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IlIHpoko H MHOMOCTOPOHHE OCBelleHbl NPOOJAEMLl OXpaHul noi-
aeMHbIX BOJ OT sarpaaHenns. [IpuBeflensl cBejleHHs MO TeOpHH Mac-
conepeHoca NMpH QUALTPAIHA B MOPHCTOH cpeje ¢ NpHMEpaMH pelleHHs
npo6/eMb! Ha KOHKDeTHEIX oGbekrax. PaccMoTpeHbl NpHUHHEL W (hH3H-
yecKHe acnmeKThl Mpolecca sarpA3HeHHd mNof3eMHEIX BoA. Haioxemnl
JaHBle © CYIECTRYIOUIHX MaTeMaTHHeCKHX MOJeIsX npouecca 3a-
rpA3HeHns MOASEMHBIX BOJA H NYTH HX peatH3alHH.

3arpA3HeHHs BOAOHOCHEIX TOPH3OHTOB PACCMOTPEHL B peayabTaTte
JeATeNLHOCTH FOPHOAOCHBAIGIHKX NPEANPHATHA, NpH BHEJAPeHHH CO-
JeHkIX MOPCKHX BoJl B NpHGpPexHLE rOPH30OHTHl, B CBSA3H C PaHOAKTHB-
HEIMH OTXOAaMH XHMHUeCKoro npoHapoicTBa. Omucana ofwas Mero-
AHKA ynpasieHHsi BOAHBIMH pecypcamu. [Ipusenen ananuz pudepepen-
NHAABHLIX YPaBHEHHIl, OMHCHBAIOIHX NpOLece 3arpA3HEHHA nNoj3eM-
HLIX BOJ.

Jlns HayuHBX W HHAEHEPHO-TeXHHUYeCKHX PaGOTHHKOB H LIMpO-
KOro Kpyra uWtatefefl, HHTepecylomMxca npoGieMoll oXpaHul reoJjo-
rHYeckoil cpefisi H, B 4aCTHOCTH, BOJIHHIX pecypcoB.
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bJAArOIAPHOCTH

Hoes nanucams samy Kru2y noasuUAACh 80 BpemMa M0e20 npedbiBanus
6 1973 e. 6 Kawecmse npusAQuIeHHo20 npogeccopa é Yuueepcumeme
wmama 3anadnas Ascmpaaun e e. Ilepme, 2de s npoyuman dea Kypca
ACKYULL N0 302PA3HEHUI0 NOO3EMHBIX 600 U NPUMEHEHUIO YUCACHHBLX
Mmemodos 8 eudpozeosoceuu. IToasayioce 3mMoL B03MONCHOCMbIO, wMOGHL
noGaaeodapumes 6cex cOMPYOHUKOS YHUBEPCUMEMA 30 GEAUKOACHHBIE
ycaosus, Komopsie Ovtau Mue npedocmasaenst dan pabomet.

Boavwaa qacme uccaedosanuti Guiaa BHUNOAHEHA 60 BPEMA MOe20
npebowanus 8 Boicweld Hayuonaavnoti F'oprotl wkoae e Iapuace, u
A obasan H. Imceasemy, Oovisuemy eaase ILlenmpa eeoaozuvecrorl
ungpopmayuu, a Hoive eneparvromy npesudenmy-oupexmopy Apaaba
30 MHO204UCACHHbIE NOJCKA3AHHbIE MHe udew 1 naodomeopHsbie OUCKYyccull.

Hedaande (3anadnas Aecmpaaus)
Cmpactype (Ppanyus), 1974

[IJIAH TNTOCTPOEHHSA KHHIH

Mot nadeemca, umo sma KHuea Gydem uHMepecHA 0 UHNCEHEPOS,
CMyodeHmoa U CReyuasucmos no NPUKAGOHON Mamemamuxe, U HAM
xomeaocs Ot dams HeKomopsie obujue ykasanua 0aa boaee sgghexmuenoo
ee WMEHUA U UCNOALI0BAHUS.

B eaaase 1 paccmampusaiomes eragHbie 3a2pASHUMeIU 1L xapaxmep
UX CMEUeHUS, YN0 COCMABASeM OCHO8Y USYHeH LA NPOLECCO8 3a2PAIHER IS
NOJ3eMHBIX 600 € NOMOWBLIO MEOPULl NEPEHOCA CMELUUBRIOWUXCA HUIKO-
cmetl.

B eaage 2 uaarazaromea ocHogst meopuu ducnepeill 8 uHmepnpemayun
Dpuda u Kombapuy (1101, u nodueprusaemes omeaioHeHue mamemami-
Heckux npedcmasaeHult om aabopamoprsix  IKCNEPUMEHINOE U UX
O2paHudeHue.

B eaase 3 daromesa memoduseckue npasuaa KoauRechseHHo2o usyye-
HUA 3a2pA3HEHU A nodseMublx 600. B Hell noKasano, KAk peams maxiyo
sadaqy u onpedesena nocaedosamearvHocms onepayuli. Ymobot npour-
ArCmpuposams npedioNeHHYI0 MemoduKy, 6 KHuee npusodamcs dee
MUNOBBIE CXeMbl, Komopsie moeym Obime UCNOAL308AHBL KaK MoOeau
saday OAR WBYHeRUA 3aepAHEHUR Nod3emublx 600 (6 ocobennocmu
8 cay4ae saepasHeru s om noaetl gussmpayuu). B eaase 6 onucsisaiomes
HEKOMOpbe MUNUYHBIE CAY4al, KOMOpLle 00BDACHAOM, KAK NPUMEHAMb
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MemoduKy, 8 aaase 4 OnUCHIBANOMCR OCHOBHBIE NO.ACBbIE IKCNEPUMEHMbL U
gopmyast, Heobxodumble 0AR NOAYUCHUS PASAUYHBIX NAPAMENIPOG,
a 8 2aase 5 paccMampuearomcs HeKomopsle NOAE3HbIE HUCACHHbIE MOJerl
¢ ux KosewHopasxocmuoll duckpemusayued.

B zaase 7 Mbi NONGIMAANUCH PACUILPUME 00BEKM UCCALTOBAHUA,
nokasas, 4mo 3aepA3Hedrte nodaemwuslx 800 cocmasasem wacmy 6Goaee
KPYNHOLX IKOHOMUNECKUX NPOGAEM, COASAHHBIX C YnpasieHues so0HbMI
pecypcamu. Mot noxaseisaes, 4mo memoduxa, Xapakmepras 0aa
3a2pA3HeH U NOO3EMHBIX 800, ONUCAHHAA 8 2Aa6e 3, ABAKEMCA Pe3yab-
mamom npumexHeHun obuyux memodos, NOOKPENACHHBIX Mamemanmuye-
CKUM QnNapamom U YAYUUIEHHBIMUE MaAmeMamuueckumuy  memooamu
ofipaiomku OAHHBIX, KOMOPbLE Mbl KPAMKo onucaau. 3amem mbt Oaem
OCHOBHBIC KOHYENYUL IKOHOMUNECKO20 U hOAUMUYecKkoeo nodxoda K npob-
AeMAM BOOHBIX PECYPCO8 U 3a2PASHEHUS NOGIeMHBLX 600.

Xomsa eaasa 8 asagemea caedemeuem pAacCMOmMpeHusn pesyabmamos
BXCNepUMEHMAAbHOIX OAHHbIX, OHA 0KA3AAACH 6 BblCWiell crmenenu Marme-
mamuueckoti u meopemusieckoll 1 Ovira Hanucasa, 4mobsl nokasame
cneyuaaucman no nPUKAAOHOI mamemamure, wmo, kasaoco Obl, dase
dajeKue om MameMamuKi npobiemsl 3a2pA3HEHUA NPEOOCMAsASIOm UM
GecoMa WUPOKUE BOSMONCHOCMU OAR PASBUMUS UX COOCMBEHHbIX Mame-
MAMUYECKUX UCCACO08AHIIL [ NPUBOOAM UX K MBICAU 3AHAMECA IMOQ
CMOAL NPUKAAOHOL OMPACALIO YUBUKIL L MeM CAMBIM NOMOYb el CBOUMU
MAMEMAMUYECKUMU SHAHUAMIL,

B aaase 9 passusaromcs memodbt & NPOYECCH HUCACHHO20 ARAAUSA,
HeobxodumMble OAf 4UCACHHOL NOCMAHOBKU 3adaxu 302pA3HEHUA 1 ee
pewenus Ha IBM. 3decy omseuaemcs mecHas 63auMoc6asy Mexncdy
(PUSLHECKOL CYULHOCIbIO RBACHUA U MOOeAUPOBAKUEM.

B qempipex npuioscenusx, NOMEWEHHbLY 8 KOHYe KHitel, CO0ePHUMCA
cneyuaasHan UHopMayua no Hekomopsim sonpocam. B npuaomcenuu
I npusodamea dannsie no 2udpozeosveut, docmamounsie 0as npasub-
HO20 NOHUMAHUR 08UNCEHUA NOJICMHbLY 600 U UX 3a2pA3HenHus. B npu-
aoncenuu 11 usiraearomen 0cHO8bE 2e0husuteckux Memodos, Komopoie
WILPOKO UCNOAL3YIOMCSA 8 noaesoll npakmuke 0as 0OHAPYICEHUA 3a2PA3-
HeHuA 6e3 Hapywenus cpedst NP 02PaAHUIEHHOM YUCAE DY POBbLY CKEANCUH.

Hpunoxcenue 111 ssagemea Kpamkotl c600KOIL OCHOBHBIX arzebpau-
ueckux nonamutl, HeoGX00UMbIX OAR NOHUMAHUR MEMOG08, UA0NCEHHBIX
g8 2aase 9. Cneyuaaucm, He SBALOULMICA MAMEMAMUKOM, makold Kak
200402, Q0ANCEH YMEMb NOCMPOUMb MAMEMAMUYECKYI0 Modeab, Noab-
aysce npuaoxceruem [I1 u eaasamu 5 u 9,

Mpusoacenue 1V npedcmasasem coboti onucanue MexcoynapooHblx
HOPM, KACAOUJUXCA NUMbeBOIl 6006t U 110PO206 KOHYEHMPayu, Ucnob-
SYeMbLX NPU USYHeHUIL 3a2PA3HeHUL.

Jan unxcenepa nHauboaee noaeansbl 2aassl 3, 4, 5, 6 u 9, 8 Komopsix
dansl npaKmuueckue SHAHUA U pewerts 3adat, CBA3AHHBIX € 3a2PAIHe-
nuem. Ecau makod npaxmuk omeewaem yeAuKoMm 3a npoexm, mo emy
MONCEM oKaaameca noaesnol eaasa 7.

Cneyuaaucm no npukiadHod mamemamuke uau yuensiil-uccaedosa-
meay 3aunmepecyromes aaasamu 2 u 8, Komopeie ABAMOMER Meopemu-
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HECKUMU 1L MECHO C8A3AHNHBIMU ¢ aabopamopHbini onsimamu. Kowneuno,
um caedyem nposumams w Opyeue 2naebi, 00BIACHAIOUUE PUIUECKYIO
Kapmuwy AsieHuu.

Jma Knuea moxcem Obimo UCNOALI0BAHA KAK Yuebruk, obecnedusar-
WUL NOHUMAHUE W KOAUMECIBEHHYIO OUEHKY npobiem 3azpA3HEHUR
nodsemmoix 600. Mot uyecmsyem, wmo 2aasa 8 moxcem Goims nponyuwiena,
3a ucKkaoueHuem pasdera 8.4.1, komopeiti asasemea 8sederties 8 meopuo
smodeauposanun. Ha cmydenweckom yposwe zaasa 2 no ducnepcuu
npedcmasanem coboll ocHo8Y 048 2aBOPAMOPHBIX U MAMEMAMUYECKILX
pabom; cneyuaaucmy caedyem usyqums 2aasst no memoduxe (3 u 7)
W No NOAEBHIM 3KCREPUMEHMAM.



BBEAEHHE

3arpssnenie cTaHoBHTCs Bee Gosee H GoJiee pacTyLiHM Ty 0BHILEM,
KOTOpPOE Yrpoxaer Hauiefl uMBHJAH3AUHH (1O MEHBbUIeH Mepe OCTaB-
mieiics ee gyacti), — MoJOXoM, KOTOPLIH B KOHILE KOHIOB MPOrJAOTHT
Hac. MMemHo Tak YTBEP:KAAIOT CPEICTBA MaccoBOW HH(OpMauuu H
MOJKET GHITh 9TO TaK; HO BO3MOMKHO, 4TO TaKoil MPOrso3d ounGouen
HAM, 110 KpaitHeil Mepe, CAHIIKOM NeCCHMHCTHYEH. Mgl yyBCTBYEM, 4TO
peanbHas OMacHOCTh — HEe 3arpfAsHeHHe, a HrHOPHPOBaHHE npoGJaeM
sarpfAsHenns. Jra KHHra, NOCTPOEHHAS HA NMPHMEpax 3arpAsHeHHA
NOJA3eMHBIX BOJ, TpeACTaB/ifer coGoi MOMBITKY OOBACHHTL H KOJH-
YeCcTBeHHO OIEeHHTh NpoGaeMy H NoKasark, YTO ONAacHOCTbIO 3arpA3He-
HHA HeJb3S npenebperaTh, HO, Pa3yMeercs, ee He CJELYET H npeyse-
JH4YHBaTh. B KHHre nojyepKHBAETCA, 4TO 3aja4H 3arpA3HEHHS MOryT
GBITH ONHCAHBI XOPOIHMHA (H3HKO-MaTeMaTHYECKHMH TEOPHIAMH 1 4TO
STH 3aJ1a4H HMEIOT TeXHHUECKHEe H MaTeMaTHueckue peiienns. AKUEeH-
THpYETcH TOT (pakT, uTo OGLIUHBIE NPHEMBI, MaTeMaTHYECKHE H IKCME-
pHMEHTaJblLe, paspaboTanibie B APYrHX 061acTIX, MOTYT C yCnexoM
NpUMEHATLCA B GOMBIUHHCTBE CAy4aeB 3arpsasHeHHd, roc/e Toro Kax
VCTAHOBJIEHBI NPABHJIBHEE YCJAOBHA HX TPHMEHEHHH. Kpome TOrO,
B Hell nokaszano, 4ro Gopbba ¢ 3arpsA3HeHHeM XOpollo YK/JAaAbIBAETCH
B paMKH OOLIMHEIX (PHHAHCOBHIX H TEXHHYECKHX BO3MoOKHOCTEl J11060H
CTpaHel. ITO CKOPEE BONPOC MKeJaHH#, OpraHHsanin H TEXHHIECKOro
MacTepcTBa, HEeXKeJnH BONpoc JAeHer.

B knure nojayepkuBaercs BaxHOCTE MaTeMaTHYECKOTO MOACHHPO=
BaHHf Kak HeoOXoAHMOil NPAaKTHYEeCKOH OCHOBBI NpejaaraeémMuix METo-
JIHK, @ TaKyKe COAEPMHTCSH TpejocTeperKeHHe YHTaTelo, uTo noGas
MaTeMaTHuecKas MOJAedb, [0 ONpPEleNeHHIo, TNpeiacTaBaser coboil
npuGaHKenne K aeficTeuTeapHocTH, Tak ke Kak (ppeKTHBHOE HCNONb-
30BaHHE HHCTPYMEHTA 3aBHCHT OT paboyero, s(pPeKTHBHOE IIPHMEHEHHE
MOJIE/JIH 3aBHCHT OT HCCJeIoBaTeNs H, BEPosATHO, Gojee OT ero (Hsu-
YECKOTO MBILL/IEH HS, YeM OT MaTeMaTHYeCKHX CrIocoGHOCTEH. OTranYH bl
MaTeMaTHK Ge3 (DM3UYECKOTO CKJaja yMa He MOMET ObiTh XOpPOUIHM
cneianaueToM no Mojeanpobanuio. MM MOMeT okasaTkCsd XOpPOUIHi
(UMK HAH HHXKeHep ¢ OCHOBAMH MaTEMaTHYECKHX 3HAHHH.

Kopoue rosopsi, Mbl HajeeMmcsl MOKasaTh, 4TO peuienne 3sanad
3arpsAsHEH U NOA3EMHBIX BOJL MOXKET GbiTh JOCTHTHYTO, H Mbl IPHBOHM
HEKOTOPHIE NPHEMbI MOJAYUEHHS 3THX PeleHHil. ITH NpHeMbl Oasupy-
IoTcsl Ha JabopaTOpPHBIX M MOJNEBHIX 3KCNEPHMEHTalbHBIX METOIAX,
MaTeMaTHYeCKOM MOAEJHPOBAHHH H XapaxkTepH3yloTCd IOCTOAHH bIM
COMOCTAB/ICHHEM MaTeMaTHYECKOro aniapara H (pH3HYeCKOH CYIHOCTH
ABJAECHHIH.



FJIABA 1

OBIEE ONMHCAHHE NPOLECCOB 3ArPSI3HEHUS
NOA3EMHBIX BOJ

1.1. ONPEAEJIEHHE MNOHATHA 3AIrPA3HEHHSA
MNOJA3EMHBIX BOJ

TeopernueckH A8 CYLECTBOBAHHS YEJOBEKY JOCTATOMHO BCEro
5 J1 Bolkl B IeHb H HHOrAa Menbiue, [Tomumo Toro, Anf GLITOBOH H JIHY-
HOI rHTHEeHkl ueJIoBeKy Hy K Ho oT 40 10 50 J1 BoAb! B 1eHb; GOJbILE BOJLI
TpeGyercs Aas CeJBCKOro X03fiCTBa, CEJNbCKHH KHTeNb HYXKIAeTcH
no kpaineit mepe B 100 21 BoAsl B AeHb. B npoMuniieHHLX paiioHax
o6eiyro Tpebyercd 400—500 a1 Boasl Ha XKuread. [1aa yioBaeTBOPEHNHA
CTOJIb GBICTPO PACTYLIEro cnpoca Ha BOAY CJAeAYyeT NocTOAHHO OCBaH-
BaTh CYIUIECTBYIOULHE BOAHLIE Pecypcbl H HCKaTh HOBhIE HCTOYHHKH.
Heo6xonnmMo MOGHJIH3OBATL BCE HMEIOLIHECH HCTOYHHKH M B OCOOEH-
HOCTH N0/I3€MHBIE BOJIbI.

BeaepcrHe ouniialomHX CBOHCTB IPYHTOB N0J3eMHbI€ BOJIbl OOBIYHO
SIBJISIOTCH XOPOIUHM HCTOYHHKOM TNHTHEBOH BOJBI; OHH TAKIKE HCMOJb-
ayIOTCA /1A HPPHrallHH H OPOIUeHHS, a TaM, Tle NoBepXHOCTHBIX BOJX
MaJso, — A5 NPOMBIUJIEHHBIX HY#A. Bo MHOrHX apHAHBIX H noJy-
APHJIHBIX 30HAX HMEHHO MOJ3eMHEIE BOJALI fABJASAIOTCH IJIABHLIM HCTOY-
HHKOM BojlocHa0KeHHA. BoaOHOCHBIH rOPH3OHT 06pasyeT ecTeCTBeHHOe
XpanHAnILe Bojbl 00LIYHO BHICOKOTO KayecTBa, XoOT#A No/i3eMHBIE BOALI
JAydile 3alHUIeHbl, 4Y€M MOBEPXHOCTHHIE, HO H OHH TOJABEPKEHBH
3arpfAsHEeHHIo, T. €. SBJEHHIO, KOTOPOe MOXKeT OhiTh ONpENENeHOo cJie-
ayomxm oGpasom.

3arpAsHeHHe — 3T0 H3MeHeHne PHIHUECKHX, XHMHYECKHX H GHOJI0-
rHYeCKHX CBOHCTB BOJbI, OTPAaHHYHBAIOUHX HJIH HCKIIOYAIOUHX HX
HCTIONB30BAHHE B PA3JIHYHLIX HANPABACHHSAX, rje Boja 00LMHO HIPaerT
CYLECTBEHHYIO POJb.

1.2. HCTOYHHKH 3ATPH3HEHHHA
MOASEMHBIX BOJ,

3arpAsHeHHA NOA3IEMHBIX BOJ NO CBOEMY NPOHCXOMACHHIO Nojipas-
JICNAIOTCH HAa YeTHPe OCHOBHLIE TPYNNEL NMPOMBIIIEHHas, GhIToBasd,
CeJLCKOX03fAHCTReHHAA H NpHpOAHAfA, Ka)aas H3 KOTOPHIX B CBOIO
ouepeiib Nnojapasjensaerca Ha JBa THNA — NOCTOAHHLIA H CAy4YaHHLIA.

1. MpoMpimienHoe 3arpfA3HeHHe TPHBHOCHTCA B BOJOHOCHBIH
TOPH3OHT CJelVIoIHM oOpasoM:

— € HCNOJBL30OBAHHBLIMH BOJAMH, COEPIKALLHMH XHMHYECKHE COe/H-
HEHHA M CJAEAL 3JEMEHTOB (TaKHX, KaK MeTalJbl, HanpHMep), HJIH
HMEOUIHMH JIOBOJIBHO BBICOKYIO Temnepatypy. PaawoakTHBHOe 3a-
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rpA3HEHHE OT aTOMHbLIX /EKTPOCTAHIHHA MOXKET [OCTYNaTh B BOAOHOC
HBbIl FOPH3OHT TAKHM XK€ MYTEeM;

— ¢ 10XJeBoit BoAOH, HH(HJILTPYIOUIEHCH 4Yepe3 oTBajLl Ipo-
MBILVIEHHBIX OTXO/A0B;

— npH aBapHfix TpyGonpoBOJOB.

2. BuiToBOe 3arpfi3HEHHEe MOCTYNAeT B BOAOHOCHBIH TFOPH3OHT:

— ¢ joXaesoit BoAoi, HHMHABTPYOLLEHcs Ha noadAx (uabTpa-
LLHH;

— NpH  aBapHAX, HanpHMEp CeNnTHYECKHX pe3epByapos.

3. CenbCcKOX03fAHCTBEHHOE 3arpfA3HeéHHe TNPOHCXOAHT B CBA3H
¢ BBLIHOCOM HPPHTAUMOHHBIMH HJH JOMKIEBEIMH BOJAAaMH YAOGpeHHi,
MHHEpaJoB, coqefi, repOHIHA0B H NECTHILHLOB.

4. TIpupoaHOe 3arpsA3HEHHE [POHCXOAHMT, [IJIaBHbIM 06pasoM,
BCJIEICTBHE BHEAPEHHS MOPCKOI BOAB B npHOGPesHbIl BOAOHOCHLIM
rOPH30HT,

3ameuyan e DbakrepHoJlorHyecKkoe 3arpsfisHeHHe BO3HHKaeT
raaBHBIM 06pasoM B OBLITOBBIX OTX0/aX, TAKHX, KaK (pekanbHble CTOKH,
W cnenuanpHo B AanHoil pabore ne paccmarpupaercd. OCHOBHBIE BO3-
MOJKHBIE 3arPA3HHTENH H HHAHKATOPE! 3arPA3IHEHHA NPHBEACHBI HHIKE.

Ofwan MiuHepaaHaanns Cpoloannil yrae- docpatw (HPOF)
KHCALIH ra3
XTIK (xummuecKoe nOraowienne BukapGonars Luuk
KHCJA0pPOAa) (HCO,)
BITK (Guoaornueckoe 1OrJOULEH He Jenezo (Fet) CeHHel
KHCAOpoAa)
Yraepoa (opraHu4ecknx coeaHHeHni) Oﬁ:u:ae #eaeso (Fer*  Meas
H Fe?*)
Bonopoa (opranuvuecknx coeunennit)  Mapranen Muwbsg
Asor Hatpuii K pemunii
Hetepaentsl Kanuii Temnepatypa
Denoasl Kaanumni _ FIH
Kncaopoa Marnui IpoBOANMOCTD
Cyaphara (SOF-) O61an HecTHOCTD Pepoge noreHuHan
Ceposoiopoa XJAopHIHK
Hurpata (NOj3) Qropuinl

Hutpute (NO;3)
Ammonnit (NHY)

[MpHcyTCTBHE STHX 3JACMEHTOB H COCJHHEHHH B BOAE HE 06A3aTENbHO
03Ha4aeT, yTo oHa 3arpAsnena. [IeHCTBHTEIbHO, KPHTEPHH 3arpAasne-
HHSA 3aBHCAT OT XapaKTepa HCMoJAb30BaHHS BOJILL HANPHMED, NHThEBAA
BOJAa MOMKeT TaKKe HCNoJb30BaThCs W JAM JHYHOH THrHEHb, OTAHXA
(nnaparenpubie GacceiHbl) ¥ HppHramuy. XOpowO H3BECTHO, 4TO
B NOCJACAHMX cJAy4yasaX ONacHOCTb MEHbINE, 4YeM MpH HCMOAbL30OBAHHH
BOJLI V1S MUThS, H HE CYUIECTBYET HHKAKHX HOPM H MEeKAYHapPOAHLIX
npasiJ A8 KOHTPoJa KadecTBa. MexayHapojHble HOPMbl PEKOMEH0-
Bansl Beemupuoit Oprannsauneii 3apasooxpanenns (1972 r.) TOAbKO
AAA NHTHEBON BOABL. DTH HOPMBI NpEACTaBJeHbl B npHAoKeHHH IV.
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1.5. ®DU3UYECKAS XAPAKTEPHCTHKA 3ArPSA3HEHMS
NOA3EMHBIX BOJI

BHHMaTe/bHOE PACCMOTPEHHE MEepeuyHc/IeHHbIX Bbllle 3arpA3HHTe-
nefl, a TakKe YpOBHEl AONYCTHMBIX 3arpA3HEHHH H TPeAeNbHBIX
cogepxanuii (cM. npuaox, IV) nokaseiBaer, yto HanGojee onacHeIMH
W yacTuIMH (POPMaMH 3arp A3HEHHA MOA3EMHBIX BOJ ABAAIOTCH 3aTPA3HH-
TEJH, CMEIIHBAIOILHeCs ¢ BOJ0I BOAOHOCHOTO TOPH30HTA; €CJH OHH HE
CMEIIHBAIOTCA, TO HX KPHTHUECKHE MACChI IOCTATOYHO MaJbl, 4TOGbI HX
MOMKHO OBIIO pacCMaTPpHBATL KAK HHAHKATOPbLL BOJbl, H JABHXKEHHE
«MEYeHOMH» BOJbl B BOJIE SIBJIAETCH JYYUIHM NPHMEPOM NepeHoca CMECH.
Kosneuno, He(TsiHOE 3arpsA3HeHie HECMECHMO ¢ BOJOH, HO ObLIO MOKa-
sano [69], uro medrTh, AOCTHrapuUas HEPTEHOCHOrO TOPH3OHTA, HE
ABHKETCH GOMBIIe BHH3, H YTO 3arpfA3HeHHe CKBaXKHH YIVIeBOJ0pOAaMH
MOKET TNPOHCXOAHTH OJyaroaapf pacTBOPHMbIM KOMIOHEHTaM HJIH
JIerKHM 3J1eMEeHTaM, KoTophie BeayT ce6sl Kak Tpaccepnl. X ABHIKEHHE
MOKeT ObITh ONHCAHO TEeopHell MacconepeHoca CMEemHBaIOUHXCH
AHHIKOCTEH.

