAaNBHOrO HAUpPSKeHHA, AeHCTBYIOMEro Ha KOHTaKTe Ue-
MeHTa ¢ obcaguoit Tpy6oit, uMeem caegyomyn GopMyIy:

1 1—2v 1

"rc—APC{ 2(1—w) ~ 4(1—w)

Tk
e
1 1 1 A2 1
1+v re 1 2(1—w) 4(1—w) ry
KE T 11 [ In =
(A+v)(1—=2v) rc 1
T (=W KE (1+21n’_“)]]’ (3.11)
e

rie E — moxyan I0nra mopogn,.
Ha pumc. 85 noxasama 3aBuemMocth O, /Ap. UPHE r/re =100 m v =

= 0,2, m3 KoTopoit BHHO, 4TO 0CO6EHAO CANBHO HA O, BAWAET BelMIMHA

r./KE B upegenax ee mamenenda or 0 go 3 + 4, a npu r/KE > 20
peqnunEa r./KE Malo BiuAer HA HOPMaJbHOe HAUpKeHWe [eif-
creyomee Ha obcaguyo Ttpy6y. Ilockoawky r./KE = 8E./r.E, Tto0
opa r, = 10 cm, E, = 9,81-.10'° ITa (10® krc/em?), E = 4,9-10' Ila
(5-10% xre/cm?), § = 0,8 cM Beanunna r./KE = 0,16. Ilpn E = 0,49 X
X 10" IIa (0,5-10% krc/cM2) B Tex ke OCTAABHHIX ycloBuax r./KE =
= 1,6. B nmepsom caydae, t. e. upu r./KE = 0,16, rpyba oxasmBaer
Mazoe BIMAHHe Ha JeOPMAIHI0 HJAcTa M MOMKHO CIATATh IJIACT KaK
6K meoOcaskenaHM. Bo BrTopoM cayuae, T. e. 0pm rJ/KE = 1,6, g9ro
COOTBETCTBYeT LpPHMEPHO YCIOBHAM, KOTJA NJACT CHOMeH MATKHMH
mopogamn (aJeBPONMTAMH, IIMHAMHE H T. X.), yKe Helb3A He YIATH-
BaTh HaaMuMA obcagHod TPy6GH B CKBajKMHE IPH PAcCMOTPEeHHN Redop-
Mam®EHA TOPHKX OOPOJ.

Xapakrep medopmanum cmcreMbl ofcagnas Tpyb6a — nmacT BamAeT
TaK/Ke Ha BeIHYAHY O . Ecam r/KE pocraTouso Malo, T. e., HalPH-

MeD, mopogn obmaganT GoapmuM MOxydeM yOPYroCTH, To OPH 3aKadyKe
JKUAKOCTE B 1wiaacT obcagnas Tpyb6a 6yaeT aedopMEpPOBATLCA IPHEMEDHO
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g TOHM ;Ke CTeleHH, YTO M HOPOIRI OJacTa, ¥ HAMPAKEHHE U’C" OTPHIBA ~

jomee Tpyby oT Iemenra, OydeT cpaBHATeAbHO Hesenmko. HaoGopor,
¢CIN MOPOAHN HMEIT MeHLHIMA MOZYJAbL yOPYTOCTH, OTPHBAKINEe HaUpA-
ACHHE O, MOMKeT JIOCTHIb 3HAYATEIbHOH BeJTHYMHEL.

IIpencraBisieT HHTEpeC ONMHCAHHE NJIACTHIECKOH aedopmamum rop-
HEIX LOPOX HOX [elcTBHeM TPAJUEHTOB MABJEeHMA (QHIBTPYIIIEHCcA
:RIAKOCTA. W3BecTHO, 9TO IpH
CTPOATENBbCTBE IMAXT, IPOXOJ-
Ke M 3KCOAyaTanm| HedTAHEIX
H Ta30BHX CKBA’KHH cCO3[a-
pIle ompefedeHHHIX TpajgdeH-
TOB JABIEHU JKHIKOCTH B Ka-
roM-IH00 njracre, CIOKEHHOM
TIAHACTHIMA MM ILUIOXO Che-
MeHTAPOBAHABKIME NeCIAHKIMH
N0pOaMi, OPHBOHT K TOMY,
9T0 TOPOAH  pa3pylmaimTtcd,
«IIBIBYTH.

Hanpsaxenns, BO3HHKa-
omye NPH OJACTHYECKOM e-
$dopManua HOPOJ, ONHCHIBAIOT-
cA TeM 3Ke ypaBHeHmeM (3.5),
YTO M TpH yOpyToi mepopma- 0 4 8§ 12 16 20
o, re/KE

IlpurmMas (xax # upm m3y-

49eHAHd MIacTHYecKo# nefopma- Pume. 85. 3asmemMocts o, /Apc OT rofKE
IU¥ HEUPOHMIAEMBHIX LOPOX)
THIOTe3y OAACTHIHOCTH (0, — 0g)/2 = 1% = K, = const, a Taxm®e
VCTaHOBHBINeeCA pacupejejeHue JgaBieHus BHaa (3.4), HO coOTBeT-
CTBYIINEe CIYy4al [BUKEHHA JKHIKOCTH OT (KOHTYpa OATAHUA» I, K
CKBA;KWHE DAjiMYyCOM 7., W HCHOJB3ys TPaHHIHOE yeaoBue ¢, = O mpH
r = r., HOJy4aeM ClielyloDiee pelleAHe 3ajayl:

I ] | ] !

—0,=(2K,—0)In —;

—09=2Kn<1+ln 7’_) —oln =; (3.12)
m:ﬁf—_pc.
In I

Te
Pannxc PasrpysKM r, B DTOM cClIydYae OIpejelisAeTcA CAexylomei
dopMmymoi:
gr
r,=0,61r _—
«=0,6rc exp (1. (3.13)
Kax Bmguo u3 (3.12) u (3.13), Hanmume rpagmeHTOB KABAeHAA KU~
KOCTH B JIacTe IPH QUIBTPAUMH H3 OAACTA B CKBAKHHY KaK ORI yMeHL-
maeT kKoaddunuenTt naacrmuroctd K, m cnocoGeryer Gosnbmemy pac-
OPOCTpAHEHHIO IJIACTHIECKOR KeoOpPMAINN HeYCTOWYMBLIX MOPOJ BOIH3H
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CKBA)KHH. YIpyras W MIacrEvecKas HeopMamusa HOpPOJX IIPH A3MEHeHHH
TeMIepaTypPH B IUIacTax paccMorpena B paGore [79].

Tlepefizem, HaRoHem, K Ba;KHOMY BOIPOCY MeXaHMYECKOro B3aMMO-
RelCTBHA TODHHX HOpOR H GuabTpyoome#icA KEAKOCTE OPE YOpPYroM
pesxmMe miacros. Ilpm paccMoTpermu nedopManmm nopos 9acTo MpmHAM-
MaeTes, 9YTO JBHIKeHHe JKHAKOCTell B FODHHX DOPOJAxX ABIAETCA ycTa-
HOBUBIIMMCA MM KBAa3HYCTAHOBHBIMMCA (B KaKIHY DPOM3BOJNBHO
B3ATHH MOMEHT BDEMOHHM pacOpefe/leHHe NABIeHWA ABIAETCA pasInd-
HbIM, HO COOTBETCTBYOIMAM yCTaHOBMBMIeMYycA TedeHno). Crporo ropops,
or0 He Tak. Ha pgBumiKeEMe MHIKOCTH, HACHINAIOMEHE TODHHE HOPOASH,
OKa3HBaeT BIMARAO TeopMan¥g DOPOJ — B BTOM, COGCTBEHHO, H 3aKII0-
9aeTca OfHAa M3 OcoleHHoCTeH yOpYyroro pem®EMa HedTeBoXOHOCHHX

nOJacToB.
i 2
L T mr e
IO R A R A S SO I SOOI
pO\ / /0:0
0t
l
|
0 xX

Puc. 86. JleficTeme Ha WDOPHCTYI0 Cpeqy BHEMHHX YCH-
o x
aai S,= p, (1 —_ T)—f—const.

1 — oOpaser;; 2 — ruGkag HemponsiiaeMas o0oxodxa

lipexpme Bcero Heo6Xopmmo moKa3aTh, KakmM ofpazoM pgedopMmmpy-
J0TCA HOPOAHN B MpPONecce ABMKEHAA B HHUX KAAKOCTH. Har cllemyer
u3 CKa3aHHOIO0 BHOIe, 5Ta NedopManmA BogHHKaeT B OCHOBHOM OT [IBYX
OpHYMH: OT NoMeHeHNA d3PHOKTABHNX HANPAKeHEA B IOPOJAX B Pe3yih-
Tare M3MEHEHHA NABIeHHA JKAIKOCTM Ha KOHTAKTe KPOBIA — IIacT M
OT feffcTBMA HA TOpPOAH rpajHeHTOB HaBlieHAA (QHIABTPYOMeACH MHK-
kocrH. Iloscumm Gomee DoApoOHO, 9TO DTO — pasHEE DPHIMHEL.

dpPexTnEENE HanpmKeHEEA B MOPOAAX MOTYT HOABHTHECA B De3yib-
Tare N3MeHeHHA BeJINYEH B COOTHOMIEHNR S = ¢ - p KaK HpH HAJIAYHH,
TAK M NOPE OTCYTCTBHH [BHMEHWA KHAAKOCTA. I'pajHeHTH JgaBleHHSA
JeiCTBYIOT HA TODHHE HOPOJH TOJHKO NpPH HATWIAH RBEIKOHUA IMHI-
kocth. Urorna medopmanmsa ropHHX DOPOJ NPR ABHKEHHH B HAX KA~
KOCTH MoseT GHTH 06yCloBNeHa TOABKO flecTBAeM Ha ODOPORK CPAgHeH~
TOB RaBiaeHus (uaAbTpylomefica >xmakocrH. Haunpumep, ecan ¢umiaprpa-
IAA KEFKOCTH NpoMcxoddT HM3 cdepHueckoil MOJOCTH B IJIACT OYEHD
6oNBmOE MOmMHEOCTH, He HACHIIEHHHA >KHAKOCTBHIO, ABIIKEAHME MOKHO
CYNTATh IEeHETPaJbHO-CAMMETPHUHKIM — TOFa He MOMeT OHTH peun
o fedopManAN TOPHHIX TOPOJ B pe3yaAbTaTe H3MeHeHN NABICHAA HHUKO-
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CcTM Ha KOHTAKTEe KPOBJIM H NOAOMBH C IJIacToM. Bempr KpoBaa B OOR0-
B2 HAXOMATCA 09eHb NAJNEeK0 oT cepHuecKodl mORXOCTH, a WIACT ODePBO-
HaYaJBHO AasRe He HACHINEH kmMukocThio. Jledopmammsa mopon oGycao-
BJIeHA TOJBKO T'PAafAeHTAMM NaBJICHNA QUABTPYOIHeHCA SKUFKOCTH.

MoxE0 TpenNoKUTh MEHCNEHHHA 3KCDEPHMEHT, B KOTODPOM YCIOBHO
pasgedaoTca gefopManAsa Mopo], BOSHAKAMAA B PeayibTaTe AeAcTBRA
rpagNeHToB NaBjeHA PUABTPYIOmMeRcA KEIKOCTH, B NedopManna Dopoj
B peayJbTaTe HaMeHeHNA 5(PeKTHBHOIO HAOpPAKeHWA HA KOHTAKTE
KPOBJAH M HOZOMBH ¢ OJAAacToM. Tak, eclAnm B3ATh o0Gpasen NDOPHECTOHR
cpenul mawnHOM [ (pmc. 86), mOKpHTHIT HempoHEHaeMoil aGconwTHO ruG-
roit 060s0uKOH, I Ha KOHIlE €ro MOJNIepP;KMBaTh HaBlIcHHE KATKOCTH Do,
a OpA z = [ IaBjIeHHe KEIKOCTA PaBHO HYJIO, TO pachpeneleHHEe JaBie-
HHAA JHEAKoCTH p Gymer

p::po(i—%). (3.14)

Ecan cmapy:®u K o06pasnmy DpHAGKHTH COTrIacHO pmc. 86 mosmoe
HaIpAKeHAe

S, =py (1 —%) -+ const, (3.15)

TO B COOTBETCTBMH ¢ CooTHomendem (2.3) mpegmpmymero maparpaga
a¢pdeKTHBHOE HANpA)KEHWe O, OyneT DOCTOAHHNM, HaNpHEMep, TAKHUM,
KakuM oHO 6o o ¢masTpanmm. I'pafMeHTH >Ke JAABJAeHHA >KETKOCTH
OynyT meficTBOBAaTH Ha HOPHCTYIO Cpeny obpasma.

H3 crasauHoro prime ciaenyer, 4ro KedopMammo IDOPON OT meHCTBUMA
2@ PeKTHBHEIX HaNpAKEHHH, BO3HMKAIOINAX H3-3a NOABJIGHHAA KOHTAKT-
HHX yCHMIMA Ha TpaHHOe IIacTa ¢ Kposjeil m momomsol, m medopma-
OUI0 OT [eHCTBHA rpajgHeHTOB /[aBleAHNA (QUIALTPYOIMeHNcA KATKOCTH
HYKHO YUUTHBaTh pasgeabHo [50]. IosTomMy, B OpHEDENE, B KamIOM
OTASNBHOM cAyuae jgeopMamdd TODHHX DODOX DO-PasHOMY BIHAET
Ha Opomecc OHABTpamWA KHIKOCTH.

B menoM prAfe mpaKTHYECKHE BAMKHKX CiAyduaeB QRIBTDAmHH B yOpy-
rox naacrax spdexTmpHOE cpefHee HOpPMaJbHOe HANDPMKeHHE O, BO3-
HAKAIOINEee B peayanTaTe NEeHCTBAA HA -DOPOXH TpAfAEHTOB IaBiACHHA
¢rasTpyromelica KUAKOCTH, 3ABECHT OT Pa3HOCTA JIABNEHMA FKAIKOCTH
P H KOHTYDPHOTO JaBJI6HAA KATKOCTH p, clexyiommM o6pasom:

11
0= (p—py). (3.16)

Ha pedopmanumio niracTa DpH yIpPYroM peskEMe, €CTeCTBEHHO, OKA3H-
BaloT GoJBIIoe BIHMHAE OKPY)KAlOMAe ILUIACT HOPONH. EcaIm DOPOXH
KpOBJIH I DONOMBH ImiacTa Goiee ;xecTkHe (WMeIOT GoJiee BHICOKOE 3HAYe-
Hne Moxyma IOHra), 9eM DOPOTEI CaMOro MJIACTA, TO OHR IPENATCTBYIOT
nedopMamum mopop DIAcTa, eclM ke MOPOAH KPORJIW B MOKOMBH Guiee
rn6KEe, 9eM DOPOAH IIACTa, TO OHM MAaX0 BIMAT Ha AediopMamuio
miacra. B mocmegHeM ciydae, eClIM CUATaTh K TOMY e, 9To OpH feii-
CTBER Ha IIACT KOHTAKTHHX YCHNHA KKIHHK dIeMeHT naacTa He medop-
MEDYeTCA B TOPHM30HTAIBHOM HANPABICHAW BCJICACTBHE «OORIOPa® CO
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CTOPOHEl OKDY/KAIOIAX 3JEMEHTOB, TO M OT [eHCTBEA KOHTAKTHHX
yemamiE B mopojax BOSHAKAET TOYHO TAKOe Ae HaOpSKeAdMe, KAaKoe
oupeseiserca gopmymoit (3.16). B aroM cayuae cymmaproe apdexTnB-
HO€ HaUps;KeHMe, BO3HMKaIMee B NODPOJAaX NIpH YOPYroM peXKHMe,
6yner BHpamarbea ¢opMynoi

2 v

o= 31 (p—pJ (347)

IIppv =020 =p—p,,a ogpav = 0,3 ¢ = 1,25 (p — p,), upx
v=00 =2 (p — pJ)-

Taxum o6pasoM, RHOIIA B TEOPHH YOPYIoro pekHIMAa MOKHO C A3BECT-
HBIM DpHGAWKEANeM IOJB30BATECA KO3QPUOUeHTAMHE CKEMAaeMOCTH
DOpHCTOR Cpefsl, DOIYYeHHHIMH B Ja00paTOPHHIX YCAOBHAX, XOTH,
KOHEYHO, JIyUle OUpPEJedAThH CKHEMAEMOCTh HA OCHOBE De3yALTATOR
HATYPHHX THADOJNHAMHIECKHX HCCAe0BAHUH.

Ha Tex ray6maax, The B HacToAmee BpeMa pa3pabaTHBAIOTCA MECTO-
PO AeHAA MONEe3HHX NCKONAEMHX WM, B YaCTHOCTH, He(TAHLE W rasoBEe
MeCTODOKJeHRSA, HOPOJAH — KOJIEKTODH He(THM M rasa MOYKHO BO MHO-
IAX OPaKTATECKHX CAydYaAx cumrtaTh yupyrmmu. Ilpm mepexome ske Ha
Géapmme rayGMHL, a TAKKe B TeX CIydaAX, KOIJA AaBjeHAe HACHIMA-
omMefl mopojy KAAKOCTE OINM3KO K TOpHOMY /JABIEHHI H, CIef0Ba-
TeJbHO, CaMHE HODPORH B €CTECTBEHHHX YCA0BMAX c¢iaalo marpy:kemsl,
o OyxyT Goabmed 9acThi0 neGopPMHPOBATLCA LIACTHYECKH, HeoGpa-
THMO, a TaKKe OyIyT DPOABAATL CBOHCTBA TEKYYECTH.

B caydae pasamumoil pedopManmm mopoJ OPHM HX HArpyKeHHH H
pasrpyske JBHKeHHe JKHJKOCTH B miaacrax OymeT OPOHCXOANTH IPH
yOPYro-naacTAYECKOM pexmMe, TeopHsa Koroporo 6mia pama I'. M. bBa-
penbaarroM u A. II. Kpumosum [12]. [las storo pesuMa copaBeJiHBH
cieflylomye ypaBHEHNA:

ap op .
T V’p upm o =<0

9 p
L =%, y'p upu = 0; (3.18)

om\ | __f dm
= (52), = (22),
rme By B Ba, %y B %Xy, — COOTBETCTBEHHO CKHEMAEMOCTb HOPOJ H LBe30-
OPOBOJHOCTh IPM HATDY/KeHMH HODoJ W IpH pasrpyske.

Ilpr yOpyro-IaacTHYeCKOM pemMe ILIacTHYecKad gedopManusd
caMoil IOPOJH B KaK/I0OM DIEMEHTAPHOM 00'beMe IPONCXOJUT MTHOBEHHO,
T. €. TeKy4ecTH LOPOAH He Habaogaercs.

PaccMoTpuM Teneph HEYCTAHOBHBIIYIOCA (QUIABTPAHUI0 KHIKOCTH
B mOpONax, AefopmmpylomuxcdA, Kak cpega Maxcsemna [50].

Jiis oTOH Cpefbl MOKHO IPHHATH 3ABHCHMOCTD MeHAY dQdeKTHBHOL
cpemuedt medopmanmeir € M 3PPeKTHBHEM CPEAHMM HODMAJTBHEIM HALPA-
JKeHWeM ¢ B BHJE:

de

do [y
7[‘=E’M —cit—+

My

(3.19)
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rie Py B Wy — COOTBETCTBEHHO C;KEMAaeMOCTh W BA3KOCTb MaKCBEIJIOB-
CKOH cpejH.

Ecan mpemefpeds C;KAMAaeMOCTBI) MaTepHalia NOPHCTOH Cpexnl OT
IeHTPAALHEOr0 HAUDMAKEHHUA, TO MOKHO HOJOKHTL, UTO M = Mo — &
(mo — HaganbHAsA MOPHCTOCTH), & O - p = ¢,. Torza ma ocrose (3.19)
HMeeM

dm dp . qr—7p 320
- =B 3; e (3.20)

Ucnonraya (3.20) m ypaBHenne HePa3pPHBHOCTH TeUeHHs, OolydaeM

clenyomee ypaBHeAHe peoJormdyeckoro pemmma mimacra [50]:

a ‘
S+ MO = RV 9= —P; (3.21)
R S S

b (mPx+Bc) * 7 p(mPxtBe)

CymecTByI0T W ApyrHe yDPABHEHHA pEOJOTHYECKOTO DPEKEMA, OIpe-
AeaseMEe BHAOM IedOpMaMOHHOrO0 YPAaBHEHHS COCTOAHHS NJIACTOB.

"r'l:

§ 4. MEXAHN3M OBPA3OBAHMA TPEIUH
B IOPHBIX NOPOOAX
NP I'NIPABJIMYECKOM PA3PBIBE IJIACTA

B sroM maparpage paccMorpEM mpouecc o6pasoBaHHA B pacupoct-
PaHeHAA B TOPHHIX OOPOAAX €MMHUIYABX LINHABIX» TPEMUH OPH BBOIE
B OTH TPeIMHH KHEAKOCTH. IIpomecc 06pa30oBaHMA M Pa3BUTHA TPENIHAH
B TOPHHEIX HOPOJAX OYTeM 3aKaUYKHM B HHX KHJKOCTH, a OOTOM TBepIOro
Mareprala ¢ Helpl0 yIepKaHHA TPeMIMH OT CMEKAHHMA Dociae OpeKpanie-
HHUA 3aKAYKN JRAZKOCTH HM3BECTeH B TeXHAUKE KaK UApaBIMYeCKHH pas-
puB njaacra. MccremoBanmio MeXaEH3Ma 3TOro mporecca DOCBAINEHO
sHayATenbHOE ymeao pabor [13, 25, 30, 43, 44, 45, 71, 138, 139, 147,
151 n gp.]. IlponmeccH, aHaXOrHYAbIe TA{PABANYECKOMY Pa3PHBY, MOTYT
IpoTeKaTh W B mpupoge, Oes BMemarelnCTBa YeJ0BeKa, B pesyabrare
BHAEIPEHNA MArMH M JDYTEX Da3’KMKeHHHX BemecTB B IOpPOAH NpH
BYJIKAHAUECKOR [eATeILHOCTH W TeKTONMYECKHX JBIKEAUAX 3eMHOM
Kopu. Tpemunn, ofpasylomuecss B TOPHHX HOPOJAX TAKHM ILYTEM,
0o6raA0 GHB2IOT MIMHALIMA M YSKAMH, TaK 9T0 gedopMamuasa Dopoj mpH
3TOM OpoABAAercd clIabo, MO3TOMY /[IA COOTBETCTBYIOIMMX HOPOX ee
BIOJIH® MO HO CYHUTATH yOpyroi.

B MexanmaMe pacupocTpaHeHHMA TPEMHUH B YOPYrAX MaTepHaIax
BajKHOe 3HAUEHNE MMeeT YCJIOBHe KOHEYHOCTH HAUPA/KeHHH B KOHIAX
TpemwHHE, H3BecTHOoe Kak yciaoBme C. A. Xpmcrmamosmua. [{as rtoro
qTO6H JyTle NOHATEL CMEICA 3TOr0 YCIOBHA, PACCMOTDHM B KadecTBe
TpHEMepa OCTPOKOHEUHYIO TpemHAy, o6pasoBaBmywca B GecKomedHOi
YOpyrol mIOCKOCTH moj AeficrBHeM paBHOMepHOH Harpyskm p, OpPRIO-
JKeAHOH K BHYTDPeHHe# HOBePXHOCTH TpemMHbi. PelllenMe 3TOH 3ajmadd,
noxygentoe Meromom H. U. Mycxeammsuam, npueegeno B riaase I.
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He npomsBogAa mnoapoGHOe BLIYHCIGHHe BCOTO HOJA HAUPsKeHmik,
MOKHO DOKa3aTh, 9TO B KOHIAX TAKOX TpemWHH, T. 6, OPE z = =,
HADpsyKeHAS HEeOTPAHHIOHHO BO3pacTalor. HampaMep, Halpsxenme
G, Ha OcH I ompepgexsercsa ¢opmyiol

2p ! 1
0= il x=?(p+3). (4.1)
P

A ) / ]

-L L

AN
0!\\ x
~Xp WO 1‘0

Prc. 87. BepruxaibHaA TpemuBa

Iomaraa z/l =1 + e (¢ — manas Beawdmua), ua (4.1) momydwaem,
910 HpH & —» 0

4 9

O, —» ~———. 4.2

y Ve ( )

TaxaM ofpasoyM, HaIpsyKkeHHe BGIH3H KOHIA TPeIIWHHN GesrpaHMIHO

BoapactaeT. Il0CKONBKY HE O{AH peatbHHIT MaTepHAX He MOMKeT BHJEp-
#aTh GeckoHeuHo GoXpMMX HaHDpPS-

W .
v JKeHHH, TpeI¥HA, HAXOAAIMAACH
”\ d= TOABKO NOX MEACTBHEM CHJ, CTpe-
\ \(, 08 MAMMXCH ee pacIIMpHETH, 6yIer pac-

08 —| DPOCTPAHATHCH HEOTPaHHIeHHO,

-7 Korma ske HAa XPYIOKHH MaTepHAI,
06 , COZePAIMA ONHY HAH HOCKOJIBKO
’ 73_3% 7 ) TpeIiuH, efiCTBYIOT {Be CHCTeME CHJI,

08~ \'4 0J{HA H3 KOTOPHX CTPEMHTCS PAacHIH-

0,4 PHTH TpeImEHY, a APyrasg — ee COMK-
HYTb, TO MEKAYy pasMepaMHd Tpe-

! \\ \ \\ MUHK H BeJNYAHOH melcTBYyIOmHX

02 N Ha MaTepHMal CHJI MOKeT YCTaHO-
\ BHTHCA CTPOTO OIpeHeleHHOE COOT-

, , . HOIIeHHe, NpHUYeM HAODAKeHHA B
0 02 04 06 08 % KoHTax TpemuH He 6ynyTr Geckomeu-
HO GoJBIIMMH, & HOBEPXHOCTH Tpe-

Puc. 88. 3apmcmMocte w/wy, 0T 2/l muE GygyT MIABHO CMHIKATHCS.
mpr pasamIERx Ecam Matepmall ¢ TpemuHO# Ha-
XOXATCH B ONHCAHHOM BHIIE COCTOSA-
HUH, 3T0 M 03HAYAeT, 9TO B HeM BHHoaHAeTcH yciaosde C. A. XpmcTHa-

HOBHYa.

BMmecTe ¢ TeM, eclim paccMaTpEBaercs mefopMamAA XPynKOro MaTe-
pHaja oT ABYX ¢IPOTHBONOJOKHO HAIPABJICHHHX» CHCTeM IOCTOAHHHX
cmA, TO JJIA HaXOKEeHAA TAKOr0 PaBHOBECHOTO COCTOAHUN, IpH KOTO-
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poM pasMephl TPEMAH He E3MEHAITCA, JOCTATOUIHO B3 BCeX BOBMOMKHEIX
pelteHn# COOTBeTCTBYIOMell 3aaud BHOpaTh TaKoe, HPA KOTOPOM Balps-
JKeHNA Ha KOHNAX TpemuHH 6yAyT KoHeduHMH. IT0 Gyner 03HAYATh, ITO
HafileH0 pemeHHe, IPH KOTOPOM BHmoJHAETCA yedoBme C. A. Xpm-
CTHAHOBHYA.

Hysxuo cxa3aTh, 970 He OPH BCAKHX HPOTHBONOAOKHO HANPABJIEH-
HHX CHCTeMaX CHJX MOKeT CYHIeCTBOBATh B MATepHAajié pPaBHOBECHOE
COCTOfIHHe, IIPA KOTOPOM TpemuHa fyneT MMeTh YCTAHOBHBIUMECH KOHEY-
Hble paaMepsl. B ojpamXx ciyZafx TpemEHA MOMKET «BHIHATH» 3a Ipejesn
MaTepmalia, B KOTopoM oHa ofpaayercs, B PYTEX OHa OKaKeTCH COM-
kHyroii. Hanpumep, eciiH Ba ILIOCKOCTH C TPEMMHOA JeiCTBYOT CiKHUMa-
OMEe CUAIH (o, NPHIOKEBBHe Ha 6eckoHedHO GoJMbImOM paccToHMH
0T KOHIIOB TPeHMHLI, TO YCAOBHeM KOHEYHOCTH HANPSKEHHHA B KOHIAX
TPemuHA uﬁyne'r P = Gw. OHHaKo TpemuHA OKaBHBAaeTCA OpPH 3TOM
COMKHYTO#, T. e. BCIOJy Ha ee
KOHType cMemenH#e v = 0. y ZC

NEuaa KapTHHEA DOJyIaeTCA, . A NERY . fo
ecJIM B IUIOCKOCTH, CKAaTOU Ha
6eCKOHEIHOCTH HaOpMKeHneM
d, HEMeeTCH BepTHKAJIbHAA . 0 2
TpemeHa JJIAHOH 2/, BHyTpeB- L
HHE HOBEPXHOCTH KOTOPOM Xia- Puc. 89. OGpasoBanme BepTHKAJBLHOH Tpe-
XORATCH WOJ DOCTORHENM JAB- oy pon” pospelicTmeM  JaBieHms, HaMe-
nerdeM P, NDPHIOKEHBHM HA pgomeroca 00 HapaboIIIecKoMy 3aKOHY
ydacTKe TPeMUHH OpH — To<<
< z < zo (puc. 87). B sToM caygae TpemuHa B 6eCKOHEIHOH MIOCKOCTH
HaXOJWUTCA B PAaBHOBECHOM COCTOSHAW H ee DasMepH oIpefelIAI0TCA Cle-
pyomeit gopMyiofi, moxydaeMoil B pesyJbTare BHIOOJHEHAA YCJIOBHS
KOHEYHOCTH HANPMKeHHA B KOBIAX TpeMWEH:

i ! . (4.3)

z,
2 arccos —l—°-

1—
1

I
S

MaxkcaManbHAsL IIEPHHEA TPEMAHH wo OymeT B Touke z =y
Ona ompesenserca Qopmyioi [45]

t (l 1-&)
41— lg,, cosBy | E\7 "2 )
Wy= I3 n—2%¢ tg\( 7 ﬂo)

Lo

¥, = arccos

Ha pmc. 88 moxasara ¢opMa BepTHKaNbLHLHX TPEMAH B BHHE 3ABHCH-
MocTeit w/wo = f (z/l) upm pasanuamx o, W3 KoTOPOH BMIHO, ITO
HOBePXHOCTH TPemMHE B X KOHIAX CMHKAWTCA IUIAaBHO, T. €. dw/dxr = 0
opa x = =+[. Ua gopmynmn (4.3) cnegyer, aro mpm xo/l = 1 Plge, = 1,
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oppa xo/l = 0 P/q., — o0, a Bampumep, npm zo/l = 0,5 BelmdauEa
Plg. = 3.

PaBHOBecHOE cocTOAHEE TPEMUHE B IEePBOHAYAILHO C:KATOM MaTe-
pHalie MO3KeT MMeTh MeCTO He TOJBKO B TeX CIydYasX, KOTKA IOCTOAHBAA
HarpysKa, [eHCTByHMas Ha BHYTPEHHIK MNOBEPXHOCTH TPEMUHE,
DPMIo/KeHa Ha 9aCcTH NOBEPXBOCTA TPEMUAHL, HO M KoTJia 5Ta Harpyska
LeficTByer Ha BCIO MOBEPXHOCTH TPEIAHE, HO M3MEHACTCA C U3MeHeEHeM
KoopauHaTH. Hampumep, ecam K BHYTpPeHHe#l HOBePXHOCTH Tof e

Tpemuen (puc. 89), Haxopameidcs

z} /P B yOpyroit 6ecKoHeIHOR IIIOCKOCTH,
- v cKarofli Ba OeCKOHEYHOCTH Halpa-
JKeHNeM (., DpHI0eHo xaBliegue,

Lt [

H3MeHAKNMeecad N0 NapaboiIudecko-
0 gkl 7 My 3aKoHy

R

p (%) = pc — (pc — Po) 7—2 (4.5)

Pmc. 90. TopusoHTasbHAsA TpemmHA

TO TpemHAHa Tak:Ke OGyner BaxOoAMTHCA B PaBEOBECHOM COCTOSEBHH.
YciloBEeM KOHEYHOCTH HAOPAMKEHHHA B KOHOAX TPEmAHLI B 9TOM CIy-
qae ABJAAETCA caefyiomee cooTHomende [50}:

Petbo g, (4.6)

Illmprra TpemumeH ompegeiserca ¢opmyraodt [50]

= (=2 (14 v) Apd (1_‘%0) (sinﬁ —%sin 31‘)), (4.7)

k c

¥ = arccos —a;— .

PacemorpuM Temeps ofpasoBarde ocecHMMeTpUYHHX TpemmH. Ilycrts

B YIOpyroM MaTepualie, 3aEMMaiOmeM Bce HPOCTPAaHCTBO, HAXORHTCH

rOopM30HTANBHEAA TpemmaHa Kpyrosoit gopmu (pme. 90) m K BRyTpeHHel

HOBePXHOCTA TPEHABHL CHMMETPAYHO OTHOCHTEIBHO OCH Z IPHIIOKEHO

DOCTOABHOE faBieEme P Ha yuactke oT r = () Jo BeIMYMBH pagmyca,

paBeoro aR (R — pagmyc tpemmun). Ha Geckomeano Goapmom pac-

CTOAHEWM OT KOHIA TpeIiWHH MaTepral CaT TOPHHIM JgaBIeBWeM (.

B pesyasrate pemerusa cooTBeTCTBYIOMeld 3aauM TeOpMH YHPYrocTH

M BHIOJBEBUA YCJIOBHS KOHEYHOCTH HBAaIDPSKEHWH B KOHIE TpPemHMHE
modydaerca ciaegyomas sasacaMocts [13]:

dr 1/,
Lt —(1—a?)'h, (4.8)

MaxrceManbgasn mMuApHHA TpPeMHUHH W IDOJIYyIaeTCA, ECTeCTBCHHO,

B touke r = 0, mprmuem [13]
8{1—wv2) PR

Wy = = (L ATCCOS a. (4.9)
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B aBanmormumoM ciaydae, KOrjja Harpyska Ha BHYTPEHHIOI0O HOBepx-
HOCTb OCeCHMMeTpPHYHON TOpPM30HTAJIbHOH TpPEMHUHH pacmpefelieHa IO
mapaGoaMdeckoMy 3aKOHY, a BCe OCTajbHEE YCIOBAA — Te jKe, 4TO H
B TpeiHymeM ciiydae, MMeeM CIeLyiOmee COOTHOIeHHe, OTpa)kaiomee
yCI0oBHe KOHeUYHOCTH HampssKeRud B Komme rpemmHn [50]:

pc““]r=%(pc"po)- (410)

B (4.10) p. — naBueunme B Touke r = 0, a po — fAaBiieHHe B TOUKe
r=R.
Impura TpemuEH w ompeaeisercs Gopmyioi [50]

16 (1 —+2) (pc—4qr) R r2 \*:
w=-3 nE (—R_Z) . (4.11)

Ha puc. 91 nokasara ¢opMa TPemMUHEL COTIacEO 3aBACEMocTH (4.11),
rfie Wwo — MaKCHMajJbHag IApWHaA Tpemmas npum r = 0.

IlpuBenensrie BHIIE pemeHAsA MO3BOJAIT XOPOMO ONHCATH HPOHECC
pacmpoCTpaBeHHA TpemdH NOpPHW THAPABIMIECKOM paspeBe IUIACTOB.
Omraxo, nommuMo gegopmanum
HOpOKi, IPH ONHCARWA IAAPaB- —-
JWYEeCKOT0 pa3pHBa mJaacTroB 0
HeoO0XOfMMO YINTHBATDH TAKKe
TEfpaBIdYeckde 3aKosomep- U,8

HOCTH.

PaccmorpuM,  mampmmep,
IpoOecc pacmpocTPaHeHHSA To- 0,6 N
PHM30BTAIBHOR TPemuHE \
(pme. 92), obpasyomeiick B g 4
pesyiibTaTe 3aKaUKH B Hee He-
$uaprpyromeiica RAJKOCTA

WA, 9T0 TO 3Ke, Korjma ropeme U,2
HOPOJH, B KOTOPHX Pa3BHBaeT-
cA TpemuHa, HABIAKTCA He-
HOPUCTHIMA M  HeIPOHMIae-

,V
o 0 02 04 06 08 10

o crBony crBaswunEm 1, Puc. 91. 3aBucEMocts w/w, ot r/R

moKasagHoR Ha puc. 92, 3a-
Ka9MBaeTCA KMIKOCTh B TPeMMHEY 2, B pe3yjbraTe duero pajgHyC TIo-
PU30HTANBHOW TPEIMUHH KR yBelWdWBaeTCH, a TaK/e M3MeHAKTCA IIH-
PUHA TPeI¥WHH W ¥ JaBJIeHHE KAJKOCTA B Tpemmuue p. lopHHe mo-
POIBI CHKATH CBEPXy rOPHHIM JaBleBHMeM ¢, = p.gH.

TlockoneKy kHEKOCTh sBisgeTcH abColOTHO HedmIbTpylomeics,
clejyer moxaraTh, Y70 OHa He MOKeT JOMTH Ji0 caMOr0o KOHIA TPeIdHH,
IZe MHUpPHHA TPeMMHH paBHA HYJI, a JAOXOAHT JHMb MO pagAyca
Roe < R.
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O606masn M3BeCTHEIA 3aKOH JBUKEHUA KHIKOCTH B MeXW OpPEMEHH-
TeJBHO K TpempHe MepPeMeEHod MHPEHHEW w = w (r) U pagnaJIbHOMY
HBEKEHHI0 KHAKOCTH, NOJydaeM

. w2(r) dp c
v=—2pl 2. (4.12)

Orcioma uMeeM ciefylomee ypaBHeHHe [ pacdieTa W3MEeHeBHA
JABJICHHUA ;KMIKOCTH BJOJb TOPH30BTAJNLHOM Tpemmusl (cM. puc. 92):

9r=Pn gH 6Qu dr

rge Q — pacxof 3aKadm-
BaeMoO#d B TpEmMUHY KHAA-
KOCTH.

CopMecTHOE peniegue 3a-
Jadl TeOopHH YIODPYrocTH 1
THJpPaBINKA  HOKa3HBaerT,
9T0 ¢ TEeYeHHeM BpeMeHH !
BeIIMTUHA [ABICHAA KUJ-
. KOCTH B CKBaKmMHe p (f) npn-
Pmc. 92. O6pasoBaEme TrOPWBOHTAIBLHOH TPE- @Grpaercs K BeAMTHHE Bep-
IMPHE OyTeM 3aKadkem B Hee HedmIbTpymomei- .

A AKEIKOCTH: THKAJBbHOR KOMIOHEHTH Irop-
1 — cKBa)KkMHa; 3 — TpEmEHA HOTO QNaBICHHUA (., HO HH-
KOIfa He CpaBHHBaeTCH C

Helt.

JaBiesHe ;HELKOCTA B CKBajKMHEe IPA MalHX P, — ¢, OOpefesigercsa
dopmymoir  [43]

pe—4qr\% pe—4qr (1+v2)2 Qu
( - ) L — 0,0463 7 gE, (4.14)
rxe V,, — ob6BeM KHIKOCTH B Tpemuxe.

Mexny of6BeMoM KHJKOCTH B TpemuHe V, W pPafBycoM TpemAHLI
TaK/Ke OPH MaJIWX P, — ¢, CYHMECTByeT 3aBUCHMOCTD

V= 5 (1—V2L(pc— gr) R3, (4.15)
a MaKCAMaJbpHAA INMDPMHA TPEMUHH
w, = 8(1——v2)n(£c—qr)lf . (4.16)

Tak ske oIpefeJAIOTCA IapaMeTPH BePTHKaJIbHOH TpemmHhb, ob6pa-
syomefica Ipu 3aKauKe B Hee abCOTIOTHO HedmIbTPyOMeHCa HETKOCTH.
B sroM caydae faBliieHMe KHAJKOCTE B CKBa)KMHE D, OIPH MalbX BeJIHIH-
HAX P, — o 3aBACAT OT o06beMa BBeleHHOH B TPeMURY KUAKOCTH V.
I ApyTHX TapamerpoB ciexywomum obpasom [45]:

Pe (P 8 1 E\_op
el ) R = O e
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Amanorudgo MaKCEMajdbBas WEPHHA TPOMEHE ¥ ee HONYyAIHHA
oImpeNeaAoTcA (GopMyNaMH
—_—2
wo=2U=B g,
V)K 1/, (/1.18)
56 (1—v2) k (Pc— ) ’
rie k — MOmMHOCTL mJIacTa.

Ecim mupkocTh, 3aKaunBaeMast B INIACT JIA pacIpoCTPaHeHHS Tpe-
MUHEH, (UALTpyHOmMancsa, TO PacOPOCTPaHEHHe TPEmMAH NPH THXKpPaBIA-
9eCKOM pa3pHBe IIacTa MOJyJaeTCs MEHM. Temepp yiKe Helb3s HMoJda-
rarb, 9T0 JKHAZKOCTH He MoKeT NOHTH [0 KOoBHAa TpPemMEl, IOITOMY
JaBJIeHHE JKHAKOCTE B KOHIE TPEemEEH COBCeM He 00f3aTeABHO KOIKEO
OHTH DABHO HYJIO.

Camoe ke rIaBBOe B MeXaHH3Me Y 1 2
obpasoBaEEs TpemMHE NPH DOMOMA
¢uapTpyomeiics HAZKOCTH 3aKIIO-
JaeTc® B TOM, 4r0 fedopmMamus mo-
POE OpH 5TOM NPOACXOTAT IOXK
HOeHCTBHeM Ha DOPOXH OIS TIpa- {
IWEHTOB JaBJeHHS QHIBTPYIOmeHcH
ragKrocTA. KpoMme Toro, Gosee ciaosk- Pmc. 93. O6pasopaHiie TPENHHK HyTeM
HHIMHA ABJIAIOTCA TALPABIAICCKHe 3a- B3aKaukd B Hee (Qmaubrpylomelica sKHA-
BUCHMOCTH B caMOH Tpemm®EHe, TakK RocTH:

KaK JKHJKOCTh HE TOJbKO ABHKer- | — TPemuHa; ﬁm—mgg;’gm“lmama“’*
Cf IO TPemKHe, HO W NOCTEIEHHO
0TOUABTPOBHBAETCA B IAACT.

Omnako B HEKOTOpPHIX CIyYagxX MO;KHO CymleCTBEHHO yYHPOCTHTH
3agagy 06 ofpasoBaHUM TpemmH.

Paccmorpum, BampmMep, ofipazoBagde TpemuRE B IOPHCTHX H IpO-
HAHaeMEIX DOPOJaX IPH IOMOMHA QUIBTPYIOMEHCS KUIAKOCTH, BA3KOCTD
KOTOPO#i HAMHOTO IpeBHMaeT BA3KOCTh IIACTOBOM jxuproctTu. Kpome
TOT0, IOpHAMEM, YTO BM3KasA KHIKOCTh OPodMILTPOBHBaercs B ILIACT
Ha CpaBHHTeIbHO Hebolbmoe paccTosEWe 0T IMOBEPXHOCTedl TpemMEH,
KaK 9T0 moKasaHo Ha pmc. 93. Torga Mo EO modaraTh, 970 IPaKTAYECKH
TpemmuHa 00pasyeTcs NOJ JeicTBAeM YCHJINA, NPHJIOKEBHOTO K HoBepX-
HOCTH TpPeIMHbI, OZHAKO JaBieHue KUIKOCTH, WJIH Teephb y;Ke mepemax
JaBIeHHUS JKUTKOCTH, HEe paBHO HYJII0 B KOHIE TPEemHAHEH.

TakeM o0pa3oM, B KadecTBe pemeHWs 3afadd TEOPAH YyUOPYroCcTH
MOKHO HCHOJIB30BATH IpPHBeJeHHoe BHOIe pemeHme o6 oOpasopammm
BePTHKAJIbHOH TpPemUHEH moj neicreueM ycuans (4.5). Ecam Ttemepb
Opu PaccMOTpPeHAE QWIbTpandH XUIKOCTH NPHGIAMEHHO CY4TaTh, YTO
pacxof KEIKOCTH, KOrJa HaBlleHWe B TpemHUHe M3MeHAeTCsA IO 3aKOHY
(4.5), paBeB pacxofy JKHATKOCTE IPHW DOCTOAHHEOM JaBIeHMA B TPemmHe,
TO MO)XKHO HCIOJIb30BaTh CJAeNyHMee pemenne 3afaud uIbTpamun:

=9 =1 1
O=m-Ing, =5 (C4+7), (4.19)
; == peiﬁr
rie @ — KoMmieKCHHH (HIBTPANMOHHHA DmoTeHMAAJ.
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Ecnm pasmepn ofxacth, 3aHsfToi OpodEibTpoBaBlieficA B IJIACT
HAKKOCTBI0O B COOTBETCTBHHM ¢ pmc. 93, Majm, TO, paccMaTpHBasf COB-
MeCTHO 8a7ady TeOPHH YyIpPYIOCTH H QUIBTPANAH, HOTyTaeM ClefyIOmue
BpaxkeAdsa [50] mia ompeedeHMs MOMYLJIMAH TPEIUHH [ A ee MaKcH-

MaJbHOA IIUPHUHEL Wo!
_ VxQp e
‘= ('EW—— mkq ., ’ : (4.20)

4(1—2v) (14 v) (Apc— ) VxQu e
Wy = 3E 2n2h2mkyq ’

B amanormumoM cxayuae o0pa3oBaEHMA TOPH3OHATANLHON TpeIAHE
Ipu DoMOMM PHABTPYOMEHCH ;KEIKOCTE UCHOIb3yeTCA pelleHne 3afadud
TeOPHH YOPYTOCTH O JeHCTBAM JaBileBMs Ha MOBEPXHOCTH TPEMHMHH,
pacmpepneldeadoro Io mapato-
JnvYecKoMy 3akomy. Cumras,
501 UTO BA3KAA MHIKOCTH OTPHIE-
TPOBEIBaeTCA OT FOPH30HTAb-
HOl TpemHAHLI CHEMMETPHYHO
W JOCTHTaeT pajmyca r,, mOJy-
9JaeM 3aBUCHMOCTEL MEKIY 06B-
201 eMOM 3aKavaHHOA KUIKOCTH

V., pagaycoM tpemuns R m
EPYrAME mapaMeTpaMH B cJje-
pyromei ¢dopme [50]:
0 i 3 i { i 1 Q3u3
8 g1 02 03 g4 05 06 48“2k3(9r3—vpx)3">x
3Vn =1 (o) (4:20)
4amR3

Pre. 94. 3aBncnMocTs napaMerpa
Q33

Q3u3

4872x3 (gr-px)3Vx

JTa 3aBACHMOCTD IIPECTaB-
jleda Ha puc. 94. B mpumsenen-
T8 (g — 1) Vo HO# BHIIe DIOCTaBOBKe 3apmad

- 06 o6pasoBagud TpPEmHAB IpH

0T mapaMeTpa - ms ToMomH PUIBTPYIOMeACH Huj-

KOCTH paKTHYCCKH HE IpHHAMA -

Joch BO BHHMaHHE [eHdcCTBHE

Ha IJIaCT TPaJAeHTOB JaBJeHMs (PHILTPYIOMeHAcH MULKOCTH, TaK Kak .
CIATANOCH, YTO pa3Mep 06dacTh, 3agaATOd NpodrIALTPOBaBIeiica B miacT
AHUIKOCTHIO, MaJI [0 CPaBHEHHI0 ¢ pa3Mepamm TpemmnH. llokarkeM Ha
IpOCTOM IIpAMepe, B KaKHX CIyYasXx MOMKHO TaK cudATarh. Jlyers mMeeM
nBa ofpasma HOPHCTOM cpefH MAJWHEPAYecKOH (OPMH, COCTaBIeBHHE
BMeCTe COOTBETCTBeHHO pHC. 95 m ciKaThle ¢ TOPIOB JaBJIEHMEM (.,
AMATEPYOIAM GOKOBoe TopBoe mamieHde. HomycTHM TaKike, d|TO
KaknM-TO ofpasom B 06a ofpasma B MeCTO HX CONPHKOCHOBEHHA (B IILO-
ckocth x = () momaercs KUAKOCTL W B mpefedaXx o6IacTH, 3aHATOH
npoduabTpoBaBmeiica wuakocToio 0 < |z | << xo |, mpomcXomAT ycra-
HOBMBIAfAcA QPRABTPaNUA W, cJIefOBaTEIbHO, Ha IOPHUCTYIO cpexy obomx
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o6pasmos fedicTBYOT T'pajMeHTH faBleRHA QMIbTpyIOmeHca HETKOCTH,
BH3EIBAsA B IOPHMCTOH Cpefme pacOpefeliedWe NaBIeHWA € C:KAMAOMEro
HallpsmKeHd#d, DoKa3aHHOe Ha suiope pmc. 95.

Herpyznro moxasaTh, 970 HOJNROE CMeMMeHAe i, (A3MEHeHHWe PACCTOH-
BEA Me;KAy TOpPHaMu) Y OfHOrO B3 o6pasios, eCld ero C)Karh KaBJCHOEM,
PaBEHM (o, OyHeT u; = ¢ l/E. Korga ;xe sa obpasen feficteyer napie-
BHe (QUIBTPYOMeHRCcA ;KAJKKOCTH B COOTBeTCTBHH ¢ 3OIOpod pmc. 95,
cMemenne B miaockocta xr = O 6yner u, = APJ/E (I — xo/2). Paznenn-
HeAWe o6pasnos B miIocKocrd z = ( (pacKpHTHe «rpeMUHH») HaCTYIHT,
Korfia u; = u,. Torma Oygaer

Ape=—2=__. (4.22)
Lo
o

N3 sToro mpocroro mpuMepa BHLHO, 9T0 TpA Zo K I Ap, = oo,

a mopm GoXbmmx zo/l A Hadada PacKPHTHA TPeMMWEH morpebyercs

1 2
/
Foo =4 7
\_» . Ak . . —.E /Q‘”
~7_ B
—’Z"X - 7l v B~
%me TTeTeTeTeTe Z
< DPeIN
NCAp ——]
D
0 x

Puc. 95. O6pasoBanume meJd B HOpPHCTOH Cpefe DO Bo3feil-
cTBHEeM QuUALTPyHOIedca KEAKOCTH:

1 — obpasery nopmcrofl cpefbl; 2 — HampapBieHNE GUIBTPAIHMHA HUIKOCTH

Ap. > q.,. Vs3nosxennas Bumie cxeMa 06pa30Bagds TPEmMWUHE B ILIacTax
IpH DoMomU (GEIBTPYIOmMe#ca MAZKOCTH OTHOCHTCA K CIydaw xo/l K 1.

Brrme yixe 600 crasamo 0 TOM, 9T mporecch 06 pasoBaRnA TPemHAE
MOTYT OpOTeKaTh B IPUPOfe W TeXBUKE B CAMHIX Pa3HOOGpPa3HMX yCIo-
BHAX.

MoskHO TaKiKe BOCHOPOM3BOGHTH IpomeccH o0pa3oBaHMA TpemHH
Ba Mogensx. IloaroMy mpHBeJeM HeKOTOpHe CBefeHHs 0 moxobwm pac-
CMaTPHBAeMHX IIPOIECCOB.