ATH paccyMIEHHs, KOTOpbie MNOATBEPKAAITCH GOJbIIHHCTBOM
MOJIeBHIX SKCIEePHMEHTOB, NMPHBOAAT HAC K TOMY, 4TOOBI B OCHOBY 3TOM
KHHUTH NMOJOXKHTEL TEOPHIO ABHIKEHHA JBYX HECMEIUHBAIOMIHXCSH KHAKO-
cTeil, XapaKkTepH3YIOWHXCA ABJEHHAMH AHcnepcHH. Bee ke mMbl npH-
HHMaeM B pacdeT TOT (pakT, uTO MOBEJEHHE CMELIHBAIOWHXCS HHIAKO-
cTeil MHOrJa XOPOWIO ONHCHIBAETCS NPH YCJAOBHH mnpexebpexenHs
s(ppexTaMH CMEIeHHHA: 3TO CcAy4aH HEKOTOPbIX KpynHoMaciTabHbIX
HecaeNoBaHUi, 4 TAKIKe, HANPHMEp, ABHIKEHHe 3arpsA3HenHs no Hanbo-
J1ee NpeAnoYTHTEALHEIM NYTAM, 0COGEHHO KOT/la KOJHIeCTBa 3arpA3ne-
HHA OYeHb MaJbi, @ HX TOKCHYHOCTbH JOBOJIBHO BHICOKA.

Kopoue roBop#, 3arps3nenHe NoA3eMHEIX BOJL yNpaBJsieTcs AHCnep-
cHeil (cayyail aHcrepcHy), 3a HCKJIOYEHHeM TeX cJyyaeB, Koria ero
ABHeHHe, 00YCJAOBIEHHOEe CKOPOCThIO BOJIbI, HAMHOTO 3HAYHTENbLHEE,
4eM ero CMelleHHe ¢ BOAOH BOJOHOCHOTO TOPH3OHTA (KOHBEKTHBHBIH
cayuaif). OnuceiBatored o6a caydast H HX CBA3H.



IJIABA 2
TEOPHSA JAMCNEPCHH B MNOPUCTOHW CPEAE

Teopus aucnepcHn B mopHCTOH cpene npejacrapafer coboii kaue-
CTBEHHOE ONHCAHHE H KOJHYECTBCHHYIO OIEHKY MOBEJeHH CMellHBaio-
MHXCHA KHAKOCTE, saMemaionux Apyr Apyra B nopHcToi cpene.

I1pu coBMeCTHOM ABHIKEHHH ABYX KHAKOCTE B HAYANBHBIII MOMEHT
BpemenH obpa3ayercsl peakasl rpaHHila paanena, Kotopasi npeoGpasy-
ercsl B NEPEXOAHYIO 30HY, M0 MEPEe TOT0 KaK pasJHuHs Mex1y (pH3Hye-
CKHMH CBOHCTBAMH JKHAKOCTEH (HanpHMep, KOHIEHTPAaIllH) BEIPABHH-
BaloTes co BpemeHeMm. IToT obmuilt ddext sApasercas peayabTaToM
OJIHOBPEMEHHOrO BJAHAHHA PasiHYHBIX (PHIHKO-XHMHYECKHX SBJEHHH
TaKHX, Kak MoJekynsapuad guddysHs, a TakxKe CAeJCTBHEM H3MEHYH-
BOCTH MPOHHIAEMOCTH MOPHCTOH Cpebl.

HMeropuueckn TeopH# JMCNEpCHH pasBHBajachk B TPM STana.

1. JlaBopatopHble 3KCHEpPHMEHTHI, HM3y4alOUHE pacnpocTpaHeHHe
CMELIHBAIOMHXCS JKHAKOCTEH B MOPHCTO# cpeje.

2. Mayuenne mareMaTHYeCKHX TMPOLECCOB, BHIBOA YpPaBHEHHH H
(hopMy 1, ONHCEIBAIOIHX J1a00PaTOPHEIE IKCNEPHMENTE H 06ecneyHBalo-
IHX ofpACHEHHE HX Pe3yJbTaToB, a Tak:Ke oOUHX ypaBHEHHIl Mexa-
HH3Ma JHCMEpPCHH.

3. INpumenenne ¢GopMys H ypaBHEHMH AHMCNEPCHH K HATYPHBIM
MCCIEJOBAHHAM H peallbHLIM 3arpA3HHTeNAM,

JlaGopaTopHbie KCNepHMEHTH, MaTeMaTHYecKas IIHTEpanTauHH H
TEOPHSA HEOTAJAHMBI H B 3HAYHTENbHOMN CTENEHH 3aBHCAT APYT OT Apyra.
[Mpumenen e TeopHH JAHCIIEPCHH B HATYPHBIX HCCJEJ0BAHHAX HAYAJOCH
CPaBHHTEJNBLHO HEAABHO, HO OHa OBICTPO NOJYHHJA IIHPOKOE pacrpo-
CTpaHeHHe H3-3a HaCTOATeAbHON HEOOXO0AHMOCTH NPOrHO3a H KOHTPOJI
3arpfAsHeHHii noJ3eMHsX Boj. Hcnoab3oBanHe TEOPHH JIHCNEPCHH
B HATYPHBIX HCCJAENOBaHMAX MOKAa3LIBAET, 4YTO NPOrHO3HLIE OLEHKH
HE Bcerja coBnajaT ¢ AeficTBHTeNMbHOCTEI0. TakuMm o6pasoM, BO3HH-
KAaeT HOBHIH 3Tan Mcc/aefoBaHHd — BO3BpaT K AabopaTOpPHBIM 3KCIe-
PHMEHTAaM H CHCTEMATHYECKHM MNOJEBBIM ONBITAM C [EJbI0 YCOBEPIUIEH-

creoBanns teopun [110].
2.1. ONHCAHHE NPOUECCA JOHCNEPCHH
2.1.1. Tpocroii npumep

[Tyets umannapuueckas TpyOKa 3anoJiHeHa NMOPHCTOH CpPeloH H
HachllleHa 4HCcTOH BoAoi. B HauaapHeH MOMeHT BpemeHH ¢ = 0
B TPYOKY BMECTO YHCTOH BOJLI HAYHHAET MOCTYNATh PacTBOP BellecTBa
¢ koHuenrpauuei Cy. [Tpoduab KOHUEHTPalHH B Ha4YaJbHBI MOMEHT
BpeMeHH mnpejcTaBied crynenuarod ¢ymkuueir (puc. 2.1.1). [Torok
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Puc. 2.1.1. Passurie nepexopnoil sonsi  1r.g t={y
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Puc. 2.1.2. KoumnoHenthl AHCIEPCHH.
YacTHUE HMEAKOCTR: J — B MOMENT BpeMeHH §, 2 — B MOMEHT BPEMCHN { 4 di; 3 — Ha-

npapJielie nNoToKa

JHIKOCTH SIBAfETCS OJHOMEpPHBIM, CKOPOCTh TOAd4H pacTBopa no-
CTOSHHAS, PEANOAraeTcs TaAKKe, uTo (PH3HKO-XHMHUECKHE MPOUECCHI,
NOJOGHBIE, K MPHMEDY, aicOpPOIIH, MEKLY KHAKOH H TBEPAOH (pasoi
OTCYTCTBYIOT. KOHUEHTpauusi BBOJHMOrO XHMHYECKOr0 KOMMOHEHTA
HaMeHsieTcs BO BPEMeHH; MPOQgHIb KOHIEHTPAIHH BO BPEMEHH HMEET
THnHuHBI S-o6pasubii Bui (cM. puc. 2.1.1).

IMepexopuasi 30Ha mpeicTaBasier cofoif y4acToK, Ha KOTOPOM
KoHIEHTpalHs BBOANMOI JuaKocTH H3mensiercs ot 0 1o Co. UInpuna
MepexoIHOil 30Hbl YBETHUHBACTCS CO BpeMeHeM. DT0 ABJAETCH Peay.ib-
TATOM THIOHYHOTO MPOSBIACHHA AHCMEPCHH, KOJHUECTBEHHOE ONHCAHHE
KOTOpOil BeJleT K Pa3jH4HBIM yPaBHEHHAM JAHCIEPCHH,

2.1.2. TMouaTHe JAHCIEPCHH

Jucnepcus noToka HAKOCTH B NopHCTOI cpeae — 3To o6pa3oBa-
HHe W PA3BHTHE BO BPEMEHH MEPexo/iHOl 30HbI MEMAY obJsiacTsAMH pac-
npocTpanenus ABYX (a3 pasiH4HOro XHMHYECKOro cocTaba.

O6pasoBaHne H PasBHTHE NEPEXOAHOH 30HBI MEKAY ABYMH ABHIKY-
MUMHCH CMEIIHBAIOUHMHCA JKHIKOCTAMH MOKET ObITE OOBACHEHO
TeHJCHIHE!l K BHIPaBHHBAHHIO KOHIEHTPalUHH B pacTBope, XOTH MBI
emie YBHAHM, 94TO MEXaHH3MbI AHCIEPCHH ABAAIOTCH KOMIJICKCHBIMH "
HE MOTYT paccMaTpHBATLCA C OAHOIH TOYKH 3pEeHnd.

2.1.3. MexanH3mbl JAHCNEPCHH

Ilucnepcusi npeacrasaser cofoii peaynbTaT OJHOBPEMEHHOIO neii-
CTBHS KaK YHCTO MEXaHHYECKHX, Tak H (PHINKO-XHMHUECKHX NPOILEC-
COB.
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Puc. 2.1.3. Tnapnmii acnekt gucnepcuu

............

Pue. 2.1.4. Bansuuwe auddyann na Jucnepcuio.
1 — momedr apemedn {; 2 — MoMeHT npeseédu f - Af

1. Mexanuueckoe BO3JEHCTBHE: NPH JABHKEHHH MKHIKOCTH B 1O-
PHCTOH cpeje HMEeT MECTO HEOJHOPOAHOCTB NOJA CKOPOCTEH. 31O
NPHBOAHT K PasfHYHBIM TpaHHYHBIM SpexTaM Ha TMOBEPXHOCTH
TBEpAOoi (asmi:

1) H3BeCTHO, 4TO XKHAKOCTE 006JafaéT BA3KOCTBIO, a4 CKOPOCThb
JKHAKOCTH HA NOBEPXHOCTH TBepJoH a3kl paBHA HYJI0. ITO CO3JaeT
FpajgHenT CKOPOCTH B XUAKOM (dase, nojo6HO TOMY, 4TO MEl Habmofaem
B KanuAAApHBIX TpyOkax (puc. 2.1.2, a);

2) H3MEHEHHE pa3MepoB MMOP TaKxe NPHBOJHT K HEOJHOPOAHOCTH
MoJifi MaKCHMAJLHLIX (BAOJbL NPOAOJBHBIX oOCef nop) CKopocTei
(puc. 2.1.2, 6);

3) HanpapJeHHf 3JEeMEHTapPHHIX JHHHH TOKAa B OTAEJbLHBIX rnopax
OTKJIOHSIOTCSA OT CPejHero HampapjieHHs notoka (puc. 2.1.2, 6).

Bece stn mexanuyeckue spexThl NposABAAIOTCS OJHOBPEMEHHO H
NPHBOAST K «MeXaHHYecKOH jaucnepcuu» (puc. 2.1.3).

HMayuenne sTux sjieMEHTAPHLIX ABJEHHH HABOAHT HA MBIC/b O reo-
METPHUYECKOM AaCMeKTe JHCNepPCHH: a HMEHHO — O CYUIEeCTBOBAHHH
JABYX OCHOBHBIX 3(peKTOB, NepBLIl H3 KOTOPHIX MPOSB/fETCS B Ha-
npasjaeHun A cpeaHel CKOPOCTH H BLI3BAH HEOAHOPOAHOCTBIO NOJSA
CKopocTeii B1oab A, a BTopoil npofBjasieTcss B NJAOCKOCTH NEpIeH/H-
KyJaspHOil A, mNpHYHHA €ro — HEOJAHOPOAHOCTb IOJA CKOpoCTeH
B JAHHOH IJOCKOCTH. ITH 3(peKTH COOTBETCTBEHHO HA3BAHBI ¢«NPOJOJIb-
HOM JAMCTepcHel» M «¢rmonepedHoi aucnepcHeid». Mbl yBHAHM Janee,
4TO 3TH 3deKrTnl ABNAIOTCA (PyHAAMEHTAJAbHLIMH KaK B TEOPHH AHCHEp-
CHH, TAK H B €e NPHJOXKEeHHWH K npobjieMaM 3arpfA3HeHHf.

2. Ou3HKO-XMMHUYECKOE BO3/IeHCTBHE: (PUIHKO-XHMHUECKasd JHC-
NepcHs CBOAMTCA K MOJEKYAsApHOH AH(DY3HH, KoTopasi BO3HHKaer

14



NpH HaJHYHH XHUMHYECKOTo MOTeHIHana; NOCAeAHHi KoppeaHpyer
¢ KoHueHTpauuel Bemectsa. Mosekyaspuaa anpdysns HMEET MECTo
H B NOKOALEACH MXHAKOCTH.

Kak B c/ayyae MeXanH4ecKoH AHCTIePCHH, BJAHAHHE MOJEKYAAPHOMH
Anddyann MoxeT GuTh nojpasfeneso no Tunam. PaccmaTtpuBas aas
YNPOUEHHA NOTOK Kak COBOKYNHOCTb TPYOOK Toka, GyaeM pasiiHuaTh
nBa THna AHpPy3Hn: 3

1) BHYTpH TpYOGKH — KOHUEHTpAUMUA BJ0JL OCH TPYOGKH HMeEer
TEHAEHUMIO K  BHPaBHUBAHHIO. 3ITO — NPOAOJbHHIH  sdipexT
(puc. 2.1.4, a);

2) Mexay JABYMS NPHMBIKAOUHMH JIPYyr K ApPYry TpyOKaMmu —
NMepeHoc Macchl BeUecTBa, TAaKMKe [PHBOAANIHA K BHIPABHHBAHHIO
KOHUEHTpaumii. Iro nonepeunwit sdexr (puc. 2.1.4, 6 u 8).

B neficTBHTE/NbHOCTH MoJeKyasaphasas auddysna Beeraa HMeer
MECTO B Mpollecce AHCNEPCHH W fABJAsercd naubojee BaKHbIM (aKTo-
POM, PEeryJHpYIOLHM MeXaHHueckyio aucnepenio. Ona B 3Ha4HTeNLHON
CTENeHH onpeaesifeT NONEpPeyHYI0 AHCNEPCHIO M JleJlaeT BO3MOXKHON
AHAJIOTHIO MEXJY MaTeMaTHUeCKHMH NpeicTaBAeHHAMH JHCNEPCHH H
TenJonepeHoca.

2.1.4. XapakTepHbie MmapameTpsl AHCIEPCHH

Briteasiior Ba BHAA XapakTepPHLIX MapaMeTpoB JHCMNEPCHH: napa-
METpHl, YHCJOBHIE SHAYEHHA KOTOPHIX XapakTepPH3YIOT JHCNEPCHIO
KOJHYECTBEHHO, H NnapaMeTphl, OKashlBaloollHe BJIHSHHE Ha rpoluecc
AHCTIEPCHH.

MapameTpsl, XapakTepH3ylllHe AHCTEPCHI0 KosauuecTBeHHO. Ko-
JHYECTBEHHBIA NMOAXOA K AHCnepcHH TpeGyer onpejeeHHA YPOBHA H
mMacimTaba, Ha KOTOpHIX npoBoastcs uamepennd. [TonsATHe macuitaba
nMeer GoJibllOe 3HayeHHe B (H3HKe H ocoleHHO B TEOPHH TEYeHHH
HKHAKOCTH B TIOPHCTOMH cpefie; oHO OyAeT SIBJATHCHA NOMHHHPYIOUIHM H
B HalleM Kypce B KauecTBe (PyHJAMEHTAJbHOrO NOHATHA METOJHKH,
ynpaeafiomen H3ydeHHeM 3arpfA3HeHHs NOA3EMHBLIX BOM.

B Tteopun paucnepcHH OOBYHO MCMOJB3YIOTCS TPH OCHOBHBIX
YPOBHHA: MHKPOCKONHYECKHH, BHYTPHMOPOBLI H MaKpOCKONHYECKHIl.

JJokanbHBA (MHKPOCKONHUYECKHH) YPOBEHb.
Ha stom ypoBHe napamerpel OMHCHIBAIOT (HIHYECKYIO BEJIHYHHY
B TOYKE, T. €. B «0eCKOHEUHO MaJoM» 3jemente ofbema, conocTaBHMOM
C MOJEKYISPHO-PH3HYECKHM YPOBHEM. 3IT0 — OOGBIYHBLIH YPOBEHb,
NPHHATHIH B MEXAHHKE XKHAKOCTH, T€, K NPHUMEpY, JABHKEHHE MoJuH-
nsercs ypasHenusaM Hosbe—Crokca.

BuytTpunopoBui#t yposens Ha stom yposue napa-
METpPH ONpEeleasioTCH MyTeM OCpeIHeHHS COOTBeTCTBYIOWHX JIOKalb-
HBIX TapaMeTpoB B KoHeyHoM ofneMme xuakoctH. B nopucroii cpeae
Ha 3TOM OnpejeJeHHH OCHOBBLIBAETCH MOHATHE «NOPOBLIE BEJIHYHHBD
(TakHe, Kak AEHCTBHTE/bHAs CKOPOCTb (PHALTpALHH), H OCPEAHEHHE
Gepercs no cepuy nop. Ocpennenne onpejensercs B KaX/JI0M KOHKpeT-
HOM cay4ae, ocOoGeHHO NPH HeaJAHTHBHOCTH BEJHYHH.
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Maxkpocxkonuyeckuii ypoBeHb. 10T ypoBeHb H3y-
YEHHA HCMOJNL3YETCS B TEOPHH ABHIKEHHS HHJKOCTH 4Yepes NMopHCTYIo
Cpeiy € LB ONpeeNeHHa HenpephBHOTO SKBHBAJEHTa IAA Beeil
COBOKYIHOCTH MHIAKOCTH H TBepjoil daskl. [Tapamerpsl onpegensiores
NyTeM OCPeJHeHHS COOTBETCTBYIOUHX JIOKAJbLHBLIX NMapaMeTpoB B KO-
HEYHOM OOBLEME MOPHCTOH Cpejbl.

Iucnepcust onpeensiercs Tpems (PH3HUECKHMH BeJHYHHAMH (T. €.
B&JIHYHHAMH, KOTOPBIE HMEIOT NPAMOH (PH3HYECKHH CMBIC/ H YHCJIOBHIE
3HAYEHHS KOTOPBIX MOTYT OBIThb ONpeleNeHbl HEenocpeICTBeHHO, 10
Kpaiineii Mepe TEOPeTHYeCKH) H pPSJOM MaTeMaTHYECKHX BEJHUHH
(T. €. BETHUHH, ABJSIOUHXCS Pe3yJbTAaTOM MaTeMaTHUYECKOil HHTep-
MpeTanuyu TEOPHH JHcOepcHH). PHIHYECKHMH BEJIHUHHAMH SBJSIOTCH
MJAOTHOCTH, KOHUEHTPAUHH H CKOpocTH. MartemaTHuecKHe BeJHUHHEI
Ha3LIBAWOTCA «KOS(PHIHEHTAMH AHCHMEpCcHH» 1,

ITaoruocTu Cimeon p uenoZib3yercs ToJdbKo A5 o6o3Have-
HHA 0OLIYHOH MIOTHOCTH NPH H3Y4YEHHH AHCIIEPCHH HA BHYTPHIOPOBOM
H MakKpPOCKONMHYECKOM YpoBHAX. Ha 3THX YPOBHSIX H3YUeHHS p,
SIBJISETCA YACJAbHOH NJIOTHOCTBIO KOMMNOHEHTa i, a p — YAeAbHO
NJAOTHOCTBIO pacTBopa. Mbl MozKeM HHOIla HCMOJB30BaTh P Ha MHKPO-
CKONHYECKOM YPOBHE MHCCJeloBaHiili, HO Torja 3TOT CHMBOJ BCerja
COCAHHACTCS ¢ CHMBOJIOM CKOPOCTH MJIH KOHIEHTPAIlHH, KOTOPHIH H
onpexesasier maciutab (Hanpumep, pu ABAAETCH XapaKTePHCTHKOMN
ABHKEHHA Ha MHKPOCKONMHYECKOM YpoBHe H3yueHus). Hwmeem:

D = ? e

FA€ ¢; — KOHUEGHTPALHA, TNOHATHE KOTOPOH ONpenessiercs HHKe.
KowuneunTpanuun Moryr 6eiTh HCNO/B30BAHBI Pa3jiHYHBIE
OMpejeJeHls MHKPOCKONHYECKOH KOHUeHTpauuu Beuiectsa A B pac-
TBOpe M.
Maccosasn xonuenrtpauus npeiacrasaser coboii Maccy m, BellecTBa
A B MasoM o0BEMe U pacTBopa, AEJNEHHYIO HA 0GBEM U

¢ = m,jv,

Takoe onpejenenne KOHUEHTPALHH T10J€3HO B TOM cayuae, Korja
CMEelenHe npoucxoAuT 6e3 naMenenusa obuema, T. €. obuuii o6neM v
pactseopa ABYX XHMHYECKHX BEIECTB C HayaJbHEIMH o0BeMaMH U,
H U, OTpeAensieTcsl Kak:

U =10 + V.

Maccosast joasi ¢* npencrasasier coboit Maccy m, BeuiectBa A,
JIETIEHHYI0 HA Maccy m,, BeumectBa M, comepiKalHXcs B HEKOTOPOM
o0beme:

c* = my/m,y,
1 OGoaHauenns: cTpouHble GYKBH HCNMOJBL3VIOTCA AAA ONNHCAHHA MHKPOCKOMN-

HECKOrD YPOBHA, a NPONHCHBE — JIA ONHCAHHA MAaKpPOCKOINHYEeCKOr0 H BHYTPH-
NOpPoBOro Ypophei.
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3635

¢* — mapameTp, KOTOpHII HE 3aBHCHT OT (H3HKO-XHMHYECKHX
crnocoGoOB CMElieHHA BellecTB. ¢ H ¢* cBfI3aHbl B3aHMOOTHOIIEHHEM:

c = pc¥,

rjae p — nJOTHOCTB pacTeopa.

Monexynsfpnas KoHueHTpauHs cy npejctapaser coboit 4wucao 1,
MoJIeKyJ1 BeulectBa A, JeJeHHoe Ha oOBeM pacTBOpa v, KOTOPHIH
COLEPIKUT 3TH MOJIEKVJIBI, HJIH:

cM — ”-,u;'lﬂ "

MonexkyaspHas Joas cy NpeicTaBasier cofoil YHCAO 1, MOJEKYJ
peutecTsa A B o6beme pacTBopa, JeNeHHoe Ha o6Llee YHCIO 1y CMecH
MOJIEKYJ/T pacTBopa B HEKOTOpoM oGheme:

M = NgfMm.

Ha BHYTpPHNOPOBOM YPOBHE MOrYT OBLITh HCHNOJBL30BAHLI TE JKe
onpejaesneHusd, HO OTHECEHHBIE K OoabumieMy ofwemy. B artom cayugae
MaccoBasi KoHUEHTpauuf obosnagaerca C, maccoBas monas C*, moje-
KyJasapHas KoHuentpaumus Cy M mModekyJaspHas gonas Cy,.

JlokanbHbe (MHKPOCKONHUYUECKHE)CKOPOCTH
Pasnanunbie - KOMNOHEHTH pacTBOpPa ABHIKYTCH C HEOJHHAKOBBLIMH
CKOpPOCTAMH i;. OOGBMHO HCNOJB3YIOTCH JBa ONpejieenusl cpenHei
JOKanbHOoil ckopocTH. Cpegnsisi MaccoBasi CKOPOCTh W:

u=(X aiui)/(zﬁ) =(Z c,-m)/ 0

TAE ¢; — MaccoBas KOHUEHTPAUHH [-ro KOMIOHEHTA.
Cpeausa MoJekyaapHas CKOPOCTb Uy

Uy = (? Cﬂﬁ”:) /( }F' CM:‘) -

rae Cy; — MOJeKyaspHas KOHUEHTPanHf i(-T0 KOMMNOHEeHTA.

ITH CKOPOCTH COOTHOCHTCH CO CTAIMOHADHBIMH KOOPAHHATHBIMH
ocAMH. OaHako AH(y3Ha 1 jucnepeus ABSIOTCH B OCHOBHOM OTHOCH-
Te/IbHBIMH ABJEHHAMH H MO3TOMY MOXKET IPEACTaBAATL HHTEPEC BBEje-
HHE OTHOCHTENbLHOI CKOPOCTH, ONpeAensiionei JABHKEeHHe OJHOTO H3
KOMMOHEHATOR 110 OTHOLIEH HIO K JIBHXKEHHIO PACTBOPA: BEIHYHHA 1; — W
npeacTasafer coboii ckopocTb AHbQY3HH HAH AHCHEPCHH {-r0 KOMNO-
HEHTA 10 OTHOIIEHHIO K CKOPOCTH i, & Ul; — Uy — CKOPOCTh Anpdy3nn
HJIH JHCOEPCHH (-0 KOMIOHEHTA M0 OTHOLIEHHIO K Wy. CKopocTH
U;, 4 W Uy B MEXaHHKE TEUYECHHA JKHIKOCTH ABJIAIOTCH OOBITHBIMH
JOKAJNbHEIMH, HJH MHKPOCKOIHYECKHMH CKOPOCTAMH. »

OnpenenenHe cpeagHeil CKOPOCTH Ha BHYT-
PHMOPOBOM H MAKPOCKONHYECKOM,YpPOBHSf X,
B mobGom o6weme xuakocTH B (nanpumep, B o6beme pr-ﬁim TOKa H/IH
B 00BEME HECKOJIbKHX TIOp) CPEIHHE CKOPOCTH OnpeiesisiorcH cnt‘njfm--'
UM 06pasoM. ; "y
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Cpenussi MaccoBas CKOpPOCTb pacTBoOpa:

U= (E[ pudx)/(i :pa'x) :

Cpenusisi MaccoBasi ckopocTe U; OIHOrO M3 KOMIOHEHTOB:

=[] )

U MOXHO TaKKe OnpeleJqHTh no qopmyJe:
U—{(Ycu) o
(Zcu)|e

Ha MaxkpoCKONMHYECKOM YPOBHE CKOPOCTb SABAAETCH OObLIYHOM
ckopocteio duabTpannn V. Koraa sennunna U onpepensiercs ass
GoaIbIIOr0 YHCJAA Top, OHA cBf3aHa ¢ V cooTHomeHHem:

U = VIO,

rie @ — nopHCTOCTb CPEedbl.