Aranus mofofusA OpomeccoB pacopocTpaHeHUA TpelMH IOKa3HBaer,
9T0 AJA TOTO, uTo6H ABa mpomecca 06pasoBaAdg TPeMIAH IOCPEACTBOM
3aKaYKA B TDeMVWHH HeniabTpylomedcsa BASKON MAAKROCTE ObIM momgo0-
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HEMH, HeoGxopmMo cof/iofioHEe B STHX HPONECCAX PAaBeHCTBA Hapa-
merpa [50]

3,
N, =g_,‘,:‘ , (4.23)

rte g — ropHoe paBiesme (B ciydae oOpasoBaHEA TOPH30HTAIBHHIX
Tpem;nn)q = ¢, = p,gH, a OpE 006pasoBaHEE BEPTEKAJLHHX TPeMEH
9= ).

IlockonpKy 06beM HepHILTpyOMmeiicA KUTKOCTE B TpemmuHe V, =
—[—:OQ]t, a Vy ~1[1%(l — pmmBa TpemmuH), H3 napamerpa N, moaydaem
9

q3t q3l3
L=t (4.24)

JomycraM rtemeps, UTO0 HOCTPOEHA MoJellb M3 YIPYTroro XpymKoro
MaTepHala, CBOMCTBa KOTOPOro TaKde jKe, YI0 HM y FOPHHX NOpPOf, rpe
IPOBONATCH MpPONECC TUAPaBIMYECKOTO paspeBa miacta. Ha mogeanm
7Ke pelleH0 BOCIPOM3BECTH IPONmecC pacOpocTpaHeHdsa TpemuH B rop-
HHX DIOpPojax IPHW 3aKadKe B TpPemMuHH HedMILTPYIOMEHCA HUTKOCTH.
JInneitrne pasmepm moneam B 100 pas Membme NEHeHEHX pa3MepoB
B pealbHEIX YCIOBHAX, T. €. Ipeimoiiaraercd, Hampmmep, o6pasoBaTh
B MOJeJHW TPemMHy, HJIWHA KoTopo# moa:xkHa 6HTh B 100 pas memsnie
JIUHH TPEeMUHH B pealbBHIX YCIOBHAX, T. e. B Hatype. Ilpexmoxommm,
9TO0 MOJEJNb CKAMAaeTcH INoJ JeficTBEeM TOpPHOTO JABJIEHWSA, pPaBHOrO
TOPHOMY faBlleHm0 B Hatype. Torga m3 mapamerpa (4.24) moaygaem

(Qp)m = (Qu)x- 10-¢. (425)

WBpgeKcH «M» B «H» OTHOCATCA COOTBETCTBEHHO K MOJEIM W HaType.

Taxmm o6pasoM, Opm HaHHHX YCIOBHAX BelWdMBa QU B MOJeTH
HoM¥Ha OHTH yMeHblesa IO CPABHEHMIO C PeaIbHHIMHA yCJIOBAAMHA B MAT-
JAHOH pas.

HomycTaM Temepb, 9T0 Ka)Kjas W3 BeamamH Qu, g U [ B Mojenanm
ymensmiena B 10™2 pa3 mo cpaBEenHI0 ¢ HaTypoli m BeoGxoxuMo BHOpaTh
B Mopmean Mopyas IOmra E,. Torma us (4.24) moxydaeM, 9To JOMHO
6BTH BHIOJBEHO YCIOBHE

E =107"E,. (426)

CiegoBaTeIbE0, IPaKTHYECKH BOCIPOM3BECTH pPaccMaTpHBaeMbIi mpo-
1[ecC pacmpoCTPaHeHHA TPEmZH B MOJENHM BO3MOKHO, €CIA MOJLeJbHHH
MaTepHalJ, B KOTOPOM J[OJGKHa PpacmpoCTPaHATHCHA TpemmHa, Oymer
0YeHb CHIBLHO CKHMAEMHM.

Ecan npomecc o6pasoBanns TpemuH IpoTeKaeT B IOPHCTOM W Opo-
HANaeMOM MaTepuajie, a KHJKOCTh QUIBTpyOmascsa, T0 ;ia cobimone-
HAA moxoOuMA mPONeccoB pacHpocTPAHERWs TpPemMAH HeobXoxHMO, ITOOH
KpoMe mapamerpa N, eme 6buI0 coOnroeHo paBeHCTBO B paccMaTpHBae-
MHX CJIy9afiX mapaMerpa

k3E3 c
N, = TN (4.27)
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Bume npm pacCMOTpeHHH NPONECCOB pPACOPOCTPAHEHHA TpemuH
B TOPHHX IopomaX CYHMTAINOCh, 9T0 eme A0 HAYajla STHX I PONeccoB
B IOPOZAaX Kak OH ye CYIMECTBYIOT ¢HAYANBHLIE» TPEMMHE, T. €. HE
YUHTHBAJCA caM paspuB mopopgs. Hpome Toro, us ¢mauxm o6pazosanus
TPeDIMH B XPYIKHUX MaTepUajlaX W3BECTHO, UTO JiajKe eCIH eCTh HeKOTO-
pas HadaJbHaf TPeMHAHa B MaTepHaje, He C:aTOM BHEITHWMH yCHJIMAMH,
IJIA pacIpocTpaHeHAA 370l TpemuBH Heo6XOTAMO MPHKIagHBATL K Ma-
TepHANy OIpefe]eHHOe «Pa3pHBaOMmee» YCWIHe, MOTOMY 9TO B KOHIAX
TPeAHH [eHCTBYIOT MOJEKYJISPHHE CAJH COeNIeHHs, KOTOpHe HY:KHO
IPeoKOIeBaTh.

Pemenne 3agaum Teopum ympyrocT o6 o0pasoBasuyM BepTHKaJbHOH
TPeMUBH ION JeHCTBHeM HATPY3KH, PABEOMEPBO pacIpeleleEHO# Ha
9aCTH BHYTpeBBell HOBePXHOCTH TPemMHH, ¢ YYETOM AEHCTBUA MOJERY-
JAPBHX CHJ CHeINIEHMA B KOHIAX TPeMHEBHI I03BOJAET MOJIYyIATH, B pe-
3yianTate Bunoadenns yciaosms C. A. XpucTEaHoBAYa, BMECTO COOTHO-
wennn (4.3) cnemywomee coorHomenme [50]:

q;'o,v._K_
P Tpya’

rge K — momyuan cnenienns, seegenani I'. W. BapesGmarrom [14].
Buancaesnsa mo gopmyne (4.28) mokaswBaoT, 9T0 AAA HIUH TPeMUH,
o6pasyiomuxcst B peaNBHHX NpPOmeccax THAPABIAYECKOT0 pasdphiBa

IIacTa, ACIACIAAIOMAXCH NecATKaMuA MeTpoB, Bexnunda K/P ]/71, xXapak-
TePH3yman JefcTBAe CAJ COeNJIeHds, cocTaBifeT 2—5% 0T BeJIHYMEH
n/2.q./P, orpamamomeli paeficTBHe TOPHOTO [aBJeHEA Ha Iporecc
pacOpocTpaHeRHsa TPeMUH. Bugumo, IpH pealbHHX THAPABIAICCKAX pas-
PHBaX IJIACTOB MOKHO HE YYATHBATL BIMHBEE Ha IPONECC pacIpoCTpa-
HEHUA TpemuH cui cuemiaesus. Ilpm xpynKoM ke paspyImeHnH He HATPY-
JKeHHHX TOPHHM JaBJeHHEM IOPOJ CHIH CHeIUIeHHS HrpaloT pemaimo-
My pois.

HeobxonuMo oTMETATH eme OofWH WHTEepecHHH (aKT, BHTeKaomui
M3 MexagmsMa o6pa3soBaHHMA TpeMMH B TOPHHX mopogax. M3 mpegmmy-
Mero CiefyeT, 9YTo JJIA TOro, YTOOH B HACHMEHHOM JKHIKOCTHIO ILIacTe
Hagajsa o00pa3soBHBATLCHA . TOPH3OHTAJbHAA TpPEMHAHA @0 JelCTBEEM
PrasTpyomeiica KEZKOCTH, Heo6X0ogEMO IpeojoNeTh BePTHKAIBHOE
TOpHOE JaBlieHHe (IPH OTCYTCTBAH €ro pasrpysKH).

s Toro e, 97065 B 9TOM IJacTe Hadala o6pasoBHBATHCH BepTH-
KaJbBEasA rpemmuHa, Heo6xommmo, 49To6H He MaBlIeHHZ e KU -
K 0 C TH mpeB3ouuio GOKOBOe ropHOe JaBlleHHMe, amlepemajy jaB-
IeHWA, T.€ passoCcTh MEKIY HaBIeHHeM KHIKOCTE B CKBajKHHE
¥ ILIAcTOBHM AapleEueM. CiemosaTespHO, KapieEne Haduaxa obpasosa-
HUSA TOPW30HTAJbHOH TpeMWHH He 3aBUCHT OT BEIHYMEH ILIACTOBOI'O
HaBJeHHMA, B TO BpeMf KaK JamjIeHWe Hadalda ofpasoBaHMA BepTHKAalb-
HOH TPEMMEH 3aBHECHT 0T BeJIWUYAHH ILIACTOBOTO HaBIeHAA. ITOT daKT
MOKeT OHTH HCHONb30BaH JJIA CY:KIGHHA 00 0pHeHTaIMM TpPemuH, o0pa-
3YIOMUXCA B TOPBHX HOpOgax, BaOpUMep, B pesyJbTaTe THIpaBidAde-
CKOr0 paspHBa ILIACTa.

arcsin 2* =2
L2

(4.28)



TIABAYV
NOA3EMHA AL TEPMOTAIPOTUHAMUKA

§ 1. OCHOBHBIE HOHATHA TEPMOJIHUHAMHAKH

IIpm paspaGoTke medTerasoHOCHEHX IUIACTOB CofeprRam{Eecs B HHEX
MHAJKOCTH H Tassl MOTYT HpHOOpecTdA TeMOepaTrypy, OTIAYAIIYIOCA OT
ecTeCTBeHHOH TeMmepaTyps ILIacToB. DoJbIIeH dYacThl0 H3MeHeHHe
TeMIlepPaTyPHOTO MO0JIA MeCTOPOKIeHAR GbIBAET CBA3AHO ¢ ACKYCCTBEHHBIM
BO3ieficTBAeM HA IIACTH IyTeM 3aKaTKH BOJEI, Mapa, OCYIMECTBICHHEM
nox3eMHOT0 TropeEmsa @ T. . Jlaa Toro wro0H 7TeMmeparypa mnJacra
H3MeHMIAch CYIIECTBEHHO, HeoGXOXAMO JOBOJNBHO CHJIBHOEe M3MeHeHHe
TepPMOZMHAMATECKAX YCJIOBAM B HJIACTe, IOCKOJIBKY IIOPONH-KOJIEK-
TOPH, & TaK/Ke OKPYKalOmM#Ae MJIACT MOPOAH 06JajgaT 3HATATENBHOM
TenNAoBOH eMKocThblo. HeGoiapiome NnEepPeTOKH Temya OT IOPOA-KOIIEKTO-
POB K HX COfep/KAMOMYy H Hao0OpPOT He BHI3HIBAIOT CKOJBKO-HAGYHH
3aMeTHHX H3MeHEeHHH TeMOeparyphl IJIACTOB, A MOITOMY B 3THX CIydaaX
OPOI[eCCH, CBA3AHHEE ¢ PaspaboTKo# He#p, BHOJIHE 000CHOBAHHO CYM-
TaloT H3orTepMAYecKmMA. llpm CHIBHEIX TemJNOBHIX BO3[XEHACTBAAX Ha
IIacTH Heo0XO0ZMMO CymecTBEHHHM 00pa3oM YyIATHBATH TePMOLAHAMH-
9eCKYI0 06cTaHOBKY B Ilacrax. MHorme IpOIleCCH, BO3HHKAWIAE NpHA
paspaborke mxacroB, sABAANTCA HeoGparAMamm. H HEM orTHocATCA
NPOIECCH TEeMJONPOBOMHOCTA, BA3Koro TpeHmsa, nupdysmam u ap. Huas
ux omAcaEAA Tpefyercd HCIONB30BATH NPENCTABJIEHHA TePMOEHAMAOKA
HeoOpaTumeix mporeccoB [35). Opmaro BHaYajke HeoGXOMMMO H3IOKHATH
TPEACTAaBIeHAA KJIACCAICCKOA TepPMOJAHAMHAKH.

QOyHRaMeHTANBHBIM OOJOKEHHEeM TePMOXAHAMAKA ABIACTCA IePBoe
Hadayno TepMopuHammra. OHo $opMmyiampyercsa ciexylommMm o6pason:

8Q =dU + 6w, (1.1)

B smpaskemnn (1.1) 6Q — dJIEMEHTAPHOE KOJIHMTECTBO TEIJa, Iepe-
N4HHOE Tely Kax TepMogMHaMAdecko# cmcreme; dU — paddepeHnna
BHYTPeHHEH dHeprua CHCTEeMSI; 8W — pileMeHTapHOE KOJMIECTBO PaGoThH
TpOM3BeeHHOR CHCTEeMOH. PaBeHCTBO (1.1) BripajkaerT 3aKOH coXpaHe-
ang sHepran. B srom paseHcrse dU sABiAercA mOAHHM pAddepeHnna-
Jjom mepemeHHHX p, V, T (maBleHHe, yReJBHEH o6beM, abconOTHAA
TeMueparypa), XapaKTepPH3yIOMHAX COCTOAHHE CHCTEMH, H3 KOTOPHX
J06re fBe NEePeMEHHHE MOKHO CIHTATH HEe3aBHCHMHIMH. Beamumnpi
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8Q u W He aBastorca noxusimMm gaddepennmaramna. CiemoBaTelbHO,
H3 Tpex BeamydH, pxogAmmx B (1.1), dyuxipmeir cocToAHHA ABIAETCA
TOJIBKO BHyTpenusas sHepras cacreMu U. Temmora Q m pabora W me
ABIAITCA (QYHKIHAMHA COCTOAHHA.

HOuddepenmansHoe Brpaskennme (1.1) mmeer muTerpmpyromui MHoO-

1
JKATEIND —;- Tlocae ymuosxenna (1.1) Ha —~ ToJIyTaeM

)14

_ 6Q __au
dS="F =T+ (1.2)

Brupaxenne dS = §Q/T remepb sABIAeTcA NOXHEM madPepeHmHAA-
Ja0M, a caMa QyHKOHA S, Ha3EIBaeMasa SHTPONHeH, ecTh GYHKIAA COCTOA-
HAA. B TepMopMHaMAYeCKHX CACTEMAaX MOKHO OCYIECTBHTH IIPOIECCHL,
IpPHA OPOTEKAHAA KOTOPHIX IlapaMeTPH COCTOAHAA CHCTEeMH GymyT Me-
HATbCA TAKAM 06pazoM, 970 B HEKOTOPHH MOMEHT BPeMeHH OHHM NIPAMYT
ACXOf{Hble 3HAUeHHsA. B TaKMX CiIydasX TOBOPAT, YTO CHCTEMa COBEp-
maer 3aMKHEYTHHA nukia. Ecam Tako#fl murI ocymecreiderca B A30JIHPO-
BaHHOM TePMOTMHAMHAIECKOH cACTeMe H ABJIAETCA 06paTAMBIM, TO BHTPO-
0AsA CACTEMbl B KOHIE ITMKJA OKA3bBAETCA PABHOM SHTPONUH CHCTEMEl
B HadaJe IAKJIA, T. ©. DHTPOUNA OCTAETCA HemaMenHoit. Ilpm 3aBepime-
HAA 3aMKHYTOr0 IHKJa B HeoOpaTHMOM Hpomecce SHTPONHA H30JIHAPO-
BaHHO} cHcTeMHE Beerma Bo3pacraer. Takmm oGpasoM, mMeeM

g‘;%’;o. (1.3)

B 5ToM BhIpa)KeHAN MHTETPANIOM ¢ KPY)KKOM 0603HavYaeTcsa MHTETPal
N0 3aMKHYTOMY IJHKJIY, KOTODHH AiA HeoGparmMoro upoimecca Beerga
NoJIO;KATeNeH, a [iA 06paTAMOro paBeH HyXi. Buipaxernnme (1.3) apiua-
erca $opMyJIADOBKOE BTOpPOro Hadalla TePMOZHHAMHAKH.

Bayxkumoe 3HaveHnme B TepMOGMHAMHKE HMeeT IOHATAE JHTAJIBIHA i,
ompepexseMoi B nnddepeHnmaIbHOR ¢GopMe caexylommaM o0pasoM:

di =dU + d (pV). (1.4)

IlepByio npon3BofEY0 KoamdecTBa Temia @ mo aGCcoMOTHON TeMmepa-
Type 7 HA3HBAKOT TEIJIOEMKOCTHI0. PAa3IMIal0T TEIIOEMKOCTh IIPA NOCTO-
AHHOM YHEJBHOM o0BbeMe ¢y M TemI0eMKOCTh NPH HOCTOAHHOM JaBie-
HHAA C,. OTH TEIVIOEMKOCTH CBA3aHE MEKAY CO0O.

Jsa Toro YTo0H MOJNYydYATH 3aBACHMOCTD TEIJIOEMKOCTH Cy OT TemJo-
eMKOCTH c,, Heo6Xxoxgmmo mcmoip3oBarTh fAA(PEPeHnHANbHEE COOTHO-
meHNA MEKAy TePMOTAHAMHAYECKAMA BeJIAIHMHAMA.

Ha ocHOBe ypaBHEHHA COCTOAHHA Bem{eCTBA MOKHO HAIACATh

p=pW, 1), V=V(p, I), T=T(p, V) (1.9)
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Na (1.5), cuemyer, wro
o= (2, 47+ (3), a1

v = (i—‘;)po+ (g‘T’—)pdr; (1.6)
dT = (%)Vdp+ (glz’—)pdv'

IIpon3soputle npn 3agAKCHPOBaEHOM 3HadeHAN p, V u 7' B TepMOxuU-
HaMAKe NPAHATO 3aKJIOYaTh B KPYrihie CKOOKA ® HCIOJB30BATEH COOT-
BeTCTByIOmMHAe AHAEKCH p, V 1 7', Kak 3T0 cfelaHo B BoipaskeHnax (1.6).

IlopcranoBkoit BrOporo Bmpaskenma (1.6) B mepsoe W cpaBHeHAEM
¢ HCXOJHHIM BHIPa;KeHHeM HOJyJIaeM COOTHOLIeHHE

(37 ). (57),= = (), - (t.7)
Ilockonbxy sHTpONMA ecth QYHKOAA COCTOAHAA, MOKHO HAanmeaTh
S=8(p, N=S(T, p=S(T, V). 1.8)
Orcroma o5 oS
as= (5 ), 9 + (57,4
ds = (-g:;—)pdT + (%)T dp: (1.9)
s = (%)VdT + (%”})T dv.

W3 suipayxennit (1.9) moxydaerca ciegymiee COOTHOIEHHE MeXAY
TePMOJAHAMMUYCCKAMEA BeJIAIMHAMMT:

(%)V=(%)p—{m (%)T (%)V. (1.10)

Hcnoansya seipaskenne pia surponmm (1.2) m ompenexenme Temo-
eMKoCcTell Hpm HOCTOAHHOM [ABJIGHAH X LOCTOAHHOM o6beMe, mMeeM

o= ()77 (5), = (), =1 (), a9

Na (1.10) = (1.11) noxygaem
a8 7
cv=c,,+T(-a7)T (‘an)v (1.12)
PaccMoTpum Temeps TepMofMHAMHYecKHH moTeHmumaix I'm66eca @

IS CACTEMBl ¢ HOCTOSHHEIM THCJIOM IACTHL, OnpefelAeMHit B guddepen-
quaibROE (PopMe cirexylommM obpasoM:

d®=d({U —TS+ pV). (1.13)



ByneM yaaTuBaTh TOABKO paboTy, MPOM3BOARMYI0 PaCHMAPAONIEMCH
BemEecTBOM, T. e. CIHTaTh, 9r0 W = Vdp. Torpa momyvmm

db=—Sdl +Vdp, (1.14)
CpasumBasa (1.14) ¢ BepakenmeM Aia moxHoro gaddepenimara O
oD oD
d¢=(‘5r—)pdT+(W)TdP’ (1.15)
nMeeM
oD o
s==(57), V=5 ) (1.16)
Ordpdepernupys srupamenna (1.16), mMokHO mOKasarb, 4TO
88 v
(% )e=—(37), .47

Honcrasnaa (1.17) B (1.12), momydaem 3aBHCAMOCTH MEXAY c, H
cy, B KOTODYIO BXORAT TOJABKO mapameTpsl p, V m T, cBA3aHHEE ypaB-

HeHneM COCTOAHNA
{9V ap
eo—ev="T {35 )p (%), (1.18)

Wcmonbsys Bropyio dopmyay n3 (1.9), supaenne qisa d7 ns (1.6),
a raxsKe cootnomende (1.18), moxydaeM mripaskenne niad nupdepennaaia
BUTPOIHAH

__¢p (0T ‘v (8T
as== (57 ), ¥ +7 (55 ), - (1.19)

IlpuBenennse BeMe GOPMYJIH MOKHO HNPHEMEHATH HJA ONpejelieHus
B3aMMOCBA3A MeKAY NapaMeTpaMd, XapPaKTePH3YOIMHEMH pa3IHIHEIE
TeNJIOBEIE NPOIeCCH, NMPOACXOAAINIME B pPaccMaTpABaeMoit Macce Bele-
CTBa, €CJIH H3BECTHO yPaBHEHHE COCTOAHAA BENECTBA.

B xavecrBe mpmMepa paccMoTPEM paGoTy, HPOA3BOJUMYI0 H30TEp-
MHYeCKH DAaCMHPAMAMCA AfealbHEM rasoM (I' = const, pV = const).
HNMeeM chenylomee Bupajkende MaA paboTsi:

Vi
w= {pav, (1.20)
Vo

rae Vo — HaganbHHE, a V; — KoHEYHWH o0BeMH HAeaJbHOTO rasa.
B paccmarpmBaeMoM mpmMmepe

Vi1 Vi
ay 14 ‘ Vv
W=VS pdV:RT,,VS F=RI,InJ:=p¥,InJ1.  (1.21)

Pa6ora W, mpomsBogmMas BM300apHdecKH PacIEPAIOMEAMCH Healb-
HEIM Ta3oM (p = po = const), OmpefeNsAeTCA O0YeHh I POCTO:

Vi
W= { pdV =p, (s~ V). (1.22)
Va
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Bayxnoe 3Havenume B pasAHYHBIX TeXHAYECKAX NPHIOKEHHAAX AMEET
HoHATHEe amMabaTAIECKOT0 NPOHecca, MPH KOTOPOM OTCYTCTBYeT IOABOR,
AJA OTBOJ Tella K CHACTeMe H, CAef0BATENbHO, YHTPONAA He MEHAETCA.
U3 dopmyan (1.19) B aroM ciygae modyzaeM

Cp_( 8T _ T ‘
o (57 ), % =~ (%5 )y (1.23)
Ecam croBa B3aTh mpeanbmeii ras, o m3 (1.23) 6ymem mmerp
ApdV =—Vdp, A= c”: . (1.24)

B pesyawprare muTerpmpoBamma (1.24) moiyzaem ypaBHeHHe amm-
abarsl
pV* = const. (1.25)

Muorme mpomeccsl C;KATMA W pacllHpeHAA ra30B, IPOACXOojAIMHAE
Ha IpaKTHKe, He ABIAIOTCA CTPOro andabaTHYeCKAMH, a raskl He ABIA-
forca mpeadsnsiMa. [losToMy moxasaTenn mpm ymeiabHoM of6BseMe B ¢op-
myae (1.25) Be paBeH B TOTHOCTH c,/cy. Ilpomcxopsammit mpm aTOM MPO-
Kece Ha3HBAIOT HMoJATpomAIecKkAM. Ero ypasHeHHe 3aIIICHIBAIOT B BHfeE:

pV" = const, (1.26)

rge n — NMOKasaTedp NIOJHATPONH.
Buuncimm paGory, sarpaimBaemyio Ha HOJHTPOIHIECKOe CKaTHe
raza. Nmeem

v v n-1

! ! L\ "

W= SpdV:poVﬁ ‘f,—‘;r—,é’—‘f—"i [(‘p—o) ——1] ©(1.27)
Vo Vo

B xagecrBe mpmmepa onpemeamMm ¢ ygeroM gopmyan (1.27) sarparu
Temia, Tpebylomeroca s c:xatas 1 M3 rasa or 10° Ila mo 200-10° Ila,
T. e. piaA cKatAA 1 M® rasa npm n = 1,3 or Ha9adpHOTO JAaBJEHHA Do
oroa0 1 Krc/cM2 0 KOHeYHOTO maBiAeHna p, = 200 xrc/cm2. Ilo dopmyie
(1.27) momyqaerca, 9To Ha 3T0 3aTpadABaerca pabora, pasHasa 8. 105 [k ~
~~8-10% krc.-M, uro sxsmBaXeHTHO 190 Kxau.

CpaBaAM Teneph paboTy agmabarAdecKoro CKaTmA rada ¢ paboroit
nsorepMAdeckoro c;xaraa 1 Mm% rasa or 1 mo 200 krc/cm2.

ITo dpopmyxe (1.21) monygaem W = 5,3-10° [Isx ~ 5,3-10% xrc-m=
= 127 kxasn. Boapmoe pasimude B 3aTpaTax SHepPrAd Ha apmabarmde-
CKOe H HM30TepMHIECKOoe CKaTHe rasa oOBACHAETCA TeM, ITO IPH H30-
TePMHYECKOM NPOLEcCe OT CKAMAEMOT0 rasa HEIPEePEIBHO OTBONATCA
TEIJIO W laBJeHAe NpH yMeHbleHAN 06beMa Ta3a pacrer Goliee MeIJICHHO,
9eM NpA aguaGaTHYeCKOM C;KATAA rada, KOTOPHH HPH 3TOM CHJIBHO
HarpeBaeTcs.

CymecTBenHoe 3HAYCHMe B TEXHHKe AMeeT JIPOCCEIHpPOBaHHE T'a30B
I KHAKoOCTell Npm mocTosmHOM smTanpnmm (3ddexr [[xoyaa — Tom-
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CoHa), Arpalmee BaKHYIO POJb A NPHA ABHKEHAH Ta30B W JKMAKOCTER
B IOPACTHX H TPEMHHOBATHX IOPOAX B IOA3EeMHHX YCIOBHAX.
W3 ompepmeneHns 5SHTAJILIAA HMeeM

di=TdS+Vdp. (1.28)

Bypem womarars, yuartmBaa (1.28), aro i = i (S, p). U3 mpenmn-
rymero ciegyer tarkxke, uwro T = T (p, V); S =S8 (p, V).

Orciona 7 = T (p, i) m paa pgaddepeHnAata TeMmepaTypPH MOKHO
HalHCaTh BHpasKeHde

aT oT .
dT = (—a;)idp—{— (w )pdz. (1.29)
Ilpn mocrosmHoi smtanpnmum u3 (1.28) m (1.29) mmeem
TdS=—V dp, dT=(';—i>idp. (1.30)

Ucmonsaya (1.9) m (1.17), m3 (1.30) moayzaem

ov
T (——) —v
__(ﬂ) — —_NOT /p (1.31)
op /i cp

Benmunna—(d7/dp); masuBaerca kospdmpmerrom [royia — Tom-
COHa.

BospMeMm Temepp SMUApHYeCKOe ypaBHEHAE COCTOAHHAA PeaJbHOTO
ra3da

pY¥ =z(p, T)RT. (1.32)

HopgcraBnaa (1.32) B (1.31), momywaem cienymomee BHIpa;KeHHE
nasa xospdmmmenta [[moyaas — Tomcona:

8T RT? ¢ 0z
~(% )= (), .33
W3 ypasuenna (1.33) cuaemyer, 9t0 ecim ras ABIAETCA HFCANBHHM
uz=1, ro (3T/0p); = 0. [Ina peaXbHHX jKe ra30B N3MEHEHHE TeMIIe-

paTypel ¢ H3MEeHeHHeM JABJCHHA IIPA HOCTOAHHOH sHTajsmau i Oypmer
OTAHYATBCA OT HYIA.

O603ra9MM KO3PHEHEHT TEPMATECKOT0 PACIIAPEHHSA BEI{eCTBA HPH
HOCTOAHHOM TeMuepatype o,. Ilo ompegemenmo,

1 oV
D=7 (ﬁ)p- (1.34)
Us (1.31) m (1.34) mmeenm
ov
VT (_>
oT 9T v .
—(a_P>i=——cp_—p =?(1~—apT). (1.35)

Ectma, I << 1, 10 cormacuo (1.35) ¢ yMeHbIIeHHEeM [aBieHAA HOPH
[(POCCeIAPOBAEAN TeMIepaTypa BemecrBa yMeHbmaercA. Ilpma, T >1
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TeMmepaTypa ApPOCCEIAPYeMOT0 BeM[eCTBA PACcTeT C YMEHLIIeHHeM [aBie-
unsa. Ecam a,T =1, 10 koopdummenr Hxmoyias — Tomcoma pamen
gymo. Temmeparypa, coorBercrBymomas —(dT/dp), = 0, nasmBaerca
TeMumepaTypoil maBepcnn. [[AsA Bosfyxa, HampAMep, TeMIepPaTypa MHBED-
cmm cocrasaser 600 K. Cuemosarensuo, mpm T << 600 K Temmeparypa
BO3JIyXa IPH JPOCCeNMDPOBAHAA manaer. Jlia Bomopoxa ke TeMmepaTypa
maBepcna pasma 200 K, m mpm 7 > 200 K Bogopos mpH mpocceXxmpo-
BaHHH HarPeBaeTcs.

§ 2. YPABHEHHE COXPAHEHHA JHEPI'HH
IIPH IIOA3EMHOM MBHKEHHH AHUIKOCTEHX H TA30B

Hedranee m razoBble IIACTH CBASAHE C OKPYKAIOM[EMH MOPOXAMHO
e TOJBKO MEXAaHATECKH, HO H TePMOZMHaMHUdIecKd. Brime GHIIO MoKa-
3aHo, wro J060e MeXaHHMIECKOe BO3fedcreMe Ha TOPHHE MOPOAHI, IPO-
H3BeJeHHOEe HA KaKOM-IHG0 HMX y9JacTKe, BHI3HIBAGT MeXaHHYIECKHE
H3MEHEHHSA B OKPY)KAIOM[HX Hopopax. MameHennme TeMmepaTypsl, mpome-
nrefiiree OFHAKIH B KaKOM-IAG0 MecTe MiacTa, PACHPOCTPaHACTCA IO
HopojaM H HAX COMEP;KAMOMY.

Maygenne sHepreTAIecKoro fajanca HegTAHOrO MIacTa GKIIO0 HadaTo,
no-sagumoMy, B. B. Jlamykom [125). UM OHX0 mOoKa3aHO, 4ro mpn
paspaboTre HeTAHHKX ILIACTOB Ha OGHIYHEIX PeKHMaX, He CBA3AHHEIX
€O 3HAYATEJBLHEIM BBOAOM B HAX TemJa, (UIBTPAIAA JKHAKOCTEH W rasos
B WJacTaX ABIACTCA M30TepMHIecKHM mpolleccoM. (O6mee ypaBHeHHe
COXPaHEeHAA SHePTHHA B milacre GulIo moiyzeHo J. B. Yeramorom [1201,
BHIABHBIIAM YCJIOBHA, KOITIA B Hmpollecce QMIBTPAIlAA KALKOCTEH W ra-
30B, fJajke IIPA OTCYTCTBAA BBOAA B IIACT TellJla W3BHe, TeMOepaTypHHE
YCIIOBHA B ILIACTE MOT'YT CyMecTBeHHO M3MEHATHCA. ¥ PaBHEHHA cOXpa-
HEeHHSA 3HePrHH B IJIAcTax ¢ yIeToM Pas3iAYHHX (PaxTopoB OHIIH mOAy-
genn U. A. Yapaum [119] = M. JI. Posen6eprom m gp. [115]. 3maun-
TellbHAA 9ACTh PaboT, BHIMOJHEHHHX B 06JIACTH TeMIepaTypPHOTO PE:RAMA
He(TAHKX IJIACTOB, CBA3aHA [JIABHHM 06pa3oM C TeMJIOBHIMH METOXaMH
BO3[eiicTBAA Ha miacTel. Haumnaa ¢ mepeuix nccaenoBanuit A. B. Ieitn-
mana # K. K. [ly6posait [123], mocBaAmenasx MeToqy BHYTPHNAACTO-
BOrO TropeHms, melw# pAx paGoT o H3yYeHHIO TeMIEepPaTrypHOTO IOJA
B ILIacTaX W HeM30TePMAYeCKod ¢miaprpamud BumoxHeH A, A. AG6aco-
suiM [3], H. A. Appgonmnsiv n JI. U. PyGaamrefimom [5}, M. A. Barm-
posuM [8], T. E. Mamodeennm [72], M. fI. Anramuapossim [7], H. H.
Henpameposeim, M. A. Ilymosxkmaeim m A. Y. Maprosum [82], Jlo-
Bepwoe [143), Maprcom m Jlanremreitmom [144}, Pomm [148], E. B. Tec-
aorom, M. JI. PosenGeprom m np. [841 m gp.

TexHOJOTHA W TeXHAKA TEILIOBOTO Bo3[eHCTBAA Ha IUIACTH OCBe-
menn B kumre H. K. Bait6axosa, B. A. Bparmua, A.P. Fapymesna
m W. B. Toxcroro [107], K. A. Oranosa [87], A.B. llleitamana,
T. E. MasogeeBa m A. U. Cepreesa [124] m np.

Ilpn m3ydYeHAR 3HePreTHIECKOr0 COCTOAHMAA ILIACTOB B oOmeEM ciuy-
gae HeoGXONHMO YYHMTHBATh H3MEeHeRHMe B IL1acTax MOJHOK SHEpPraH,
BKJ0Yal0Medl BHYTPEHHIOK 3HEPTHAI TOPOJ M HACHMAKIAX ILIACTHI
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BeMecTB, NPOU3BOAMYI0 BemecTBamMu pafoTy, HOABON W OTBOR Telia,
HOTEeHIAAIBHYI0 DHEPTHI0 IOJOKeHAA A KAHETHICCKYI0 SHEPTHIO.

BBuay cpaBRATeIbHO Mado# CKOPOCTH PUABTPAIAOHHHYX [BAKEHHH
B IJIACTaX KAHeTHIeCKOH dHeprhell ;KHIKocTel W ra3oB OGKHYHO MOKHO
opeHeGperats. Jxs nupocrorn OymeM TaxyKe pacCMaTpPHBATH TOPHA30H-
TAJbHEHE IJIACTH, 0e3 ydYera H3MEeHEHAA JIOTEHIMAJIbHOH SHEPTHH II0JO0-
JKEeHHA.

Ilpn MareMaTH4ecKOM ONHMCAHAN COXPaHEHHAA B3HePprHA B IJIACTE
yno6Hee paccMaTpHBaTh H3MeHEHNEe 3HEPrHH He SIHHANL MAaCcCH Belie-
CTBa, a M3MEHEHUe SHePTHHA, 3aKII0YeHHON B (HKCAPOBAHHOM BIIeMEHTAP-
HOM of6BeMe Yiacra. [liada 3Toro B COOTBETCTBHH ¢ IEPBHIM HAYaloM
TEPMOJAHAMHUKA HeoGXOMAMO OXPefedATh M3MEHeHHWe BHYTpPeHHeH sHep-
ran dU B saementaproM o6beme miracra, 6axanc pabors pdV, mponase-
JIEHHO BellleCTBOM IPH €r0 PACIIAPOHHAH B DJIeMeHTaPHOM of6beMe IIacTa,
a TaKke M3MeHeHAe KOJMYecTBa Temia 6, BONIENNIero B 3JIEMEHT IiacTa
HJIA BHINEAIET0 H3 HEro.

BHyTpeHHAA BHEPrHA HOCTyHmaeT B B3JeMeHT Iuiacra amGo BMecte
¢ ABIKYIMIEMCS B ILIacTe BEM[ECTBOM, JHAGO B pe3yibTaTe TEIIONPOBOJ-
HOCTH, IPOHCXOAMe B BemecTBe M B NMOPOXAX-KOJIEKTOpaX. JJIeMeH-
rTapHad pabora pd (1/p) NPOA3BONATCA ABHKYIIAMCA B IIAaCTe BEMECTBOM
(3mecs p — IJIOTHOCTH BeIECTBA).

Tloy, Beamgmmoit 6Q GymeM HMOHEMATH KOJHEYIECTBO Temia, WOCTyIa-
I0IEro B dIeMeHTaPHHI 00beM ITACTa KaK H3BHEe, HaUpAMep U3 OKpy:Ka-
OMAX NJAaCcT HOpPOoj, TAK H B pPe3ylbTarTe THAPABIHYECKOTO TPEHHA
ABIKYMUAXCA B ILTacTe BemecTB. Beamanmsa 6Q He ABIAeTCA IIOJHBIM
nagdepeEqAMaaoM, 0OHA 3aBHCAT OT YCJHOBAH mepefavd Tenia OT HODPOJK
K dieMeHTapHOMY 00bemy mimacTa @ HaoGOpoT.

Ha ocroBe mepBoro Havaia TEePMOJHHAMHKH [JIf 3JEMEHTAPHOrO
ofpeMa maacTa MOKHO HAIHACATh

60:dU+4w(%)=dU-7%dp (2.1)

B cooTBercTBEEM ¢ NPEICTABICHHAMHA TEePMOJHHAMHKE Heo6paTHMBIX
nponeccos [35] caegyer BBeCTH IOHATHE IIOTOKA BHYTPeHHeH sHeprad,
a TaxsKe MCOOJAB30BaTh OOBITHOE MJA MEeXAHHKHA CILUIOMIHHX Cpey Io-
HATHEe NOTOKAa BelecTBa.

B ofmem Baje ciaexyer MOJaraTh, YTO BHYTPEHHAA BHEPTLHAA JBIKY-
merocd B LjacTe BeMECTBa 3aBHCAT KaK OT TeMIePaTyphl, TAK W OT €ro
yAedpHOro 00beMa HJIHA TUIOTHOCTH, TaX IO

1
v=u(r, 3)- (2.2)
BHyTpeHHﬂﬂ 9HEePrusa M IJOTHOCTH BedlecTBa N3MEHAIOTCA BO Bpe-
MeHd B B mpocTpaHcTBe. I[03TOMY MOKHO HamAcaTh CiaeIyIOMHE BHpa-

JKeHAA [JIA IOJHHX IPOHA3BOJHEIX BHYTPEHHeH 5Heprad H IJIOTHOCTH
ABH;KYIMErocA BemecTBa IO BPEMEHH ¢

v oU e
= T div(Uv,); (2.3)
d P .
==L+ div (pv). (2.4)
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B Bupakenmax (2.3) u (2.4) ;e npexcrasisger co00f OCpPeIHEHHYW

II0 WJIACTy CKOPOCTH IlepeHOca BHYTpeHHeld dHepram, a v — CKOPOCTH
OepeHoCca BEMECTBA B IIIACTE. 3eCh PACCMATPHBACTCA BEI[EeCTBO B IIEIOM,
6e3 paspmexeHnsA ero Ha asul W KOMIOHEHTH. Ecim moapiaerca Beo6xo-
BUMOCTB ydeTa CKOpocTe# (a3 W KOMIOHEHTOB BemecTBa, CIExyeT BBO-
IATh IIOHATHA CKopocTeil ¢a3, yumTeBaTh AAPPYSHI0 KOMIOHEHTOB,
obMen Mexny ¢asamMm m T. 1.

Iloce Bmecemma (2.3) m (2.4) B (2.1) moxywaeM [Ia H3MeHEHHASA
BO BpeMeHH KOJIHIeCTBA Temja B ajleMeHTapHoM ofbeMe ciepyiomee
BHLDayKeHHe:

50 ou op .o =
T———l— div (Uve) 2 (-5;'+le pl)) . (27))

Bxopamyio B (2.5) BHyrpemmioo smeprmio U caepyer BHPa3HTh
9epe3 TeMIepPATypy B YAEJNbHEIH 06beM (WIoTHOCTH). JIJsA aTOro B COOT-
BeTCTBEE ¢ (2.2) MOKIO HammcaTh

oU oU oU ¢
dU-(—(ﬁ—)VdTT (W)TdV=chT+(W)po. (2.6)
Inn monEO# mMpOM3BOJHOM TeMIepaTypsl IO BPpeMeHN HMeeM ClIexy-
0mee BHPayKeHHE:
ar oT e -
-E=‘5T+d1V(VeT)' 2.7)
Kax yme GniIo cKasaHO BHINe, ePEHOC BHYTPeHHEH 3Hepram Ocy-

HIeCTBJIAGTCA KaK MyTeM KOHBEKIHH, T. €. BMeCTe C NBIKYIIHMCA Bele-

CTBOM, TaK M 3a CYeT TeIIONpOoBOjHoCcTH. MoskHO BBecTm caegymomee
IpefmoJIosKeHNe:

-> > ->

v,=vg-+V, (2.8)

>

rfie Vg — CKOPOCTH NePeHOCa SHEePTAH 3a cUeT TeIJONpPOBOXHOCTH.
Ns (2.1), (2.4), (2.6) m (2.7) moxmygzaem

20—ty (Sdiv oo +div T ) +{ (55), — & ] x
x( a‘; - div pv) (2.9)

Bxogsaman B (2.9) Benmuamua (dU/dp)r xapaxrepmayer H3MeHeHHe
BHYTpeHHe#f OHePrHH ¢ WM3MeHeHMeM yelIbHOTO OOBema BemecTBa.
DTy BeIMYMHY MOJKHO BHDA3ATH 4Yepe3 apyTHe TepMOJHHAMAYECKHE
BeAAIAHE, HACHOAB3YA (OPMYTy

(°U) —( 5 %)= BLA A (2.10)

av ( )

Ins apeanpunix rasos (dU/dV)r = 0, B 9eM Jerko ybepnrbesd, HCHONb-
ayA ypaBHEHHE COCTOAHHMA HpealbHoro rasa pV = RT n moMmdA, 9T0
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RIA MAeaNBHOTO rasac, — ¢y = R. Jlua pealbHHX rasoB BeAHIHHA
(dU/dV)y oramama oOT HYJIA.

Ilma roro wro6bl mpeBpATHTH BHIBEfleHHOe BHINe cooTHomeHHe (2.9)
B ypaBHeHHe COXPaHEHHsA dHEPrAM IUIAcTa, HeoOXOAWMMO ydecTh B HeM
CHeRWAJbHKEE 3aKOHOMEDHOCTH Iepenadd Temla B HePTerasoHOCHHX
mJIacTax d NPAPABEATH HYJII0 NOJXHOe H3MEHeHHe SHEPTUE B BIEMEHTAp-
HOM ob6beMe mnJaacra.

IInacr mnpepcramiser coGoit rereporemnyio cpemy. llopops-koad-
JeKTOPH W HACHINAKIAe WX BemecTBa 00JagawT pasiInIabIME TePMOJHA-
HaMAYECKUMH cBoMcTBaMHd. BemecTsa, HacHmaomuae IOPH MOPOJ, MOTYT
ABATATBCA, MOPONH K€ MOKHO CYHATATh HENOABM;KHHMH. B IpmENANe
TeMIepaTypa MOPOJ MJAACTA B AX COAEP:KAMOTO MOKeT OHTBH pasimIHOH.
Ecim mopopan-KoIIeKTOPE IpPefcTaBIAlT co60it mOpPHCTYI0 CPeRy, TO
TemIo06Men Me;kly MaTepHaJ oM ITOPHACTOR CpefH H HACHIMADIEMA
IJIacT BeIecTBAMH NMPOMCXONHT AOBOJBHO ORICTPO, TAK ITO TeMIepaTypy
3ePeH MOPHACTOM cpexsl MOMKHO CIHTATH DABHOM TeMmeparype HacHa-
0OIAX MJIAaCT BeEmIeCTB.

BaskHoe 3Havenme mMewT YCIOBAA IHepejadd Tela K 3JeMEHTY
nipacra. Kposas m mopomBa mracra 06JXamaioT TeIIONPOBOJHOCTHIO,
B peayisrarTe 4ero M3MeHeHHe TeMIEDATYpPh IJIacTa HO CPAaBHEHHIO
¢ TeMIePATYpPO# OKPY/KAIOMuX INIACT NOPOS MPHBOTAT K BOSHIKHOBEHHIO
HOTOKOB TemJa depe3 KPOBI W mopomBy. Ecim Henm30TepMHIeCKHH
mpoIlecC pPacCMaTPMBAThL KAaK IIPOCTPAHCTBEHHHIA NPOIECC, TO IOJBOJ
HJIH OTBOJ Tella K IJIACTY B I[6JIOM cJefyer yIHTHBATH COOTBETCTBY-
OIAMA YCJIOBAAME Ha €ro rpaimme. B aToM ciaydae, ecld, KOHETHO,
B IJIACTe OTCYTCTBYIOT XAMAYECKHAE PEAKI[AH ¢ BhgeleHAeM HJH IOTJO-
IIeHeM TellJa, B djleMeHTapPHHH 06beM IJIacTa BXOJUT TONI0 KaK IOTOK
BHYTPeHHeH 9HEpPrmm, T. €. 3a CIeT KOHBEKI[HH W TeIUIOIPOBOJHOCTH,
H CKOPOCTH HO[BOfA TeIJIa K 3JIeMEHTapHOMy o(beMy miacra, yIATHBa-
eMas BexmuaHOH §(Q/6f, paBHA JMIOL CKOPOCTH BHIENEHHUA TeIJla W3
DOTOKA 3a CYeT THAPABIATECKOT0 TpeHHs, Tak 4910 8Q/0t = dN/dV
(N — rmppaBiamYeckas MOMHOCTD BHYTPHILTIACTOBOTO HOTOKa). OmHAKO
9acT0 HCHOJb3YIOT TpeacTaBleHAe O IIMOCKOM miacre. Torga

80 _ aN
—SF—W+QK m (211)

The ¢y , — BeJIMIAHA, YIATHBAMMAA HOTOK TellIa MO KPOBIe B MOKOMIBE
¢ «@JIeMEeHTapHOTO ofBeMa» IacTa MOMHOCTHI .

Temmeparypa B caMoM miacre cuaraercd B JaHHOM CIyJae OZEHAKO-
BOH 10 Bcef MomHOCTH IIIacTa.

®opmyna (2.11) ABaserca ypapHeHHeM COXPaHEHHS SHEPrEE B IIO-

CKOM IJacTe, ecAM B Hee MOACTABATH —s — W3 (2.9).

Ilpn ncHosps0BaEAE BHIPAyKeHAH JJIA NOTOKA TEIIA Yepe3 KPOBIIO —
IOROWBY ¥acTo, B CBOIO o9epenhb, MPAHAMANTCA NONOMHUTENBHEE YHPO-
menusA. HanGoxee napecTHoe ynpomenne cOCTONT B TOM, YTO IOTOK TEILIA
¢ KQKAOTO 3JIEMEHTA MOBEePXHOCTH KPOBIM W NMOJOMBH IJIACTA CYATAIOT
OPOHCXONAINAM TOJNBKO B BEPTHKAJIbHOM HampaBlenmd. llpm arom
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HCHOJB3YIOT [1Ba HOAX0AA K OIACAHUI0 IOTOKA Temja depe3 KPOBJIWO —
nogomBy. O¥H W3 HAX OCHOBAH Ha NPefIIOJIOAeHAN 0 KBa3UCTAHOHAD-
HOCTH TeINIONPOBOHOCTHOTO IIOTOKA, YTO NPHBOAHT K cjeqyiomei
dopmyae:

G n=a(T —Tj), (2.12)

rge T — TemmepaTypa mjacta; /¢ — HadajdbHasg TeMIlepaTrypa OKDPY-
HAIOMUAX IJACT NOPoA; 4 — KodpPHUOHeHT, 3aBHCAMMBA 0T TepMAUSCKHEX
CBOHCTB IOPOX.

Ilpm mcuonb30BaHHE BTOPOTO WOAXO4Aa HOTOK Tella B KPOBIK —
NMOJOMBY CYATAOT HEeCTAHOHAPHLIM, NPOHCXONANMEM TOJIBKO B  Bep-
THKAJIBHOM HallpaBJIeHUHA. B COOTBETCTBHE C TeopHedl TemIONpPOBOTHOCTH
B 3TOM ciydae HMeeM

t
o pp— Ay, l'I;KK. n [T (z, y, T)*“TSO] dt , (213)
ha'lt J o Dogen(E— )] /2

THe Ay n B %y ; — COOTBETCTBEHHO KO3PPHMHEHTH TeRJIOnPOBOFHOCTH
H TeMmepaTyporpOBOJHOCTE LOpPOJ KPOBJAH H MHOAOIIBH MHJIACTA.

Oco0uit cayuait mpemcTaBiAeT HEH30TEPMAYECKoe TeUeHHe, KOIja
BOSHHEKAXT XHEMHYEeCKHe DEaKIOAA MeIY [IBHKYNAMHCH BemeCTBaMH
HJIE BemecTBaMH W mopomoii. Torma neo6xogEmMo B ypaBHeHHe COXpaHe-
HHSA DHePrHHE [06aBIATH WICHH, YIHTHBAIOHIEE BHAeJeHHAe Temja B pac-
CMaTpPABAEMOM B3JeMeHTe ILIACTA.

PacemorpaM Temeps Goxee mogpoGHO Bompoc o Temule, BHAEIA-
0meMcs B IJIAacTe B pedyabTaTe IAfpaBilHueckoro Tpendsa. CKopocTh
BHIEJIEHHS JTOTO TemJda NPOMOPIACHAIBHA 3JeMeHTAPHOH T'HApaBIH-
geckoit MommocTm AN, 3arpauMBaeMOfi Ha TpeHHe B dJIeMeHTapHOM
o6beme mopox AV. Hmeem

AN = v, a” Az Ay Az+v, ;’ Az Ay Az -+ vz-%%AxAyAz, (2.14)

rae U, U,, U, -—— KOMIOHEHTH CKODOCTH (HIbTPAIEHA .
Paspenns (2.14) na AV = AxAyAz H nepeﬁnﬂ K Ipepeiy, HOJyIAM
AN
=i, v, 6.1: —{-vy dy +v, ———— - grad p. (2.15)

Cymmapras MOMmIHOCTH, pACXOAyeMas Ha THApaBiAdIeckoe TPeHHE
HOTOKOM ABH;RYIIAXCSA B IOPOgaXx BemecTB B miacte ofbemoMm V, ompe-
gelserca cJaeAyiomEM o0pasom:

N= S‘g {v-gradpav. (2.16)

B cayuae ¢mabTpamEm OoZHOPORHOM KHEAKOCTA Do 3akony [lapem

___Sg vopdV = ~'H§,S” dv. (2.17)
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B xauectBe mpmMepa paccMOTpEM (GHIABTPAIHUIO OJHOPORHOH KEZ-
HOCTH B IPAMOJHHEHRHOM o6paslle NOPHCTOH Cpedu JIHHOH [, BHCOTOH h
H mEpEHOl b.

Nmeem

N:%SH vraV =L -y —ipp, (2.18)
\ 4

Iie g — pacxop >KRHEIKOCTH.
Bumecte ¢ Tem 3aTpauEBaemas Ha (RIBTPAIAI0 MOHIHOCTBL OIpepe-
lIdeTed 1O BHOUTHHEM XapakTepHCTHEKAM cCilefyomuMm o0pa3oM:

2]2
N=qAp=+i—. (2.19)

Bupaskenns gaa momuoctr (2.18) m (2.19) cosmagaor, Kak B cirego-
BAJO OKHJATH.