KoshpdbHuueHnTn jaguHcnepcHH H aAndppysHmn
MaremaTHueckas MojeNb SBJEHHHl aucnepcHd M AH(QY3HH CBOAHTCA
K AuddepeniHaibHOMY YPABHEHHIO B YACTHLIX NPOUSBOAHLIX, KO-
IHEHTH KOTOporo (HaswiBaemble Koa(pdpuumentamu aupdysHn HIH
JIHCTIEPCHH) OOBLIMHO ABJAIOTCA H3MEpSAeMBIMH TapaMerpamu, HCMoJb-
3YeMBLIMH B PAaCUETHHIX OLEHKaX; HanpHMEp, OHH BXOAAT B (opmyJIbl,
ONHCHIBAIONIHE NIHPHHY NEPEXOAHOH 30HHL

StH  KoshHIHEHTH HMeloT (H3HUeCKYl0 pasmepHocTh L*T71
MoxuHo mnoKasaTh, YTO OHH SABJAAIOTCHA TEH30DHBHIMH BeJHYHHAMH.
B pansueilmem GyjeM HcnoJb3oBaTk chmBoa D pnsi oGosHadeHHs
tenaopa aupgysun (D} — aas xomnoHeHThl Tensopa) M K — Aui
o6o3nauenua Tensopa mucnepcuu (K} —AAs KOMIOHEHTHI TeH30pa).

Mapamerpsi, HEMOCPEACTBEHHO BJAMSIOUHE HA JHCTEPCHIO. ITH
napaMeTpsl MOTYT ObITh pasjiesienkl Ha TPynnbl: 1) napamerpel, Xapak-
TEpH3YIONLHE MOPHCTYIO CPEAY; 2) XapakTepHCTHKH JKHAKOCTH; 3) xa-
PAKTEPHCTHKH CMEIIeHHsS BEllecTBa.

Mopuetasn cpena OhHa BAHAGT Ha JUICHEPCHIO CBOCH
reoMerpHyeckoii CTpykTypoil. B obuiem ciaydae MOXKHO ONPCAETHTD
3TY CTPYKTYPY, NOAB3Y ACh TEOPETHUECK HMH TOJIOXKEHHAMH AH(p(epeH-
IHaJIbHOH TEOMETPHH M BBOAS KOODAMHATHI H KPHBH3HY A KaxKJoM
TOYKH MOBEPXHOCTH Mopel. Takasd noiHas XapakTepHCTHKA r€OMETPH-
4ecKOW CTPYKTYPHI MOPHCTOH CPEfibl HE MOMKET ObiTh NoJayueHa SKCrne-
pHMEHTaJbHO, H 3TO TPeGYeT HCNO/b30BaHNA OCPEIHEHHBIX NapaMer-
poB. OGBIUHO HCNOMB3YETCS J1Ba Psijla reOMETPHYECKHX XapaKTePHCTHK
nopucroit cpeast [2391.

B nepsuiit paAn BXoAAT KOS(GPHIHEHT MOPHCTOCTH HJH MOPHCTOCTD
@ u nponnnaeMocTsb k, oTBevaiouias sakony dapcn. Cpeaa cuntaercs
CIIVIOLIHOH.
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|
1C* @ 1 c*

Puc. 2,1.5. Kpusne cvetuenns Ana AByx- (a) H TpexkomnonentHuix (6) pacTeopos.
] — CMellleHHe HMEeT MeCcTo, 2 — CMelleHne OTCYTCTRYET; 0 — TEMNEpaTypa

Bo BTOopo#i psan BXOAAT nmapaMerphl, MOCPEACTBOM KOTOPLIX CTpe-
MATCH OTPA3HTL CJAELVIOUHE MOPOBLIE XAPAKTEPHCTHKH: VYIGAbHYIO
NOBEPXHOCTb, NPEACTaBJIAIOULIYI0 cO00H OTHOIIEHHE MOBEPXHOCTH MOPp
B o6pasue Kk o6nemy obpasila;, pacnpejejeHHe 3epeH no pasmepy —
J151 HEKOHCOJIHJHPOBAHHOMN CpEeJibl; pacnpeieneste nop no pasMepam,
KOTOpo€ MOMKeT OBITh ONpeleseHo pasjHUHBIMH crnocofami; cTenenb
KOHCOJIHJAILHH,

Ecau Ha NOBEPXHOCTH MOP HMET MECTO (H3IHKO-XHMHUECKHE
MPOILECChl, TAKHE KAK ajlcopOuust, TO HEOOXOAHMO YUYHTHIBATL XHMH-
YECKHIl CcoCTaB NOPOJILL.

Hunkas ¢dasa B uerom xuakada asa xapakrepuayercs
CKOPOCTBIO H IJIOTHOCTBIO, NpHYeM 00a 3TH napamMerpa onpejeasiorcs
KaK (DYHKIIHH €e XHMHYeCKOro cocTofinHA. MoKer ciyynuTsea Tak, 4To
JKHIKOCTH CMEIIHBAIOTCA HENo/JHOCTbIO, B 3TOM cJyuae HeoGXoAHMO
HCNOJIB30BATE KPHBLIE CMEIeHH S XKHUIAKocTel, uToObl BRIACHHTD, Gyaer
AH aucnepcus umerb mecto [253]. Ha pue. 2.1.5 npeicraBiaeHb
KPHBBIE CMEIIEHHA JJIA ABYX- H TPEXKOMNOHEHTHBIX pacTBOPOB (COOT-
BeTcTBeHHO pHc. 2.1.5, a u 6).

[Tockoabky, Kak oTMEYajoCh Bbille, MoOJeKyaAsapHasds Auddysns
npeacrasafer coboli BaXHYI0 COCTABHYIO YaCTh JIHCTIEPCHH, TO KO3thdH-
uHent audysnu D gns GHHAPHOrO pacTBopa SBJAAETCA OJHHM H3
napamMeTpoB (popMyJ JHCIEPCHH.

XapakTepHCTHKH cMewenunsd Bemectsa Ha
JAHCNEpPCHIO BJAHAIOT JIBA NOKasaTeNf CMelWeHHdA: pacnpefesenne
CKOPOCTEH H pPACCTOSIHHE, MPOHAEHHOE MEpPEeXOAHOH 30HOH.

2.2, KOHUENTYAJIBHOE NPEJACTABJIEHHE
AUCNEPCHH

Jinsi maremMaTHYeCcKOro OMHCAHHA MeXaHH3Ma JHCNepCcHH JABYX
CMEIIHBAIOLHXCA MKHIAKOCTEH B mnopHCcTol cpene paspaboraHo He-
CKOJbKO MOJIEJIEH, KOTOPbi€ MOXKHO NOApasieNHTh Ha TPH KaTeropHH:
reOMeTpHUECKHe, CTATHCTHUECKHE TMeOMETPHYECKHE H BepOATHOCTHHIE,
It Mopean noapo6Ho paccMoTpensl B paGorax ‘Ppuaa u Kombapuy
[110], Bspa [171].

[leomerpuueckue monenH ObVIH NEPBBIMH JIOBOJBLHO MPOCTHIMH
NONBITKAMH OOBACHEHHA AHCMEPCHH H HEe SIBAAIOTCHA MpeicTaBHTEe b-

19



HeMH. Onn obpasoBanbl HabopoM KanuAAAPoB (OJHH Kanmuaadap
1259, 260 | Hau cepust KanHANAPOB), COAMHEHHBIX MEXAY COGOM HIH
HEe3aBHCHMBIX JPYr oT japyra. B kanuaasipax H3y4ajoch acHMITOTH-
YECKOE IOBEAEHHE JBYX CMEeHBAKOWHXCA ABHKYILHXCA MHAKOCTEl
Ha ¢oHe nposiBAeHHA MoAeKyAsApHOH AH(PY3HH H HEOZHOPOAHOCTH
noJisl CKOpocTeill B ronepeyHoM ceueHHH kanuanspa. Takue mopesu
MPeACTaBAMIH crnelH(HIeCKYI0 NOPHCTYIO Cpeay H He MorjaH 0606-
IaThCA, a TakKe HE YYHThIBAJIH NOMEPEeYHOH AHCIIEPCHH.

Caeayouwnii mar B H3y4eHHH JHCTIEPCHH — HCIOJb30BaHHe BeposT-
HOCTHEIX KanuanasipHeiX Mojeneir [237, 238, 60 ], koTtopsie npejacras-
JANH CHCTEMBI MOP NpaBHALHON (OPMBI, pacnpeie/eHHbX H OPHEeHTH-
poBaHHLIX CcJAYy4ailHO H coeiHHEHHBIX Mexay coboii. HMxXx pasmepnl
COOTBETCTBOBAJIH peaJbHbiM, XapaKTePHBIM JJA NPHPOAHBIX NMOPOBLIX
cpenr. B TakuX MojesfiX pacCYHMTHIBANACHE (PYHKILHS pacnpepejeHHs
CMeIeHHs YacTHIL B Mopax [0 HCTeYEHHH ONpejeNeHHoro nepHoja
BpeMeHH, KoTopasd H XapakTepH3oBa/la BeJHYHHY AHCHEPCHH.

[Topst npaBuABHON (OPMBL HE COOTBETCTBYIOT peasibHOH MOPHCTOI
cpeje, OAHAKO Ha TaKHX MOJAeNAX MOSBHIACh BO3MOXKHOCTH YHeCThb
MoNepeynyio AHCMNEpPCHIO H OUEHHTh €e PoJb M0 OTHOWEHHIO K npo-
NOJABHON JHCTIEPCHH.

CraTHCTHYECKHE TeoMeTpHYeCKHe MOoJeJH 3HA4YHTEeJbHO YCoBep-
mencTeoBansl Bspom n Baxmerom [18]; onn gocratouno Xopoluo
ONHCHIBAIOTCA YPaBHEHHEM JAMCNEepCHH, HCMOJb3YEMBIM B HacTOAUlee
BpeMs BO BCeX MPakTHYECKHX pacyerax 1o H3y4YeHHio 3arpAsHeHHs.
[To stoit npuunne paccMoTpuM GoJee aeTajnbio Aanibii noaxon [17 1.

ABTODLI HCMOJIB3YIOT MOJNOXKEHHE O TpeX YPOBHAX peryJsipHOCTH
aucmepcud (cM. paspen 2.1.4). HMX wmoaean npeiacraeaser coboi
Habop cjay4yaiHO B3aHMOCBASAHHBIX MEKY COO0H KaHA/NOB Pas/IHYHbLIX
JAJIHH, ToNepeyHbIX cedenHil W opueHTauni. Kaxasii kanan, orpanu-
YEeHHBLI TBepJOH NOBEPXHOCTLIO, npejcrapiasier coboit TpyOGKYy TOKa,
OCh KOTOpOH siBAfieTcs aHajanTHYecKol KpuBoi. OOumuit o6bneM coeu-
HEHHA MEXAY KaHaJaMH HaMHOTO MeHblue, yeM 06beM caMHX KaHaJoB.
[Tpu atom B Toukax coegHHeHH KaHaJoB (DYHKILHOHAJbHBLE 3aBHCH-
MOCTH MEXJy napaMeTpamMH NoToKa, TAKHMH KaK CKOPOCTH H JlaBJIeHHS,
H mapamMerpaMi KaHala HapymawoTtcd. JKHAKOCTb HecKHMaemad
HBIOTOHOBCKa, ¢ H3MEHSIOUHMHCA MJIOTHOCTBIO H BA3SKOCTBIO. Pexim
NMOTOKA JJAMHHAPHLI; KOHBEKTHBHOE YCKOPeHHe OTCYTCTBYEeT, a noTepH
SHEPrHH B TOYKaX COEJHHEHHH KaHa/oB MaJibl 110 CPaBHEHHIO C roTe-
pPAMH B caMHX KaHanax.

Pacuersl npoBopstcs B TPH 3Tana, COriacHo TPeM YPOBHSM pery-
JISIPHOCTH: 1) BLIBOJ ypaBHEHHH COXPaHEHHS MacChl W JABHMKEHHS L/
YacTHIl MHAKOCTH B KaHanle; 2) ocpejHeHHEe YPaBHEHHH IO CeYeHHIO
KaHaja ¢ UeJbl0 NMoJyueHHS JOKaJbHBIX YpaBHeHHil; 3) ocpeanenune
JIOKaJbHBEIX YPABHEHUIl B NPEICTABHTEJBLHOM 3JIEMEHTApPHOM o0beMe
Cpeasl AAf NoJydeHHs ypaBHEeHHH Ha MaKpPOCKOMHYECKOM YPOBHE.

[Tpeacrapurensneiii snementapusii ofwem (I[190) B Touke onpene-
JISIETCA 10 OTHOIUEHHIO K MOPHCTOCTH: 3TO MHHHMAJAbHEI OOBEMHBII
SJE€MEHT, COJAepXauuii JaHHVIO TOYKY, MOPHCTOCTh KOTOPOro HHBA-
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pHaHTHa 10 OTHOWIEHHI0 K AaNbHEHIIEMY YBEJIHUEHHIO €ro pas-
MEpOB.

Ocpeanenne @ BENHYHHBI @ B TPEACTABHTENLHOM 3JEMEHTaPHOM
o6nemMe Av, ¢ LUeHTpoM B Touke P onpenensiercsi HHTerpagom:

= l

a (P} — W J ﬁ'dﬂ,

DAY, (P)

rae dv — saement mnopoBoro o6nema; @ — nopHCTOCTh, 3HAUEHHE a
NPHHHMaETCA JABax bl AH(deperHpyemsiM B o060l Touke npocrpan-
CTBAa.

anee nonyuyaem chenyiouiHe ypapHeHnHd.

. YpaBHenHe coXpaHEHHS MacChi:

Sl =if 08—\ —id(DAvy)/dx’
A _f!x_'l(DT m—cu )—"E'H —W—, [22]]
rne
Til ix dt' dil ¢ do )2.
do do ds g

Av, — obsem I120; & — nekaproBa KoopAHHATa TOYKH B KaHauje:
0 H 5§ — COOTBETCTBEHHO KPHBOJHHEHHBIE aGCIHCCH TOYEK HA JIHHUM
TOKa B KaHa/le H Ha OCH KaHaJa, OTCYHTEIBAEMBIE OT OJHOTO H TOTO Ke
KOHUA KaHala;, D — kospdHILHEHT MONeKYyAApHOH AHpDY3HIL.

MuKpOCKONHYECKHH MaccoBblil PacXofi 1OTOKAa, NpeTeprneBiero
AHCIIEPCHIO cu’, COCTOHT M3 JABYX wuacteil: cUf — KOHBEKTHBHBI
nepeHoc co cpepnei ckopocthbio B [130 u ¢il* — KoHBeKINS, OTBEUAIO-
mad QUIOKTYauHH JOoKaJdbHOH CKOPOCTH:

et = Ut |- cii®, (2.2.2)
Hanee cunraem:

r=m r E’

Eul S I 1 (et 2-?-.-3

i 22 (2.23)
npuyem K/ BuluncJAfIOT N0 3aBHCHMOCTH:
R e A o D L x2]-1
KI_HHUT[IHI--ELU +4Lu(a )J ) (2.2.4)

rjae L — cpepusis ANHHA KaHala, @ — XapakTepHbIH pasMep CeueHHs;
U — cpepnsisi  maccoBasd AGHCTBHTENbHAA CKOPOCTh (WHJALTPALHH;
D — xospuunent monekynsipaoit auddy3un. JHaAKocTh HeckKuMae-
Ma. Ypasuenuda (2.2.1), (2.2.2) n (2.2.3) npaiot:

MDAv,)/0x

ofF 0 i oe c f = a["
B =g |PT K) g Ul L RIS Sl

(2.2.5)

B 0paBoii 4acTH YpaBHEHHS YUYHTHIBAETCH HEOMHOPOJHOCTE CpeH.
21



9. YpaBuenueé uepaspuiBHOCTH A HEOAHOPONHOH KHAKOCTH!
B 0 G oL Kerih P ap p 0 (DAu,)/0x"
R =y R ”

axi DAy, :
rje p — MJIOTHOCTh MKHAKOCT!, (2.2.6)
3. YpaBHeHHe ABHMKKEHHA:
b — BT g 0P\ 2o 02N B5 AU
Dp \ axf TP ax! S g .2.7)
rae B — npoBoaHmocTs KaHana; kY = MBTY/ — npoHHIAeMOCTb.

910 ypaBHEHHE MOJYYEHO NPH YCJAOBHH, 4TO MJOTHOCTH H BA3KOCTH
34ABHCAT JHHEHHO OT KOHUEHTPalHH, KOPPeaslHOHHbIE CBA3IH MEMXLY
JaBJEeHHEM H NOPHCTOI CPeioll, a TAKIKe MY JKHAKOCTbIO H CPeloi
OTCYTCTBYIOT; cynTaercsl, uto Audipysneii MoKHO npeneGpeys.

Jpyroit noaxoa, cyry6o BepOATHOCTHLIH, TAKIKe Aajl BOSMOXKHOCTD
NOJYUHTh YPaBHEHHE JHCHepcHH, nofoGHoe (2.2.5), HO (H3HYECKMHil
CMBICA KO3((HUHEHTOB AHCNEPCHH NPH 3STOM HE CTOMb fACeH, Kak
B onpeaeneHuu (2.2.5).

JIng Toro uyToGBl CBECTH K MHHHMYMY YHCJO IpPENoJoKeHHH
O TEOMETPHH MOPHCTON CpE/bl, BIOJHE eCTECTBEH KOHLUENTYaJbHbIi
MoAXojl K o6leMy NpejacTaBJeHHIo JHCIePCHH. JTO NPHBOLHT K BEPOAT-
HOCTHBIM MOJIENAM r239 |, oOCHOBaHHBIM Ha NMPEANOJOKEHHH O TOM, UTO
NOpHCTas cpeja NOJAHOCTBIO ONpe/lesieHa, XoTs CBEICHHSA O Hel HOCHT
cayuaiinbii xapaktep. HanGosiee o6uimit nyTb MOAEAHPOBAHHA TAKOH
CHTYallHH 3aKJI04aeTCs B NPEACTABJCHHH CPeibl PALOM CJaydaHHBIX
nepementbiX. llleiijerrep naer HeKOTOpbIE KOHUENTYaJbHLIE MpaBiia
S 3TOr0 THNA MOJENH:

1) noaKubl OLITh CHENAHBl MNPEANONOMEHHA o6 ocpeanfomHX
CBOHCTBAX MOPHCTON Cpenw,

92) moaxubl GHTH 3ajlaHbl 3aBHCHMOCTH MEXKAY CHJIaMH, JeHACTBYIO-
HIHMH Ha XKHAKOCTb, CBOHCTBAMH CaMOil AKHAKOCTH H CKOPOCThIO B TeHe-
HHE 3JIEMEHTAPHOI0 HHTEpBaja BPEMEHH;

3) non#HEl OHITh BHIOPAaHB BEPOATHOCTHLIE 3AKOHBI A1 Karmaoro
cOOGBITHA HA NEpHOA SJEMEHTAPHLIX HHTEPBAJIOB BPEMEHH.

On noaydaer Mofedb cjaydafinoro Gay’Klanusi B ORHOPOJAHOH H
H30TPONHOIN nopucToil cpeae. Bpems pa3GHBaercd Ha SJEMEHTapHLIe
HHTEPBaJL], H COGLITHSA B KaXIOM HHTEpBaJe SIBJAAIOTCH He3aBHCHMbBIMH
OT TAKOBLIX B JApyrom Huteppane, CuuTaercs crnpapejHBOH 3pProjH-
yeckas rHNoTe3a: CpejHee 3HadeHHe BeJHYHHBI B NOPHCTOH Ccpene
PABHO Npejeny OCpeHeHHii HeKOTOPHIX BEJHUHH B 3alaHHOH TOUKE
cpeanl no Bpemend. OTKJOHEHHSI CKOpPOCTeH OT cpejmell CKOPOCTH
ABJAAOTCH CJAydafiHbIMH, @ MOTOK — JamMHHapHbiM. KoHuerRTpanus
BELIECTBA HJAKOCTH B KaKOH-TO TOYKE MOTOKa OTBEYaeT BEPOATHOCTH
HaX0XAEHHA 4aCTHILL! B 3TOH Touke, Pe3syLTaToM ABJASAETCH ypaBHEHHE
AHpy3HuU:

K % de dc

T T R iy T
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JIJ151 OJIHOMEPHOTO MOTOKA € MOCTOAHHOH CKOPOCTBIO. JKCNEPHMEHTa/b-
HbI€ HCCJAEJOBAHHA MO3BOJAIOT 0000LHTH 5TO YpPaBHEHHE:

_g_':_ -+ U grad ¢ = div (K grad ¢),

rie U — peiictsurensnad cxopocth duabtpaunn u K — Tensop
aucnepcuu. Jlannoe ypaBHenue aHaJorH4Ho ypaBHeHHMI0 Bapa jas
cayuasi OHOPOAHON CPEkl H MOCTOSHHOM CKOPOCTH MOTOKA.

YpaBHeHHe JHCNEepCHH MoXKeT OhiTh YycoBepuencTBoBado [110]
no ananordd ¢ AudupysHoHHBIM MacconepeHocoM. B ciyuae MoJsiexy-
AApHOH AH(dY3HH nepeHoc 3aBHCHT OT rpajauenta C* — Gespasmep-
HOrO YHCJIA, BBIPAXKEHHOrO YEepPe3 OTHOIIEHHE Mace; ypaBHeHHe audadpy-
3HH HMeeT BMA:

div (Dp®grad C*) — div (

c*u ) __d(C*/p)
p -

HJH

div (Dp®grad C*) — div (CU) = 5.

Takas Qopma sanucH npeanojaraer, 4ro Aaf obuero ciaydas
AIBJIEHHE JHCNEPCHH MOMET BIOJIHE YAOBJETBOPHTEJNbHO ONHCHLIBATHCH
YPaBHEHHEM:

div (Kp® grad C*) — div (CU) = aC/dt. (2.2.8)

Ilna cayyas Tpaccepa sta Gopma 3anHMCH ypaBHEHHS aHAJOTHYHA
o0bMHOH, Korja p fABJSAETCS KOHCTaHTOI:

div (K®grad C) — div (CU) =aC/dt, pC* =_C.

Kak u B ciyyae cMemHBaoMmHXCH HKUAKOCTEH ¢ pa3IHYHBIMH I1J10T-
HOCTAMH, ypapHenue (2.2.8) Moxer GHITL HCNOJB30BAHO H KOTAa p
38BHCHT OT KOHUEeHTpauHuii. OOpaTHM BHHMaHHe, 4YTO HMEET MEeCTo
KOPpeJfilHOHHAA 3aBHCHMOCTb MEXK[Y YpaBHEHHEM Hepa3pLIBHOCTH
KHAKOH (hasbl M YpaBHEHHEM JHCIEPCHH.

[Tpu nnddyann aByX KoMnonenToB 1 ¥ 2 W3 NpHHIHNA B3aHMHOCTH
Onsarepa caeayer, uyro Kos(pdbHuHeHT AHDPGY3HH KOMMOHEHTa 2
B KOoMnoHeHnTe 1 Gyjer Tem ke, 4To H Koa(duinent guddysnn KoMmno-
Heuta 1 B KommonenTe 2. AHAJTOTHYHO MOXKHO NPENNOJIOXKHTb, 49TO
KO3()pHILHEHTEI JHCTIEPCHH HE 3aBHCAT OT COCTaBa pPacTBoOpa.

Jas ABYXKOMMNOHEHTHOTO PacTBOpa YPaBHEHHS JHCMEPCHH HMEIOT
BHJL:

div (Kp®grad C}) — div (Cl) = 2oL (i =1 u 2). (2.2.9)

CorsiacHo npefeiaymemy sameuannio, K ue sasucur or i. [Ipunn-
Mast BO BHHManHe onpejenenne snavennii C u C*, a Takke paBencTsa
Cy + Cys = puCl + € = | MOXKHO NONYUHTb YPABHEHHE HEPA3PhiB-
HOCTH CJIOXEeHHEeM BhIpaxKeHnui Buia (2.2.9) pasa i =1 ui = 2:

div(Kp®grad (Cf + C2)] — div [(C1 + Ca) U] =9 (C: + C3)/0t

23




HJTH
div (pU) -+ apfat =0

3T0 3HAYNT, YTO CHCTEMa, BKIIOYAIOIAA B ce0sl TOILKO OJHO YpaB-
HeHHe JAHCNePCHH H YypaBHeHHe Hepa3pLIBHOCTH, [A0CTaTo4Ha Aad
NpaBHJLHON NOCTAHOBKH NpoGJeMbl AHCHEpCHH,

2.3. KPHTHKA KJIACCHYECKHX YPABHEHMHA
AHCNIEPCHH

YpaBHeHHe, HasbiBaemoe «OGUIHM yPaBHEHHEM AHCIEPCHH», MOJY-
YeHO ¢ MOMOUILIO Pa3JHYHHIX METOJ0B. DT0 YpaBHEHHE NpPeICTaBJaser
co6oit MaremMaTH4yecKyi MOjeNb, HCNONbL3YeMYI0 B HACTOALLEE Bpems
JNA ONHCAHUA PealbHBIX CJAY4YaeB JIHCNEPCHH, CBA3AHHLIX C 3arpssHe-
HHEM T[0J3eMHLIX BOJ.

Kak 310 1 noppasymeBaer caMo NOHSATHE «MOJENb», 3TO YpaBHeHHe
HMHTHpYET peajibHOe ABJIEHHE H TeM CaMbIM OGECTeUHBAET anipoKCcH-
MalHio JHCNEPCHH, OCHOBAHHYIO Ha pPas3/HYHEIX JONVILEHHNX, CO-
raacHo npeasayimemy paspeay. ITpo6Grema cocTOHT B TOM, YTOOBI
BHIICHHTB, OYAYT JH NOrpellHocTH 3TOH annpoKCcHMAalHH COOTBeT-
CTBOBATH MOTPEIIHOCTAM, JIONYCKAEMbIM B PasJHYHBIX KCHEPHMEHTax
N0 H3Y4YeHHI0 AHCIEepPCHH.

Msr yBHAHM, YTO B OTHOIIEHHH XapakTepa H TOYHOCTH MOJIEBHIX
pe3yJabTaToB, a TaK¥Ke TOYHOCTH onpeaeneHHs Kos(dHUHEHTOB daHHOM
Mojenn in situ, 370 ypaBHeHHe 1OCTATOUHO KOPPEKTHO H JaeT Pe3yiib-
TaTel B Tpejenax SKCnepHMeHTaJbHBIX mnorpetHocreii. OnHako Ha
YPOBHE TOYHBLIX JafOpaTOPHBIX SKCMNEPHMEHTOB MOABJASIOTCS HEKOTO-
pble PacXOoMKACHHS MeMAY TeopPeTHYeCKHMH H SKCNepHMeHTaNbHBIMH
pesyiasraramu. Ceffyac Mbl NPOHJIIOCTPHPYEM STH PAaCXOXKIAEHHS H
NPeJI0KHM BO3MOXKHBIE CNOCOGE! YCOBEPIIEHCTBOBAHHA KOHUENTYalb-
HOrO MpeicTaBJeHHs ABJEHHS JHCTIePCHH.