OnpenedEM CpelHEB3BENICHHYI0 IO IIMACTY BeJHUHHY U? IO clefy-
e opmyae:

E2=%g g g v dv. (2.20)
\ 4

Orcioga, yumTHBag (2.17), moayuaem

- kN
2.
vi=y- (2.21)
IlponaBeneM Temeph OmeHKY BeJHYHHLE MOMIHOCTH THIPABIHYECKOTO
Tpenrsa. B coorBercTBHE ¢ gopmyroi (2.21) aaA mMomuoCTH THApaBIE-

YeCKOTO TPeHHdA, OTHeCeHHOM K eguumme o0beMa ILTacTa, HMeeM
AN _ v2p
AN __ v 9.99
AV % (2.22)

IIpameM cpepnioio cropocTs ¢mabrpamEm passod 100 M/rop ~
3,18:10-*em/e, p =1 clla ~1078 kre-c/eMm2, k = 100mM][[ =
10-9 cm2. Ilo ¢opmyne (2.22) momyuaem

AN __ 3,182-108-10-8

I 2

10_3 KIC-+CM . 10—8 KKan

AV 00 ~ coomd cooms
_ 40-11 _ERKaT o o ¢ KKAT o KKl
2,35-10 c- cM3 ~2-10 cyT-0M3_2 cyr-M3 °

9T0, KOHEYHO, MajJasg BeJIHYAHA, W NOITOMY IPH pPACCMOTPEHHH
sHeprad o0HYHO He YUATHBAKWT THAPABIHYECKOe TpeHHe, O0CO0eHHO
ecTH H3ydaeMmble HPOIECCH CBA3AHLH €O 3HATHATEIBHHMHE H3MEHEHHAMH
TeMEepaTyps B IJIacre.

3aMmeTUM eme pa3, uTo HeoOXOIMMOCTh HCHIOJIb30BAHHAA YPABHEHHS
COXPaHeHHA SHEPrHMH BO3HHKAET TOJBKO IPH H3YYEHHH MPOIECCOB,
BHIBBIBAIOHIEX CYIeCTBeHHEIC HBMEHOHHSA TepMOINHAMHAYECKOM 00CTAHOBKE
B naactax. IIpH u3ydYeHum ;Ke M30TepMHYeCKHX IIPOIECCOB, XOTHA OHH
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H COIOPOBOMKIAAIOTCA TomIooOMeHOM MEKAY IOpOoNaMH M HaCHIOAIOIHBMH
HX BeecTBaMH, 6nBaeT BOCTATOYHEIM HCHOJL30BATE TOJLKO YypaBHEe-
HHe COXpaHEHHA MAaCCH BeIecTBa.

§ 3. ABJIEHNA TENJONMPOBOAHOCTH B IOPHBIX HIOPOHAX

3aKoH Iepeflaud TeImJa B TeJaX 3a CUeT TeIJIONPOBOAHOCTH — 3a-
kol Dypre — Bupaskaerca caegywmuM o6pasom:

ve= —k.grad T, 3.1)

ITe Ug — CKOPOCTh Hepepavyd Temnaa; k, — KoddHmEeHT Temwompo-
BOLHOCTH.

HoamuecTso Temia ¢, mepemaiomieroci B eJHHHELNY BpeMeHH mo o0-
pasmy ropmo# mOpPoanl, MelomieMy GOpPMY IapajiejeNHnefa ILIOMAILI0
nonepeunoro ceuendd S = 1 ¢M2 m pgammod I = 1 M, mpm pasHOCTH
TemnepaTyp Ha ero koumax AT = 100° C, MoxHo ompeieTuTh B COOTBET-
creud ¢ sakouoM (3.1) mo dopmyme

krS AT
=2l (3.2)

HNuass ropHEx TOpOx KoshPHIEEHT TemJoNPOBONHOCTH Ly =

= 2 kraa/M-u-°C. Torma g = (2-1074.102)/1 = 2.10"2 kxaa/u.
Temueparypa ropHHX HOpoj, 3a-
2 JleralomEX B 3eMHO Kope, BO3pacTaeT ¢
raybauoii. OTHoumlenwe H3MeHEeRHS
TeMIEepATypH K H3MEHeHHI) TI'IyGHEH
HA3HBAKT TIe0TePMAYeCKAM I'pafdeH-
x ToM. B mayke o 3emae B Hacroamee
L { BpeMA CYIEeCTBYIOT DA3NHIHEE Hpef-

4 CTAaBJEGHHA O LPHYAHAX CyDIECTBOBA-
! 0oy 7 HEA ray6uHBoro Temia, HamGomee Hs-
BECTHRIMH IIPAYAHAMH 0GpPA30BaHHA
Tenjga B raybuHe 3eMam ABIAITCA
pacumajg ypaHa W ApPYTHX pPAJXHOAKTHB-
HEIX 3JIeMeHTOB H rJyCHHHEIE 3K30Tep-
MHAYeCKHE PEaKIHH,

Onnmcanme ABleHHME  reoTepMHH
MO}KHO HAWTH B MHOTOYHCIEHHbBIX
JAATEPATYPHHX HCTOUYHEKAX. I'e0TepMrueckuil rpaguenT pasandeH B pas-
JWYHHX TeojorAuecKEXx obaactax. Ilpm sToM HoBOABHO wWacTo BeTpe-
9a10TCA 06aCTH, B KOTODHX Te0TePMHYECKHM rpafjHeHT HaMHOIrO BEIHIE
ero cpefHero 3HaUYeHHA B APYTEX obaacTsax. HexoTopre paiioHH xapak-
TepH3YIOTCA HACTOJBKO 0ONBHIEM coNepaHWeM ray6GHBHOrO Telja, 4TO
OKa3HBaeTCA I[e1eco00pasHEM ero IPOMHULIEHHOE HCIO0Jh30BAHHE.

Wsygenne pacumpefesieHEA TemMnepaTyphw B 3eMHO# kope mMeer Goab-
moe 3HAYeHHe [JIf NONCKOB B DA3BEIKH IOJE3HHX HCKONAEMHX, 8 TAKKe
nJIA ocymecTBIeHMA HX paspaborkn. cmoapsya cpenHee SHadeHHE
TeoTepMUYeCKOr0 rpafiEeHTa, MOKHO O{¢HHTh BeJIHYAHY o6mero Temio-
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BOTO NOTOKA, nocTynammero 3 raybun 3emam. ITycrs reorepmMumdeckuit
rpagEenT B cpegHeM Ha 3Jemie cocrasaser 30°C ma 1000 M, Kk, =
= 2 xxkaa/m-u-°C. Torga mo gopmyne (3.2) MOKHO ONEHHTH BeAAUHHY
OOTOKA Temda, nocrymalomero ¢ 1 M2 zeMHOH NOBepXHOCTH:

2.30 mcan
1000 =0, 6 . q

C 1 ra mocrymaer 600 Kkan B wac, a ¢ OQHOr0 KBafApaTHOTO KHJIO-
MeTpa nopepxnocta 3emam 6-104 kxaa/u.

IlepeiimeM Temepr K pacCMOTpPEHHI0 HECTAMHOHAPHHIX IPOIECCOB
TenA0NPOBOJHOCTH.

ITyers B miacre mof mHEBHOH HOBEpXHOCTHIO B HEKOTODHIA MOMEHT
BpeMeHH Oniia mosmmena TemmepaTtypa (pec. 96). Ha aueBmo# mosepx-
HOCTH WMeeTCA IOCTOSHHAsA TeMmepaTypa, paBHasa o, a B mJacTe,
Haxopamemcss Ha raybume H 0T nHeBHOX NMOBEPXHOCTH, TeMIepaTypa
B MOMEeHTH Bpemenm ¢ = () mopgmep:kEBaeTca pasHoit I';. B HawaapHNI
MoMeHT BpeMend ¢ = () rtemmepaTypa B mHTepBade 0 << r << H 6nua
pasHa T¢ (Ha 3ToT pas mpene6GperaeM reoTepMHYeCKHAM TpPajJHEHTOM).

Pacnpenenense TemnepaTyps B IOPOAAX, HAXOAAMHAXCA HAj ILIac-
ToM B HHTepBalde 0 << z << H, ompefieasieTcsl pelieHHeM ypaBHEHHSA
TEenJXoNPO BOJHOCTH

wy: T = at s x=—lf1, (3.3)

TAe ¢ — TeIIOeMKOCTh B Kkaa/m3.°C.
910 pemieHHe HMeeT cJenyIONAR BH[:

8(T1—Tg) & 1
T=T°+(T1_T0)%+ e Z(Zn—f—l)2x

n=0

2 1)2 n2 2 1 .
xexp[ .(._’_'_Z"Z_)_L”‘] €08 M%, (3.4)
n=0, 1, 2...

N3 (3.4) cmenyer, wro pacupenedende TeMmepaTypH OGymer Gamaxo
K YyCTaHOBABMeMycsa mupd 3HauemmE uxi/H2 ~2. Ilpumem raybuny
sameranma maacra H = 100 m, » = 5.10-3 m2/a. Torma BpeMs, KoTo-
poe MOMKHO HNPOATH [0 YCTAHOBJEHHA CTAfHOHAPHOTO paclpenejeHHA
TeMIepaTyph, Oygper

2H?2 2.104
t= =05 108 =4-107 v &~ 4600 ner.

Taxam o6pasoM, m3 3Toro pacdeTa BHIHO, UTO NPOIECCH TeILIOIIPO-~
BOJIHOCTH LPOTEKAaloT o4eHb Mepienno. [oaToMy pjsa npaxkTEYecKH
0603PEMEIX IIPOMEKYTKOB BPEeMEHH MOKHO BO MHOTHX CJHyIafiX CUHTATD,
YTO YXOR Tela H3 IJIACTa 33 C€YeT TeIIOHPOBOJHOCTE IIPOHCXONAT
TaK, KaK 6K OH mpomcXoAma B Cpefe, 3aHEMAKNeHd HeorpaHHYeHHOe
O POCTPAHCTRBO.
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PacecmoTpum Temeps ciaegyomuir npomecc. Ilyers Ha rpanume z = 0
OPAMOJHEHEHHOTO NOJIYGECKOHETHOr0 MJIACTa B MOMEHT Bpemen:m ! = (
TeMEepaTypa MrHOBEHHO YCTAHOBHJIACH Ha ypoBHe T ;, mpPHYEM [0 PTOTO
TemMOepaTypa BO BCeM miacTe Gmuaa pasmoit T . Pacnpenemenme Temme-
paTypH B IJIacTe OMHECHBAETCA ypaBHEHHEM TeNJIONPOBOLHOCTH, TAK UTO
B awbolfi MomenT Bpemenm mpH ¢ = 0 mMeem

2 (xt)'/e
T—T 2
o=t | ew-ma (3.5)

i/
0

Jlas moroka Temda g Ha rpandnme z — ( mMeeM ciegywoilee BHIpa-
JKeHHe:
or I—T
g=k.S (W) — s i To (3.6)

x=0 T (mct)l/2

HJonycTEM Temeph, 9YTO B MOMEHT BpeMeHH { = T TeMmepaTypa Ha
rpanmne niuacra ¢ = O BHOBB cTaga paBHO# To. ITO 0GCTOATEILCTBO
MO3KHO y9ecTh npHOaBiIeHEeM K pemiennio (3.5) HOBOro pelieHHsd, cOpa-
BeJJIHBOTO OpH { => T, ONHCHBAXMIEr0 pacupedeleHHe B IJIacre TeMOe-
patypa ©:

- x
2[x(t—1)]'/2
2]

e =1— = | exn(-E)as 3.7)

R J

Orcoga AJdA DOTOKA Temla ¢y NOJYIEM GOpPMyTy

_ ey T1—To
9o = F:S ( - )x=0 oS (3.8)

CyMMapHoe KOJTHUeCTBO TemJa, ylieqliero B IJacT 3a OTPe30K Bpe-
MeHH, paBHHH T, OmpefeideTcsi HHTErpPaJOM

2

1S (7, — To) (wr)' /s, (3.9)

t
§th———

a cyMMapHOe KOJHYecTBO Telila, «BepHYBIIerocA» H3 MJacTa K MOMEHTY
BpeMeHH [, PaBHO

t
{ (9= ao) dt =222 (T, — T ) ((runty - —

— (ant)/ s — ' axt s (8 — 1) /2], (3.10)

Tenso, Bomepimee B MIACT A0 MOMEHTA BPeMeHM T, BO3BpamlaeTcA
B3 miaacra, korga ¢ > > 1. UHTepecno ompededHTh OTHOmEHHE KOJH-
gecTBA Telila, BOSBPATHBINErocA H3 MJIAacTa 3a OTPE30K BPEMEHH [ —
= 21, K BBeJJeHHOMY B IJIACT TEOJY 34 OTPEe30K BpeMeHH ¢ = 1. J[Ja aToro
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HY;KHO B3ATHb { = 2T W cOCTABHTH OTHomeHHe coriaacHo (3.9) m (3.10):

2T
f (a—ag)a
T
T

j'th
0

2 Y 2~0,6. (3.11)

CrnegoBaTeibHO, ecIH B HEKOTOPHIA MOMEHT BpeMeHH HA TIpaHHIe
ILIACTA MTHOBEHHO IIOBHICHTH TeMmIlepaTypy A0 olpejejeHHOHA BEJHYHHE
H MOAJiepsKHEBATh 3Ty TeMIepaTypy B TeYeHMe HEKOTODOrO BPEMeHH,
a 3aTeM Tak)Ke MTHOBeHHO HA TpaHHANe IJIacTa NMOHH3UTH TeMIepaTypy
A0 NMepBOHAYAJbHOH BeJHWYHHL, TO 3a BpeMs, paBHOe BpeMeHH IOMAep-
JRAHHA NOBHINEHHOH TeMIlepaTypH Ha IPAHAINE IJIAcTa, W3 IJacTa BO3-
pparatca ob6patrHo oxoao 60% ymemmero B maacT Temna. HoHeuno,
eCJIA TeMIlepaTypy HA IPaHANe IJIACTA MOBHIDATH W IOHHKATH HE MTHO-
BeHHO, KAPTHHA YTeUKH M BO3BPAHICHHA TeILIA H3MEHHTCS BO BpPEeMEHH,
OHAKO B OONHX 4epTax OCTAHETCA TAKOM jKe, 94TO H B PACCMOTPEHHOM
BHIIIE IIpHEMepe.

PaccMoTpuM Teneph pajHATbHELE OTTOK TeIa H3 CKBAJKEHBL B IJIACT.
Bynem camTaTh, YT0 HAYaJbHAA TeMImepaTrypa miaacrta pasHa 7o, a B MO-
MeHTH BpeMenu ¢ > () OTTOK Tella B IJIACT M3 CKBAKHHH PANHYCOM I
10 MOIMHOCTH ILIACTA h ABIAETCA NOCTOSMHHEIM, T. ¢. ¢ = const. Paciupe-
HelieHHe TeMIePATYDH B ILIACTE ONHECHBAETCH yPABHEHHEM TEILJIOMPOBOJI-
nocrd (3.3), EMeKImeM B JaHHOM ciIydae CIeAYOMHEA BHK:

02T 1 T aoT
o (1N _of 9
% ( or? r or ot (3'1“)

O6osmauas T = ri; , P = é , @ = 2nhk, (T'—7T)/q, upeobpasyem

ypasrenne (3.12) x BuEpy
029 1 dp _ o9

ap? FW_—F' (313)
Ha cTenke cCKBa)KHHHE, B COOTBETCTBHH CO CKABAHHKIM BHIIIE, HMeeM
YCJIOBHSA
or o
= —2nkh (0 5 (p5%) ,=—
q b \P 55 ) P )y = — 1 (3.14)

Pemenne ypapmenma (3.13) mpm rpanmumom yciaopmm (3.14) m Ha-
9aabHOM ycaoBud ¢ = O mpmt = 0 BHpaxaeTcs B Bufe BATerpaja [136]

2 T [—exp(— u2t)] [Jy(u) Yo (up)—¥y () J d
¢ (p, T)=—3{S uz[}gtu).ﬁ}i‘;()u)] 1(u) Jo (up)] du , (3.15)
0

rae Jo (u), J, (), Yo ), Y, (u) — ¢ysxknum Beccems.
Ha pme. 97 npencranmena 3asmcumocts ¢ (1, T) or Igt B amana-
30He m3ameHenms 7 ot 1072 go 103,
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Paccunraem B kaveCTBe IpHMepa CIefyONHAR CIyuail pagHagbHOrO
nporpepa IIacTa W3 CKBA;KEHH. [IyeTh pagEye cksazkmmm 7. = 10 c,

% = 5-10"3 cm?/c, momuocTs miacta h = 10M = 10%cm, k. =

=0,56-10" S kkaa/c-cm- °C,

g = 100 kBT =

y(f’T)L = 24 xxax/c. Torga mno

npefHAymeMy HMeeM T =

3t = wt/ri = 5.10-%¢ T—
—To = 6,8-102 ¢.

s pnc. 97 noxyuaewm,

2t aro pgaa ¢ = 10* ¢ & 21

4oman T =50 mop =

/L = 0,6. Orcoga T—T =

=6,8-102.0,6 = 410° C.
Ypasaeume pacupocrpa-
] ] | I ] HeHHA TeIlia B CIJOITHOM
-2 -1 1/] 1 2 3 (gt cpene (3.3) mpm menrpaib-
HO#  CHMMETDHH IIpHHH-

Pac. 97. 3asmemmocte @ (1, ©) or lg= MaeT ClefylomBAi BHA:
(0T | 2 4T 6T .
“(Grts o) =" (3-16)

B xauecTBe mpmMepa paccMOTpPEM pacupepeiende Temiaa oT cheprue-
CKOH NOJOCTH DPAafgWyCcOM ro B HeoTpaHAYeHHOM NOPOCTPAHCTBe. OTOT
clydai, HAIPEMep, MO/KET ¢ He- .
KOTOpDHM NpubimsenHeM ¢00T- 7
BETCTBOBATH  PACHPOCTPAHEHHI
Temjia B TOPHHX NOpPOAax Op: !
DOJ3eMHOM  AJEepHOM  B3PH-
BE.

HonycTEM, 9T0 B MOMEHT Bpe-
MeEE { = (0 B TOpHHX I0opoAax
co3gana cepHueckasg HOJOCTh B
pesyabraTe SARepHOTC B3PHBA,
OpE  KOTOpPOM BHjedmioch N
KKaJ Temda. B mocaemyromue
MoMeHTH BpeMenn upmE ¢ >0 N \
TeILIO OT MOJOCTHA pacIupocTpa- 0 50 100
HAeTCA B TOPHEIX NOPOJax 3a - t
cuer Temiomposopuoctd. Ilpm ‘:7-",5‘
3TOM TeIJIOeMKOCTh TIa3o0B, 3a-

NOMHAIOMEX I0N0CTh, paBHa co, LAc+ 98 3337‘_0“:?/‘;“; xt/l* or T =
a TemIoeMKOCTh OKPYKaWOHHAX - o

HOpof paBHA c. Pemenue onmmMCaHHOM BHINe 3agavd HoJyYEM NpmGan-
JKeHHHM MeTOHOM [Jd Uero IpHMEM, YTO pacupeieleHHe TeMOepPaTypPH
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B 30He ro << <t [ (f) mpepcraBiserca ciegyomuM o6pasoMm:
13t ~
T, t):TO(t)—-r(s—), (3.17)

rae To (£) — Temneparypa B TOJOCTH.

IMpa r = [ (¢) T = 0. lockonsky obmee KoJdHuecTBO TeIlda, BHe-
JHEBIIerocs HPH B3phHBe, HNOCTOAHHO H paBHO /N, HeTPYNHO COCTaBATH
clenylomee ycaoBHe 0ajanca Tema:

L)
arde, T+ 4nc S T(ryr*dr=N. (3.18)

Ta
rs 3

r
mt—)" §0:'l'Tg)’

4
3

Beeaa oGospavenmsa § = moiayuaeM ®3 (3.18)

Tobo+ §T<§> dt = b (3.19)

N3 (3.47) »m (3.19) nonyqaeM cleqymomee BH pajKeHHE:
3N
T,= -~ .
P [ TC—

He nmpmBops 3gech moaHOre pemieHHEA IOCTABIEHHOM BHINEe 3a7aud,
OTMETHM, YTO 3TO pellleHHe AaeT 3aBACHMOCTh BedWumum i/l or Ges-
pasMepHOro BpeMmenH t = xit/r§. 3Ta saBEcEMoOCTH NpH c/co = 1 mpen-
crapaeHa Ha prc. 98. Onpepenws [ (Z) mo rpaduky pme. 98, MoKHO 1O
dopmyae (3.20) Buumeaurs To B pacupefeeHde TeMIepaTyph B TOPHEIX
nopogax mo ¢opmyiae (3.17). Ilpm ro = 0, 7. e. mpH pacupocTpaHeHEH
Temjia B Pe3yJbTATe «TOUEUHOTO» IOZ3eMHOIO B3DHIBA, NJA BeJuIuu [ (f)
2 Ty moidy4aoTcs ClefyIOmEe IPOCTHE BHPAJKeHHA:

l(t)= (8xt)'/, (3.21)
Ty=2u (8t ). (3.22)

2nc

(3.20)

ConocrasEM 3HaueHHA %i/l2, MOJydeHHEE AJIA KOHEYHOIO r'o B I
ro = 0. B mepBoM cayuae 3 rpadura puc. 98 ameem npu v = 125 xt/12 =
= 0,111, a m3 pemenma (3.21), cupasegmmBoro mpE T — CO, HMeeM
%t/12 = 0,125. Beamumun xt/12, Gmmsxme k 0,125, moayuarworea npm
04eHb OOJNBIIAX 3HAYCHHAX T.

§ 4. BBITECHEHHE HE®TH
N3 NJACTOB T'OPAYEN BORON H ITAPOM

Ilpopecc H3Biecuenmsa HedTH H3 MIACTOB NPH NOMOME OGKIHOTO
3aBOJHeHHA IPOXOAHT AOBOJBHO 3PPeKTABHO B YCJIOBHAX, KOTHA BA3-
KOCTh He(TH He IpeBhmaeT BA3KoeTH Bogul B 7 -+ 10 pas.
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Ilpn BuiTecHeRHH K@ 3HAUHTeJNBHO 60jee BA3KEX HeTe# Bogoi,
3aKAYEBAEMOM B ILUTACT IpHM TeMIlepaType, CYIIecTBEHHO He MpeBLIIIa omeit
OXACTOBYIO TeMIepaTypy, HedTeoTnada xo MomeHTa obBogHeHHA HedTs-
HEX CKBa;KUH HoJdydaercd HA3KoA. B mociaepyomeM npmxogmTed mo6GH-
BaTh BMeCTe ¢ He(THIO CIAHIIKOM GOJbOIOE KOJHYECTBO BOJH, UTO BENET
K YBeJIHYeHHAI 3aTPAT HA pPa3paboTKy MECTOpOKAeHHA W He IPHBOLHT
K TOJyYeHHAI0 Heo0xoqHMOA HedTeoTmaum.

3aBojHEHHEEe ILIACTOB, COJEPIKAMEX HedTH HOBHIIEHHOH BA3KOCTH
(cBerme 20—50 clls), oxasuBaeTca HeadhdexkTHBHHM eme W H3-3a TOrO,
4To Bofa OHICTPO HPOCKAJB3HBAeT M0 HamGoJee IPOHHIAEMBIM CIOAM
HJIH TPemEHAM, UYTO TaKiKe
OPHEBOJAT K HeoOXOJHEMOCTH
M, e} OPOKAYKE N0 1JjaacTy Goan-
mHux 00heMOB BOJH, MHO-
TOKPATHO  NPEeBHINAIOIUX

16 1 o6'beM H3BlIeKaemoil HedTH.
OnueEm w3 mambodee ad-
12 b deKTEBHHX cmocoGoB pa3-

paGoTkE 3amesed HedTel
IOBHIIEHHONX BA3KOCTH AB-
8 JsieTcA BHITecHeHHe HX N3
ILIACTOB HarpeToit («rops-
Jed») BOAOHM, a TaKiKe Ia-

4 poM.
Britecuenne medTH u3
| ! 1 1 ! HJACTOB Tropsded Bofgoid oT-

20 40 60 80 100 T NEYAETCA OT BHTECHEHHS

HedTH XodomHOM BOHOH B

Poe. 99. 3asmemMocth BA3KOcTH Hedtm p or IIEPBYI0O ovepeab TeM, UTO

Temnepatyps T IpH 3aKa4Ke B IJaCT ropAa-

Yelf BOAH HJIH IIapa B HArpe-

Toi1 06JaCTH IJIACTA YMEHBIIAETCA OTHONIEHAE BASKOCTH HeTH K BA3KOCTH

BOZH, YTO CIOCOOCTBYyeT YIydlieHHI0 YCIOBHi H3BJeueHHA HedTA B3

maacta. Ilpm 3ToM ¢ pocToM TeMmepaTypsl yMeHBIIaeTcss BA3KOCTH He

TOJBKO HeTH, HO H BOJH, OJHAKO BASKOCTH He()TH yMeHBIIaeTCs 3HA-
YnTeJblEee, IeM BA3KOCTH BOJH.

Kpome momm:keHHsa OTHOIEHHS BABKOCTE He(TH K BA3KOCTH BOJM,
IMpHA BaKauke B IVIACT rOpAYedl BOAH HJIH Hapa PacIIAaBIAITCA CMOJIEHE
U acdadbTeHH, YaCTHIHO MOKPHBAIOMEE IOBEPXHOCTH IIOPOA-KOJIEKTO-
poB, H, CIeJOBATEJbHO, MNPOHCXOAUT THAPOPHIH3AIEA IIJIACTA, OPHBO-
OAIMad K MHOBHIOIEHWI0O AKTHBHOCTH KANWAJAPHHX CHJ, yBeJIHIeHHIO
CKOPOCTH KAUHJIJIAPHOH IPONATKEA H Gojee mOJHOMY H3BJICIeHAI0 HepTH
u3 JnHEE3 u 6J0KOB mopop.

Ilpu cooTBeTCTBYWOMEX cBOficTBAX He(TH, TMIACTOBOM [ABJIeHHH,
TeMIepaType 3aKavYdzaeMBlX B IIACT TOpATell BOAH HIAH Mapa IPOACXORHAT
RHCTHAIAIAS He(TH, T. €. BHeleHHe B3 Hee OoJee JerkAX (paxmai
1 mepeHoc 3THX Ppakmuil B razoo6pasHoM COCTOSHAH B HaNpaBleHAHR
LHTEeCHeHHA. Brgensomuaecs A3 HedTH NPHE AUCTHIANAE Jerkae gpax-
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IUHA KOHJEHCHPYIOTCA Iiepes HarpeTodl 30HOH, CMeNIHBAIOTCA C ILIACTO-

Boi HedTh0, pazmEKaAA ee.

Bee ommcanmme Bmiie 3QQeKTH NPHABOJAT K IOBHINEHHI0 HedTe-
OTHAYH IJIACTOB. YUeT BCEr0 KOMIUIeKca 3THX 3(dexkToB HmpH TeopeTH-

YeCKOM PACCMOTPEHHH IIPO-
I{ecCOB BHTeCHeHHA HedTH
U3 NJACTOB TopAYedl Bo#oOH
B OapoM JOBOJBHO CIOKeH.
IToaToMy pacemoTpEM TpoO-
Ijecc H3BJeYeHHA HedTH H3
nnacra ropsauei Bogoi, npu-
HEMafA BO BHHMaHHe JHIb
apeKT H3MeHeHHS OT TeM-
mepaTypH COOTHOIIEHA A
BA3KOCTell He(pTH H BOJHL.

B sToM mpomecce, Kak H
npA APYTHX BO3REeHCTBHAX
Ha OJacT TenJdoM, OKAa3HBa-
IOTCA B3aHMHO CBA3aHHHIMH
TemJoBHEe ®W THIPOAAHAME-
YeCKHe sABJEHHA. TeopeTH-
JecKoe HCCIeJOBaHHe pac-
CMaTPHBaeMOro  Iporecca
OCyIecTBISAETCA IYTeM pe-
meHAA COOTBETCTBY Ol

K, clls

80

60

40

20

1 1 ]

0

Pnc. 100.

40 80 120 160 T°C

3aBHCHMOCTD BABKOCTI HeTO L OT
reMoeparypu T

TepMOTHAPOAHHAMHAYECKOA 3agayd. ITy 3a4ady 4acTO ympomIAlOT, Pas-
JedsAsA ee HA TeIJOBYI0 H THIPONHHAMHYECKYH 4YacTH. Tak H OyneT

CHellaHO HHEKe.

Hrak, nyeTs B HpAMONAHeHAHHA miaacT, NepBOHAYAAbHO HACHIEH-
HHI HedThI0, 3aKaUYHBAEeTCA HArpeTas BoAa € TeMOepaTypoH, cymecT-

To 2 1
i
2 7 ' To To

llllll

Z%Z z Z
“isiis

x*

0 x

Puec. 101. 3akauka B DIACT TENJIOHOCHTENA:
1 — naacr; 2 — Tenlo, yXodAlice B KPOBIK — IIQ=

HOmBY miiacta

BEHHO NpeBHIHANOMeR I1acTo-
BYI0 TeMIlepaTypy. JaBHCH-
MOCTH BA3KOCTH HedTH 0T TeM-
nepaTypH oIpefeiaseTcs CBOMH-
cTBamMHE Hedrd. Bo3rmeM 3a-
BHCHAMOCTH BA3KOCTH He(TH
0T TeMIepaTyps, IIPeNCTaB-
aeunnte ma pmc. 99 m 100.
3aBECAMOCTh, NOKA3aHHAA HA
pmc. 99, xapakTepHa gasA Hed-
TH TaK HashHBaeMOH «cpemHeil»
BASKOCTE — NPH TeMIlepaType
30° C ee BA3KOCTH coCTABJIACT
20 clls, a yme npm Temmepa-
type 100° C BAsKOCTH OKa3m-

BaeTca pasuoit 2 clls. Ha pme. 100 mokasanma s3aBEHCHMOCTH BABKOCTH
0T TeMOepaTypH BHICOKOBA3KOH He@TH.
Laa mayuenma suTecuenus HeTH W3 MJIACTa HArpeTolt BOMOA BHA-
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9Yajie PaCCMOTDEM TEIUIOBYIO 3amady. MoOKHO HCIOJB30BaTh PAa3IHIHYIO
CXeMAaTH3andi0 IPoIecca pacupocTpaHeHHs Temda. B JaHHOM Clydae
opaMeM oOYeHb YHOOHYIO Ius
YY) YUpPOMEHHHX PacieToB CXeMa-
05 TH3aMUI0, COTJMACHO KOTOPOi
GymeM mpemeOperaTh TeImao-
OpPOBOOHOCTHI0 B CaMOM ILIa-
¢Te, a yXof TemJla B KDOBIIO
H mojomBy miacra GymeM cum-
TaTh NPOUCXOMAMIAM TOJBKO B
BePTHKAJIBHOM  HAUPaBIeHWH
H, KpoMe Toro, Gymem pac-
CMATPHUBATH IPOIECC PacHpo-
CTpaHeHHH Tenja B IIJacTe
B IEJOM.
CormacHo dTOH HMOCTaHOBKe
sagaudm, Temmepatrypy I B ca-
L. L 1 1 1 MOM IJIaCTe IPHAMEM LOCTOSMH-
0 22 04 065 08 10 y HOM Ha YydYaCTKe OT BXOJa B
mracT pxo ¢poHTA mporpeaa
Puc. 102, 3asmcuMocts @ (y) = @ naacta z, (puc. 101). lpnz >
I — KpmBasA @ (y); 2 — annpokcumaumsa ¢ (y) > z, TeMIepaTtypa TakKKe Oc-
TaeTcA HeHM3MeHHOH, paBHoi#
HagalbHOH muactoBoir T, Tak 4To Ha ydacTKe 0 << ¥ << 7, mIepenajg
temuepatyp AT = T—To = const. M3 ¢opmynnw (2.13) BToporo ma-
parpada sTo# riasn moayuaem mpu AT = const

0,4

03

0,2

1

o,1

t
kyon X AT S‘ dt __ 2ke.nAT 1 (

ha'l2 [ n (E—T) 7t At s (xg. nt)' /2’

k. n= 41)

0

rae k,.gy ®x.x — TEILIOOPOBOJAHOCTh H TEMIEPATyPOIPOBOIHOCTD KPOBIH—
IOMOIIBH IJIacCTa.

ITo Mepe mpoammenda (poHTa HarpeBa ILJIacTa &, PpacTeT IIo-
majasb S, I0 KOTOPOH IMPOMCXOAWT YyTeUKA TelJja M3 CaMOro IJacTa B ero
KpOoBJI0 A mogomy. K MoMeHTy speMeHH { TeMII yX0[a Tellsla M3 IJacTa
B KPOBJI — HOOJOIIBY (.., OyHeT BHPaKaThCA HHTErpajioM

(% qATdS o
qK.n_OS[ ()

m, n (t—1)]'7/®
Temn sxe OOCTYINJIEHHA TelJia B IJIaCT oI penesAeTCA d)opmynoﬁ
as
n =ah AT?T: a=CP (1 _m)+cgpsm» (43)

Iae C;, P; — TeOJIOeMKOCTh M INIOTHOCTb IOPOH; €,y P; — TEIIOEMKOCTH
H UJAOTHOCTh KHIKOCTH, M — IOPHCTOCTH.
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O6oanagas CHMBOJOM ¢ 06muii TeMn BBOJA B IJACT TeIJa, HOJy-
JaeM Ha OCHOBe 0OajlaHCa Temia cjleqyloImee COOTHOMeHHe:

t
dS
5 2k n AT == (4.4)

[k, n(t——rﬂ

0

O6o3navas o= =1 (t), nomygaem

£ 9k nATH (1) dv
[, n (¢—1)]'/ 2

1+ ah ATf(t)=q. (4.5)

Ecnu cunmtath 3agaHHEM ¢ = g (f), a HeH3BeCTHHM ABIsgeTcA f (),
TO (4.5) Gymer mpexcTaBaATh 060l METErpasbHOe ypasHeHHe. Ecinm e
ODPHHATD, 9T0 f () — 3ajaHHaA QYHKOHA, TO ¢ () MOKHO OIpeIeNuTh
43 (4.5) Doclle BHYHCIEHAA HWHTerpaJja.

OunrcanHas BhIUe cXeMa pacHPOCTPaHeHHA Tellla B ILIacTe HpHA
3aKauke B HEro TENJIOHOCHTENs WM3BeCTHa B JHTepaType Kak CXeMma
Mapxca — Jlamrenreitma [144].

B caygae ¢ = const pelmeHme HHTerpamTbHOro ypaBHeHHA (4.5)
AMeeT CcreAyOIMui BAM:

ahxg ng .
S=—m ar *Wk

' 11 2k;. nt
0 @) =|oxp Werte 7+ 2 (L) — 1)y y= ™. (46)

Ha puc. 102 mpeacraBiena 3aBACHMOCTH @ (V).
TeMmn BBOJA B IIACT TeNJa ¢ IPH DOCTOAHHOHA TeMmepaType IpoIop-
TMHOHAJIEH DPacXofy TeIVIOHOCHTeNA ¢,, TaK 9TO

q= cnpn ATQE' (4 7)

Jna mpaMonmmeiitnoro maacrta ¢, = vbh (v — CKOPOCTH (QAIBTpa-
nud, b — IUpUHA IJIacTa) U, COOTBETCTBeHHO, S = bz,. Torga ma (4.6)

noay4daeTca, 4d9TO
acyPpXy, nh?

T=""pa — V¢ ®)- (4.8)

Kax Buguo m3 puc. 102, 3aBucaMocTs ¢ (y) Ha yaacTke O<y=<038
MOKHO UPHOGNM;KeHHO Npe[CTaBUTh B BHIe JIHHeHHOH 3aBHCHMOCTH.
TlosTroMy mHa ocHoBe (4.8) MOKHO HamHCaTh

o Csfs
70~ 0,625 B0 o1, (4.9)

IIpr c,p, = 1 kxan/m2.°C, c,p, = 0,7 xxan/m3.°C; m = 0,2 u3
(4.9) DonygaeMm

dx;
2 0,820 (4.10)
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Taxkum o6pasom, B JaHHOM CIydae CKODPOCTH JBM;KeHHA TeIJOBOIO
¢dponTa cocraniser 0,82 ot ckopocrr PprasTpamua. CKOPOCTs ABMIKEHUA
$poHTa BHTeCHeHMA, KOHEYHO, BHATYHTENBHO IIPEBHINAET CKOPOCTh
IBHKeHHA Temioporo gpoHTa. [y TOro 4ro6H y3HATh CKOPOCTH JBHKE-
HAS (QPOHTA BHITeCHeHHAA HedTH BOXOH, HEOOXOQHMO pPacCMOTpeTh caMm
OpOmecCc BHTeCHeHUA HedTH BOJOM.

B cooTBeTcTBHN € TeopHeidl COBMECTHOH GUIAbTpamud HedTH H BOIH,
H370KeHHOX B TpeThel riaBe, H ¢ YYeTOM H3MEHeHHs BJA3KOCTH HedTH
B 30He Harpesa mpH 0 << z << z, caexyer BpecTnm pgBe PpyHxmmm Jlese-
perra F (s): B obnactn 0 <z <<

kg
FT(S)zW (4.11)
X4 B 00IacTH I = I,
ky
F($)= g (4-12)

rae Wi ¥ po — OTHONEHUA BABKOCTH BOAH K BABKOCTA HedTH B COOT-
BeTCTBYIOIIMX OOJACTAX; $ — BOJXOHACKHIIEHHOCTD.
Bespasmepraa KoopamHata & B o6mactn 0 << z << x, ompepeisaercs
CHegyOmuM 00pa3oM:
mx ,
E=—=Fg(s). (4-13)

vt

Otcona, yuatmBaa (4.9), nMeeM

mxp 0,625¢cpppm
=T

vt copr (1—m)+cpppm = Fy(s1), (4-14)

rge s, — HACHOIEHHOCTh Ha TemJI0BOM (poHTe.
Cooraomenue (4.14) mo3poiAeT OnpeeINTs, BeJHYAHY BONOHACHIMEH-
HOCTH Ha (pOHTe Harpesa z = z,. B 06IacTH T > I, HMeeM

E=F" (s). (4.15)

Jaa Toro aro6u ompeesATh BOXOHACHMEHHOCTS Ha (pOHTE BHTECHO-
HEA HedTH BOmOH, MBMIKYMeHcA BOepegd GPOHTA HArpeBa U HMeIOMER
IIACTOBYI0 TeMIepaTypy, T. 6. IPH Z = x,, HeOGXOJUMO pPACCMOTPETh
6aIaHC 3aKadapHOM B ILIACT BOMAN, Ha OCHOBE KOTOPOTO MOJKHO Ha-
mucaTh

g Ex
[ s®de+ | s@at=1 (4.16)
Er

0

nid, ooansysacs Gopmyaamu (4.13) m (4.15),

Sp

[ sF: (s)ds+§‘ SF" (s)ds=1. (4.17)
Sp

1
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Ilpn F, (1) = 1 u F; (1) = O mepewit waTerpax (4.17) BrIpaKaeTc s
cleqyomaM 00paszoM:

Sp

f sFy (s) ds = s, Fy (s;) — Fy (s;) + 1. (4.18)

1

Ecan s3sare mo sactaM BTOpo# unTerpax (4.17), To, yauTnpas BHpa-~
enue (4.18), moayunM cOOTHOmMeHHe A ONpe/eNeHHS Sy, IOMHS, UTO Sy
ompenenserca u3 (4.14):

F(s,) =8 F' (s,)=5; [Fr(s)) —F'(s)] = Fr(s)+ F (s0)-  (4:19)

U3 coorHomennsn (4.19) mpu F. (s) = F (s) DolyTaeTcA COOTHOIIe-
age Baxam — Jleseperra miaa ompepenenus BOZOHACHIIOHHOCTH Ha
¢porTé BmTecHemua. Ilpa-
Bag d9acTh COOTHOmeHHA _°
(4.19) 3aBHCHT TOABKO OT 0
$;, M T03TOMY 0603HATAM
ee ¥ (s,). Torga gna ompe-
HeJIeHAA BOJOHACHINEHHOCTH
Ha QpOHTe BHTECHEHHA §,, 1I0-

JY9EM CAeRYIOMYI0 GOPMYyIy l
~ 0 g 8 ¢
_ F(s)—Y¥(s) ! *
=t i

Puc. 103. Pacrpefeiieane BONOHACEONEHHOCTH B
P njiacTe TP BHTeCHeHHR H3 Hero HedTm rops-
acnpeneneHne BOAOHA- weil B XONOHOX BOJOMH:

CHINEHHOCTA UPHA BHTECHe- — npn BeITeCHeHuWM HedrH ropayel Bopoll; 2 — npu
HHAH He(I)TH I‘Opﬂ‘!eﬁ H XO0- BHITECHeHNH HePTH XOJIORHOK BOROM
JTORHOHA BOXOM MOKa3aHO Ha

puac. 103, us KoTOporo BHUAHO, YTO OCTATOYHAA HE(PTEHACHINEHHOCTh B
o6acTH IJacTa, OXBaUeHHOHE N pONMECCOM BHTOCHOHHWA, MeHBIIEe IpPH
BEITGCHOHHH HedTH TropAdeid BOJOH, 9eM INPH BHTECHeHHH ee XOJO0x-
HOZ Bopoir. COOTBETCTBEHHO, B CIyYae BHTOCHeHHA He(TH XOJOJHOM
Bomoir E? > E,, T. e. POHT BHTeCHeHHsA IIPOIBHTAeTCA Ha Goxbmiee
paccToAHMe B IacTe, 9eM IPH BHTecHeHWHM HedTH ropsaded momoit, m,
CHegoBaTeNbHO, 3aKaduBaeMasd B IJIACT XOJOAHAS Boxa ORICTpee IPOPHI-
BAeTCA K SKCINIYATAUOHHHM CKBayKHHAM.

§ 5. MEXAHN3M H3BJEYEHNS HE®TA U3 HEP
nPH NOMOIIM BHYTPHILJIACTOBOI'O I'OPEHHA

Tenmosoe BoageiicTeMe Ha HePTAHOM HIAACT MOKeT OHTH OCymecT-
BJIGHO He TOJHKO IIyTeM 3aKAYKM B HEr0 HAIDETOI0 areHTa-TeINIOHOCH-
TensA, HO W OyTeM IeHePUPOBAHHA Temda B CaMOM IJacTe, HaOpaMep
3a CUET OCYIEeCTBIEHHAA BHYTPHIJIACTOBOr0 TopeHHA. MeTogH H3BIeUe-
HHAA H3 HeXP DOJe3HHX HCKONAeMHX IPH IOMOIRHE ION3eMHOI0 TOPEeHHA
0epyT cBOe HaYall0 OT HieH DOJ3eMHOM ra3uduKamud yriei, BHIBAHYTOM
B 1888 r. Bemmxmm pycckum xumuxom JI. M. MernexeeBsM.
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IIpoMsmienHke BKCIePHAMEHTH BHYTPHIIACTOBOrO roperus B CCCP
OPAMEHHATEONBHO K fo0nYe HedTH Hagag! ocymecTBAATECA B 30-X rogax
trexymero cronetua A. B. Illeitamanom u K. K. [{y6posair [123],
Ha3BaBIIMMH 3TOT MeTOX BO3MeACTBAA Ha HePTAHOH IIACT «OOX3eMHOH
rasupuxanued HedtH». B HacToAmee BpeMA B pPa3NUYHHX CTPAHAX
HMeeTCA ONpefielleHHHH ONKT DPUMEHeHAA BHYTPHIJIACTOBOIO TOpEHAS
B POANBHHX WIACTax.

Ilpempae deM mepeitTH K HM3NOKEHHMI0 MeXAaHHM3MAa H3BJIedeHMA HedTH
H3 OJAaCTOB ¢ HMCOOJb30BAaHHEM BHYTPHIJIACTOBOI'0 I'ODEHHs, OIHMINEM
KpPaTKO ero TexHoJormmo. Jlasg oCymecTBACHAA IOA3eMHOI0 TOpEHAs
B He(yTeHACHINEHHOM IIJIacCTe UepPe3 CKBAKMHH B IJIACT HAYNHAKIOT HarHe-
TAaTh OKHCIAHTeNb (06HTHO BO3ayx). HedTh UpH 3TOM 9aCTHIHO BHITEC-
HAGTCA A3 IJIACTa BO3IYXOM, OJIHAKO BO3AYX H3-3a ero Goibileit mOIBUK-
HOCTH mepeMemaeTcA mo IuacTty OsicTpee HedTH H BCHOpe AOCTHraeT
9KCOJAYATaNMOHHHX CKBaKHMH. TakdM o00pa3oM, IpPOHCXOXHT COeTHHE-
HHe («cOoiika) HArHETATENLHHX M DKCILIYATAMMOHHEX CKBa)KHH. OmgHO-
BPEMEHHO ¢ 3aKaYKOM BO3NYyXa IOJOrpeBaloT miaacT B6ausu 3abosa marme-
TATeJBHOM CKBaKHHH KaxAM-1u60 cmocobGoM (IpH IOMOIMHU JIEKTpO-
HarpepaTeJNed, ropeaox, XHMUIeCKMMHA MeTtogaMd H np.). Temmepartypa
B CKBa)KHHE M Ha BXofe B IJAaCT NOBHINAETCS, H3-3a 4ero BO3pacTaeT
AHTEHCHBHOCTh peakmud oxuciaendsa Hedtu. OEHOBpeMeHHO moj meit-
CTBHEM TeMUEePATypH IPOMCXONUT Bhiielenue A3 HedTh Aerkux ¢parmuix
H OepeHoC HX BHYTPh WJIACTa B HANPABICHAH [BMKEHHAA BO3IyXa.
B pesynsTaTe 3TOr0 BGIM3M CKBA)KHHHK OCTAeTCA KOKCOMONOOHBIA OCTa-
ToX Hedta (Koxc). TemmepaTypa B CKBa)kHHe B pe3yAbTaTe IOAOrpeBa
H yCHJIeHHJA DEakmWA OKHCIeHMA HedTH BO3pacTaeT HACTOJBKO, UTO
HauydHaeTCA OypHOe OKHCIeHHe KOKCa, T. . ero ropeHwHe.

N3-3a TemIoupoBOJHOCTE M KOHBEKIMHM 30HA4 LOBHINEHHOH TeMmepa-
TYPH IepeMellaeTcsa BHYTpPH miacta. Ilocae BRropanMs Koxca BGIH3H
CKBAKMHHE HAaYHHAETCA €ro ropende B Gomee yhaleHHoOM 3oHe. Taxkum
06pasoM, 30HA rOpeHAA HOCTENEeHHO UepeMemaeTcA B riayb6p miacta.

Boune 6nI0 onmcaHO TaKk Ha3biBaeMoOe IPAMOTOYHOe ropende. Vase-
CTHO TakjKe IPOTHBOTOYHOE IOpeHHe, Korga 30Ha I'OPeHAA IBHKETCH
OT 9KCIVIYaTANMMOHHEIX CKBAKMH K HArHETATeJIBHHM, HaBCTPeUy IOTOKY
oxmenuTeasd. MeToq BHYTPHILIACTOBOIO I'OPEHHA, OCYIeCTBIAeMHE my-
TeM B3aKagKd B IJIACT TOJNBKCO I'a3000pasHOr0 OKHCIHTENA, NONYYAJ
B HOCIefHee BpPeMA HAa3BAHHUE «CYXOrO» IOPeHHSA B OTIHYAE OT «BIAMK-
HOI'0» IOPeHHsA, IPHA KOTOPOM B IIACT BMeCTe ¢ OKHCIHTENeM 3aKadH-
BaeTCsa Boja.

CoriacHO MHOTOUHCIeHHLHM JKCIePAMeHTANLHRM maHEmM [124, 132,
142], pacupeseiende TeMOepaTypPHHX 30H M HAacCHIMeHHOCTeHd TOpHCTOHR
cpegn QaongaMu B Ipomecce CyXoro Uiad oOKYHOr0 BHYTPHILIACTOBOTIO
rOpeHHMA B ONHOPOAHOM IJIACTe B CIydae IPAMONAHEHHOr0 IBUKEHHA
MOJKHO TPe[CTABATEL CXeMaTHWYHO ciaexylomuM obpasom (pme. 104).

Buepenu maxoputca 3oma. I, B KoTopoil HabGmomaeTca Bo3pacTaHHe
TeMuepaTypH oT maactosoit T, no TeMuepatypst Ty B 30He ropenns 2.
B sTo# 30He ABMKYTCA He(TH U MPOAYKTH ropeHHA (a30T, yrieKHCJIOTA,
BOJA), & Takie Jerxue paxmud mHedTH, BHEEIHBIIAECA H3 Hee J0 IOI-
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XOfa 30HH ropeHmsa. 30Ha 2 ABIAETCA 30HOH GYyPHHX OKHMCIMTENbHHX
peaxknuil MiH cOGCTBeHHO 30HOM ropeHMA. JKCIOepHAMeHTAaIbHHE TaHHHe
DOKA3KBAIOT, YTO 30HA & OPH CyXOM rOpeHHH ABIAeTCA y3xoH. [loatomy
B BBOJAT MOHATHE O «PPOHTE I'OPEeHHA». Y30CTh 30HH & OGBACHICTCH
CHJIbHOH 3aBHCHMOCTBIO CKODOCTH OKHCIMTEAbHOM PEaKOAH MEMIY KOK-
COM ¥ KHCIOpPOJOM Bo3AyXa OT TeMOmepaTypH. O6GHUYHO i ONHCAHUSA
CKOPOCTH 3TOH OKHCAMTEABHOM peaKmuM, T. 6. CKOPOCTH PacXoJOBAHHAA

Prc. 104. Pacumpenenesme TeMHepaTyphl OpH BHYTPUIACTO-
BOM TOPeHHH

Ha XUMHYeCKYI0 PeakmUI0 KHCJIOPOJA M BHEJEHUA TeIIa, HCHOIb3YIOT
[137, 52] ¢opmyny saxoma Apperumyca

wq~exp<— IfT >, (5.1)

Ie W, — CKOPOCTh BHJIeNeHHA Temia; A — 5Hepras axTHBamud; R —
YHHBepCaJbHAA Ta30Basg HOCTOAHHASA.

Kax papBo B3 dopmyan (5.1), ¢ pocrom abcontoTHoi Temnepatyps T
CKOPOCTh OKHCJHEOHUA HeTH M CKOPOCTh BHAENEHHA TEIIa Pe3KO BO3-
PacTalOT B OKAa3KBAIOTCA HaMHOIro Gebnle CKOPOCTH liepeMeleHasa 30HH 2,

Taxam o6pa3oM, KHCIOPOX BO3AYXa, MHOCTYDAOIMEro B 30HY 2,
OTHOCHTeJIBHO GHICTPO pearmpyer ¢ 0CTaTKOM HedTH, H BOSHMKaeT «HPOHT
TOpeHus),

3a 30HO# 2, eCIM UATH B HANPABJICHHH, NPOTHBOIOJIOKHOM HAUOPAaB-
JIGHWI0 TOTOKAa OKHCAMTeNdA, NOKa3aHHoMy Ha puc. 104 crpenxamu,
aMeeTCA 30HA &, Iae IPOMCXOAHMT CHadYalla pe3Koe, a 3aTeM IMOCTEIEeHHOe
yMeHBIIEHAe TEMIEpPATYpPH — OT TeMIepaTyps Ha ¢poHTe ropeHmA T4
[0 TeMImepaTyps Ha Bxopge B muacT To, T. €. NPAKTHYECKH 0 TeMOepa-
TypH 3aKauABaeMOro B WIacT OKMcAHTeds (30Ha 4). Ha mHexoropom
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paccTogHAH z, 0T BXopga B miuacT (zr = 0) mpoucxomur 6odee pesxoe
H3MeHeHHe TeMIepaTypH, d9eM B OCTAJbHOM gactd 30H 3 u 4. 310 06y-
CIOBIHBAETCA KOHBEKTHBHHM IEDEHOCOM Tellia 3aKaYMBAEMHM B ILJIACT
oKkHcaHuTeseM. PaccToAHHe I, Ha30BeM YCIOBHO «HPOHTOM KOHBEKIHH».