2.3.1. IKCnepHMEHTANbHBIE Pe3yJbTATH

Psix skcnepuMeHTanbHBIX NaGopaTOPHLIX PE3yALTATOB, NOJYyueH-
HbIX HE3AaBHCHMO JPYr OT ApYyra pa3HbIMH HCCIeloBaTeIsMH, ABIAIOTCH
HCTOYHIKOM COMHEeHHIi B 060CHOBAHHOCTH K/IACCHYECKOro ypaBHEHNS
JAHCNEPCHH. 3TH HCCAENOBATENH OTMEMAIOT PAacXOXKACHHS MEMXIY
IKCMNePHMEHTANbHBIMH H TeOpPeTHYeCKHMH pesyJabTaTaMH, MoJyyeH-
HBIMH [pPH NMPHMEHEHHH KJIaCCHYECKOro YpaBHeHHS JHCNEepcHH K HX
JgabopaTtopHbiM JaHHBIM. OHH NoOKasa/dH, 4TOo B OCHOBE 3THX pasJnuiiii
JIeKHT HeyTo GoJiblliee,” HEeXKeJIH TOJLKO 3KCIepHMeHTalbHble norpel-
HOCTH, o

Hannune cucremarnuecknX ownGok ormerna Ileiizerrep [239]
(puc. 2.3.1). Ou nwiTasncs o6BACHATD HX BHIYHCIHTENLHBIMH OIHGKaMH,
CBAI3aHHBIMH C 3aJaHHeM rpaHHYHbIX YCJOBHI Ha KOHEUHBIX paccros-
HHAX, 4TO, OJHAKO, He noATBepAMoch. OH TakKe MNpeanoJoXKHna
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B cBOEl TeopiH, uTo BpeMeHHbIE 1ard He ABAAIOTCS He3aBHCHMLIMI W
JONVCTHA  HaJHuie ABTOKOPPeJslHH MEXAy [0C/e0BaTe/]bHbIMH
marami *. JIas Toro urofsl o6ecneunTh KOPpeasiHio Mex1y Hanpas-
JeHHSMH, [0 KOTOPBIM YaCTHUA JBHZKETCS B MOMEHTHl BpeMeHH [
u { + 1, OH Hcnoab3oBan Koadduuuent koppeasuun Jlarpamxa R (1)
B CHCTEMe KOOpAMHAT, ABHIKYLIEHCA CO CpejHeil CKOPOCTbIO NOTOKE;

R (v) = (& () (t+ ©))/(#")

Ilefizerrep 3akaHuWBAeT CBOIO TeOpHIO TejerpadHbiM ypaBHeHHeM!

ap g = e OMp o iy ap
T_'LU ax = ax® _A(UA oxt | 2U axal 55 ot )’

rie A u K 3aHcAT OT AHHAMHYECKHX NMapaMeTpoB, TAKHX KAK CKau0K
napaennsi. K coxkanenHio, 3T0 ypaBHeHHe jaer pelleHHs, KOTOphe He
COOTBETCTBYIOT 3KCIEPHMEHTANbHBIM  pedyabTaTam  (pHC. 2.3.2):
B Touke x” = (K/A)V2 { umeer MecTo paspeiB, NepeMeLLAIOUHAC CO
ckopoctbio (K/A)V,

T'ynuaiir, ®srr, Koarc u Cvur [43, 129, 130] nbitaioTes 0GBSICHHTD
HaGaIojlaeMble PasaHuHsl MEKAY TeopHeil 1 5KCNepHMEeHTOM HajlH4HeEM
TYNHKOBEIX mop (puc. 2.3.3), B KOTOPLIX KHAKOCTH HENOABHIKHA H
MacconepeHoc BellecTBa OCYLIECTBJSAETCS TOJNbKO MYTeM MOJEKy/sp-
HO# AH(pY3HH.

MsTT BLIBOAUT oflllee ypaBHeHHe AHPQY3HH ¢ YHETOM CYLIeCTBOBA-
HHA TYNHKOBHIX 10p, TpeAnotaras OJHOPOAHOE HX pacnpeieneHue
B cpejie, OTCYTCTBHE CBf3eil MMy HHMH M CTallHOHApHOCTH AnQy-
SHOHHOI'O TOTOKA Yepe3 YCThA ITHX MOP.

OH nonyyaer CHCTEMY:

8¢ D #&#C vd aC

a0 g — by ot

aCy < ~.~Dits
W = gV

(C — Cl}l

rae D — koadduumnent anddyann, C, (x, {) — KOHUEHTPAUHS B TYTHe
KOBHIX nopax, 0 — u3BHaMcTOCTh cpeibl, V; — 06beM NPOTOUHLIX
KaHalnoB, V,; — o6muii o0beM TYNHKOBREIX nop, V, — o0beM OJIHON
TVNHKOBOI nopbi, ly H Ay — AIHHA H MONepeyHoe cedeHHe YCThi
TYnHKOBOH mnopbl (pHc. 2.3.4). ITH ypaBHeHHA OrpaHHYHBAIOTCA
paccmoTpenHem JaH(pGpysHOHHOrO npouecca.

AnanorHuHo, pacnpocTpaHss Ha JHCNepCcHOHHLIE MPOLECCH, Koarc
#u CMHT BBIBOAAT cJeylollee MakKpOCKONHYECKOe YpaBHEHHE:

de dc d*c dc

-+ U5 =Ko gz — (1 = N—5 (2.3.1)
rae f— uacTb MOPoBOro oGbeMa, 3aHATOrO ABHIKYLLEHCS JKHAKOCTHIO
u ¢;(x, {) — KOHUEHTPalUHA B TYNHKOBBIX NOpax B TOUKE X B MOMEHT

* Hanomuus, 4t0 peub HAET 0 MeTofe cayuaiHoro GAYMAAHHA. — pum. ped.
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Puc. 2.3.1. Cpasnenne pacuernofi kpusoit Ilefigerrepa ¢ skcnepuMeHTaAbHbIME
peayaLTaTaMH

Pue, 2.3.2. Pewenne tenerpaduoro ypaemenns Illefigerrepa [239]

Pre. 2.3.3. Tynukoese nopw B rpanyanpopaunofl cpeae
Pue. 2.3.4. Yerse TynukoBoil nopu

BpPEeMEHH {; 3TO 3HAYHT, 4To Ge3 yyera TYnHKoOBLIX nop (f = 1) ypasue-
nue (2.3.1) npeacraBasier co6oil KJaCCHUECKOE MaKPOCKOMHYECKoe
ypaBHenne. K (2.3.1) moxer 6uiTh jo6aBieHo ypaBHeHHe audpysHu
B TYNHKOBOH mnope:

oy

o —0o) =(1=]) —;>
rae y — xkosdduuHeHT MaccooGMeHa MeMAY TYNHKOBBIMH H OTKpHI-
THIMH 1NOpamMH. ITO ypaBHeHHe JIErKO pacrnpocTpaHsieTcss Ha cayuail
MHOTOMEPHOrO MOTOKA H MONepevyHoit JAHCTepCHH.

Yro xe Kacaercsi OGbSICHEHH S BHIEYNOMAHYTHIX Pas/JHyHil, To 9Ta
TEOpHS ABJACTCA HE BrOJIHE YAOBJETBOPHTE/NbHOM, TAK KaK KOHIEI-
TYaJbHO MOJEKYJ/AApHas AHQpysHs HABNAETCA COCTABHON YacThblo
JUACTIEPCHH W YXKe NPHHATA BO BHHMaHHEe NPH BHIBOJE KJACCHYECKOro
ypaBHeHHa (KOTOpoe OTBeuyaeT HYJaeBoil CKOPOCTH, Korjga kos(dmu-
LUHEHTH! AHCnepcHH coBnanaiorT ¢ Kosbdunnentamu auddysnn B nopu-
CTOH cpeme, cM. pasaen 2.4.).

Cummncon [249] u Kpaiin u Tapauep [46] nokasann naanuue
pacxoxIeHHHl MeXAy TeopHel M SKCNepHMEHTOM A5 SKCTpeMalbHbIX
3HaueHHH OTHOCHTEAbHON KoHuentpauuu. Ilostomy Cumncon npepno-
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Puc. 2.3.5. CpaBnenne pacuernofi kpupofi Ildanxawa ¢ SKCNEPHMEHTAALHLIMH
pe3yabTaTaMH.
! — skcnepument; 2 — TEOPHA

Puc. 2.3.6. Paspuisiocts B pacnpefefeiui KOHUEHTpawuil B nopucroif cpeje.
| — Tteepgan ¢aza; 2 — ceolofjHoe MpPOCTPRHETRO

JOXKHJI, UTO pacnpejefeHie KOHUEHTPalUHi He NOAUHHAETCS HOpMalb-
HOMY 3aKOHY; 3TO O3HayaeT, 4YTO KJacCHYECKOe ypaBHeHne (pelueHke
KOTOPOTO ONHCHLIBAETCA rayccoBoil KpHBOil) HE YJIOBJIETBOpSIETCH.
HekoTopble SKCTepHMEHTaTOPhl TaKKe YyKasalH B CBOHX paGoTax
Ha nojoGHbie pacxoxaenus (puc. 2.3.5), HO He OGBACHHIH HX (28,
22, 2121,

B HeKOTOPHIX CJyyasX HHTepPNpeTalus STHX PACXOMKJEeHHI NpoBo-
JHJIACh € 1ebi0 YCOBepIIeHCTBOBAHHS ypaBHeHHs aucnepcui. lanum
nanee oblHe cooGpakeHHsi O MPOHCXOXKAEHHH YHNOMSHYTBIX PaCX0okK-
JeHHil 1 nonpiTaeMcsi BhpaGoTaTh OOUIHE MOAXOL K HHM.

2.3.2. KpHTHKA KOHUENUHH COJOUIHOH Cpeabl

KnaccHueckHe MareMaTHUeCKHe MoJeJH OJHOBPEMEHHO HCNOJb-
3YIOT TPH CJAEAVIOULHe NPeinochlIKH:

1) cpeansisi CKOpPOCTb TPYNNBI YAaCTHIL KHJKOCTH MPEACTaBJIACT
co6oli JeHCTBHTENbHYI0 MaKPOCKONHYECKYI0 CKOPOCTb HJH JeHCTBH-
TeJbHYIO CKOPOCTb (DHJLTPallHH, KoTopas rpy6o paBHA CKOPOCTH
(UABTPALNMH, JI€TEHHON HAa MOPHCTOCTb CPejibl (CM. MPHIOK. Iy:

9) MaKkpocKONnHYecKas MopHcTas cpefa sBJAAETCH CIJIOLUIHOH, T. €.
Ni06ol GecKOHeYHO MaJjblil 3JeMeHT NMOPHCTOH Cpeibl COAEpHHT Kak
TBepavio ¢asy, Tak H NyCTOTHI,

3) KOHIeHTpauusa sBasercA QyHKuUHeH, ABaxabl AH(ppepeHIHpYe-
Moit B mo6oil Touke NpOCTPaHCTBA.

9TH TPH NPeANOCHTKH MOTYT NpoTHBopeunth Apyr apyry. Ha
A3blKe MaTteMaTHKH BTOpas NpeanochkliKa O3Havaer, YTO TBepjas
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(pa3a He cojepiKHUT BHYTPeHHeH TOUKH, T. €. rpaHHlla MeMx1y TBepjloil
thazoii 11 CBOGOJAHLIM NPOCTPAHCTBOM SBJASETCSH MOBCEMECTHO Hernpe-
puiBHOil. Takum ob6pasom, JeHCTBHTeIbHAsA CKOPOCTh, KOTOpas SBJf-
eTcsi HenpepeiBHOH (YHKUHeH nNpocTPaHCTBEHHBIX nepeMeHHbiX, 6y-
JIV4H paBHOH HYJI0 Ha rpaHHle, JOJKHA PaBHATHCA HYJIO MOBCe-
mectHO. CllefloBaTeslbHO, HCMOJL3Ys CTPOro MaTeMaTHUYECKHEe onpeje-
JeHH#, Mbl yGemaaeMcs, uTo JAefCTBHTENbHAA CKOPOCTh (PHALTpalHH
He HMeeT CMbiC/la, a nepBas H BTopas NPeAnoChIIKH NPOTHBOpEYaT
APYr Apyry.

Jdns ycrpaHeHHsi 3THX TPYAHOCTEH HenpepeIBHOCTH MOPHCTOH
Cpenbl OMpefefsioT He CToMb npsMoJHHeldHo: GeCKOHeUHO MaJblil
3/IEMEHT MAaKPOCKOMHYECKOH cpelibl 3aMeHseTCs KOHeYHLIM ee 3JeMeH-
TOM, COJlepiKalliM KOHeuHulii o0beM TBepaoi (asbl H Mmop; TOrja Mhl
npuxoaum K cayuato [130 (no bBspy). Ho B sToM BapHaHTe KOHIIEHTpA-
U, KoTopas sBasferca QyHKIHell nopoBoro mpocrpaHcTBa He Gyner
vzke auddepeHiupyema B 1i060H TOUKe, TAK KaK CYUIECTBYET pa3phiB Ha
rpaHHie Mexay Tepioi ¢a3oii H cBOGOAHEIM ITpocTpaHcTBOM. B camom
aese, KOHUEHTpauus, H3MepsieMas B Npollecce SKCnepHMeHTa, siBJA-
ercst JABaxabl AHddepeHUHPYeMOH B KaxJIOH TOYKE NOPOBOTO TNpO-
CTPAaHCTBA, OHA NPUHHMAETCs NOCTOSHHON B TBepaoi ¢ase H nperep-
nmeBaer paspeiB Ha rpanuue (puc. 2.3.6).

3TOoT pAL NPOTHBOPEYHH XapakTepH3YeT OCHOBHYIO TPYAHOCTD
B TEOPHH JIHCIEPCHH: K4K YYECTh BJHSHHE TPaHHIlLl MeXAYy TBepIOH
thasoii n nopamu? Eme pas nofguepkHeM, YTO 3TO IViaBHbIi BONpoc MpH
H3yyeHHH mopucToit cpeasl. Tlopueras cpena sBJAgercs OueHb CJOXK-
HOIT, H XOTA B GOJBIIHHCTBE C/1y4YaeB OCHOBHEIE YpaBHeHH (JBHIKEHHS,
Hepa3pLIBHOCTH H T. J.) AJA MOp XOPOLIO H3BECTHEH!, FPAHHYHBLIE YCJ0-
BHSI TPY/HO 33laTh BCJEACTBHE BecbMa CJOXKHOIO Xapakrepa rpaHmnibl
MEXAYy TBepaoH u Kuaxkoit ¢dasamu. B pasgene 2.2 ormeueHo, uTO
MOJie/THpOBaHHe TedeHHS MKHAKOCTH B NOPHCTON cpejlle npeicraBnseT
coGoii 3aMeHy XOpPOII0 H3BECTHBIX CHCTEM YPaBHEHHH ¢ yNpouleHHEIMH
YCJAOBHSIMH Ha OYeHb CJOMHLIX IPAHHIAX CHCTeMOil ypaBHeHHi ¢ mpo-
CTBIMH YCJOBHSIMH Ha MpocThiX rpannuax. JlocTHKeHHe SKBHBAJEHT-
HOCTH MEXJAy ABYMS CHCTEMaMH SIBJsieTcs He npocTtoil npo6uemoi H,
no Bceidl BepPOSATHOCTH, NPEJCTABASET HHTepec AAs JalbHENLHX
HCCae0BaHHH, :

B mopmensx caygaiHoro 6/ayKAaHHA rpaHdlbl He YUHTBIBAOTCHA, H
mojens Bspa npeanonaraer, 4to ocpeiHeHHbIE 3HAYEHHA NepPeMeHHbIX
(BeuHCAeHHBIX B npejenax [130, KoTophlil ABASETCS annpoKcHMaLneil
GecKOHEYHO MaJoro sJeMeHTa MakpOCKOINHYeCKol cpefibl B onpeje/neH-
HOM BHIllle CMEICJIE) ABJASIIOTCA ABax/bl HenpepuBHO Auddepenunpye-
MBIMH 33 HCKJIOYEHHEM HEKOTOPHIX TOYeK, KPHBHIX H MOBepXHOCTEH
MOPHCTOMN cpejbl, He YAOBJIETBOPAIOMHX PaHee NPHHATBLIM A0NYUIEHHSM
(T. e. NpeanoaoMKeHHI0, YTO 3ITH NepeMeHHBeé MOBCEMECTHO YAOBJET-
BOPSIOT AudpepeniHanbHLIM YPABHEHHSAM B YaCTHBIX NPOH3BOJHBIX).

Hrak, Hama uenb — BeICKA3aTh HEKOTOpPhie cooOpareHHs OTHO-
CHTEIbHO BO3MOMKHOTO PasBHTHS 5TOr0 HampaBJeHHsi HCCAeOBAHHH
H 10Ka3arhb, YTO Y4€T IPaHHYHLIX YCJOBHi NPHBOAHT K YPaBHEHHIO,
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He COBNAJAIOMEMY C KJAacCHYeCKHM YpaBHeHHeM aHcnepcHu. JTH
coofpaxeHHs Jal0TCH HAa OCHOBE NPHHILHNA NPOCTPaHCTBEHHOro ocpel-
HEeHHA.

2.3.3. BausHHe rpaHMyHbIX ychaosuid [103]

HazoeeM MH KPOCKONHYECKHM NPOCTPAaHCTBOM
NOPHCTYIO CPeLy, H3yyaeMylo Ha rpaHy/JJoOMeTpHYECKOM (MHKPOCKOIIH-
yeckoMm, cM. pasgen 2.1.4) yposse. Ha stom ypoBHe cnpaBejiHBBI
ypaBHenus mogexyaspuoii auddyann u Hopbe-Crokca.

HazoBeM Ma KPOCKONHYECKHM NPOCTPAaHCTBOM
MOPHCTYIO CPelly, H3ydaeMylo Ha Makpockonuueckom yposHe. Ha sToMm
YPOBHE CKOPOCTH Te4eHHS HIKOCTH MOTYT MNOMUHHSTLCA 3aKOHY
Hapcu (cM. npunoxkenue I), H HMeeT CMHIC/ NOBOPHTbL O ANCNEPCHH.

BeckoneyHo MaJgnlii 3/JeMEHT MakKpOCKONHYECKOro MpOCTPaHCTBA
ananornyen 190 (no Bspy): OueprhM 1map paanycoMm r C IEHTPOM
B Ka#/0il TOUKe ¥ MHKPOCKONHYECKOTro MpOCTPaHCTBa; I MOMKET ObITh
onpefesen rpaduyeckH aHaJOTHYHO TOMY, Kak H3o0paxeHo Ha
puc. 2.3.7, 8. MukpockonHyeckas KOHUEHTPAUHSA NOAYHHSAETCS YpaB-
HeHHI0O KOHBEKTHBHOINH AH(pOdY3HN:

div (D grad ¢) — div (ue) = 2%, (2.3.2)

rie D — tenzop anddysHH H u — KOHBEKTHBHAs# CKOPOCThL YacTHIL
suakoctd. Jlns ynpoumenns teHsop D npuHHMaercs NOCTOSAHHBIM H
apoBLIM A8 Beelt cpeanl. Konnenrpauus ¢ onpefessiercs B npejenax
nopoBoro mpocTpaHcTBa (Hanpumep, HyhdeBas). Torma gyHrunsa (x,
{) — ¢ (x, {) paspuiBHO#i (YHKIHHK N0 X Ha rpaHHIle S MEXLY NOPOBBIM
npocTpaHcTBOM M TBepaoii ¢asoil u ypasuenne auddysnn (2.3.2) Ha
9Toli rpaHHiue He yloBJeTBopsiercs. Byayun JoKalbHO HHTErpHpYye-
MO, ¢ XapakTepHayeT Hekotopoe pacnpenenenne * [243]; Toraa
MOJKHO pacnpocTpaHHTh ypaBHenue aHddysun Ha Bce NpOCTPAHCTBO,
0co60 BRGNS MOBEPXHOCTHLIE pacnpejesnenns ¢ 6asincoM Ha rpaHuie
S, CBA3aHHEIE C pa3peiBaMH (PYHKUHH C.

Ipennoaoxum S peryaspHa, T. e. aiddepenunpyema. [Ipamenss
onepatop Jlannaca kK GYHKUHH ¢, NOHHMaeMoil B CMBICJe pacnpejene-
Hust, moayuum [2431]:

Ac = [Ac] + 0¢bs) -} —3%.“ 0od(s)s

rae [Ac| — o6biuHbie npousBopHbie QYHKUHH ¢ (Tam, rJie OHH Cyle-
CTBYIOT); Og H 0, — COOTBETCTBEHHO CKayoK HOPMaJbHOH 1POH3BOJHOI
(GYHKIUHHE ¢ M CKauoK ¢ Ha rpannue S; §(s) — o3Hauaer, 4TO pacrnpefe-
Jenme ogd(s) HMeeT cBoii 6asuc Ha S H MOMKeT fABJAATHCS «Mepoil Ju-
paka» aas S.

* B BeposTHOCTHOM cMmuicie, — [Tpum. ped.
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Puc. 2.3.7. Ipumep C=y,~pynxunn (a); peryaspusyiomas dynxuus Bspa (6); aa-
BHCHMOCTb TIOPHCTOCTH OT s MHKDOCKOTIHYECKOTO npoctpatictsa (6)

Ypasuenue auddysnu, 3anHcaHHoe Tenepb OTHOCHTEILHO pacnpe-
AeJIeHHA H cnpaBeljiHBOe IJf1 BCero MHKPOCKONHYECKOro npocTpan-
CTBa, NpHHHMAaeT BHA:

. a
DAc¢c — div (Hﬂ‘} = % -—!— Uﬂ.ﬁ'w] —i— 30 5.16[5,. {233}

[Tycts 3, — cemeiictBo dyHKUHiH, cxoasumuxcs ¢ 6-mepoit Iupaka
npu r = 0. YpaBueHHe pHCNepcHH, NOJyyaemoe peryJagpH3aatiueil
ypaBHennsi (2.3.3) nocpeiacTBoM %, NpH MaablX r (T. €. CBEPTKOIl
NOCPeACTBOM Y,), HasoBeM MaKPOCKONHYECKHM YVpaBHEHHeM Jucrep-
CHH:

. " g « de . I -
%, (DAC) — y; div (uc) = A=+ %7 06(s) + ¥ gg— 000¢s),

(2.3.4)

r — pajmyc lapa ¢ UEHTPOM X, NpejacTaBAsiiouuM coGoil, corjacHo
onpenenennio [N30, peanunny, oriHgHy0 OT HYJA5. Makpockonuyeckoe
NPOCTPAHCTBO COCTOHT H3 X — TOYEK MHKPOCKOMHYECKOro INpocTpaH-
CTBa, a (U3HYECKHE BeJHUYHHLI B 3THX TOYKaX SABJAAIOTCA CPELHHMH
3HAYEHHAMH COBOKYITHOCTH MHKPOCKOMHYECKHX BeJHUYHH B npejpeiax
liapa, B3BeUIEHHBIMH MOCPeACTBOM %,. EC/IH MBI npHHHMaeMm, uTo ¥,
npHHAANERHT ¢ (puc. 2.3.7, a), To peryasipusHpyioune GyHKUHH
npHHaMIexKar c™.

3ameuanune. Teopus Bapa ncnonbayer kaaccHueckoe ocpe-
HeHHe, T. e. cBepTKY ¢ sapom 130, KoTopoe Aaer peryaspH3Hp VIOULYIo
(QYHKIHIO HAa NpHHajadexKauyo c*.

Peryasapusupywowas ¢ynkuusa C oT ¢ HasuiBaeTcs MaKpoCKonHye-
CKOil KOHIEeHTpauHeii H NMOAYHHSACTCA YpaBHEHHIO:

2 s & ot . s 0
DAC — div (i} uc) = —5 -+ %r00d¢s) + - -ﬁ—oﬂﬁm,. (2.3.5)

CoraacHo untepnperaunn Bspa, MrHOBeHHEIH MHKPOCKONHYECKHI
MaccoBblil NOTOK u¢ npejactaeaser cofofl CyMMYy MaccoBOro noTtoka co
cpelHeli CKOPOCTbIO H MAacCOBbIX MOTOKOB, OTBeyalHX MyKTyalnam
CKOpOCTH (CM. pasjien 2.2); coxpaHss ero eHoOMeHONOT HYECKYIO HHTep-
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npeTaunio KoHewHoTo (peayabTHPYIONLEro) NOToKa B TepMHHAX KO-
UMEHTOB JHCNEePCHH, MBI NoJyyaeM KJacCHYeCKoe ypaBHeHue jucnep-
CHH ¢ JIONOJHHTEJLHLIMH YjleHaMH, oTBedalowHMH 8, 1 d8y:

div (D + Kif) grad C — div (UC) = 22— |-

. > OC
+ %r 00 8isy + %7 30 0a0(s)s (2.3.6)

rae %r8e8(s) — pacnpenenenne c 6asucom Ha S, a %;0/0¢ [806(s)] —
NPOEKIHS paBHOJAEHCTBYIOUEH COBOKYNMHOCTH AMNOJEH ¢ MJAOTHOCTBIO
MOMEHTOB §, Ha HOpMaJb K S (B KaX1o0il TOYKe NMOBEPXHOCTH S); OHH
XapakTepHayloT BJHsIHHe rpaHHubl *. Takum o6pasoM, jaaxe eciH
(M3HKO-XHMHYECKHE NPOIIeCcChl HAa TPaHHIE MeXAY TBepAOH H MKHAKOM
(pasaMH OTCYTCTBYIOT, 9Ta IpaHHlla OKa3biBAaeT CBOE BJHsSHHE Ha AL
(usnueckHX noxasatesefi Kak COBOKYNHOCTb PasphbiBOB; Ha JaHHOM
COBOKYITHOCTH MHKPOCKONHYECKHe YpPaBHEHHSI He YJIOBJETBOPSIOTCS,

TAK 4YTO Jl00OH peryJisipH3yioluil npouece JOJKeH NPHHHMATH 3TO
BO BHHMAaHHe,

2.3.4. KpHTHKA KOHUENUHH MPOCTPAHCTBEHHOTO
yCpeHeHHS

[IpocTpancTBeHHOE YepeAHeHHe SABJIAETCH eCTeCTBEHHBIM POIeccoM
peryJ/isipHsalliH, KOTOPHIi, OJHAKO, He SBJSETCH HHBAPHAHTHLIM:
MaKpPOCKOMHYECKHE BEJHYHHEI 3aBHCAT OT METOAA peryJspH3aiHH.