Kax 6ymer BUIHO U3 TOCHELYIOMEro U3J0eHAH, OCHOBHEE TeXHOI0~
rEYeCKHEe DapaMeTPH HPOHecca BHYTPHUILIACTOBOI0 FOPEHHA CYIMECTBeHHO
3aBHCAT OT CKOpOCTell nBMKeHHEA (POHTOB ropeEHA W KomBexmuu. [Iyrm
TaJpHeANMero ycoBepIIGHCTBOBAHAA TeXHOJOTHHM MeT0Ja BHYTPHILIACTO-
BOT0 T'OpeHHs TaKKe ONPeNedATCA B O4YeHb B3HATHTEJLHOH CTeNeHH
BO3MOKHOCTAMH YOPAaBICHAA CKODOCTAMH JBUKeHMA 3THX (POHTOB.
JJisa Toro 4ro6u y3HATh, OT Uero 3aBHCAT CKOPOCTh ABUKeHHMS (ppOHTa
TOPeHHA, pPacCMOTPHM XHMHUECKYI0 CTODOHY sBJGHHA IIO[3eMHOI0
ropeana. Ha ocHoBe 9KCIepUMMeHTAJAbHHX HCCIe[OBAHAH OHIIO ompepe-
ZIeHO, YTO NPH CrOPaHWH O0CTaTKa HedTH (KOKca) oGpasyroTes soga H,0,
okdack yrmepoga CO m gByoxucs yraepoma CO,.

Xnmuyeckas GopMyla KOKCa O9eHb CI0KHA, OHAKO ee dIeMeHTHHH
COCTaB MO}HO CXeMAaTHUHO mpejcTaBuTh B Buge CH,, rme n — oTHOme-
HHe 9Huciia aToMOB Bomopoma H k gmcay atomoB yraepoma C B KOKce.
O6o03raynM emme yepes m, OTHONIeHHe uHcia Moideidr CO, K udcIay Moxei
CO B npoxgykrax cropamusa. Torga xumauecKyl ¢opMyny ropenus
KOKCa MOMHO IpefcTaBdTs B Bume [132]:

CH, 4 2’0, = y'CO, +2'CO -+ E'H,0. (5.2)

Yucia n ¥ m, 6yneM cuATaTh 3afaHHHMHA. Heo6XogEMo ompenendTs
Kosdpdumuentn z°, y’, z' ©§’. IlocKoABKY Bce aTOMH BOXOPOZa B KOKCe
HIyT Ha o6pa3oBaHHMe BOIH, MOJIEKYJa KOTOPOM COEepPKHT ABa aToOMa
BOZOPOTA, TO HeNOCPeNCTBeHHO NonydYaeTcd, 9T0 & = n/2. Bunoonmasa
YCIOBHA paBeHCTBA IHMCJIA aTOMOB yIVIEPOAA H KHCIOPOXA B JIeBOl W mpa-
BOM 9acTAX ypaBHeHHA (5.2) W IOMHS, 9T0 M, = y'/z’, moNydaeM clemy-

omy© ¢opMyay:
2m —{ 1 _
CH,,—}-( o+ ) T COpt o Hco S H0.  (5.3)

Taxam oﬁpasoM, n3 gopmyam (5.3) ciaegyer, 4TO HAa OFHH MOJb
2myg+1 | n -

KOKca OymeT DpHXOJHTHLCA Sy +2—}-4— Moneit Kmciaopoma. Moneky-

JIAPHHE#A BeC KOKCa, B KOTODOM Ha OXWH aTOM yriepoga HPHXOTUTCA

n aToMOB BOmOpoxa, paBeH 12 4 n. OTcloga Ha OHH KHJIOTPAaMM KOKCa
2mo+1

OPHXOXATCS 2m0+2+ ) KmuiorpaMM-modtiet O,. O0BeM OgHOr0O KHIO-
12+n

rpaMM-MoJid ra3a HpH HODMaJbHHX ycaosHax paseH 22,4 M5, Cie-

ROBaTeJbHO, Ha OJMH KHIOrpPaMM KoKca OymeT mpExomdTthea 22,4 X

X \2myt2 m? raza 0,. OGo3HauEM z — cogeprkaHHe KOKCa B HOJ-

12+n
HOM o6BeMme oJIacTa, BKJIOYaAA INIIYCTOTH. Benusumna z BhEIpayKaeTcAa

B Kr/mM3. Orcioma DOJydYaeM BHpaskeHHe niA oObeMa R, OKHCIHTeNA,
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Heo6XOMMMOTO JJIA IPOXOKMeRHs (pPOHTOM ropeEHA o0BeMa IJIacTa,

pasaoro 1 m3:
2mo+1 __"_)
R — 22,4(———2m0+2+ )2
0 ayap (124 n)

3mecs a; — comepsKaHMe KHCIODPONa B OKHCHHTeNe; &, — CTeONEHb
HCIO0JNb30BAHUA OKHCIHTENA.

Ilo ¢opmyne (5.4) ompepensierca oGbeM OKHCIHTeNsA, Tpebyomuiics
IV ¢BRORUTAHHUMAY OJHOTO KyGHYeCKOTL0 MeTpa ILIACTA.

IIposexeM pacueTsr mo gopmyie (5.4). IlpaMeM coriacHO OOHTHHM
nagEeM 7 = 1,6, m = 3,5, z = 25 Kr/M3, a, naa Bozgyxa pasHo 0,21,
a, = 0,9. Torga m3 (5.4) uMeeM

8
22,4 (?+0'4> "25 22,4-1,29-25
0.21-0,9 (121-1,6) ~ 0,21.0,9- 13,6

IKCcoepUMEHTAJBHEE HCCIeNOBAHAA MOKA3HBAKT, 9T0 CKOPOCTh IIPO-
JBU;KeHHAA (POHTA TOPEHHA HPAMO IPONOPNUOHANHHA PACXORY OKHCIH-
TeJA.

JT0 03HauAeT, YTO H3MEHEeHHe CKOPOCTM IOJAYM OKHCIMTENS Ipu-
BOJAT K IPONOPIOHOHANIBPHOMY H3MEHEHHMI0 CKODOCTH IPONBH;KEHHA 30HH
FOpeHAS HJIM 9TO pa3Mep 30HH [OPeHWA IPH 3TOM IPAKTHYECKH He
n3Mensaerca. Ecnm Ou M3MEHANCA pa3Mep 30HH TOPEHHsS, TO yBejadde-
HHe pacxoja OKUCIHTeNsA HPHUBONMIO OH K YBEIHMUSHHIO pa3Mepa 30HH
HHTeHCHBHO# peaknud. Torga CKopocTh mpogBHKeHHA (GPOHTa FOPEHHSA
ompepensaiach OB XAMAYECKON KMHETHKOM, a He PAcXOXOM OKHCJIUTOIA.

TaxuMm o6pasdoM, ecllE fif IPOXoaeHUS (GPOHTOM TODPEHHA OTHOTO
KyGoMerpa miacra Tpebyerca Ro M® OKHCIUTeNsA, TO AIA CKOPOCTH
OpOXBH:KeHHA (QPOHTAa TOPEHHA Uy HOJydaeM HPOCTYI0 QOpPMyTy

: (5.4)

=280 m3/m3.

R,=

dzg -
A i }g& , (5.5)
rge o — pacxop OKHCIHTENs, IPABEACHHHE K aTMOCHEPHHM yCIOBAAM;
S — nIomajxk ce4eHHAA IIACTa, I6Pe3 KOTOPOe NPOX0aAT POHT ropeHus.

®opmyaw (5.4) u (5.5) ABAATCA 049eHb BaKHHMH B TEODHHM BHYTDH-
miaacroporo ropemas. OHA TO3BOJAAKNT ONpPENeAHdTH OCHOBHHE ITOKa3a-~
TeJIH FODeHHA — pPacXof OKHCIHTeNA W, HPH HEKOTODHX IPegmooiKe-
HEAX, — 00BbeM HedTH, DOMYyIaeMOi U3 MIacTa IyTeM BHYTPHIIACTOBOTO
ropeHHs.

Cnenaem pacdeTs. JlomycTEM, 9TO TOPHCTOCTH IJIacTa COCTABJAET
20% , magaabaad HedTeHacHmenHOCTh 95%. Ilpexmonosxum Tar:ke, 9TO
X0 IpPOBelieHHA ropeHHs pa3paboTKa WiIacTa He OCYI[eCTBIANACH HHKA-
KdME HHuMEH cmocobamu. Copepskande HeTH B OfHOM KyGU9ecKOM
MeTpe INIaCTa B JAHHOM clIydae mpu miroTHOcTH Hedtn 900 Kr/M3® Gymer
0,2:0,95-900 =~ 170 Kr/m3.

IIpa ocymecTBIeHHMH BHYTPANJIACTOBOro ropenHsa 25 Kr/m® HedrtH
O PeBpallalOTCA B KOKC M cropalT. TaxuMm o6pasom, ¢ 1 M® mmacra —
BHIUKeHHOR ero gactda — Gymer moayueno 170—25 = 145 kr mefra.
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SarpaTa Bo3nyxa s pekuranma 1 M3 naacra pasHa 280 M3. Orcioga
Ha moxydende 1 T HedTH M3 maacra 3a CIeT BHYTPUNIACTOBOrO TOPEeHUS
6yner Bsarpaumeathea 280-1000/145 = 2000 M3 posmyxa.

Hdna pacdera pgaBleHHs HarHeTaHUs BO3LyXa Heo6XoguMO 6olee
ToApo6HOE pAaCCMOTpPeHUe JUHAMHMKM >KHIKOCTeH M rasoB B IJacTe UpH
BHYTPHIIACTOBOM TOPEHMH HO(TH.

Opnako mpekye 4eM IMePeXOTHTh K M3JIO0KEHAI0 TePMOrMIPOXHHAMME-
9eCKOl TeOpDHH mpomecca BHYTPUIIACTOBOLO TOPEHHS, DPaCCMOTPHM
HEKOTOPHe MHTepPecHHE 0COGEHHOCTH 3TOro mpomecca. BHACHHM cleny-
OMyUA BOIPOC: KaKAMHM OCHOBHHMH (aKTOpaM# ompemelseTcsa KoJmde-
CTBO KOKCa, HeOOXomuMoe JIJIA UOAZEP)KAHWSA BHYTPHIIACTOBOLO IO-
pernsa?

Hasa atoro TpeGyercsa BHACHAUTL BAMAHHAE HAa LPONECC FOPeHHAS CKO-
POCTH KOHBEKTUBHOI'O IepPeHoca Telllla 4 CKOPOCTH NpoJBHKeHEA PPOHTa
ropeHUs, a TAKKe paccMOTpeTh GajlaHC Tewla B IiacTe IIPA BHYTpPHILIA-
CTOBOM TODEHHH.

Jnsg BHACHeHMA NPUHOUOUAAIBHHX 3aKOHOMEPHOCTed HBHKEHHASA
$POHTOB TOIIOBOH KOHBEKHUH U ropeHus OyneM DpubImKeHHO CIHTATh,
9T0 B 30HAX J ® 4 (cM. puc. 104) cymecTByeT TONEKO KOHBEKTHBHELH
NepPeHoc Tella, a TeIIONMpPOBOLHOCTh oTcyTcTByeT. IIpemeGpeixeM moka
4 YXOMOM TelZa B KPOBJIIO M HOTOmEBY. TOrga MOKHO CIATAaTh, YTO pac-
npepeiderde TemoepaTypw T B 30HaX & W 4 ompemesseTcs ypaBHEHHOM

1T, L+ 2o (5-6)
HT, D)= prgeer

crprm - copr (1—m) !

rme ¢., ¢, — yHeAbHHE TOINIOEMKOCTA ra3a (BO3KyXa) H mopop IJIacTa;
Pr, Pr — INIOTHOCTH Ta3a M HOPOJ DJacra; m — NOPHCTOCTh IJIACTa;
VU — CKOPOCTh ¢(HABTpamdM Trasa.

N3 (5.6) momywaerca, mampumep, ciexylmee BHpakeHHe AIAA CKO-
poctn v, GPOHTA KOHBEKOUH:

v, =T ={(T, p). (5.7)

Ilan cxopoctd ¢$pomTa ropeHHA uMeeM, B COOTBeTCTRHH ¢ (5.5),
ciegyomyno ¢GopMyny:

[}
r

=", (5.8)

rge S, Kax @ B gopMmyne (5.5), — IIOmManb CeYeHHA IJIACTA.
Ecnm npuGadmeEHo CcuuTaTh OKACHHUTeNb (BOBLYX) HAEAMbHEIM
Ta3oM, TO
ng‘r’ = UrPrs (59)

e P> — IJIOTHOCTh OKHCIMTENA B aTMOCQEePHHX YCIOBHAX.
198



Jna orHOmMeHHMA vy/v, DoXydaeM Ha ocHoBe (5.7) m (5.8) caemy-
omyo ¢opmyay [51]:

2 _ o Uom)epen (5.10)

Ur Rocrpf

Ilpousneniem Temeps OHmeHKY vy/v; 10 ¢opmyne (5.10). Bosmyx,
HCHOAB3YEMEIA B KadeCTBe OKMCJIMTENA, AMEeT B MHTepBale TeMIepaTyp
or 0 mo 300°C ymensmyw TemmoeMkocts ¢ = 0,71 [Is/xr-K =
= 0,17- gxan/kr-°C. IlaoTaocTs BO3AYXa B aTMOC(HEpHHX YCIOBAAX
paBHa 1,3 xr/m3. IlycTs nnacroBoe gaBieHde p,,, IPA KOTOPOM OCYIMECT-
BasgeTcHd ropende, paBuo 49 -10° [Ta = 50 krc/cm2, a oTHOIIEeHAE HATANBHOM
nIacToBOM abcomoTHOR TemumepaTypH T, K abGcodioTHOA TeMmepaType
B Tperbedt some T, pasmo T.,/T, = 0,5.

Eoi 3TOM cAydYae B IJACTOBHX YCIOBHAX WJIOTHOCTh BO3AYXa P, =
=P%;‘:“ﬂ =1,3-50-0,5 = 32,5 xr/M® (p,, — atMocepHOe paBie-

v T
nue). Bozsmen m = 0,2, ¢, = 1,05 I/xr-K = 0,25 xxan/xr-°C, p, =
= 2,5-103 xr/m3.

Torma ¢;p, 1—m) = 0,25-2,5-10%.0,8 = 500, a cp. = 0,47 X
x 32,5-0,2 ~1,1. Caemosarensno, dopmyay (5.10) MokHO yupOCTHTH,
cYdTaA npubIAKEeHHO

Yo crpr {(1—m) ] (5.11)

Ur Rgcrpl
Ilpu Ry = 280 M3/M3® m mpuBeNeHHWX BHINE JAHHKIX

Jo 500 g
Ur 280-0,17-1,3

Taxam oGpasoM, npu NPAHATHX BHINEG mapameTpax GpPOHT ropeHHs
JABIKETCA 3HAYMTeNbHO OmnCTpee ¢poHTa KomBeKmud. CileqoBaTeNbHO,
reHepapyeMoe NpA BHYTPUMIACTOBOM IODEHHH TelJO OCTaeTCA B OCHOB-
HOM mo3agu GpoHTa roperusa. Eciu yadTHBATE yXO0[ Telsa B KPOBII —
IOJOIIBY, TO 3TO Temao OymeT Gecmoie3HO pacceMBATLCA B OKDy:KalOMmue
LOPOXHL.

Temeps paccMoTpuM JPyryl0 Ba)KHYI 0COGeHHOCT  IpoIecca
BHYTPHIIACTOBOT0 TOPEHHA, CBA3AHHYI0 CO CKODOCTAMH JBH:KEHHA
$OPOHTOB TENJIOBOM{ KOHBEKUUHW W TOPEHHA.

Ecam cxopocts pBu:kenua ¢poHTa ropeHHsA HaMHOIO HpeBHIaeT
CKOpPOCTh ()POHTA KOHBEKHHMH, TO IPH JOCTATOYHO HJIATEJHHOM BeJeHHH
Iponecca BHYTPHUILIACTOBOrO TOPDeHHA pachpefelleHHe TeMIepaTyphHl
B 30Hax I, 2 u 4 (cM. puc. 104) Gymer Mano MeHATHCA, a JIAHA 30HH I
OymeT yBenmamBaThCA. 3a BpeMA At $POHT ropeHHEA OPH 3TOM DPOIBH-
HeTCA Ha paccrosHde Azy, a QPOHT KOHBeKmMHM — Ha Az;, Tak d4TO
BeChb OpoduIbL TeMIOepaTyps HepPeIBHHETCA BOpPaBO H 3adMeT HOBO®
HosioKeH®We, mnoxasamHoe Ha puc. 104 nymxrtapnoit nmumeir. Jlerxo
BHETh, 9TO WJIOMANb, OTPaHAYeHHAA KpHUBoHA I Ha 5TOM PHCYHKe H OCBIO
abcnEce, mpomOpHMOHANBHA KOJAMYECTBY TelJda ¢p, COAEPIKamieMycs
B mOJjacTe,
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Ilpepcrasum Tenmeps cxeMaTHaHO pacmpefelleHHE TeMIEPaTypH LIpH
BHYTPHILIACTOBOM TOPeHHHM B BHRe npaAMoyroxsadka (puec. 105). 3a
BpeMa AZ PpoHT ropenna mepeMecTHTCH Ha paccrosmEe AZy, a GpoHT
KOHBERIHA — HAa paccToAHde Az,. ByaeMm gag mpocTroTH c9ATaTh, 4TO
TeMIepaTypa 3aKa4dBaeMOTo B INIACT OKHCIHTENA paBHA NJIAcTOBOM
tremmeparype T',. CorimacHo pmc. 105 maMenmemHme comepKaHHA TemiIa
B maacTe Ag, ompepenseTcsa clefylomuM 0Gpa3oM:

Agy= (T —T',) cpS Azy— (T — Ts,) cpS Az, (5.12)

Ifle ¢p — HPOH3BeJeHHe YMOIBHOM TEIIOEMKOCTH HA IJOTHOCTEL Bemle-
CTBa MJIACTA B HedoM; § — IIOMAagh HOMEpPEdHOT0 CeYeHHA MJIACTa;
T — cpepguee 3HadeHHe TeMHepa-

r 7 TYpH B HATpPeTOi 30HE.

/ - Bwmecre ¢ Tem m3meHmeHHe comep-
I KaHHA TeIJla B HJacTe 3a BpemdA
|
|
|

At ompegenrsercs BBOZOM Temia B
nIIacT 3a C4eT CTOPAHHA KOKCA H

T,, YXOMOM TeIa B OKPY’aMue MIacT
__ 1/ uopopn. CirenosaTennso,
Axy A.rwﬁ}—
— Aq,=2zAS Azy— Aq,. (5.13)
0 Xr X x

31ecs z, Kak H BHOIE, — CO-
Hep’KaHHEe KOKCa B ITacTe B Kr/m¥;

Prc. 105. Cxemarmaioe pacmperedte- A — TemnoTa Cropamma KOKCa B

HFe TeMIepaTypH HOpH BHYTpUIIA-

CTOBOM TOpPEHEN KKal/Kr; Ag, — yTeduKa Temia B OK-
pyKaomuae LJIacT TOPOAH 33 Bpe-
ma At

Ecnn npupasraThs BHpakenna (5.12) m (5.13), pasgequTH I€BYIO
A IIPaBYI0 9aCTH HOJyYeHHOTO BHpayKeHdAsA HA Af 1 yCTpeMATh Al K HY IO,
HONyIAM TOCTe COOTBeTCTBYOIMEX HpeoGpasoBaHME ciemyomyo ¢op-

MyIy:
— ve . W
cp (T"‘Tn.n) (1_-17—4)_)_1_ Svg
Z = A ’

dqn
W=7

(5.14)

Us gopmynu (5.14) BmAHO, YTO KOAHMIeCTBO KOKCa, TpebGymmeecsd
1A HOAfepKaHAA BHYTPHILIACTOBOTO TOPEHEA NPH MOCTOAHHOH TeMmime-
parype T B Harperoif 3oHe, Yepe3 KOTODPYo Hpomel (poHT ropeHHd,
CYMeCTBEHHO 3aBHCHT OT OTHOINEHHA U,/ly, YMEHBIIASACH IPH BO3pa-
crasar v, /vy. Ipm v/vy, = 1 pua mommepxaHUA TOPEHHA B ILIACTe
TpebyeTcA IAME TaKOe KOJHYECTBO KOKCA, KOTOPO® HYMKHO JJIS KOMIEH-
CaliE DNOTEeph Temda B OKPY)Kalomme ILIacT IOPOMEL.

Cuexyer moguepkHYTH, 4T0 Popmyna (5.14), KaK ¥ Bech MPHBEEH-
HHE BHINe AaHAJH3 JBMKEHHA (POHTOB TOpPeHHA H KOHBEKNHHA, HE
ABIATCA CTPOTAMM H HMEIT JHIb HIJOCTPATHBHHM XapaKTep.
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Ecim cygTaTh IIAcT NOJHOCTHI TeNIoH3ojxHpoBaEHHM (w == 0),
To W3 dopmynu (5.14) moxygaercsd, uTo ANA HOANED)KaHHAA BHYTPHILIA-
CTOBOTO TOpPeHHS BOBCE HE MOTpeGyeTcs KOKCOBOTO TONMIHEBA, T. €. JaKe
KOT/a TOpeHHs B IacTe He OymeT, BCe TeMHOepPATYDHHE 30HH CMOIYT
mepeMem{aThCA HAa KAKO€ YIOMHO DAaCCTOSHHE,

Koneuno, cTporo rosops, 3T0 He Tak. W3-pa pasnmumsa Temnodusm-
YeCKHX CBOMCTB (IOEAOB OpPH Pa3iHIHHX TeMIeparypax 9TH TeMIepa-
TypHHE 30HH GYAYT ABHraThCA ¢ PA3IHIHHMHA CKOPOCTAME H yCTAHOBHB-
MIETOCHA ABH)KEHHS TeMIepaTypHWX 30H He Oymer gocrarayro. OmHaKo
OpH CTPeMIEHHH U /v, K eJHHHN® BeJHIHHA Z RefcTBHTENbHO Gymer
CYIIECTBEHHO YMEHBOIATHCH.

3ameram, uTo fopmyry (5.14) moxkHO mpEmenATs HpE 0 < v,/ vy=<<i.

W3 npupemennHX BHIe pAaCCYKAeHHMH CJEXYeT, Ur0 KOIHIECTBO
OCTaTOYHOT0 TONNHBA, TpPeGYIOMErocA [IA OCYIECTBIEHHA BHYTpH-
IIacTOBOTO TOPEHHA, T. 8. A HOAJEePKaHHA TeMOepaTypH Ha (poHTe
rOPEHHESA HA OHpEeelleHHOM YPOBHE, CYIMIECTBEHHO 33aBHCHT OT XapaKTe-
PHCTAK TepeHoca Temja B IUIacTe.

Cneayer o6paTETh BHEMaHHE Ha TO, 9T0 B dopmyxe (5.14) mmeeTcs
B BHAy HMeHHO TpeOymomeecd KOJIMYECTBO KoKca, a He To, KOTopoe
daxTHgecku o6pasyercd MpH HPOTEKAHHHM HpPONECCa TMOX36MHOTO TOpe-
HAA. (DaKkTHYeCKOe KONMYECTBO KOKCA 33BHCHT OT CBOMCTB HCXORHOM
HeTH, TeMmepaTypH mpomecca H T. K. Ecad daKkTHIeCK0e KOIHIOCTBO
Kokca Oymer mpeswmars Tpebyomeecsd, To, KaK CIeyeT H3 COBMECTHOTO
pacemorpensa gopmyn (5.10) m (5.14), TemmepaTypa B HarpeTo# 30He
OyHeT CHILHO BO3pacTaTh.

§ 6. COYETAHHE BHYTPHIIJIACTOBOI'O TI'OPEHHSA
C 3ABONHEHHUEM

Pacemorpenre B mpegupymem maparpade ocobemmocTedt mpomecca
BHYTPHILIACTOBOrO TOpPeHHA WOKA3HBAET, YTO0 YCKOPEHHWe TeIIoBOH
KOHBEKIHHE HO3BOJAET HO TOJNBKO OHCTpee HPOABATATH HATPETYI0 30HY
B IJIACTe H TeM CAMHM YCKODATH BHITeCHeHHe Hed)TH M3 MJIACTa, HO H MO-
JKeT cocoGCTBOBATH YMEHBIICHHIO Tpebyomerocs AIsA BeleHAA Ipomecca
KOKCa, & CIef0BATEILHO, H KOJIHISCTBA I'eHEPHPYEMOIo B HMIACTe Temia
¥, 4TO0 CaMo0e IJAaBHOE, OKHCIHTEeXS (HampuMep, CKATOTO BO3XYyXa).
JT0 MOKET IPHBECTH K CYIIECTBEHHOH SKOHOMHH Tpebyiomerocs nif
OCYIIECTBIIEHAS BHYTPHILIACTOBOTO TOPEHHSA CKATOrO BO3AYXa, COCTAB-
JAKOIGET0 HHAYATEILHYI CTATHI 3aTparT.

He menee BaxHNM (aKTOPOM, KaK 9T0 BHIHO W3 HMPERLILYMIEro ana-
nHu3a, MABIAETCA BO3SMOMKHOCTH BeNeHHA BHYTPHILIACTOBOIO I'OPeHHS
B IJIACTaX, COAEPIKAMHAX MAaJI0e KOJHYECTBO KOKCA, UTO MOKeT MMETh
MecTo, HaOmpmMep, B 3aJeKaX JerkKHX MAJOBASKAX HedTed.

Haxmm e 06pasoM MOKHO YCKOPHTE IPOIECC TENJIOBOM KOHBEKIHE
B miracre? OqHEEM H3 OyTelt YyCKOPEHHEA TeMIOBOH KOHBeRIUE IPH BHYTpH-
IIACTOBOM TODEeHHH SABJIAETCA 33aKAYKa BMECTE C BO3TYXOM BORH KAK
Gollee TEIIIOEMKOI'0 BelEeCTBA.
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9. B. YexaroxoM, K. A. Oramosum m A. H. Crapckmm [87, 120]
6RO IPENIIOIKEHO OCYMECTBIATEH HepPeMelNenne npeBapHTEILHO HAT pe-
ToH 3a CYET FOPEHHA 30HH IJIACTa OyTeM 3aKaYKH B IJIacT BOXu. B ja In-
HeifmmeM Ontm npemioxenw [51, 135, 54, 128] cmocofu ocymecTBIeHEA
BHYTPHILIACTOBOI0 TOPEHHS OyTeM HENPEPHBHON 3aKAYKH B IJIACT
CMeCH OKHCIHTENA ¢ BOZoi. Mexammam mpomecca, cogeTalomero mog3eM-
HOe TOpeHMe W 3aBOAHeHHe H HOJyJYHBIIETO Ha3BaHHe «BJIAKHOTO TOpe-
HAS», CTAJ H3BECTEH JHINEL B TOCHeXHHe ToXH.

HcnonnsoBanme ananksa BHKeHHA (POHTOB FOPeHHA E KOHBEKIHH,
OPOBEJEeHHOTO B IPEAHYymMeM maparpade, Ho3BoideT DONYIHTH OpHAME-

HATEJIBHO K BIKHOMY TODEHHIO CISAYOIMY0 ($opMyTy, aHATIOTHIHYIO
dopmymre (5.10):

T _
d
T

v

CrPr ({l—m)+m [Cl‘pr (1__SR)+ ’«'RPBSB]

> (6.1)
Ro (cxod +espn 2 )
r

B sroit gopmyre c¢,, p, — COOTBETCTBEHHO YHEIBLHAA TEHIOEMKOCTH
¥ DIOTHOCTH BOXH; U, — CKOPOCTh PHIBTPANHH BOXE; St — HACHIHEH-
HOCTh BOJOA TOPOBOr0 NPOCTPAHCTBA; Up — CKOPOCTh (PPOHTA KOHBEK-
OVA OpH BIakHOM ropemnr. OcTanpHBe 0003HaYeHHA — T€ e, UTO
¥ B OpengymeM maparpade.

OnenmuM Temeph BeNHUHHY Uy U7, MCHOOJB3YA Te 3Ke 3HAYCHHA HCXON-
HHX IapaMerpoB, YTO H OpH pacueTe mo ¢opmyire (5.11) mpegmgymero
naparpada, npepaMasa ¢, = 4,19-10% [/kr-K = 1 kkaua/kr-°C, p, =
= 103 kr/m3, Torga ma ocHoBe gopmyas (6.1) momyIaem, 4T0 yIKe IpH
v,/vh = 2.107% penmumBa vy U} ~21,6, 9TO CYHmECTBEHHO OTIHYAECTCH
OT BHAUeHHA Uy/v, = 8, DoXydYeHHOro B TOpegHAymeM Haparpade.
DpoET KOHBEeKNWH HPH BJIAKHOM TOpeHHAH OyXer mepeMemaThCH YiKe
3HAYHTENRHO OHCTpee, 4eM HOpPH CYXOM IOpeHHH.

Ilpr ocymiecTBIGeHHH BJAKHOI0 TOPEHHA 33aKaYHBAE€Masg B IJIACT
Boja Gy/er mepeABAraThCA IO MJIACTY B BHAE Hapa KAaK HEDOCPEACTBEHHO
B 30HE TOPEHWA, TAK KW HECKOJBKO BOepeXH H mo3axH Hee. B coorBer-
CTBHH C MAaTepHAIBHHM OAJAHCOM IMOJy4aeM

PaVs = Pri¥ns (6.2)
rje P,, Uy — IIOTHOCTH B IJIACTOBHIX YCIOBHAX Iapa H CKOPOCTH QHIb=
TpPaOHH Hapa.

Ecam npenebpeur B dopmyne (6.1) wmemoMm c.p. (1—s,), To 3 (6.1)

¢ yueroMm (6.2) moxydumMm cIegymomee BHPayKeHHe JJIA COOTHOIIEHHA
cKopocTeil (poHTA TOPEeHMS H TeIIOBOH KOHBEKIHH B 30HE Hapa:

idi L, C1Pr (1~ m)-+ menpn

rh

— .
T Ry (CrP?-#-fnpuTz)
r

(6.3)

Bumonrmm omeukxy mo ¢gopmyrne (6.3). Ilpm pmaBienHmE, Hampumep,
50 xrc/cM2 Ttemmocomep:kamme mapa npm I = 300°C paBHO oKoOIO
700 kxamx/kr. CaemoBaTexsHo, ¢, = 2,34 Kkau/kr-°C. Ilpm 3toMm p, =~
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~ 0,02 xr/m3. Boanmem, mampmmep v,/ 2 == 10~ 3, Torma mpm m = 0,2
u3 (6.3) wmomyzaem, uTo Uyu/UF =~ 1. CregosareipHo, YyKe UpH
v,/ 02 = 1078, 1. o. mpmmepHo mupm 3aKkauke 1 M® Bogm mHa 1000 M3
BO3/IyXa NPH HOPMAJILHHX YCIOBAAX, CKOPOCTH KOHBEKIMH TeILJIa B HAPO-
BOI 30He GyjeT paBHA mIH Golnmie CKopocTH ¢poHTa ropennsa. IIpm yse-
JIHYeHHHA KOJAYECTBA 3aKAYMBAEMOM BOXH, NPHXOAAMIEHCA HA KaKIHe
1000 m® Bosmyxa, Bmepemm ¢poHTa roperna obpasyeTcs 30HA Imapa,
KoTopasg # OymeT BHITeCHATH HedTh. Taxmm oGpasom, mporecc H3BIeTe-
HHEA He)TH K3 IUIACTOB HpH IOMOME BJIAKHOIO IOPEHHA MOKeT GHTHL
HAa3BaH NOPONECCOM H3BJeYeHHS HedTH HyTeM BHYTPHIJIACTOBOrO Mapo-
o6pas3oBaHms, OCYMECTBIAGMOT0 33 CY6T pPeAKNEA TOPeHHA He(TH.
Mexanuam mapieueHEA HeTH H3 MIACTOB 3TEM cHocofoMm GyjgeT Bo MHO-
TOM DIOXOM Ha MEeXaHH3M H3BIedeHHs He(TH HADOM HIK «OTOPOUKOMH)
mapa. OgHake mp¥ BIasKHOM TOPEHEH B IUIACTé BOSHEKAIT IPONECCH,
OTCYTCTBYIINHE HpPH 3aKauKke Wapa, HAOpPEMeD HMPOHCXOMHT peaKnusd
OKWCIeHAA HedTH, B pesyianrate yero oGpasyercs yriexmciaora CO,,
JeHCTBYIOmMAaA KAK XHMHICCKHA peareHT, YJIyYMAOMui H3BIeYCHHS
HeTH M3 Hexp. Moryr o6pa30oBHBATHECA TAK)KEe OKHCJIH YTIeBOTOPOXOB,
HPOABIAIHEES CBOMCTBA MOBEPXHOCTHO-aKTHBHHIX BeIECTB.

Jna manremefimero BHACHEHRHA OCOGEHHOCTEH IpoIecca HM3BJIeIeHHA
He()TH H3 Hejp OyTeM COYeTAHUA WOJ36MHOTO FOPEHHS C 3aBOJXHeHHEM,
PaccMOTPHM OTOT Ipomecc Ha IpPHMepe OXHOMEPHOTO IPAMOIHHERHOTO
IIACTA.

IIycre mracT 3ajeraer ropm3oHTAIBHO M MEPEKPHIT CBEPXY H CHH3Y
HeOPOHHENAEMEIMHA, HO TeIIOHPOBOAAMMAMHA mopomamm (cM. pme. 104).
B HeroTopHil MOMEHT BpeMeHH HOCIe HHANHMPOBAHHA FOPEHHES B IJIACT
¢ Korna r = ( 3axkaumBaeTCA CMeCh BO3XYyXa C BOJOM M TeM CAMHM OCY-
MeCTBIACTCHA BIaKHOE ropeEme. IlycTs B paccMaTpmMBaeMHHE MOMEHT
BpeMeHH GPOHT ropeHAA HAXORHTCA HA PACCTOAHUM Iy, OT BXORA B IIACT.
B obracte 0 << z << 7, JABMWXKeTcA cMech Bosayxa ¢ Bopgoit. Hegrs ms
aTofl o6racTm Gnila Wepememena B o0jacTH, HaxofAmueca mepen GpoH-
TOM I'OPEHHA BO BpeMs JBMKeHHAA (pPoHTA ropenud. B obmacrm, Haxoan-
mefca cupaBa oT pporTa ropenms (cM. pmc. 104), ABmyTCA HA HEKOTO-
pPOM PaCCTOAHHE OT (POHTA rOPeHHA BOXA, A30T, YIIEKACIKEA Ia3 H Kpy-
roe MPOJYKTH TOpeHHA, a Tarkke HedTh. BBERY mepeMemmeHHS JETKHX
¢paknaii HeTE B Hmpomecce NBHKEHHA (hpoHTA TOpeHHEA H3 O06IaCTH
0 < z < z, B o6macTs, HaXOAmMYWCH Hepes (POHTOM TOPEHHHA, B 3TOH
ob6nacTE MokeT ofpasoparsca «Bal HeTHY. 3HadeHHA HACHIIEHHOCTH
IOPOBOr0 HPOCTPAHCTBA TFa3aMH, BOX0OA H HedTHI0O B pacCMATpHBAEMOM
06J1aCTH MOXHO HIOJYYAThH M3 PEII¢HAS COOTBETCTBYIOMEH TepMOTHIPO-
nuHAMAYecKO# 3amaunm. Ha pacmpenelenme HACHIIEHHOCTeH B 30HE
miacra, HaXofAmelica cupaBa OoT POHTA TOpeHHAA, GYAYT CyMECTBEHHO
BIHATE (a30BEe NPOHANAEMOCTA CPEAhl IPH JBHKEHHH B Hell CHCTEMBbI
ras — BOJa — He()Th, BASKOCTH H IIOTHOCTEL (UIIOHNOB, 3aBHCAINE OT
TeMIOePaTypH, a TaKKe KANHIIASPHHE CHJE H T. J.

Ilockompry pIsi mpomecca BIAKHOTO BHYTPHILIACTOBOTO TOPEHUs
BMeeT Gonbmoe 3HAYeHME TEIMI0BAaA UacTh TEPMOTHIPONHHAMUYECK O
33{a9M, OCTAHOBHMCH Ha 3TOM BOIpoce Goxee Nogpo6HO, OTPARHMYHABIINCEH
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KaYeCTBEHHEIM PacCMOTPOHHEM THEPOMMHAMMIECKOH wacTw 3amaum. Ilpm
9TOM YXOF Temla B KpPOBIIO —— HOJOMBY HPHOGIMKOHHO IPEXCTAaBAM
ciemyiomuM o6pasom. JJomycraM, 4T0 B 9aCTH HOPOXK KPOBIH M MOJONIBH,
HeNOCPENCTBeHHO IpHIeraomuXx K MIAacTy, TemIepaTypa paBHa O,
a B Oosee yHaleHHOH d9acTH HOPOJ KPOBIH — TOJOMBH OHA paBHA
HavalIbHOM, KOTOPYI IS NIpOCTOTH HOJOKHEM paBHoH myiao. Temme-
paTypa B camoM Ixacre pasua T ;. ¥YXOf TemiIa H3 IJIacTa Kak B OpH-
Jerappmyue, Tak H B §ojXee yNAJNEHHHE OT IMJIACTA MOPOAH KPOBJIM —
HoAomBH OyneM CYHATATE NPONOPIAOHANBHHIM pPa3HOCTH TeMHEepaTyp
B COOTBeTCTBYKOIHX YacTAX Hmopox. IlpmmeM, uTo 30Ha MHTEHCHBHHX
OKHCIHTEIBHRX peaKIud ABIAeTCA ysKod. Bymem yumTuhBaTh Temio-
HPOBOJHOCTh IJIACTA M KOHBEKTHBHHIH WEDPEHOC TemiIa B ILIACTE.

TemroeMKOCT, H IIOTHOCTh HOPOR 0003HATHM COOTBETCTBEHHO C,
¥ p,, TEIJIOEMKOCTHh H IUIOTHOCTH rasa ¢, M O, TENI06MKOCTh H IIIOT-
HOCTHh BOXH H He(TH GygeM YIHTHBATH OCPeIHEHHO, 0003HAYHB HX COOT-
BEeTCTBEHHO ¢,, H p,. IIpE pemenmH 3TOH TemJIOBOM 3aadd BJIAKHOTO
BHYTPHIJIACTOBOTO T'OPEHHA IIPEMEM, 9TO I'opeHHe KaK Okl IPOHCXORHT
B IJIACTe, COAePsKamieM PaBHOMEPHO PACHpeNeIeHHHA B MODPHCTOR cpefe
KOKC, a B IJIacT HMOKAeTCA CMech BO3KYXa C KHIKOCTHI0, KOTOPYK HpH
TEIJIOBEIX pacyeTax IpPHEMeM 3a BOXY.

PaccmarpmBaa famanc TemiIa B 3IeMeHETapHOM o0bemMe miacra JIH-~
HO dr ® MOIGHOCTHIO h, TONYYHEM CIERYIOMEe ypaBHeHHE IIEePeHOCA
TeIJIa B IJIACTe NPHA BIAMKHOM TI'OpEHHH:

02T

aT
kr iz T (crvrpr + cx(vx(px() oz +

- [64 (1 — 1) - .00 (1 — 5,0 M- Copresat] -+ @ (T —8) —

poand

H ypaBHeHHE yXo4a Temja B HOPOAH KPOBJIH — IDOJOMIBH

90
¢xpr =5 (T —8)— 6. (6:5)

B ypaBrennax (6.4) m (6.5) ¢,,,, — Pacxon Bo3xyxa, I pHBeJeHHEIH
K arMocepHEIM yCeaoBaAM; A — KaK H BHIIE, TEIJIOTA CrOPAHHA KOKCO-
BOTO OCTaTKa; f — crexmoMerpmyecKHi Koaddpmnment; k. — Koapdu-
MHEEHT TeIIONPOBOXHOCTH MOPOJ KDOBIK — HMOJOMBH H CaMOro ILIAacTa;
bo — mmEpHHEA WIacTa; S, — HACHIIEHHOCTh HMODHCTOH CpemH RHIKOM
dazofi; o m 1] — KoapPHNEEHTH TEMJIOHEpeJaul B MOPOAAaX KPOBIH ——
NONOMBEI; f{ — BpeMA.

Iocnennmit wren nuddepernuansroro ypasuennsa (6.4) mpexcTaBien
8 — ¢yarmmeir /Impaxa Ha OocHOBe TOro, 94To HPH BhIBOJe ypPaBHEHHA
(6.4) 6n10 mpmEATO, d4T0 (GPOHT rOpPeHHA HpeRCTaBiAeT coboit oveHBb
Y3KYI0 HOJOCY, HePUeHKHUKYJIAPHYI HANpaBJIeHHI0 IpoIecca.
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Ecnu npmeectn ypasmenms (6.4) m (6.5) ® GeapasMepHOMY BHRY,
TO MONYydAM M3 HAX CJIeAYIOMHe ABa ypaBHEHH:

028 b 2y Tt o(p—)— 5 (Eg) (6.6)

%=p(¢—¢)—w\lﬂ;

kP oy LCrviPrtoxvupu) Bz
crprLvgoag ? CrPrVpoas ’
¢ = S1Pr (4 —m) 4 orpr (1 —8$x) M+ CxPrSm
CrPr ’
- ofzL . s Az |
p= hchrUBO:«m ’ - chTT. ’
npzL | Ty 6; .
0= — = = =L
C1P1Vsoss ? T, ! r,’
v t z
==t =T =TT
0,—=0-T,,

B npmBegenrHX Bmme BrpaykeEmax (6.6) L — giamma wmxacra,
T, — TemmepaTypa Havajla HHTEHCHBHOM peakmumm OKHCJEHHS (rope-
mAs), T,, — MIaCTOBaf TeMHEPATYPA, UVnpyy = Grosg/S (S — mio-
magh NONEepPeYHOro CeyeHHA Niacra). Bxogamue B (6.6) Beawumuw b | ¢
CaAME 3aBHCAT OT TeMmOepaTypH I mam GespasMepHOH TeMUIEpATYpH @.
AHanW3 TOKA3HBABT, YTO ¢ CPABHHTENHLHO MAaJX0 3aBHCAT OT ¢, B TO
BpeMsi KaK b 3aBHCHT CYMIeCTBEHHO.

YAHTHBAA, UTO Vypsy PR = UrPr = Uposy Phosy (P80sy — IIOTHOCTE
BO3[yXa B HOPDMAIBHHX YCIOBHAX), WOJydaeM

PxUx
( CDOSAPgoan‘F Cx m pz

b=

. 6.7)
CrPr

Benmunna g, Vy/Vys, = A ABIAGTCA BONOBOSAYMHHM OTHOIIEHHEM,
PaBHEIM OTHOMEHHI0 BeCa BOXH K eXEHANEG 00BeMa BO3AYyXa B HOp-
MaJIBHHX yCA0BHAX. IIpE DOCTOARHKIX A, Cyo5y, Pooagy B2 W €;pr OKA3H~
BaeTcA, 9TO B BHpakeHHH (6.7) eEHCTBOHHON BeJIWYHHONE, CYMECTBEHHO
3aBHCAINEH OT @, SABIAGTCA C,, €CIH YIeCTh, UTO >KHJKHE BEmeECTBa,
ABEKYIAGCA B IJIaCTe HPH ODPENEIeHHHX TeMHepaType H JaBJIeHHH,
HCHADAITCA H H3MEHAKT CBOE Y/eIbHOE TEILIOCOHAEpIKAaHHe.

B nanpmeAmAXx TemIOBHX pacyeTax OyxeM HpHGIHKeHHO HPHHH-
MaTh, 9TO B 30HaX 0 )pOHTA rOPEHHA, HA (POHTE rOpeHHA H B HarpeToi
30He mepen (POHTOM ropeHWs HABHIKYTCA TOJHKO BO3LYX HJIH as3oT,
BONa HIH BOOAHOH map. TakuM oGpasom, GygeM CYHTATE, UTO ¢y = Cp.,
(ca.n — YRETBHOE TEIIOCOREp/KAHHEe, BHpa)KeHHoe B KKaX/Kr-°C mig
BOLH HJIM BOAsHOTO mapa). [Ipm pBmkeHHE (PAOAZOB B HOPHCTOH Cpene
B Ipomecce BIAyHOTO TrOPeHHA [aBJeHHe WO [IMHEe IiIacTa OymeT

205



M3MEHATHCA. JTO 06CTOATENIRCTBO B PaccMaTPHBAEMOi 8ajade HE YIHTHI-

BAeTCH, a WPAHEMAETCH OCPESHOHHOE KaBJGHHE [0 AJAMHE NNacTa.
Ha pmc. 106 npexcraBiesH ¢, , = ¢,., (9) ® b = b (@) gua Bomsl

upH ocpegmenHoM pasxeHmd B wiacre (,981-107 Ila = 100 krc/ea2,

Ce‘ ,b
nZ 1 Cf.n
b
1
| |
7] ) 2 ¥

Pmc, 106. 3aBEcEmocts Cy ; HE b OT @

HavaapEON miactoBoi Temmepartype T, = 30°C, T, =200°C m A =
= 2. 3pecy ¢ = (T—T,,)/T,.

IIpm pemenmm paccmaTpmBaeMoil 3ajadé GHJIO HPHHATO, 9TO TOpe-
HAe B MIACTOBHX YCIOBHAX MOKET HPOMCXOXHMTH He IPHM TeMIepaType

¢
16,7

L4r
n2r
7,0
0,8
06
a4F
0,2

T 1 T

1

1
0 01 02 3

Pmc. 107. PacmpefelleHHe TeMiepaTypH OO JAHHE
I1acTa NPH BALKHOM TOPeHEH

HAYalla PeaKmuA OKHCTeHHA 7,, a ODH HECKOIBKO (0llee BHCOKOH TeM-
neparype 7',, > T,. IlpmanMate 3To HOJNOKeHHE HE BOEIXA He06X0-
IEMO.
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Pemenne pmamHo# 3amaur OHJIO DONYYeHO UHCIEHHHIM METOROM.
IIpm KoHewHO-Pa3HOCTHOM aNNpPOKCHEMAmMH OCHOBHLIX ypapHeHmit (6.6)
6n1I0 DPHHATO, UYTO B KAJK/AOM OTpe3Ke miacta maumHoMt A § BHropanme
KOKca IDPOHCXOTHT 3a BpeMA, KPATHOE OTPeaKy BpemeHHE Af, TaK UTO

At =vAr, (6.8)

rae v — Ko3¢pPuouenT TpomopUHOHATLAOCTH,

Ecam GesapasMepmas TeMmepaTypa B orpeske AL cHEKajach HWKe
Px = (Tyy —T11)/T,, BHUNCANTEIBHAA HPOrPaMMa OpeXyCMAaTpPHBANA
HEMOJHOE BHTOPaHAe TONJHBA B OTpPesKe A £ H mepexox mpomecca rope-
HEA HA chaepylomui orpesok AE mo xoxy mpomecca.

Ha pme. 107 nokasamo H3MeHeHHe TeMOepaTyph OO [JIHAHEe HJIACTa
B Oponecce TOPeHHAA OpH CcIeAYyOMEX Oe3pasMepHEIX [apaMeTpax:
AE=0,5.10"2; s = 1,0; At =10"% ¢ = 0,125-10-2; p = 0,5; o =
= 0,5. CpoiictBa xmjKocTn (BOmbl) GLIM B3ATH NPH KABIEHHA p =
= 0,81-10° ITa (100 krc/cm2). Havaxsmasa temmepaTypa miracra I,
6pta mpmaara pasaoit 30° C.

MoxHO0 momararp, YTO yKasaHHbE BRINE DapaMeTPH COOTBETCTBYIOT
mpomeccy BIaKHOTO ropermss B miuacre mummoir 200 M. Ilpemmoxara-
Aoch, 9TO MOCIHe HEePBOHAYAJILHOTO HPOrpeBa MIacTa BILIOTH O JKOCTH-
JKEHHA TeMOePATYPH BOCILIAMEHOHHA He(TH HPOMEcC BIAMHOTO TOPEeHAA
OCYIMECTBIANCA OPH BOJO-BO3XYIIHOM COOTHOIIEHHH A = 2 [0 TeX mOp,
moka $porT ropemmsa me gomea (cM. pme. 107) mo ormerxkm E = 10-2
(mpomexn 2 M). 3aTeM yBeIWYHJM 33KAYKy BOJH OPH HeM3MEHHOM pac-
Xo0J€e NOJaBaeMOro B NOIAcT BoO3ayXa o0 A = 6.

W3 pme. 107 BmpHO, YTo mpE A = 2 TemmepaTypa B HmIAcTeé CHAYAJA
GbIa HoBOBHO BhCOKOH (cBoime 320° C — KpmBam 7).

IIpm mepexome ma A = 6 TeMmepaTypa CHEKaeTcH HPAMEpPHO KO
280° C, HO mpH 3TOM WMHTEHCHBHO pPa3BHBAeTCA 30HA BHICOKOH Temmepa-
TypH Bmepenu ¢porTta ropenms (pmc. 107, xpusaa 2). IIpomece Biasx-
HOTO FOPeHAA HPEBPAMAeTCA B TaK HA3HBAGMHN IPOMECC «CBOPXBIAK-
HOTo» TOPEHNA MM OPONECC ¢ HEMONHKM BHIOpaEHeM Tomamea. Hampn-
Mep, COLNIacHO TeMmepaTypHo# KpuBoir & (pmc. 107), coorBeTcTByMOMmMEl
6espaamepHoMy BpemeEE T = 0,0889, ropemme mpomcxogET B TOUKe
E = 10,5-10"2 (ma paccrogumm 21 M or Havama maacTa), a 30HA NOBH-
LIEHHO® TeMmepaTypw npoxgsmEyiack Gomee dem ma 40 M, DpE atoM
npaMepEO 40% oT mepBOHAYANEHOrO KONHYIECTBA KOKCA 0CTAETCA B IIacTe
HeCro PeBIIAM.

IIpmBefennble BHINEe pesyIbTATH pacdeTa OTHOCATCA JHIIL K OHpe-
KeNEHHRM pealbHBIM YCIOBHAM.

IPdexT ycroperma meperoca TEMIa B IIACTe IPH BIAKHOM TOPEHHH
OO0 CPAaBHEHHI0 C CyXHM TOopeHHeM HOATBepKIeH Ta6opaTOPHHME JKCIe-
pumerTamm [128].

WsBecTHH pesymnTaTH ONHITHHX pPaGoT, OpoBeReHHLX B PEaJBHBIX
mracrax, DOKa3mBaomue, 4TO DPACX0R BO3MyXa, NpPHXONAMEACH Ha
TOHHY HoJydaeMoii He§TH OPH BJIa)KHOM TOPEHHH, CYIMECTBEHHO HWKe,
9eM TOpPH CYyXOM TOPEHWH.
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