Onpenenenne I130 saBucut, no kpaiiHeii Mepe, OT TOYHOCTH
H3MEPeHHH NNOPHCTOCTH H METOJ0B OUEHKH MacIuTaGoB OHOPOJHOCTH
cpeasl. Jo6aBum, 4To J0JKeH OBITH OnpejeneH H crnocob 3anoJHeHHs
MHKPOCKOMHYECKOro npocrpancTsa nocpencrsom [130: umeercs B BuY
BoiGop reomerpuu 1190 (wapsr, napannenenuness H T. 1.) M TO, KaK OHH
san?.rmﬂm MPOCTPAHCTBO (HanpHMep, nmepeKpLIBAlOT APYT APYra WM
HeT).

3ameuanue. Peryaspusauus ypasuenus auddysuu nocpei-

CTBOM CBEPTKH OObIYHO H3MEHseT ypaBHeHHWe. TO NpocTo JOKa3aTh.
Honyernm:

d* d
A= @+ X Yy +.
ij i

Torna ypaBnenne puipysuu sanuchiBaercsi B BHJE:

de
AC-——'--—{IT.
Ecau y — GeicTpo Bospacraomas ¢ynxuus C=» 710, noaaras
C = y=c w peryaspusnpys Ac = de/df nocpenctBom ¥, noJyumHMm:
dC

X Ac=—g.

* Tounee — paspuBoB Ha rpaunue. — [Tpum. ped.
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Onpeaeasin onepatop L BuipakeHnem:

LON=0"A—A®),
MBI HMEeM.:

“*Ac=LC + AC

dC
dr

Ecan A umeer nocrosinnbie Kosgduuuents:, L pasno 0, To Mbl
nojiysaem ypasHenue an(pupysun. B nporHBHOM cayuae onepaiis
A + L obbiuHO He jaeT ypaBHeHus Anddysnn. L MomkeT GHIThH paccun-
TAHO NYTeM HCNOJb30BaHHA KOMNO3HUHOHHBIX Teopem mncesaoaude-
peHiHaAbLHLIX onepatopos 266, 267 ).

s AC L TI0

2.3.5. 3aknwueHHe

OrmeyaloTcsi CHCTEMATHYECKHE PACXOMXIEHHS MEXKAY PelleHHsIMH
KJ1aCCHUECKOT0 YPABHeHH JHCTIEPCHH H SKCIIePHMEHTANLHBIMH Pe3yJib-
taramu. KioaccHyeckue mpolecchl, MOAENHPYIOUHE XHCHEPCHIO B 110-
PHCTOH cpejie ¢ NOMOLLbLIO YpaBHeHHA JH(pGY3HH, CONepIKHT HEKOTOPBIH
3JleMeHT HeoG0CHOBAHHOCTH, OCOGEHHO B TOM, YTO KacaeTcs cnocoba
yuera rpaHMiibl pasjesia Mexay nopamH M rtsepaoi ¢asoii.

Uuratenio, €cjaH OH HENOCPEACTBEHHO 3aHHMAaeTcs 3TOH TOHKOMH
Hay4yHo# npo6JsieMoit, npejJaraercs nojyMarhb no noBojy KpHTHYECKOTO
o63opa, M3JOXKEHHOro B 3TOH rJaBe, a4 TakiKe TexX MNPelJoMKeHHI
O NepPCneKTHBHLIX pa3paboTkax OYAYUIHX HCCNeNoBaHHI, KOTOPLIE Mb
JlaeM 3JeCb B BHJe 3aKJIO4YeHHH.

OcHoBoit TeopHH JHcnepcHH sABJAsercss npobJjemMa HaMepeHHil.
B nopucroii cpele KOHIEHTPALHIO H3MEPSIOT HECKONLKHMH criocoGami.
HeoGxoaumo, Bo-nepBuIX, YOeAHTLCH, 4YTO HaMmepsemas ¢HaHuecKan
BesiHuiHa (KOHUEeHTpalHsl, HanpHUMep) He 3aBHCHT OT IKCNepHMEHTalb-
Horo wmertona. Hanpumep, TeoperHueckas Makpockonuueckas KOH-
LeHTpalKs, KOTopas NosABASeTcs B MaTEMATHYECKHX MOJIelaX, J0/KHa
COOTBETCTBOBAThH 3IKCNEPHMEHTaNbHOH KOHIEHTpallHH, J0GHTLCA uero,
KaK MBI V)K€ BHIEJH, He NpocTo.

Mojens aucnepcHH MOXKHO NPEACTAaBHTh JBOSKO: 1) HOBLIM TJiO-
GanbHBIM ypaBHEHHEM, OTTaJKHBaIOUIUMCA HENOCPeACTBeHHO OT HEKO-
TOpPEIX ()eHOMEHOJOTHYECKHX 3aBHCHMOCTEH, CnpaBefJiHBRIX Ha IV0-
0albHOM VpOBHE, paccMaTpHBas JOKaJbHEIH YPOBeHbL KaK YepHbIH
SIKE; 2) GoJlee IWHPOKHM NOHHMAaHHEM KJIacCHYECKOro ypaBHeHHS,
HAEHTHDHIHPYA OCPEeJHEHHBIE TEOPeTHYECKHEe KOHUEHTPAaUHH MOJeJTH
¢ H3MepAeMBIMH KOHLEHTpaIHAMH.

Hanuune pasnuubbiX KOHIENTYaJbHBIX MNOAXON0B K npobJeme
JIUCTIEPCHH M KPHTHYECKHH aHaJH3 NpeJJIoXKeHHBIX Mofieflell NMoKasbl-
BalOT, 4To 006JacTh HCCJAefoBaHHA AHCNEPCHH — YacTh oOmen I
(HankH B nesoM npobaembl cMeHbl MacluTaba.

32




i o

2.4, JIABOPATOPHBIE HCCIEJOBAHHS JIMCNEPCHH
(OAHOPOAHASA CPEJA)

C ueapio npoBepKH KOHUENTYaJdbHHX NPEACTaBJeHHil 0 MexaHH3Me
RHCOEPCHH ObLTO NMPOBEJEHO MHOMKECTBO JaG0PaTOPHBIX IKcnepHMEH-
ToB. B ocHoBHOM OHH mpecliefoBaaH jBe LeEJH:

1) nposepka M ycOBepIIEHCTBOBAHHE OCHOBHEIX MOJOMEHHH H
TEOPETHYECKHX MoOjeJel JHCHepcHH;

2) uayueHHe BJAHAHMA Ha JHCMNEPCHIO Pa3NHYHLIX NapaMeTPOB,
TAKHX KaK XapakTepHCTHKH MHIKOCTH H CBOHCTBa NOPHCTOI cpeisl.

Ml yxKe BHIEAH, 4TO SKCNEPHMEHTE MOJHHMAIOT BONPOC OTHOCH-
TeJILHO JOCTOBEPHOCTH MOjeNeil M npeaiaraioT BO3MOMKHLIE TYTH
ycoBepiueHcTBoBaHuA X (cm. pasaen 2.3). Kpome toro, naGoparophble
HeesreloBaiust npHoGperaloT ocobylo aKTYaJbHOCTh NPH H3YYEHHH
MPOIECcCcOB 3arpsA3HeHls; HX Pe3yJbTAThLl OTPaXKaloT B3aHMOOTHOILEHHA
MeMx1y Ge3pasMepHLIMH BEJHUYHHAMH, KOTOpHIE HENOCpPeACTBEHHO HC-
MOJNbL3YIOTCS NMPH PElIeHHH NMPaKkTHYeCKHX npoGaem.

OcHoBHasl yacTh 5THX JaGOPAaTOPHEIX 3KCNEPHMEHTOB BHINOJHEHA
Ha OJHOPOJHBIX NOPHCTBHIX cpejax. KoHeuHo, B NPHPOAHLIX YCJIOBHAX
MBI, KaK NMpaBHAO, HMEeM JeJI0 ¢ reTeporeHHbIMH cpelaMH; Ha HeKoTo-
POM ypOBHE HX MOMHO, KaK Mbl YBHAHM, NpPeACTABHTb OJHOPOJHEIMH,
nosTomy Gbl/ia TaKXKe NpoBejieHa cepisi 1aGopaTopHLIX ONLITOB ¢ He-
MOJML30BAHHEM IeTEePOreHHBIX NOPHCTHIX cped. XOoTsd MHOrHe aBTOPHI
paccMaTpHBalOT ONBITHL C reTeporeHHLIMH CPeJaMH Kak COCTaBHVIO
HacTb OMHCAHHA OCHOB TEOPHH JHCINEPCHH (a B 3TOM pasjene — H
OCHOB TEOPHH 3arpsisHeHHsi), Mhl NOJAraeM, uTo 5TH SKCMePHMEeHTH!
NPEACTABIAIOT TaKMKe HHTEPeC H C NosHuHi nepexona or saGopatop-
HBIX HCCJCNOBAaHHI K MOJIEBbIM; HMEHHO NO3TOMY OHH paccMaTpHBa-
I0TCSl OTAEeNBHO B pasjene 2.5.

DKCNEPHMEHTE! NPOBOAATCS. NPH CAEAYIOUHX OrpaHHYHBAIOMIHX
ycaoBuaXx: 1) TeH30p AHCNEPCHH CBOAHTCS K CBOHM TJIABHBIM Ko3(pu-
unenram K wan Ky; 2) rpanuunbie ycJoBHS OGHIYHO 3ajai0TCH Tak,
NTO MOJKHO npeneGpeub WK NPOJOJILHON HJIH nonepeuHoii AHcnep-
cHeil; 3) IBHKEHHE M0TOKa B MOJIesTH PaBHOMEpPHOe, T. €, yCTpaHseTcs
BO3MOJKHOCTh 00pa30BaHUA «A3LIKOB»; 4) Hawa/bHbie NMPOQHAH KOH-
UEHTPANHH OOBIYHO TPEACTaBASIOT COO0H CTyneHuathie (YHKIHH,
BuiGpannas mojens sIBJIsieTcs KJACCHYECKHM YpPABHCHHEM JHCIepCHH:

div (Kp grad pi) — div(UC) =% (2.4.1)

OcHOBHBIE pe3yJIbTaTLl SKCNEPHMEHTOB TNOMYYeHbl AMSl caydas
Tpaccepa (Hanpumep, A1s HH3KHX KomueHntpaunii NaCl); sto nospo-
JAET JIETKO NPOBECTH HHTEPNPETAIHIO Pe3YIbTATOB, MOCKOJLKY OCHOB-
Hble ypaBHeHH: 10JyYeHBl HMEHHO /I 3Toro cayuasi. Bosee Toro,
HEKOTOpLIe MNpAKTHYECKHEe 3ajauM CBOASTCS K CJAy4alo Tpaccepa.
Onnako oTMETHM, YTO YacTO B peatbHBIX 3aayaX HMEIOT MECTO NOTOKH
Pas/HYHOH IJIOTHOCTH H BASKOCTH (HanmpHMep, BhiTeCHEHHe CHIPOH
HedrH pacTBOpeHHbIM rasom). [laxe NpH sarpssHeHHH NpH HHTPYSHH
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MOPCKOR BOABI, cojlepiKaliie coJH B Heil TAKOBO, 4TO 3a1a4a 1ie MOMKeT
ObiTb CBeleHa K caywaio tpaccepa. s nmocaepnero cayuas Takke
HMeloTCSl 1a6opaTopHLle Pe3yJabTaThl, M03BOJAMIOULIHE AeaTh HEKOTOphIE
NnoJie3Hble HHTEepnpeTauuu, '

B stom paspene mb npuBognm pPesyJibTaTel SKCHNEPHMEHTANLHBIX
HCCAIeNOBaHHI, HAuNHas C aHAJH30B pasmepHOCTell M NEPexXoas 3aTeM
K H3YUEHHIO TEXHHYECKHX acnexkToB onpeaejeHHs Ko3({pHUHEHTOB
Aucnepcui. PesaysbTaThi JaHbl Kak AJs cJyuasi Tpaccepa, Tak H AJs
obuero cayuas. [locaennsisn uacth pasjaena nocBsilieHa NnojApoGHOMY
pPaccCMOTpeHHID TEXHHYECKHX acnekToB IKCINIEPHMENTOB.,

2.4.1. Auaans pasmepHocTei

Pu3nvecKHil aHaAH3 NOKasbiBaeT, YTO AHCNepPCHs 3aBHCHT OT
CAEAVIOUHX napaMeTpoB: BA3KOCTell p; ¥ njorTHocTed p; o6enx MKHAKO-
creit (f = 1 wan 2), cuabl TAKeCTH g, cpeaHeil AeficTBHTENbHOI CKO-
pocti puabtpaunn U, kosdduunenta auddysnn D, a Takxe TeKcTyp-
HbIX TapaMeTpoB, TAKHX Kak MPOHHIAEMOCTh MOPOABI R.

AHa/H3 pasMepHOCTeli OXBaTHIBAeT NPOCTONl cayuail, OTBeYarouLHil
PAAY OrpaHHYeHHH:

I) cuntaercs, uTo B3aHMHOE CMelLeHHe KHAKOCTel NPOHCXOXHT Ges
H3MeHeHHd HX o0bema, a BAHAHHE PasAHuUHl NJIOTHOCTEll MKHAKOCTedl
'y H pq 33 CHET IPABHTALHH MOXKET OBLITh OTPaXKEHO OJIHHM NMapaMeTpoM:
g (p1 — pa) = gAp;

MOJeKyaspHas Andpy3us onHceBaeTcs OAHHM KOS(pDHUHEHTOM
D, xotopetit cunTaeTcs: He3aBHCHMEIM OT KOHUeHTpauuu. B nopucroil
cpeae moJexkyaspuas audupysusa orpamaercs uepes napamerp Ki;

3) AHCmepcHA 3aBHCHT TOJNILKO OT BA3KOCTell oGeHx MKHAKOCTed
By H Jip IO HX CMEIIEHHS, T. €. JIHCTePCHS! He 3aBHCHT OT (PYHKIHH
i (C), onuceiBalouleii BSI3KOCTh pacTBopa. 10 JonylleHHe He OYeHb
KOPPEeKTHO, OCOGEHHO ec/H 3Ta (YHKUHA He SABJAAETCH MOHOTOHHOM
(pue. 2.4.1).

Hucnepcuio MOKHO OMHCATh 3aBHCHMOCTBIO, BKJIodaiomeii B ceGs
CeMb MapamerpoB:

Kﬂ f{gﬁp: Py, Ha, U:- Kl]l k}

CoraacHo m-Teopeme, 3T0 ypaBHeHHe MOXKET GLITh 3aMHCAHO B Bije
3aBHCHMOCTH € 4eThipbM# Ge3pa3MepHuIMH uncnami. Mayuenne onHchi-
BalOUHX AHCMEPCHIO YPaBHEHH I H aHAMH3 IKCIIEPHMEHTANbHbIX Pe3y.ib-
TaToB [OKA3bIBAIOT, UTO TAKHMH GeapasMepHBLIMH YHCJAaMH, KOTOPHIMH
HanGosee MOJHO XapakTepHayeTcs rnpollecc, ABAAIOTCAH:

KiKo, UR'[Koy  pa/pte,  (@Bpk"+)/(1,Ko), (2.4.2)

rae K/K, — Gespasmepumit kospduunent aucnepcun; URZ/K, —
gneno [lekne, Koropoe XapakTepH3yeT BAHAHHE CKOPOCTH; fiy/je —
KOJMHYECTBEHHAas  OLEHKa  pasaHuHs  BA3KocTell  KHAKocTeil;
(gAp**)/(ny Ky) — KonmuecTBeHHas oOleHKAa pAasJHYHA  MJIOTHOCTE!
KHJKOCTell, KoTopas HMeer Ty xe dopmy, uTo H uHcao Peses, Henodsb-
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ayeMoe AJd onHcaHHs c¢BoOOAHOM ‘u,cﬁ
TepMalbHOH KOHBeKUMH. BriGop |
Iy SBJSIETCS] IPOH3BOJBHEIM, B TO
BpeMs Kak [, 3afiaerca. B ueasx
CHMMETPHH BSI3KOCTb pacTBopa f
OGBIYHO TNPHBOJAHTCA K OTHOCH-

TeNLHON  KOHUEHTpauuu, pas- #

noii 0,5, 2
Hcnonbsobanne K, B Gespas- 3
MEpPHBIX KPHTEPHSX MOMET BhI- : e
3BaTb YJAHBJeHHe (QH3HKa, KOTO- 0 05 1 C°

Pbii MPHBLIK NPHUMEHATH /s H3Y- p

ne. 2.4.1, I'padukn saBucuMocTH Ba3-
4EHHs N1POGJIEeMbI AHCIEPCHH U/IeH KOCTH CMECH OT OTHOCHTeNAbHONl Konimen-
K/D. B neficTBHTeNILHOCTH K€  rpawun cnupra (0 = 20 °C).

CYIIECTBYIOT ABE NPHYHHBI, KOTO-  Boaa B cMecH co cniupToM: / — H3OMPOMaHO-
phie ﬂpEﬂ,ﬂl]pEﬂEﬂﬂlﬂT :Bblﬁﬂp K“ BEM, I — STUJOBHM, § — METHAOBLIM
BMecTo D

I) monexyasipuast audppysus B xuakoii pase HHKoOraa He NposBJsA-
€TCS HE3aBHCHMO OT BJHAHHA cKesera nopojst, Ilpu HH3KHX cKopocTsix
BAHAHHE MONEKYNAPHOH AnQpysHn otoGpakaer ToIbKO napamerp K,;

2) oueHky D pas map XKHAKOCTel TPyAHO HaliTH B JuTeparype H
TPYAHO TNOJYYHTL SKcnepHmMeHtaidnHo., HauGomee mnpocroii, wacro
HCONb3yeMblil cnocol onpeaenennst D sakaiouaercs B H3MepeHHH K,
npH HyJeBHIX ckopoctsix. Toraa D onpepensiercs no ¢opmyde:

(K/D), = K,/D = 1/(FD),

rie F — cTpykrypHuiii dakrop.

B Buipaxennn (2.4.2) Beanunna k 1/2 oTpaxaer TeKCTYpY cpest —
3T0 MpOCTOli €nocol BBECTH XapaKTepHYI0 IJMHHY MOPHCTOH Cpeisl.
HAnst HeKOHCONMHANPOBAHHOI CpeABl, cocTosmel H3 IapoB, MOMKHO

HCNOJIL30BAaTh HX jauamerp d H Torjaa GeapasMepHBIe uHcJa 3anHChl-
BAIOTCH B BHJE:

K/D, Ud/D, p /u,, (gApd®)/(n,D). (2.4.3)

[lpn wuayueHun nucrepcHu B ciyyae Tpaccepa HCTIOJB3YIOTCH,
OYEBHJIHO, NBa NepBLIX uJeHa H3 coBokynHocreil (2.4.2) u (2.4.3).
Hucnennoe onpenenenne K no panueiM 3kcnepumenta ocHoBaHO Ha
aHAMTHTHYECKOM HJIH YHCJIEHHOM pellieHHH ypaBHeHHs (2.4.1). Pemenns
vpaBHeHHs (2.4.1) npexcraBiensl B pasgene 4.1.

2.4.2. Cayuaii Tpaccepa — MpoAOJbHAS AHCIEPCHS

OcHoBHaA yacTh IKCNEPHMEHTANbHBIX HCCaeIoBaHHIl TIO TeXHHYe-
CKHM Eﬁﬂﬁpa}KEHHHM NpoBOAHIACH B HEKOHCOJMIHAHPOBAHHBIX NnopH-
CTEIX cpepax. Kak oTmeyasnoch BeIllle, 3KCNEPHMEHTAJbHEIE Pe3yJlb-
TaTel npejctaBiasiorcs B GespasmepHoit Qopme Ha rpadukax ABYX
tinos: K/D B aasucumocts or Pep (puc. 2.4.2) u K/(Ud) B 3aBucHMO-
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cri ot Pep (puc. 2.4.3), rae
Pep — AHcnepcHOHHOE YHCNO
Tlekae (Pep = Ud/D).

Cneayer nol4epkHYTh, 4TO
HeBO3MOXKHO mnojobpaTh eJH-
HYIO CEpPHIO KPHBBIX, OTBEYalo-
IHX PasAHYHBLIM THIIAM TNOPHC-
THIX cpef. Jlas HEKOHCOMHJIH-
POBAHHBIX MOPHCTBIX CpPej Bce
IKCHEPHMEHTbl BBINOJHEHbl COo
cpeiamii, npejcTaBJeHHbLIMH B
puje mwapukos. Takas cpeja
MOzKeT OuITh OXapaKkTepH3oBaHa

= - reoMeTpHuUecKHM napameTpoM,
07 1 10 0° 0° 0% 10° 10°&a/p BHIOPAHHEIM N0 OTHOLIEHHIO
Puc. 2.4.2. Pesyabratsl skcnepumenra s HJIH K NMOPOBOMY TNPOCTpaH=
cayuae Tpaccepa (NPoACABHAR JHCHIEPCHS) CTBY HAH K TBepaon ase;
of6puHO 3a Takoll napamerp
npHHHMAaeTcs pasmMep 3epeH, NOCKOJbKY €ro JErko onpeaeHTb.

CepHst 3KCnepHMEHTaJbHLIX pesyabTaToB 10 onpejesieHHio npo-
AOMBHOMN JHCNEPCHH B HEKOHCOJHAHPOBaHHHIX CPElax npeacTaBnfer
coGoii nanGosee MoAHBIT HaGop KOAHYecTBEHHBIX AAHHBIX IO AHCHEP-
CHH. 370, B CBOIO 0YEPe/b, 1aeT BO3MOMKHOCTH NPOBECTH MoJaHbI (H3H-
yecKHii aHAJM3 SIBJEHHS 1 BBIBOJ OCHOBHBIX (POPMYJI.

Peay/IbTaTH N0 H3YYEHHIO AHCIEPCHH B MOPHCTHIX CPejax, cocTab-
JeHHBIX M3 1ApoB, HCNOAB3YIOTCA B KauecTse MEpBoro umara Jus
uayuenuss apyrux cpea. Ilpeanoaaras, uTto rpadpuK 3aBHCHMOCTH
Ko3(HILHEHTa AHCIIEPCHH OT cpejieii CKOPOCTH NMOTOKA HMEET HjleH-
THYHBI BHJA A8 BCeX NOPHCTHIX Cpel, MOXKHO MOCTPOHTDH rpaHK
dakTHuecKH no HEGOJBIIOMY HHCAY IKCHEPHMEHTOB (puc. 2.4.4).

KoHeuHo, mnojo6Hasi 3KCTpPanoJisiitis BO3MOXKHA TOALKO IIPH
HenoJab3oBaHnH Ge3pasMepHBIX 1apaMeTpoB.

HexkoHcoNMaHPOBAHHAN MNOpHCTAs  Cpeaa. Anaans rpadHKOB,
npejacTaBjaeHHbIX Ha pHc. 2.4.2 W 2.4.3, no3poJisieT BLIAEGNHTb MATH
PEIKHMOB JHCIEpPCHH.

a) yncro MojexkyJaspHas Auddpyausi. ITOT PEKHM NpPOSBAAETCH
NPH MaNBIX 3HAYEHHAX cpenHeit ckopocTH. MonekyIApHAA auddysns
ABASETCS eIHHCTBEHHBIM KOMMTOHEHTOM JCrepcHH, a OTHOLIEHHE
K./D sBaserca koucrantoii. Kak yxe oTmeuanoch ®pugom H KoM-
Gapuy ([1101], ctp. 192), nopucras cpena samenIser nudhysHoHHbI
npouecc. Hanpumep, aas OJIHOPOJHOI  CpeJibl, npeacTaBJIeHHOH
OJIHHAKOBLIMH IAPHKaMM:

(K./D), = 0,67; (2.4.4)

6) cynepnoauuisi. Bxaaj MexaHnyeckoi AHCNEPCHH CTAHOBHTCAH
OULY THMBIM, ~

B) npeoGiajaHue MeXaHHUECKOH AHCMEPCHH. Onnako B 9TOM CJYy-
yae MoseKyaspHoit audysneii npeneGpeub Heqb3dA, OHA YMEHbIUAET
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Puc, 2.4.3. Pasanunbie PeXXHML JHCAEPCHH MO SKCNEPHMEHTATBHEIM JAaHHBIM.

a8 — YHETO MOJAeKYyJARpHAR AHCNepcHA: & — nepeXofHufl pemuM; & — npeclmagaHue Mexa-
HidecKofl QHCMepCHH; & — YHCTO MeXaHHYECKAs JHCNepcHn; d — pucnepcHd 85a MpefeSaMH
sakona Jlapcu

(/o) (/o)

n (Ua'fﬁ n {P;}

Puc. 2.4.4. 3kerpanoasuus kpusoit (K/D passo uncay IMekne) aas npouspoabHol
cpeanl Ha ochope GOJBINOTO YHCJAA Pe3YAbTATOB, NOJAYYEHHBX H3 IKCNEPHMEHTOR
& HIapHKaMH .

4 — cpefia npeAcTaBAeHHAan WapHKaMu; § — HayvaeMan NMopHCTas cpeja

sdext Mexannyeckoil gucnepcHH. [IpuHEMan Bo BHHMaHHe JHHEHHYIO
3aBHCHMOCTb, HaGmionaemyio mexny K /D u Pe, moxeT GuiTh HoJy-
yeHa caepyiomas gopmyJsa:

KD = (K./D), + o (Ud/D). (2.4.5)

r) 4HCTO MexaHHueckKad jaucnepcus. CnpaseiiHBO cJjejpylollee
COOTHOLIEHHE

K = (Ky/D), + BUd. (2.4.6)

Benepcrsue manoii TouHocTH GHAOrapH@MHYECKMX KPHBBIX, Jae
KOrjJa CXOAHMOCTb JOBOJbHO Xopouiasi (cM. pue. 2.4.2), anauenne P
koseGierca B npegenax 1,8 4= 0,4. Bausinne mosexyasproit puddy-
3HH HezHaunTenbHO; Beanunnoit (K /D), moxuo npenebpeun. s
NPaKkTHYeCKHX wneJseif npH pexumMe «['» 10BONLHO YacTo HCNOJb3YeTCH
dopmyaa (Kp = al); !

1) MexaHH4YecKas JHCHEepPCHS TPH pexuMme TeueHHsT MKHAKOCTH,
BHIXOJAIEM 3a paMKkH 3akoHa Jlapcn. HanomuuM, uto pexum ¢guastpa-
Wi MOKeT ObiTh oXapakTepHsoBaH yHeaoMm PejiHoabica, a HMEHHO
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otHowenem Ud/®, n o6nactb npumennmoctd sakona Jlapen orpaniu-
uHBaeTcs 3HayeHHsiMH yHcaa Pefinoasaca or ) 1o KpHTHUECKHX 3Haye-
nuit nopsaka 1—I10. MoxHo noayepkHYTb, YTO JEHCTBHTENbHASA TYP-
OyJieHTHOCTE HaGawonaercst npH uncae PeiiHonbica Gonsiue 100. Han
STOrO pexuMa JHCHnepcHH MoJyyeHo Mmano pesyabtatoB. Hamenenne
pexHMOB Jerko (UKCcHpyercss Ha rpagmkax puc. 2.4.2 u 2.4.3.

Koncoanauposannas nopucras cpeia. B KoHcosuanpoBaHHeIX no-
PHCTHIX Cpejax NpoBeleHO OYeHb MaJjo sKenepHMeHToB. MoiKHO npej-
BHJETD, YTO AHCNEPCHA B 3THX cpeflax GyaeT nposBiAATLCA B GoJbluei
CTENEeHH, YeM B HEKOHCOMHAHPOoBaHHEIX. B camoMm nene, pacnpejenenne
nop mo pasmepy B KOHCOJHMAHPOBAHHHIX cpelax BapbHpyeT B GoJiee
IWHPOKHX npefienax, yeM B HeKOHCOJNHAHPOBAHHLIX, 4, CJIe0BATeNLHO,
pacnpejie/ieHHe cKopocTeil 6yaer MeHATbes B GoJiblieM jHanasoHe.
3neck HCNOAL3YIOTCH pasanuynbie Gopmyasl, aHajtornynse (2.4.5),
TaKHe Kak:

Jlararckn n Karu [169]

K /D = (K /D), + 0,5 [(Und)/D]™, (2.4.7)
Paiimonan u ap. [222]
Kp = (Kp)e+ n'dU. (2.4.8)

It GOPMYJbl BHIBEJEHL 110 aHaJOrHi ¢ HEKOHCOJIHAHPOBAHHOI
CPe/oii, MOSTOMY pacnpejiefieHHe nop no pasmepy XapakTepHsyercs
napamerpom nd (uau n’'d). y n " — GeapasmepHule KOHCTAHThHI, KOTO-
pelé H3MEHSIOTCA B COOTBETCTBHH CO CTAHAAPTHBIM OTKJIOHEHHEM
pacnpenesieHHA CKOpPOCTH; mnapameTrp d [as KOHCOJNHIHPOBAHHOI
CpeJlbl He HMEeT ACHOI0 KOJHYeCcTBeHHOTo eMbicia. [Ina HekoHcoHaHpO-
BaHHOIl Cpejbl, NpeAcTaBJeHHON OJHOPOAHBIMH IIapHKaMu, 1 = I,
d — puamerp wapHka M cnpaseannBa dopmyaa (2.4.7). Beawunna
n’d 3HaYHTEILHO H3MEHACTCHA B 3aBHCHMOCTH OT CPe/ibl, YTO MOATBEpIK-
AEHO SKCNepHMeHTalbHO; Hanpumep, Pafimonau n ap. [222] paor
aHavenns v 'd, koropuie uamensioresi or 0,001 (rekoHconHANpOBaHHAN
cpena) po 0,2 (koHcosauanpoBaHHas cpefia) NMPH OJAHHAKOBBIX 3HAaye-
HHAIX NPOHHLLAEMOCTH.

Cepus skcnepumenToB, BoinosHenHuX Kaoruem n Mozepom [159],
NoKa3aaa BO3pacTaHHe AHCHEPCHH ¢ yMeHbIIeHHeM NOPHCTOCTH, T. €.
C BO3pacTaHHeM KOMIMAaKTHOCTH; OOBACHAETCS STO TeM, YTO BO3pacTa-
HHE KOMNAKTHOCTH NMPHBOJAHT K YBEJHYEHHIO Pa3BeTBJeHHOCTH MOTOKA.
[Mapamerp K, Goaee uan menee coorsercrsyer M3, rge M — oGuias
nopucrocte (puc. 2.4.5).

2.4.3. Cayuaii Tpaccepa — monepeqHasi AHCMEPCHS

Hayuenns nonepeunoii aucnepcHn menee oGWHPHLI W HavyaThl
.CPaBHHTENILHO HEJaBHO M0 CPaBHEHHIO C H3VYEHHeM 1POJ0JLHOI
aucnepcud. OnHako H3-3a Jyulleil TeXHHYECKOH OCHAIeHHOCTH
IKCNEPHMEHTOB (HECMOTPS Ha Majoe HX 4HCA0) pe3yabTaThl 3TH He
MeHee HaleKHbl H 000CHOBAHHLI. KCNEPHMEHTHl BLINOJHEHL B OCHOB«
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Puc, 2.4.5. 3asncumocts Kosdduiienta npofoasHoil Aucnepcun K ot ckopoct Vg

AJA pasAHuHLIX crenexell ynaorhenns (necok 0,5—1,5 mm, dfﬁ % 0,75) n or o6weif

nopucrocty @  npu Vg = 0,1 emfec. Temneparypa Bojw
1—-—®=0418 2—0©=10399; §—O=0,368 4—O= 0,366 [159]

Puc. 2.4.6. 3xcnepuMenTanbusle peayaLTaTH Aas caydas ¢ TpaccepoM.
CnromHas AHEEA — Nonepeqnan AHCAEPCHA; TNYHKTHPHAA — NpofoiLHan AHCOEpCHA

HOM C HEKOHCO/NHJHDOBAHHOH Cpefo¥, npeicTaBJeHHONR IapHKaMmH
(cM. pasgen 2.4).

Hekoncoauanposannas mopuctas cpefa. DKCHepHMEHTHI MpoBO-
Ananchk npH yuesaax [lexne, uamensiomuxes or 1072 go 104, u noaso-
JHIH BBIJGTHTB YeTBIpE pexkHMa aucnepcuu (pue. 2.4.6):

a) uhcro monekynspHas auddysHs, KOTOPAas HMeeT MecTo npH
HH3KHX CpefHHX ckopoctaX. [laa onHopoaHoii cpeasl, npejcTaB/eH-
HOH OAHOPOAHKIMH mapHkamy, 3navenne (Kiy/D), npuGausurensho
pasHo 0,7;

6) cynepmosuuMs, KOrjia BJAHSHHE MeXaHHYecKoil AHCTIepCHH
OHLYTHMO;

B) MeXaHHUecKas JMCHMEPCHS, KOTAa ee BJAHSHHE CTAHOBHTCS
npeobaapaoumuM. Ilpu stom:

K1/D = (K¢/Dy) + o (Ud/D)™, (2.4.9)
rae o = 0,025, m = 1,1:

I) 4icTas MexaHudyeckas AHCHEPCHs, KOTIA CpaBeAnBa topmyna
(2.4.9) npu anavennn m = 1.

Koncosmnauposannas nopucras cpesa. Hackospko Ham maBectTHo,
SKCNMEPHMEHTLI € CHJIBHO KOHCOJNHAHPOBAHHON MOpHCTOH cpeoil He
nposojuauck. Cumncon [249] menonbsoBan B cBoMX skcnephMenTax
OYeHb ¢1a60 KOHCOMHAMPOBAHHYIO Cpely, TIAe KOHCOJHIAlHs He

OKa3ajia 3aMeTHOro BJIHAHNA HA nonepeunyio aucnepcuio. PesyabTathl
nokasaHel Ha pHc. 2.4,6.
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2.4.4. O0muil cayqail—npofoabHAs AHCOEPCHS
(nexoHCcONMAHpPOBAHHAA Cpeja)

PesyabTaThl, H3JI0XKEHHBIE B NPeALIAYIIHX pasjienax, npeaAcTapasior
onpeneseHHLIi MHTepec MAJs TNOJEBOro HCCJAeJOBAHHS NPOLECCOB
AHCNePCHH ¢ NOMOIULBIO TPaccepeB, 0cOGEeHHO PajHOAKTHBHBLIX.

Ilpu pemennn MHOrHX NpakTHYECKHX 3ajla4y, CBASAHHBIX C JBHIKe-
HHeM (poHTA 3arpA3HeHHs HJIH BHITECHEHHeM He(TH, NpHXOAHTCHA
VUHTHIBATE COBMECTHOE JIBHKEHHE XKHJKOCTEH ¢ PasHBIMH 3HAYEHHSAMH
nJaoTHocTel M BAskocreil. [TosTomy npoBoAHMOCH SKCNepHMeHTalbHOe
H3yyeHHe TaKoro cjiyuas B JaGOpaTOPHEIX YCJAOBHAX.

CraGuabHOCTH BLITECHEHHWS. YUHTHIBAf 3ajauy HaUHX HCCae0-
BaHHH, OTMETHM, 4TO HauGoJee BaXKHO ONpPENe/HTb CTaGHALHOCTD
YCJOBHIl BhITECHEHHs cMellHBalomuxcs kuakocrteii. ITogoGuas cra-
GHABHOCTbL 3aBHCHT OT IJIOTHOCTell, BA3SKOCTH H ckopoctH U xuako-
creft. JIns H3BeCTHHIX 3HAYeHMil NJIOTHOCTeH W BA3KOCTEll CYIeCTBYeT
KpPHTHYECKaA CKOPOCThb OrpaHHYHBalomas o6Jacth cTaGHJIBHOCTH.
Hayuenue ycaoBHH Pa3BHTHA NPOH3BOJABLHOTO BOSMYILEHHSI NPHBOANT
K BecbMa npHOAHMKeHHOH (opMmyne aas KpuTHYeckoil ckopoctH U,

[181]:
U, = kg (p2 — 0)VID (2 — 1y, (2.4.10)

rje g — BEeKTOP CHJbl THXECTH, a HHAeKch | M 2 XapakTepHayioT
COOTBETCTBEHHO BHIE H HH}KE PacnoJiarawiiHecs JKHAKOCTH, NpHYeM
OCb Z CUHTaeTcs HanpaBJeHHON BePTHKaJbHO BBEPX; a CKOPOCTH
U n U, sasnsiorcs ajnreGpaHYecKHMH BeJHYHHaMH.

Boamoxkno apa cayyas BeITeCHeHHS JKHAKOCTell B 3aBHCHMOCTH OT
COOTHOLIEHHA BA3KOCTEH:

’ 1) ecan py/py >1, To BHiTecHenue craGuasHo aan U >U, n
HecrabuanHo aas U < U,

2) ecam pg/py << 1, TO BHITeCHeHHe HectabGuanno ana U > U, u
crabuasio aas U < U..

Pasnocth naoTHocTel (pg — py) BAHsAET Ha 3HaK ckopoctH Ug:
HanpuMep, Bocxoafiee BepTHKaabHoe BoiTecHenne (U >0) npm
Me = [y H pe =y Beeraa crabuabHo (puc. 2.4.7), Tak Kak U, oTpH-
narenbio. Korpa BhiTecHeHHe HecTaGHAbHO, NOABAAIOTCS «H3BIKHY,
KOTOphIe npH GoJbluoM MaciuraGe (npeBLILAoMeM MAKPOCKOIIHYeCKHT)
MOryT paccMaTPHBATBbCH KakK pasBHTHe npollecca AHCHEPCHH.

CpaBHeHHEe SKCNMEPHMEHTAJAbHBIX H TEOPETHYECKHX Pe3yJbTaTOB.
Bropoit BaKHEII MOMEHT, KOTOPHIll CAeayeT OTMETHTh, 3aKJIIOYaeTcH
B TOM, YTO KJA4CCHYECKOE ypaBHeHHe JHCrnepcHH, BblBeleHHOe 1%
cayuas Tpaccepa, Moxer ObiTh HCNOJNB30OBAHO, Jlade KOTAa pasiHuus
B NJAOTHOCTH H BA3KOCTH MHAKOCTeli 3HaunTeabHbl. OnHako ecJH
HauaAbHBIA npodHab pacnpefefeHHsi KOHIEHTPallHH mnpeiacTaBJaser
coGoil cTynenyaryro GyHKIHIO, TO NOJyyaeMoe pellleHie OTKJIOHAETCH
OT TeopeTHYecKoi KpHBoii, oTBeyatolleld GyHKUHH olIHGOK, HECKOJALKO
Gosbllle, 4yeM B cJydae Tpaccepa.
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Puc. 2,4.7. YcaoBua craGHALHOCTH AMA BHITECHCHHA CMELIHBAIOIINXCA HKocTe,

a4 — pocxogauiee, ocerpa cTAGHAbHOE f — EHCKOfsmee, Beerfa CTAGHALHOE; & — HHCXO-
Anmee, BCerja HecraGuiabHOE; & — BOCXOASIEE BCETAA HecTaduAbLHOR

WU, makomeln, o6paTHM BHHMAaHHe HAa M3yyeHHe BIHAHHA APYIHX
napaMeTpos, POJib KOTOPHIX MOXKeT GhiThb OXapaKTepH3OBaHa TpeMs
GeapaaMepHLIMH BeJMuHHaMH (CM. pasjied 2.4.1). OueBnpHo, npexje
Beero ato uneao Ilexne Ud/D, a pa apyrux napamerpa M u R orpa-
JKAI0T BJAHSIHHE TJIOTHOCTe M BSI3KOCTeH JKHJKOCTEH:

M = py/pa, R =1[gAp (k)"/+1/(nD),

rge . — BASKOCTb pactBopa npH OTHOCHTENBLHOH KOHUEHTPAIHH,
pasHoit 0,5. MHjieKc cOOTBETCTBYET BeITECHAEMOH 3HAKocTH, OnyGiH-
KOBAHHbLIE K HACTOSIEMY BPeMeHH Pe3yJbTaThl NoJyueHsl I8 caydas
HeKOHCOJMHAHPOBAHHON cpeabl. DKCNePHMEHTH MPOBOJHIHCH NPH
NOCTOSHHLIX sHaueHHAX M nau R, npH KOTOPBIX COOTBETCTBEHHO
HameHHaHCcE R uam M. BeiTecHeHHe OCYIIECTBJIAJIOCH KakK NyTeM
pocxonsimedt [22], Tak u uucxoasumeir [256, 159] ¢uabTpanun.

Bausinue oTHoweHus Bsskocred M. CepHs SKCNepHMEHTOB CO
aHaueHHsaMH R, npHOMH3HTE/NbHO paBHBIM 6700, GOnita npoBeaeHa
Taxapom [256]. 3nauenHe R MOXKeT NOKa3aTbCsl IOBOJLHO BLICOKHM,
HO 44CTO B TOJEBHIX YCAOBHSAX 3HaueHHe R MoxeT GbTb MW BbILUE
(6omee 100 000 — B HEKOTOPHIX TEXHOJOTHYECKHX mpoueccax MpH
BLTecHennn Heprh). PesyabTathl skcnepHMentoB Taxapa npeactas-
neHw Ha pHe. 2.4.8 n 2.4.9.

Uem Gosbllle OTHOCHTENbHAs BA3KOCTb BHITECHSIOWLEH YKHAKOCTH,
TeM MeHbule kosdduuuent aucnepcun. Boaee Toro, napamerp M mue
0Ka3biBaeT BJAHAHHS Ha nepeHoc BelecTBa B 30He YHCTO MOJEKYA#AP-
Hoii anddysuu. Kaori u Mosep [159] ormeuator BiHsAHHE Ha AHCHED-
CHIO TeMrepaTtyphbli, OGYCHOBJeHHOEe CONYTCTBYIOWHMH H3MEHEHHSMH
psaskocrell xuakocteili. KosduuueHntT AHCNEPCHH BO3pacTaerT TNpH
yBeJHUEHHH BA3KOCTH C YMEHbIIEHHeM TEMNepaTyphl. Beanunna Kp
npuGIH3HTEALHO MponopiHoHanbHa vO-? (pHC. 2.4.10).

Bausinue napamerpa R. B skcnepHMeHTaJbHBIX pabGorax bDex
Canaxa [22] anauvenne M npunumanioch paBHeiM 0,214. PeayabTaThl
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Pue. 2.4.8. Bausuue pasauyuil BepTHKANbHOIO BRTECHEHIA CMEIHBAIOWINXCA MHAKO-

crell OT HX BH3KOCTH.
I —M=279 2—M=1; 3 — M =0,358 4 — M = 0,047 [256]

Piic. 2.4.9. 3aBHCHMOCTh BEPTHKAALHOTO BEITCCHEHNHS CMEUNIBAIOUXCA MHAKOCTEI]
OT OTHOCHTeNbHOH Baskocrn [256)

i H,CME,; c

Pue. 2.4.10. 3asucumocts ko3fdm -

3,2 HHenTta npofonbHoil aucnepenun oT

K ckopoctt Vg (A5 pasnmunbx 3Ha-

% yeniil Temneparypu Boasl T) o OT KH-

HemaTHUIecKoll BA3KOCTH v aan Vg =

= 0,1 cw/c (necok 0,9—1,12 mm n
31073 1072 wapuki dgg = 1,0 MuM).

] —=T=45%C: 2 —T=21%C; 3§ —

T =35° [1569]

rT_

107

| -
1073 102 107 Vg,emfc

\K, /D | K, /D
100t 2

10—

10- 7 R ——

i Ud /D=2

1 1 l ] | ] | =
o1 1 10 100 ua/D 0 0000 20000 R
Puc. 2.4.11. Banaune pasanuuifi NJIOTHOCTH HAa BEPTHKANLHOE BLITECHEHHE CMELIH-

BRIOWHXCH XMUJAKOCTEN.
/ — R =650 2 — R =2450; 3 — R = 5200; 4 — R = 19 600 [22, 256]

Puc. 2.4.12. 3aBucHMOCTD nepruxamblmm BHITECHEHHA CMEINBAIOILINCA MujKocTel
OT KOMIJexkcHoit peanunnst R[22, 256]

STHX HccdefoBauuit npusefexsl Ha puc. 2.4.11 n 2.4.12. Moxuo
3aMeTHThb, 4TO 4eM GoJbllle OTVIHYHA B 3HAYEHHAX NJOTHOCTEH JKHJIKO-
creit, TeM MeHblle KoahdHLIKHEHT AHCTepcHH. 10T 3(xpeKT HMEeT MecTo
Jlake B JHanasoHe YHCTO MOJeKyJAApHOH AH(Dy3HH.
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2.4.5. O6wmii cayvaii—mnonepeyHas AHCHEPCHs

PeayabTarhl aHaJOTHUHB NMOJYYEHHLIM JUIS NPOAOJABLHON AHCHeps
cHH. Paaniuns 3HaYeHHit BA3KOCTH H NJAOTHOCTH JKHAKOCTEH NPHBOASIT
K VMeHblleHHI0 Kos(puilHenTa nonepedHoii aucnepcHH. Pasanuus
B MJOTHOCTAX XHIKOCTEil CKa3blBalOTCH Jlake B 30HE YHCTO MOJEKY-
JApHOH AH(pdy3HH.

Bansuue pasanynii nJOTHOCTEH H3Yyaloch NOCPeJCTBOM BapbHpO-
BalHs HanpaBJeHWeM CPeAHHX CKopocTeli B NOPHCTOH cpele, KOTOpoe

3ajnaBaJiock noj pasiHyHBIMH YIJAMH K I‘GI}HBGHTEHBHUﬁ NJGCKOCTH
[28].

2.5. JIAGOPATOPHBIE MCCJHEJOBAHHS OHCNEPCHH
B FETEPOFTEHHOH CPEJE

Peansnble 3agaus JHCNepcHH CBS3aHLl C FeTEPOreHHbLIMH cpelamH.
Onnopoanas cpena npefonpenesieT nNpocTbie YCJA0BHS H JaeT BO3MOXK-
HOCTh JIOBOJILHO JIETKO Pasjie/THTh OTHOCHTE/IbHOE BAHAHHE Pa3/IHYHbIX
napaMerpoB. 3T0 NMO3BOJKIO XOPOIIO H3YYHTH OCHOBHBLIE MEXAHH3MEI
aucnepcun. B rereporeHHBIX cpeflax napaMeTphl TECHO B3AHMOCBA3aHbI;
OHH BJHSIOT APYT Ha Apyra, H pe3yJbTaThl MOTYT CYIECTBEHHO OTJIH-
gaThCcsl OT TeX, KOTOpbLle OXHIAITCA COrJacHO TeOpHH AHCNepcHH
B OAHOpPOAHBLIX cpefax. [louemy ke Torja HanpacHo 3aTpavyHBallioCh
BpeMsi Ha H3ydeHHe HJeaJNbHOH («aKajeMHYecKoi») Cpe/bl, ecsH 0Ha
BO MHOTOM He COOTBETCTBYeT peadbHHIM cpenam? K cuacTbio, ocoGeHHO
3T0 Kacaercs HecsefoBaTteneil, KOTOpPble NMOCBATHAM Tak MHOro pa6ot
sroii nmpobaeme, CYUIECTBYET TeCHAfl B3aHMOCBA3L MEXIY TeopeTHue-
CKHMH M NpakTHYeCKHMH pe3yJabTaTamu. Moxno abimath Jerye!

HutyurnsHo, Mel npeiactasjisem ceGe 3TOT npoliecc Kak mnpouece
HaMeHeHHsa Macuirada HeeeloBaHHH OT MEKPOCKOITHYECKOro 0 MaKpo=-
ckonnyeckoro ypoeHa. Heab3sa aM no anadorHd ¢ ocpefHeHHeEM
s(pexTOBR MOJEKYJASAPHOI H KOHBEKTHBHOH nH(QY3HH TPH ONHCAHWHH
JMCTIepCHH OCPENHHTh H caMi JHcrnepcHOHHbIe 3(peKTh, ¢ TeM 4TOGHI
ONHCATh HEKOTOPOE CBEPXMAKPOCKONMHUYECKOe siBJeHHe B 3KBHBAJEHT-
HO#H ojHOpoaHOI cpene? C Ueblo OTBETa Ha 3TOT BONMPOC Mbl NpHBeJEM
HeKOTOPLIE THIHUHLIE 3KCINEePHMEHTHI.

3ameuyanne. 3Ta KHHra — He JIETeKTHBHAA HCTOPHA; MOITOMY
elle [0 KOHUA paszjena noje3Ho npeacTaBHTh cefe, uTO OTBET Ha
nocTaBAeHHLIH Bonpoc 6yaerT noJoMHTEIbHbIM!

2.5.1. Choucras cpeana

[Tpocreiimieit MoAenbl0 TreTeporeHHol cpejsl SBJASETCS CJIOHCTas
cpepa. Kpome Ttoro, wacto BeTpedalolllecss B MPHpoje OCajoyHbe
dopMallHH MOMKHO TakiKe OTHeCTH K CJIOHCTHIM, BhIeAss B npenenax
TOJMIH MJAACTHl ¢ PasiHYHEIMH 3HAYEHHSMH NMOPHCTOCTH H NpOHHILae-
MocTH, Jas ynpolleHHa npHMeM NOTOK OJHOMEPHBIM H napajelbHbIM
HacCJA0EHHIO, a MJIOTHOCTD P XKHAKO#H (a3bl cuHTaeM nMocTosHHON. Y paB-
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LY HeHHe Torfla — JAByMepHoe, NpH-
yeM OChb X COBIIJlaeT ¢ HanpasJe-

Ttz HHEM NOTOKA, 4 OCh § MepreH-

AHKYJAsipHa HalJacToBaHHIO
.l
CropocTs (puc. 2.5.1).
S B stom npocToMm ciayuyae TeH-

: 30p AMCNEpPCHH CBOJAMTCS K ABYM

T Ay St p 2000005 xomnonentam Kp n Ky — K03¢-

' (pHIHEHTAM TPOJOJILHOH H TOme-

Puc. 2.5.1. Cicrema koopaunatr peuHol JHCHepcHH, KOTOphie 3a-

BHCAT OT Y. 3HaueHHe P MOCTOSH-

HO, MOTOK — OJHOMepHBIil, BeqHuHHa ckopocTH U He 3aBHCHT OT X.
Kpome Toro, nonaraem, uro O 3aBHCHT OT y.

YpapHenne H rpaHHuyHLIe YCJAOBHA!

KL (0) D) 2o+ 4 [Kr @ ) 5] —

0 (022448 ) =0,

defdy =0 qna y=y, H Yy=1 (2.5.1)

[TogaxeMm Tenepb, uTo A1 GOJbIIHX NPOMENKYTKOB BpeMEHH, T. €.
[PH JNOCTHKEHHH ACHMNTOTHYECKOTro pexHMa B pacnpeje/eHHH KOH-
leHTpanuH, ypaeHenue (2.5.1) MoxHO cBecTH K OJHOMEPHOMY:

a°C ac ac
rae Ky — SKBHBaJeHTHHIT KO(QHIHEHT JHCIePCHH, Cu Uy—

_ocpejiHeHHble 3HayeHHsl KOHUEHTpPauHH H CKOPOCTH.

JIas pelleHHs 3ajayd HCNOJL3YETCH METOJ, MOMEHTOB Apuca,
OCHOBHLIE NPHHIMNL KOTOPOTO NPHBOAATCH HHMKE. IKCNepHMEHThI
NpoBefleHbl HAa MOJENAX, BHIMOJNHEHHBIX B BHJe JBYX OAHOPOAHLIX
MAACTOB ¢ Pa3/JHYHBIMH (PHBHUECKHMH XapaKTepHCTHKaMH; 5TH SKCIe-
PHMEHTEI MOJATBEPIKAAIOT TEOPEeTHYECKHe pe3y/bTarhl.

3amMeuanue MHMrea sameHsl CJ0XKHOH npoGJeMbl noao06HOH
XOpOIIO M3BECTHOI 3JeMeHTapHoil npoG/ieMoi BrioJiHe ecTecTBeHHa H
OCHOBaHA Ha MpPHHIKIE H3MEHeHHs MacuiraGa. ITOT NoAXOj aHajlorH-
yeH saMeHe psijia CONPOTHBJIEHHH SKBHBAJEHTHBIM B TEOPHH 3JEKTPH-
YecKoro Toka.

Meron momentoB Apmca. Peuenne ypaBHenus (2.5.1) npeacras-
asieT coboii pacnpeenerne konuentpaunu C (x, g, ). Jannoe peiue-
Hie [184 ] MoskeT GBITh NOJTYYeHO ¢ HCnoab3oBanHeM MomenTos C™ (¥,
) no x ot pacnpeneienus C (x, y, {). ITH MOMEHTH ONpPeNeAIOTCH
thopmyioit:

4o
Ccm (y,l) = jx"C{x, y, t) dx.
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Koneuno, sfech BO3HHKaeT uuc- 0
TO MarteMmaTHueckas mpobaema:
CXOAATCSH JiM 3TH HHTerpats? Cxo-
NHMOCTE HMeeT Mecto, ecau C
ymeHblaercs OpicTpee, 4eM Jio-
6as cTeneHb OT X, YTO OTBeyaer
cayualo, Korja kouuentpanus C,
BO3HHMKAOLAS OT HEKOTOPOro Ha- .
YaJbLHOTO CTYMEHUYaToro HMnyap- L -———

ca, SIBJAfeTCsi TrayccoBoi (yHK-
nueit (puc. 2.5.2). Puc. 2.5.2. Pasputne cTYneHYaToro nu-

3.1.0 YCJ‘IGBHE HEe SBJSeTcs nyabnca B peayibTare JAHCHEpPCHH.
CH/BHEIM OFpaHHYEHHEM, TaK Kak € NORRCRTDRERN VAR - WSS
HOBBIE pelleHHs, Oyay4H JHHeH-

HEIMH, MOPYT OBITH IOJYY€Hbl METOJI0M CyTiep NO3HIIHH. HuTtepec npexa-
CTABJIfIET WCCJe/loBaHHe (PH3HYECKOrO CMBICJAA MepBbIX MOMEHTOB:
C) — ofiee KOJHYECTBO JKHAKOCTH IpETepheBlled AHCNepPCHIOo;
C() — KoOpAMHATA UEHTpA MacC BLIXOAHOH KpuBoii; C*) — xapak-
TePHCTHKA MepexofiHoil 3O0HKI.

[TycTh MOMEHTBEI PACCYHTHIBAIOTCA B CHCTEME OTCYeTa, ABHAKYIEHCs

¢ mocTosiHHOll ckopocThio U/, ompejensieMoi BblparKeHHeM:

o~ (o)1)

B stoii cucteme cKopocTb onpefensiercs kak W = U — U.

ApHC pacCuMTHIBAET DPAa3qMYHBIE MOMEHTHI JJIsi pacrpene/eHHs
KOHUEHTpamuil (T. e. is peureHns ypasuenus (2.5.1)) us psaaa ypas-
HEHH# MOMEHTOB, NOJY4YeHHEIX 13 (2.5.1) nyTeM BhYHC/IEHHS MOMEHTOB
PasNHYHLIX MOPSAAKOB JJIfl KaJIOro H3 €ro WieHoB:

(i) (n)
'&Tﬁ%‘ agy ) -- aca; = — aWCn-1) — pn(n— 1) K, C*-2,
AC Gy =0 anst Yy =y U Y = Y. (2.5.3)

Sta cHcTeMa 3aTeM pellaeTcs MeToioM HHAYKIHH, HauuHasa ¢ n = 0.
Jns n = 0 Beipaxenue (2.5.3) maer:

1 @ = acio) acto)
‘&Ta—y(’fr‘p % )“ Tt
ACOdy =0 ana y = ya H Y = Yx. (2.5.4)

Ypasuenue (2.5.4) pemaercsi METOAOM pasjefieHHs MEPEeMEHHbIX H
JlaeT KOHEUYHYI0 CEepHIO pellleHHH BHJA:
:I,-_{y}exp[——mff}, I'—‘_"U:lr2r---r 0<... <o, <<o;<...

Ilas n = k npaBas yacth ypaBHenus (2.5.3) nspectua us peienui,
onpenenennsix Aas n < k. CiefopareqbHo, ofiee pelleHHe ypaBHe-
nust (2.5.3) Ans n = k AB/AfeTCA CyMMOil MX PelleHHil OJHOPOLHOrO
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ypaBHenus, cofepautero C" B jneBoii uactu (4To uaenTHyHo (2.5.4),
H YACTHOTO pelleHus noaHoro ypapHeHus. OGWAM pelieHHeM OJIHO-
PONHOTO YpaBHEHHS

I a( ac*"l) gcim)y -
i T G e ) e

apasiercs pan Xa; (y) exp (—w;f), onpeieJeHHbIH COracHO Bhlle-
H3JI0KEHHOMY.

YacTHoe pellleHHe NpeAcTaBasieT coboi CYNeprosHiuio peineHui
ypaBHenusi (2.5.3), rae npaBasi yacTb MOCJENOBATENbHO 3aMEHAETCSH
paaamMu s C—1 y C"—2) | BLIUHCTEHHBIMH 1O HHAYKIuH H3 C'0),
Jlerko onpefennTe M IJIaBHLIH 4YjaeH paja npu { —- oo. Pasanunple
MOMEHTBl NMPH 3TOM BHIpa)KaloTCs TaK:

CO =ay+0(y, 1),
CH) =agp () + 0(y, 1),
C® =2Kagt + Q () + 0(y, 1), (2.5.5)

Com — Eelﬂ_lpﬁf.f_‘!”a 0.0 (y, 1),

P
Ceps) — 22+ g[a}?;r{gm agb () -+ 1°-0 (y, 1),

rae dyukuus 0 (y, £) =0 npu ¢ — oo,

¥
Y (y) =— j —ﬁ%— dy -}~ const,

i

i
o) = | OWdy, () =7 1) =0,

i

iy e
P2 TRy (o
K= TREETY (J, K ®dy -} ;‘; XD dy) . (2.5.6)

i [
QW = | —K;%[J (K — W@ — K)® de] g,
LF ]

Wi

e
Pt 1
m_thJm@.




JkeuBateHTHBI Koadunuent gucnepenn. Moventor C™ cpaBHi-
Bajorcsi (AiA GoOJbIUMX 3HAYeHuii f) ¢ MOMeHTaMH, BHIYHCICHHBIMH
no pewenuaM (pacnpejeNenHsiM KOHUEHTPAHH) Aas Oojee TMpOCTHIX
cucTeM. XOpOIIMM BAPHAHTOM TAKOH YMPOIIEHHOH CHCTEMBEI MOKET
ABMATLCS YpaBHeHHE OJHOMEPHOH JHCHepcHH Jyif OAHOPOAHOrO
171acTa, KOTOPOE TO3BOJAET MOJYYHTh SKBUBANEHTHBIH K03 UL HEHT
AMCTepCHH. DTO ypaBHEHHE MOBTOPAETCA S/EChH!

§iC ac ac
Ku—a —(UME‘*"@T =0.

B cucreme OTcCuera, ABHiKYeiicsi co ckopocTbio Uy, MOMEHTEI
JJIs pellleHHsl STOr0 YpaBHEHHS TAKOBBI:

C'” = const,
C'" = const,
C® = 2K\t -+ const, (2.5.7)

=(2 2p)! (2Kmt)”_ =
cen . (2) Eipp;u " TO 10 (1),

E'[?Pd-l‘.l 5 (2p 4 lz:';p{IEKM”I {_':U! + 70 {”.

WnentHunoctb cucreM (2.5.5) u (2.5.7) Oyaer nMeTb MECTO, Korja:
¥e

E=_.—]—'-' (I}Cd M
D (y2 — 1) ;[ y
= Ua U
Uy=U= | ®Udy / | ®dy, (2.5.8)
th 1
R | s i 1p2
Ky=K =m (Jl K, ®dy | {:[ Wdy) .

Takum 06pasoM, aCHMNTOTHUECKHH PeKHM CJIOHCTOH MOPHCTOH
cpeibl HAEHTHYEH PeHMY 3KBHBAJEHTHOH OJAHOPOAHOH CPeasbl, onpe-
neasieMoli Beipamenusivu (2.5.8). Jlna peiuenus peajibHbIX npobJeM
gacTo Tpelyercsi Xopolnee 3HaHHE HMEHHO ACHMNTOTHYECKOrO peKuMa
npouecca AHCTEPCHH, TAK UTO MOJYYEHHBIE 3[A€Ch PE3y/abTathl AB-
JSIOTCA AOCTATOUHO Ba)KHLIMH.
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g Pue. 2.5.3. XapakTepHCTHKH MOJenN
ABycaoiioro naacrta (MOUHOCTE, HOPH-
cTOCTh, NpoHNIlaeMocTs H KosddunnenTn

Y Aucnepenn)

&y ,9‘-";,—*‘}, #Lf ] ‘&{T‘r

€2, % 12,1, K7,

Yz * Xopowo NPoHHUA-
¥e Cy Cnabonponua-  EMBIM CNOH
) EMBIH CNO#
Op 0,06f-——— o
0,16 — 4
05
0,84} - i iner ;

1

: 5 l -
2000tc 09 0 zon

Puc. 2.5.4. Hamenenne KOHINEHTPalli BOJOPOAa BO BPeMeHH B BOCbMH TOYKAX Hame-
peHHst B YeTHpeX cedeHusX JAByXcaoiinofi Mofean (HauaibHEIA HMOYJALC KOHUEHTpa-
IIHH — CTYMeHYaTelff, CKOPOCTE NOCTOAHHA)

Puc. 2.5.5. Tpoduan xonuentpaunit 8 AsyXcaofinom niacte B pasiHuHLIE NepHOAB
BpeMeHH.
J—¢$=400¢; 2 —i=700; 3 —{=1000¢; 4 —1{= 1300 ¢

Mpumep apyxcaoiiHoro naacra [184]. XapaxktepucTHKY TaKoro
naacta paer puc. 2.5.3. YpaBHeHHe H rpaHHYHBIE YCJOBHSA:

8:C a2C ac ac; .
Ke, ﬂx’l + Kr, am" —U axl S a:l'

g*C atc ac.
K, Tt -+ Kr, S0 — Up o = 25 (2.5.9)

ox ot

Y=y, 9C/y=0; y=t, 0CyJdy=0;

y=0, OKz, (9C,/dy) = D:K7z, (9C:/y).

Cpennsas cxopocth Uy onpejensieTcsi W3 BbIpaxKeHus:
Up = (@:eU, -+ ©:e,U,)/(@,, + Deea),

roe U; n Uy — sHaueHHs CpPeHHX CKOPOCTEH B KamJoM cJjoe.
Hcnonb3oBaune Mmerofia Apuca Jjaer CjedylollHe pe3yJbTaThl:
ACHMNTOTHYECKHIL PeKHM JUIs pacnpefieseHus CpefHeli KOHUEHTPanHH
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OTBEYaeT pelleHHIo IKBHBANEHTHOrO ypaBHenus (2.5.2), B kotopom Ky
ONMpefesieTcs] BIpAXEHHeM BHJA:

K = mlelxﬁ.i + erEKLg + L ﬁlfmge?eg %
i Dye; + Dyey 3 (Dye; 4 Dgey)?

& | 172
% [‘1‘1’{1'1 + k| U2 — U (2.5.10)

Jlpyroii WHTepeCHBIH pesy/bTaT, XapakTepH3YIOUlHi acHmnTo-
THYECKHH pexuM, COCTOHT B TOM, 4YTO JAAS KaxKAOH TpYOKH TOKa
(y, y + dy) xoopaunata uHeHTpa TAMKECTH NPOdHAA KOHUEHTpPALHH
HMEeT PHKCHPOBAHHOE MOJIOKEHHE B ABHIKYIIEHCA CHCTeMe KOOpAHHAT.
Kpowme toro, npoduiib KOHIEHTPALHY MO OCH CJIOA 2 MOJKET OBITh MOJY-

~ ueH npeofpasoBaHueM npoduisi, OTBeYalomero ocH caosa 1.
:i JlaBopaTopHEIe SKCNEPHMEHTL! AJNsA ABYXCJAOHHOrO mnJjacra ObuiH

[IPOBENEHE] C ra3aMH {BDJI.D]]DJ],—EBGT, ITHJEH ——EHDT), KOTOpRIE HMEIOT
BHICOKHE 3HaueHHs Ko3(pHIHeHTOB AHpGY3HH (aCHMNTOTHYECKHI pe-
Jﬁnusngcmraemﬂ GuicTpo). PesyanraThl npejcraBneHsl Ha puc. 2.5.4
i 2.9.5.

1. HabGmonaercs aCHMOTOTHYECKHil DPEXKHM, YTO MOATBEpPIKAAETCH
HaJHYHEM JBYX MACHTHUHLIX NpoduJeld KOHUEHTPAIHH B KaxaoM
cjioe, TPHYEM paccTogHHE Mexny o0oHMH npodHAAMH HABAAETCA
NoCTOAHHLIM (CM. pHC. 2.5.4).

2. AcHMNTOTHYECKHH PEXHM HIEHTHYEH PEKHMY, HabmonaeMoMy
B OJHOPOIHBIX Cpeiax. B CHEIHAJBHBIX KOODJIHHATAX NOJYYaloTCH
KJacCHYECKHe nNpAMOJHHEHHbe nNpopuan  KoHUEeHTpauud  (cM.
puc. 2.5.5).

Gopmyna (2.5.10) nmoxreepxjaercs 3SKCHEpHMEHTANBHO.

2.5.2. lereporennas HectpaTHdHUMpPOBaAHHAN cpena

SKcnepHMenTanbHele paboThl nposefenn [186] na Giokax necua-

HukoB PonreneGno pasanyHoil AnuHEl ¢ pacrBopamu NaCl, a Takxe
- ¢ asorom H CO,. OHn nokasanu, 4TO:
1) acUMNTOTHYECKHH pPEXHM JEACTBHTEJNBHO MOCTHraeTcsi H OH
9KBHBAJIEHTEH TAKOBOMY B OJIHOPOJHOIl Cpejie; BMECTe C TeM 3TOT pe-
JKHM JIOCTHIaeTcst TOJLKO B TOM CJyyae, Korja paccrosiHue, npoiines-
HOE nepexojHoil 30HOH, BEJMKO MO CPAaBHEHHIO C pasMepaMH HEOoRHO-
ponHoOCTeil;

2) 3HayeHHs SKBHBAJIEHTHOro Kos(pduuueHTta Aucnepcud GoJbiue,
ueM B ONHOpOAHON cpene (puc. 2.5.6);

3) npeanaraercs QopMmyna, uieHTHuHas (2.4.5):

K (45), D+ D

e p — napamerp AHCnepCHH, 3aBHCAIMH OT CTENEHH reTeporeH-
HOCTH CpeIHI.

SaMeuaHue: B upakTHUECKHX oNeHKAaX BEJIHUIHHY m OOLIYHO
HHHMaT pasHoll 1.
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Pue. 2.5.6. I'padukn cpaBnenus 3suavennil xosdpduunentop npojojbholl Ancnep-
CHH, NoJayueHHsle Aas rereporexsoil cpeas (/ u 3) u onHopoanoi cpean (2 u 4), co-
oTBeTCTBYIOmEeR AByXxciofinoil mogean [186]

14 d
K/D K/D
i-0} T T 103 H T}
\ ’ 2| | : /

107 ] 10+ | / |

{0 IED 1S o4 |
|

1 I- | 1L '/

1 ¥
ﬂi? | : D,E : I

I oy I -~
0% 10" 1 10 Ugp 0?2 0" 1 10Udb

Puc. 2.5.7. Pexumpl JANCHCPCHH.
a — opuopoaman cpepa; 6 — rercporensan cpega [186]

2.5.3. BuiBon

Teopua aAucnepcHs MoxeT OwTh pacnpocTpaHeHa Ha JioGywo
cpeay. PesyabTaTthl, nosyueHHnle ISt OJHOPOAHOI cpejibl, SBJSAIOTCS
CHOpaBeVIHBEIMH H 1A reTeporeHHLIX cpei, Ho o6MacTb COOTBETCTBY-
IOIHX YHCJAOBBIX Kputepues uamensiercs. [lonysmnupuueckue gop-
MyJsl THOa (2.4.5), coOTHeCeHHLIE € PasNHYHEIMH PEXHMAMH AHCHEp-
cHH, GYAYT HMETh MECTO H B 3TOM CJly4yae; 3aMeTHM, OJIHaKO, 4To 00-
Jactb JoMHHupyioueidt poan aumddysun s reTeporeHHblX Ccpej
MOKeT ObiTh SHAUHTEJBHO MEHbIUE, YeM JiIs OfAHOpPOAHLIX (pHe. 2.5.7).




IJIABA 3
METOAMKA M TEXHMKA H3YYEHHS
3ATPSIBHEHMW TOJA3EMHBIX BOJ

Meronnka H3yyeuusi sarpsAsHeHuil MoA3eMHLIX BOJ OCHOBaHa HA
TOM, 4TO B OOJBIIHHCTEE CJYYaeE 3arpsa3HHTeNH CMeluHBawTC ¢ noj-
3eMHBIMH BOJAAMHM WJH, 10 Kpaiineii mepe, BeayT ce0si KaK Tpaccepsl,
H 4TO PasBHTHEM HEKOTOPHIX NEepexofHEIX 30H npeHeOperatb HeNL3A.
Mul yyke BHAGMH B NpeAbAYIIEH IJaBe, 4To CMeNrHBalouiuica ¢ npu-
POAHOH BOJOH NMOTOK 3arpA3HHTENeH MOAYHHAETCA 3aKOHAM TEOpPHH
aucnepcnn. Koneuno, npouecc pacnpocTpaHeHHs HEKOTOPLIX 3arpss-
HUTeJdeH He MoxkeT ObiTh OJlHO3HauUHO 0OBLACHEH 3TOH TeopHel, HO TakK
Kak B OOJNBIUHHCTBE NpakTHYECKHX CJy4Yaes HX JIBHMKEHHE OTBeyaer
sakoHy JlapcH m ypaBHeHHIO HepaspHIBHOCTH, TO, KakK Mbl YBHJHM,
OHH TaKMe «aBTOMATHYECKH» OXBATHIBAIOTCA oOIeld MeToAnKoi, OaHOM
H3 3ajJay KOTOpOH SBJSETCS YCTaHOBJEHHE pasJinuuil Mexiy sBJe-
HHAMH JHCNEPCHOHHOTO H YHCTO KOHBEKTHBHOTO MepeHoca.

MacintaG npouecca sarps3HeHHsi Onpenenser METOALI, HCHOJb-
syemble A5 GopbObl ¢ HuM. TakuMm oOpa3oM, 3ajaya METOAHKH CO-
CTOHT B TOM, 4TOOLI OIEHHTL 3TOT MaciiTab U BeIOpaTh CpejicTBa, KOTO-
pbie Morau Obl NOBJAMATE Ha npouecc sarpasHenust. locturaercs
5TO MYTeM NpPOBeNeHHs PasjHYHIX IKCIMEePHMEHTOB C MOCHAeNYIOUHM
NpHBJeUeHHeM MaTeMaTHYECKOro anmnapara, NojAXoAsiero JAJas H3yde-
HHA SIBJIEHHS 3arpsAsHeHus.

3.1. MPOBJIEMA MACWTABA

Ira npobiieMa HMEET JBa acrnekra.

1. Muorga moxuo npenefpeus AHCNEPCHOHHBIMH 3(QperTamMH u
TPAKTOBATh SIBJIEHHE KAK MEpPeHOC HEeCMEellnBalollerocd 3arpa3HeHns.

Hanpumep, npeacraBuM ofHOMEPHEIH NOTOK € MOCTOSHHON CKO-
POCTBIO M 3anyCK 3arpsAsHHTeNsi ¢ MOCTOAHHBIM pacxofoM. Pacuiupe-
HHe MepexofiHoil 30HbLI NPOMOPIHOHANBLHO KBaJpaTHOMY KOPHIO Bpe-
MeHH (cM. paspen 4.1.1); npoiifienHslil nyTs L nponopuunoHaneHd Bpe-
MeHH coraacHo gopmyae L = uf. Takum oGpasoM, LIHpHHA e NEpexo-
HOH 30HBI MponopuHOHaibHa L', a oTHocHTeNbHas WHpHHA e/l
nponopumonanbua LV?/L. Korpa L so3spacraer, L'*/L ymeHblaercs,
3T0 03Ha4aer, yTo npu OOJbLIMX paccTOAHHAX 3(PEeKThl AHCMEPCHH
ocjabeBaloT M MeHee Bad(HLI MO CpaBHEHHIO C 3(PPeKTaMH KOHBEKIHH.
Torra noToK cMelIMBaIONIMXCS 3arpsA3HEHHH MOMXET TPAaKTOBAaTbCH
KaK MnepeHoc HecMeulHBalOULerocs 3arpsAsHeHusi, T. e. [OpLIHeBOoe
BhHITECHEHHE CO CpeliHeil JeiCTBHTe/NbHOH CKOpPOCTbI0 (PHALTpALHH,
€C/IH MpOiHAEHHbIE MYTH BEJHKH NO CPAaBHEHHIO C pa3MepaMH HCTOY-
HHKa 3arpsisHeHHs.
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2, JlaGopaTopHoe H3yueHHe W MHOTHe TMoJIeBEe 3KCMepHMEeHTH
JIAI0T JOKalbHBE pe3yabTaTel (Hanpumep, 3HaueHHH KoadwpuuwenTa
aucnepcnn). Peanbnbie sarpasHedns mMoryT OwTb 3HaunTeNbHO Godee
IKCTEHCHBHBIMH, TaK YTO MOXeT norpefoBaThca OOJbIUEe YHCAO IKC-
NepHMEHTOB, OOBIYHO AOPOrOCTOSILLHX, A/ NOJy4YeHHS BceX HeoOXo-
JHMBIX XapaKkTepHBIX napaMeTpoB. IlpeacraBuTesbHLIE 3HAYEHHS NOJIe-
BHIX MapaMerpoB JOIKHEI ONpeAensiTeCA B OTHOCHTEAbHO HeGOJbIIHX
ofbemax, 4To0bl NOCTABHTH B PasyMHBIE PaMKH CTOHMOCTbE JKCMEpH-
MEHTOB 6Ge3 3HAUHTEeNbHOIl MoTepH TOYHOCTH TPH MOJAEJHPOBAHHH.
Takum obGpa3som, MeTofiuKa JoJyKkHA OBOCHOBHIBATLCH T4K, YyTOGW TEo-
pHs 3arpssHeHnst MoA3eMHbIX Boj, paspabotantas npH JaGopaTtopHoM
H3YYEHHH JHCrepcui, OblJIa MPHUMEHHMa K peaJbHBLIM TOJEBLIM YCJo-
BHAM. 3710, rJAaBHLiM oOpasoM, mnpoGremMa u3MeHeHHA Macirala,
KOTOpasi nosBjsercs, Korja jgabopaTtopHas TeopHsi JHCNEPCHH MNpPH-
MeHfAeTCsl K NoJeBoMY 3arpAsHeHHIo, a TaKie B MnoJe, Korjga HeKoTo-
prie MaciiTabkl 3arpaA3HeHHs H3Y4aloTcs OJHOBpeMeHHO (Maciutal
sarpfsHeHHsl, KOTOPBIH onpejensercs oOOUWHM KOJHYECTBOM CJy4YaH-
HOro sarpAsHeHHs, MOIIHOCTLIO HCTOYHHKA 3arpA3HeHHs H BOBJIGYEH-
HEIM B 3arpsisHeHne o0beMOM TpYHTa).

3.2, METOJIHKA

3.2;1. Kpurepuii npHHATHS pelieHHs

Jlnua, crankupamomuecst ¢ npobaeMoil 3arpAsHEHHS MOA3SEMHBIX
BOJL H OTBETCTBEHHLIE 33 €€ pelleHHe, AOJKHBI OTBETHTb Ha Psj BO-
MpOCOB:

1. KakoBa npupoja sarpssHeHus:

— CMeumHBaercd JH OHO C BOJOMH?

— KAaKoBbl ero (H3HYecKHe H XHMHYECKHE CBoiicTBa?

— KaKyl0 ONacHOCTb OHO MNpEeNCTaBJsAeT?

2. KakoB wmacwrab sarpssHeHus:

— KAaKOBO ofmee KOJHYECTBO 3arpsisHenun?

— KaKoBa MOIIHOCTh HCTOYHHKA 3arpssHeHHs?

— KAKOBbl pasMepnl H TeoMeTpHYeCKHe XapaKTepHCTHKH HCTOY-
HHKA sarps3HeHus?

— KaKOB BOBJIEUEHHLIl B 3arpsisHeHHe obGbeM rpyHra?

— KAKOBa NPOAOIKHTENLHOCTD 3arpsi3HeHHs?

[lpenpaputesnbHpie OTBETbl Ha STH BONPOCH, Aa)é BechMa OpHeH-
THPOBOYHLIE, SBJSIOTCS KPHTEPHAMH MNPHHATHS peliedus, HeoOXo-
JHMBIMH JJ1A BeIOOpa aflanTHpPOBAHHONK MONEJIH W METO/lOB HCCJefoBa-
HHS. DTH OTBETHl BLITEKAIOT H3 H3YYEHHs HMMEIOIHXCH NaHHLIX; HO
WHOTJIa BCe e TPYAHO NpHHATh pemnenne. Hanpumep, kosppuilHeHTH
JUHCTIEPCHH ABJSAIOTCH CYIIECTBEHHO JIOKAJABHLIMH nmapamMerpamu (moJ-
HOE MaTeMaTHYeCKoe J0KasaTeJbCTBO 3TOH OCOGEHHOCTH JAaercs
B rnase 8); ciaenoBaTenbHO, ABJACHHS AHCTEPCHH TOXKE SBJSAIOTCA JIO-
KaJIbHBIMH, Tepexoj/lHasi 30Ha YBeJHYHBACTCS MEJJIEHHO, H B KOHeUHOM
HTOre TeopHs AHCNEepPCHH HMEeT CMBICJ TOJbKO A5 GOJABIUHX mpome-
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JKYTKOB BpemenH (3ThM obbscHseTcs, mouemy GosblIHHCTBO Jdabopa-
TOPHBIX paGoT NO AMCNEPCHH BHIMOJIHSETCsS JUIS ACHMNTOTHYECKOro
pexHMa, pH KOTOPOM JOCTHTaeTcsi HeKOTOpOoe CTallHOHAPHOE COCTOs-
HHe, UTO NoKasaHo B ryase 2); Mexay TeM, KaK yiKe [10KasaHo B pas-
nene 3.1, mas oueHb GONBLUIHX NPOMEXYTKOB BPEMEHH JHCIEpCHSA
MaJja 10 CpaBHEHHIO ¢ pasMepoMm sarpsisHenHoii nuomann. Ilpasna,
Ha Jieie aCHMNTOTHYECKHH pexuM OOBIMHO AOCTHIaercss AO0CTATOYHO
GLICTPO, UTO NO3BOJISET Jierye NPHHATH PElIeHHEe O TOM, KaKoH THI
MOJIeJTH 3arpsA3HeHHst caeayer BhIOpath.

TunuuHoil safnauel ABJSIETCH ONpejiefieHHe KOJIHYecTBa 3arpssHe-
HHs, TIEPEHOCHMOTO Yepe3 BOAOHOCHLIN TOPH3OHT B pPeKH, H CPEHero
BpeMeHH NpeObiBAHKA 3arpsisHeHHsi B BOAOHOCHOM ropusoHTe. 910 —
perHonajbHas 3aaya; MOMKHO YCTAHOBHTb, 4TO LIMPHHA TEPEXOAHOH
30HBI MaJia o CPABHEHHIO ¢ pasMepaMH H3yyaeMmoH IJIOmanH H HpH-
rojHa MoOJiesib NOPIIHEBOro BhiTeCHeHHsi (T. €. MOAeNb JABHKEHHA 0es
aucnepcuu). Jpyroit npobiaemoi ABJIsIE€TCH ONpeleseHHe 30HBI CaHH-
TApHOH OXPaHEl JJ151 BoJ03a060PHOI CKBaXKHHbI; 3TO JIOKalbHaA 3ajaua,
H B Hell JHCNEpCHIO CJENYeT YUHTLIBATH.

[Tycth uMeer MecTo cJyuaiiHoe sarpssnenHe. Kputuueckoe 3Ha-
yeHHE KOHIEHTPAUHH B CKBAXKHHE MOMKeT OulTb AOCTHIHYTO H3-3a
JIHCNEPCHH elle A0 NoAXopa (ppoHTa 3arpsAsHeHHs (MO CXeMe MopIiHe-
BOTO BHITECHEHH#), HJH 3TO 3HaueHue Boobine He OGYJeT JOCTHIHYTO
Ws-3a pasbaBienusi. B nocjejpHeM cjydae BHOJHE MPHIOAHA MOJAEIDb
rHAPOAMCIEPCHH (MOJesb, KOTOpas YUMTHIBAET H JHCMEpPCHIo, H KOH-
BEKIIHIO).

B ofmem ciayuae, peunieHHe NepBOro BOmpoca CBOAHTCH K BIOOPY
THIA CTPYKTYpBI 3arpsisHeHHs H ee MojenuposaHuio. [Ipu sTOM y4H-
THIBA€TCH, YTO HanOoJiee onmacHble H YacThie 3arps3HHTeNH BOAOHOC -
HOTO TOPH30HTa CMEMIMBAIOTCH C NJACTOBOH BOJOH, a HecMellHBa-
lOlHecs] COeJlHHEHHsT MOTYT BecTH cefid KaK Tpaccepel H TaKKe pac-
CMATPHBAThCS KaK CMeilnBalomupecs Beutectda. MaciuraGubie paKkTopsl
apigorcs  HapGonee BaXKHBIMH KPHTEPHSMH TMPHHATHA pPelIeHHs
H ¢ TPYAOM mnojgaioTcsi naydeHuio. Hanpumep, Aucrnepcuio cjaenyer
NPHHHMATh BO BHHMAaHHE B cJjydyae SHAYMTENBHEIX HCTOYHHKOB Sa-
rpsisHeHld, HO HePeAKOo TaKiKe — H B CIy4asX HCTOUHHKOB ¢ MaJbIMH
pasMepami, eCcJH JAOKHA KPHTHYECKH OIEHHBATHCS BO3MOMKHOCTh

NOCTHMEHNS KOHUEHTpPAaLHii.

3.2.2. lucnepcHoHHAasi cxema

HasoseMm ¢AncriepCHOHHOI» CXeMO CEAYIONLYIO CHCTEMY YPaBHeHHH
1) ypaBHeHHe AHCHEPCHH:

. . d
div [Kp (grad%)] — div (uc) =a—f,
2) ypaBHEHHE HepaspBIBHOCTH:

9p_

div (pu) = — —;-»



3) ypasuenune [lapcu:

k
0 (grad p -} pg grad 2),

4) ypaBHeHHSI COCTOSHHSI CMEecH:

p=Ffk), n=ge, D=D()
rje ¢ — KOHNEHTpauus sarpsaskennd; D — Koa(huUHeHT MoJaexy-
nsipuoit muddysun; K — rensop aucnepcun; k — Tensop npoHuuae-
MOCTH; p — JAaBlieHne; { — BpeMd; & — JEHCTBHTENbHAA CKOPOCTh;
(M — MOPHCTOCTL; | — JHHAMHYECKAas BfA3KOCTb,  — IVIOTHOCThb
cmecH. JlucnepcHoHHAA CXeMa 3aMBIKAGTCS PPaHHYHBIMH HAYa/IbHBIMH
YCAOBHSIMH, 3aBHCSLIMMH OT 3ajavf.

3ameuanue Teumneparypa B BOAOHOCHOM TrOpPH3OHTE H3Me-
HSIeTCS He3HAYHTEJNLHO H He NPHHHMAeTCs BO BHHMaHHE B YpaBHEHHSX
COCTOSIHHSA.

MartemaTHYECKH JHCIEPCHOHHYIO CXEMY MOXKHO MPeJACTaBUTh B BHAE
HeJIMHEeiHO# cHeTeMbl YPaBHEHH T B 4aCTHBIX MPOH3BOAHLIX, MOCKOIBKY
KO3(pUILHEHTEl YPaBHeHHS JHCIEPCHH 3ABHCAT OT pellleHHd ypaBHe-
HHSI, KOTOpOe BbIpakaercsi 4epe3 MJIOTHOCTb H CKOPOCTb ABHKEHHHA
cmecu. [Ipsimoro Mmeroja, NMO3BOJAIONIErO PEUINTh 3TY CHCTeMYy HE
CYILIECTBYET, MO3ITOMY CJElyeT BBECTH YIpoliaiouiHe AOnylenHs,
yTOGL NOJAYYHTE (ppeKTHBHLIH METO], AAOUHH NMPaKTHYECKHE pelle-
HHfA, T. €. TaKHe, KOTOphie, OyAy4H He CAHLIKOM CTPOrHMH C MaTteMma-
THUECKOIi TOUKH 3peHis, MOTyT ObiTh HalIeHbl C JIOCTATOYHO BHICOKOH
TOUHOCTBIO MMEHHO JI0[bMH, OTBETCTBEHHEIMH 33 pellleHHe npob/aemMsl
sarpasHenns. Yrnpouienne JHCNEPCHOHHOH CXeMbl OCYLeCTBJAACTC A
COTJIacHO OnpejesieHHoMY Habopy npasuJl, KOTOpHIE Aal0TCs KaK 4acTh
of0leil MeToMoJIOrHH M0J, Ha3sBaHHeM MpakTHYecKoe npHMeHeHHe AHC-
NepCHOHHON CXeMEl.

U= —

3.2.3. MpakTHueckoe NpHMEHEHHE
JHCTIEPCHOHHOM CXeMbl

CyIlecTBYeT /iBa OCHOBHBIX BApHAHTA NPHMEHEHHs JAHCTEPCHOHHOI
cxXeMBl: 1) IMIOTHOCTb M BA3KOCTH CMECH H3MEHSIOTCS C KOHUEHTpanHeil
(oGuimit cayuait); 2) NJIOTHOCTb H BA3KOCTh CMECH MOCTOSHHLL (Cay4ail
Tpaccepa).

3ameuanue. B npumepax, pasoGpannsix B riase 6, uamene-
HHSIMH Bf3KOCTH MOXHO Beerga npeHedpeub.

OGa cayuasi npejcrasJens: na O6aok-cxemax (puc. 3.2.1 u 3.2.2),
KOTOPEIE MOKAa3blBAIOT HX MPHHIHITHAJLHLIE PasAHYH:A [110].

1. B cayuae Tpaccepa rujipofiHHAMHYECKHE YPaBHEHHA He 3aBHUCHAT
OT ypaBHeHHsI JAHCIEPCHH, MOCKOJbKY IJIOTHOCT H BA3KOCTb MOCTO-
AHHBI, CKOPOCTh CMECH HE 3aBHCHT OT KOHIIEHTPAUHH 3arps3HeHH:.
JlucnepcHonnas cxeMa CTAHOBHTCSI JIHHEHHON CHCTeMO# YpaBHEHHI
B UaCTHBIX MPOH3BOAHBLIX il PELIAETCSi B COOTBETCTBHH CO CJELYlOMeH
npoueaypoit. CrHavana peuwaloresi THAPOAHHAMHYECKHE YPaBHEHHSHA
(ypaenenne Jlapcu H ypaBHeHHe HePaspHLIBHOCTH), OOLIYHO Ompee-
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Nocranoska 3apayn

FMApOAMHAMHYECKNE
YpaBHeHna

ArenepcuoHHan cxema

( Ypaaxenue guenepcud

NpeasapuTensieie
WCCNEADBAEHMA:

— nopucTod  cpeasl  (nopwc
TOCTE, NPOHWLBEMOCTS, FpaHy-
NOMETRHYSCKKUA COCTAR
— WMAKOCTH [BAIKOCTL, NNOT-
HOETh, [, KoHWeHTpauMA)

Onpepenedne oGnacTv u ee rpa-
HUYH bIX YCNOBMHA

: |
| |

FuapoamHaMuyecKkoe  ypasHe- Ypanvenwe aucnepcun, + rpa-
HME + [PEHKHYKBLIE YCOIOBWA HHMHEBIE YCNOBMA

Pacnpepenedie cKopocTen

. -‘H‘
¥npouwaowme aonyuweHwsa
0 MEXEHWIME AW CMEepCHi,
KI MM .KT

BeapaamepHsie wacna [Mexne, ...

OnyGnuKoBaHHbIE PEIYNLTATE!:
— PEMHM NOTOKA;
= IKCNEPUMEHTENLHBIE KPUBLIE

KoathhuuMeHTel AMCNepovu

¥npowenvos ypaaxeHwe
AMCREPCH A

Pe 2YNLTEThI. Pﬂﬁnpﬂ.ﬂ.ﬁﬂ EHAE
KOHUBHTPaWMW

Pue, 3,2.1, HenoapsoBanne AucnepcHoHuoil cxemsl B cayuae Tpaccepa
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T HAPOANHEMHYECK ME

YPaBHEHHRA
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MocraHoBKE 380a4%H

PAHCnepeaoHHER Cama
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Onpepenedne obnactd W ee
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e

£
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YRADHEHWW
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Pue. 3.2.2. Hcnoab3obanue ancnepenonnofl cxemst B ofuem cayuae



JRIOTCS HAMOPHl WJH AABJEHHS MpPH 3aJaHHLIX TPaHHUHBIX ABJACHHAX
M HauaJbHEIX ychaoBHAX. Takum oGpasoM, nosiyyaercsi pacnpejieenne
CKOPOCTH B NMPOCTPAHCTBE H BO BPEMEHH JUIA BCEX BPEMCHHBIX IIaros
sKcnepHMeHTa. 3aTeM HAa KaXAOM BPEMEHHOM iare Ko3(pHILHEHT
ypaBHeHHs! AHCTIEPCHH BHIPAKaeTcs yepe3 CKOPOCTH H H3 YPaBHEHHS
JHCNEePCHH, €ro TPaHHYHBIX H HayaJbHBEIX YCJIOBHH (ryiaga 5) onpeje-
JisileTcst pacrpejiesienie KOHIEHTPaWuil B NpOCTPaHCTBE H BO BPEMEHH
I BCeX BpeMeHHBIX IIaros..

2. B ofmem caydae ruApofiHHAMHYECKHE H JHCIEPCHOHHLIE YpaB-
HEHHS 3aBUCAT APYT OT APYyra, Tak Kak Kos(pduuHeHTH ypaBHEHH:A
JHCTIEPCHH SABJSIOTCS (PYHKIHSIMH CKOPOCTH CMECH, KOTOpas B CBOIO
ouepejib ABJNAETCS QYHKIHEH KOHIEHTPAIHH 3arpASHEHHH, BhIPAKCI=
HOJ Yepes BASKOCTb-H MJIOTHOCTb. OXHOBPEMEeHHO pelueHie BcexX ypas-
HeHHil JMCNIePCHOHHOMN cXeMbl, Kak Tpebyercsi B TOYHOH MaTeMarHue-
cKOii TOCTAHOBKE, NOJYYHTh He yjaercs, Mo3TOMY BBOAHTCA Npoueaypa
npuGanzkenHoro pemenns. 1o nspecTHOMY pacnpefeJeHHIO KOHIEH-
TpaHH HA MOMEHT BpeMeHH { PAaCCUHTHLBAETCA COOTBETCTB YIOILEE
pacnpejesieHne BssKocTeil H IUIOTHOCTEH; BASKOCTH H IVIOTHOCTH
[peAnonaraoTcs TMOCTOSHHBIME JUJIS BCEro BPEMEHHOrO ard dé
H W3 COOTBETCTBYIONIETO pacrnpejiejientsi CKOpOCTeH pPacCUHTHIBAIOTCS
KOHIEHTPALHH Ha MOMeHT Bpemenn £ - df (KoHeuHO, B mnpejenaax
opnoro Bpementoro mara). ITponeaypa moBTopsieTcs A0 AOCTHKEHHH
cxomumocTH no ¢ (cm. raasy 9).

A1tH GIOK-CXeMBl HYXKJAIOTCS B HEKOTOPBIX MOACHEHHSX.

1. Teopernueckn Bce Ko3(HUHEHTEl TeH3Opa AHCMEPCHH MOrYT
GLITh TOACYHTAHLI JHGO NPAMBIMH SKCepHMeHTaMH, JH00 no onpefe-
JISIONIMM €ro SHaYeHHsiM MapaMeTpoB, ONpe/eJeHHBEIM SKCNepHMeH-
TaJlbHO, € HCHOJdb3oBanHeM (opMmyJs CBA3H TEH30pa C H3MEHEHHAMH
koopAuHat. Onnako ofiiee ypaBHEHHE AHCMEPCHH CO CMEIaHHBIMH
YaCTHBIMH TPOH3BOJAHEIMH BTOPOrO MopsiAka (TaKuMH, Kak dldx dy)
JOBOJLHO TPYAHO pelunTh YucaeHHo. [losromy oueHb BaxKHO MOMbI-
TAaTbCS YNPOCTHTb 3TO YpaBHEHHE H3BsATHEM NPAMOYTOJLHLIX [POHS-
BONHBIX, YTO MOXHO CJleJlaTh, 3anHChHBasg YpaBHeHHe B IJIABHLIX
HanpaBJeHuAX TeH30pa JHCTEpPCHH W BBOAS IJaBHbIE SHAUCHHS K03h-
duunmenton aucnepcun Ky u Kp (cm. Gaok 8 puc. 3.2.1 u 6 na
puc. 3.2.2).

9. Eme Gosblee ynpolleHne AHCHePCHOHHOM CXeMbi MOXeET ObiTh
NOJYUYeHO MpeCTaBIeHieM TPeXMepHOH CXeMbl B BHJC ABYX ABYMep-
HEIX, Ka)KAafd H3 KOTOPHIX 3anHCaHa B IWIOCKOCTH JABYX TJaBHBIX
HanpapJeHHit JHCIepCHH,

3. CymecTByer nsTh Pe;XHMOB JHCIEPCHH, 3aBHCALIHX OT AHCTEP-
cuonHoro uucna Ilexkne. KosdpuumenTsl AHCNEPCHH OMHCHIBAIOTCS
noAysSMnupHYECKoH (opMyJIoii:

KID = « (Ud/D)y™ + B,

Kaykaplii PEXKHM XapakTepH3yeTcs 3HaueHHAMH KO3(QuIlHeHToB , B,
m u obaacteio rpaduka (K/D u Ud/D), 4t0 jeTajibHO pPacCMOTPEHO
B pasgene 2.4.
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B KaxJoMm IKCHepHMeHTe PeKHM JHCMepCHH onpejensercs Bhl-
yucaenneM uucaa [Texkae. Cpashenne ¢ ymKe onyOJHKOBAHHBIMH KDH-
BeiMH (cM. puc. 2.4.2 n 2.4.6) naer 3sHaueHus o, P, m (cM. Gaoxku 9,
10, 11 puc. 3.2.1 u 10, 11, 22 puc. 3.2.2).

3ameuanue Heobxogumo OTMETHTB, 4YTO B OOJbIIHHCTBE
AJIIOBHAJIBHLIX BOJOHOCHEIX TOPH30HTOB DEMHM JHCIEPCHH 3arpsis-
HEHHA SABJAETCA YHCTO JHHAMHUECKHM peMHMOM JHCIEPCHH H KOo3(-
¢unuentel K nponopuuoHadbHbl JeHCTBHTENbHOH CKOPOCTH (PHJIb-
tpauuu. OHH 3anuceBaoTest B Buje K = al, rie o — cTpyKTypHBlil
napaMerp, 3aBHCSHIIHI OT BHJAA IPYHTA, NPOHHILAEMOCTH H KOHCOJH-
jpauuu. B apyrux cayuasx copmyna K = al/ moxker ObTh 4acTo
HCIOJIb30BaHAa KaK YAOBJIETBOPHTENbHOE MNpHOMHKEHHE.

Hiuxe npuBoAuTCsl CBOJAKA MPaKTHUYECKHX MpaBHJ, KOTOPHIX He-
00XOAHMO NpPHAEPIKHUBATLCH MPH H3YUEHHH JHCMEPCHH.

1. Buiensilorcs ABa caydasi: a — cjaydail Tpaccepa, Korjga Koag-
¢unuent moaexkyaspHoil AnddysuH, MIOTHOCTE H BA3SKOCTb I10CTO-
SHHBI, CXeMa JHCIepPCHH JHHelHHa H THAPOJHHAMHYECKHE YypaBHEHHS
He 3aBHCAT OT YPABHEHHS AHCMEPCHH M PellaloTcs MepBbIMH JJAs BCex
BpeMeHHBIX Iaros; 6 — ofwui cayyait, Korja cucreMa He JinHeiHa,
ypaBHeHHs B3aHMOCBf3aHbl H HCMOJb3YIOTCH TOJbKO YHCJIEHHLIE Me-
TOJEI, TAKHE KAK HTEPalHOHHHIE NPOUEAYPHI, NPHHHMAIOUIHEe BO BHH-
MaHHe 3Ty 3aBHCHMOCTb.

2. Tensop AMCNEPCHH NPHBOAMTCA K JHAroHajJbHOMY BHAY B CH-
cTeme KoopjHHaT, oOpasyeMoH KacaTellbHOH K JIHHHH TOKa H MepreH-
LHKYJIAPOM K Heil.

3. I'naBHbie 3HaUYeHHA Koa(puunenTos K TeHsopa AHCHEPCHH MOTYT
ObITh 3alHCaHbl B BHJE:

KI/D = o (Pe)™ - B,

rie Bce KosdpuuueHTHl onpeaejeHst B paspene 2.4.2.

4. Ilns pacyeToB pacnpejiefieHus KOHHEHTPAalUuH 3arpssHeHHsd,
KO(PHIHEHTEl JAHCNEPCHH H CKOPOCTH JAOJIKHBEL OBITh H3BECTHHIMH
B NPOCTPAHCTBE H BO BpeMeHd. CKOPOCTH MOMYYAIOTCH MO AAHHLIM
NMOJAEBLIX H3MEpeHHH (MPAMbLIE METOAL) H HA OCHOBE FHAPOJOTHYECKHX
Mojieneii (npesomMeTpHYecKHe MEeToAbl), a KO3(pHIHEHTHl JHCIEPCHH
ONpeAeNsoTCs H3 MoJeBLX HaOJIOJIeHHH Ha yJacTKaX 3arpsAsHeHusd
HJIH H3 TpaccepHbIX OILITOB.

3.2.4. O6mwan meToAHKa

Ofmaa MeTojHKa BKWOYAET YEThIPe CTajHH.

1. IlpeapapuTeibHOE H3YUEHHE HMEIOMMXCA AAHHBIX JJIA O HEHKH
napaMerpa noOTOKa H BO3MOMHBLIX THIIOB 3arpsisHeHHs (JoKaJbHoe,
perHoHa/pHOe, FOpPH3OHTANLHOE, BEPTHKANLHOE U T. A.). DTH JaHHEE
00BIYHO BKJ/IOYAIOT NPOHHILAEMOCTH, MOp(QoJOorHYecKHe napaMerphl
TPYHTOB, KOHIEHTPALMH 3arps3HeHHA. -

2. @opmyaupoBka pafoueil THNOTE3Hl HA OCHOBE MPeJBAPUTE/b=
HOTO H3YYeHHA: MaTeMaTHYeCKOe mpejcTaBieHHe BoiGHpaercs B COOT-
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BETCTBHH € pasmepoM 006J1acTH H MaciutaboM 3arpasHeHHs; 0ObLYHO
5T0 HJIH KOHBEKTHBHAd MOJAEJb MOPLUIHEBOTO BHITECHEHHS (HeCMeln-
BalOWHiCA MNOTOK 0e3 MHCHepCHH), WAH JHCIEDPCHOHHAS MOJAEb.
Ecau Bmbpana nepBas Moesb, TO 3ajauya 3arps3HeHHst CBOLHTC S
K KJ4aCCHYECKOH THIpOreo/IOTHYECKOH 3ajave, IJie onpeiensercs
TONbKO JABH}KeHHEe Moj3eMHLIX BoA. Ecau Bpibpana ancnepcHoHHas
MOJeJiIb, TO METOAHKA BKJIIOUAET B Ccedsa elle JBe CTALHH.

3. Hcnonb3oBanue JMCNEPCHOHHOH CXEeMBI.

4. Coop mnonesbix napamerpoB. OGBIYHO Ha 3TOH CTalHH BO3-
MOXKHO J1Ba BaphanTa: JHOO HMEIOTCH HCTOUHHKH 3arpsisHeHHd W
MOJEJIH NpHCnocabaHBaIOTCsl K MPHPOAHLIM pacrpejeieHHAM KOHIeH-
Tpauui Tpaccepa, Ha (Gase KOTOPBIX OMPENEJNAIOTCH KOIDDHUHEHTHI
AHCNEpPCHH, JMHO0 HHKAKOro sarpfasHeHHsi HeT H HeoOXO0JIHMO BBECTH
T€ HJIH HHBIe Tpaccepsl. OnpeensieMsle MojieBLe napaMeTpsl — 0OLIYHO
CKOPOCTH 1 KO3(()HIHEHTEl AHCIEPCHH.

3.3. NPHMEPDBI. THNOBBIE TPOEKTbI

C neapio WLTIOCTPAIlHH BO3MOXKHOTO NPH MEHEHHST METOJHKH H3yue-
HHA 3arpA3HeHHs MOJ3EMHEIX BOJ PacCMOTPHM HEKOTOpbie THIIOBLIE
NPOEKTH, KOTOPBIE MOTYT NPeACTaBuTh co6oil OCHOBY JUIsi 3aKJIOUeHHHA
KOHTPaKTOB 10 H3YYEHHIO 3arps3HeHHil.

3.3.1. Hayuenne BO3IMONKHOIO 3arpsAsHeHHs
MOA3EMHBIX BOJ KPYNMHOr0 BOJOHOCHOIO rOPH3OHTA,
HCIMONL3YeMOr0 sl BOJOCHAGKEHHA TOPOJOB

Hean wusyuenuns. OcHoBHasi 1eab H3yueHHss — obecrieueHHe 3a-
WHTE BOAO3a00PHBIX CKBaX{MH OT PAasdMYHLIX BO3MOMKHEIX 3arpss-
HeHHil, B HX 4HCJge:

— BHEJIpeHHe 3arpAsHenuil, JOKaNIH30BaHHLIX BO BPEMEHH H Mpo-
cTpaHcTBe (CoyualiHbie 3arpssHeHwHs),

— BHEJIpEHHE 3arpssHeHHil, JIOKaAU30BAHHHIX B MNPOCTPAHCTBE,
HO JUTHTEJIbHBIX BO BpEMEHH (3aXOpOHEHHSI OTXOJO0B),

— BHEIpeHHE KpPYNHOMacwiTabHbIX H JJIHTENIbHBIX BO BpPeMeHH
sarpsisHeHHH (Hanpumep, BHeceHHe yaoOpeHwmil).

3ajayy HCCJAe0BaHMIi:

1. OnepatusHas oONEHKa BepOATHOCTH CJAYYaiHOrO nNONafgaHus
3arpssHeHHsi B BOA03abOpPHYIO CKBamKHHY.

2. Onpejenenne NOCTYNJIGHHS CYUIECTBYIOMHX MJIH HEH3GexHbIX
3arpsisHeHnil B CKBa)KHHe, OCOOEHHO C YYeTOM pexKHUMOB OTKAauyKH.,

3. Boienenne 30H, NOABEPKEHHBIX ObICTPOMY 3arpA3HEHHIO
C Heqbl0 Bulfopa Y4acTKOB PacnoJiOMKEHHs HOBBIX CKBAaMHH.

4. TlocTpoenune KpynHomacwTabHON MOJIENH, KAK KOJHYECTBEHHOH
OCHOBLI NPOTHO33a W YNPABJCHHA.

5. Onosemenne OOUECTBEHHOCTH O Pa3BHTHH 3arpA3HEHHS NPO-
CTBIMH HarJAAHBIMH HJJTIOCTPAILH MM,

Mpo6aema. [lns cocraBaeHus NporpaMmbl ONBITHEIX HCCJEN0Ba-
HHil BO3HHKAEeT HeOOXOAMMOCTb NPABHJILHONH NMOCTAHOBKH NPOGAEMEI.
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Ha srtofi crajuu, HCXOAA M3 OPHEHTHPOBOYHEIX MpPEABAPHTENDLHLIX
HCcJIeioBanuli, nomxKen OuTh clenan BeiGop Mojenelt u chopmynupo-
BaHbl KPHUTEPHH NPHHATHS pPelleHHH.

OTH npeiBapHTEJNbHEE HCCAENAOBAHHA BKIIOYAIOT AHKETHHIA 0npoc
MECTHBIX BJiacTefl, yToObl cofpaTh HEKOTOpPLIE JaHHLIE O THIE CYIIe-
CTBYIOULEr0 H O)KHjaemoro sarpasHenn#i. Kpome toro, us dQopmyiu-
POBKH 1e/ell BHAHO, 4TO Jlannas npobaema MHoromnanoBas. IToatomy
HanboJee BEpOATHO, YTO OKaXKyTCAd HEOOXOZMMHIMH of6e MomenH —
MOPIIHEBOr0 BHITECHEHHS M JAMCNEpPCHOHHAs, W B MpPOrpaMMy JNOJIKHA
OEITh BKJIOUEHA TMOC/eloBaTeNIbHOCT WX pelleHHi. Kopoue rosops,
5Ta sajaya pasHoNJIaHOBas, AMCMEPCHOHHAA NPH MaabiX, a nojp4ac
u npH Goabluux MmacmTabax HCC/IEL0BAHHA H YHCTO KOHBEKTHBHAsA
MOJIeJIb TIOPILHEBOTO BHITECHEHHMs — npH OoJbIUKHX MaciuTabax.

Mporpamma. [lporpamma BKJIOYaeT 3STanbl, KOTOPLIE OTPaxaioT
HeoOXOJIHMOCTh TIUIATEJILHOrO BhIJIGNEHHA pasJMYHBIX MacmraboB H
NOCJE/IOBATEILHOTO MEpexofia OT JIOKANbHOr0o K PperHoHalbHOMY
Mmacitady.

Ha ocHoBe npeiBapHTeJbHEIX HCCIeA0BaHH 00/1acTs paspelaercs
Ha OAHOPOAHLIE B TEOJOTHYECKOM oOTHOWEHHH 30HH. Kamnaas soHa
nofipasiensiercss Ha SKCNepHMEHTaJbHLIE YYacTKH, BKJIwYalomue
ONIHY HJIH HECKOJMbKO CKBa)HH. UT0Ok! NPENCTaBHTL MOPSAJIOK BEJTHYHH,
OTMETHM, UYTO SKCNEPHMEHTHl B aJJII0OBHAJbHBIX BOJOHOCHBIX TOPH30H-
TaxX NPOBOAMJNCH HA OMBITHEIX yYacTKax miaomaseio or 0,002 1o 3 km?,
B soHax miomanpio ot 10 no 50 kM® u B obaactax — 50—300 kum?,
a B BOJOHOCHHIX TOPH30HTAaX, CJHOXEHHBIX TPEIIHHOBATHIMH T'OPHBIMH
nopojamMi, naowagn obnacTeli HCcNeNOBaHHA 3arps3HEHHH JOCTH-
rann 3000 kv* (eM. rnasy 6).

Ha xaxpnoM yuacTKe 3areM HO/IKHBI ObITb BHIMOJHEHBI IKCMEPH-
MEHTHI JIJIsi ONpejejeHHsl THAPOreoJOrHYeCKHX rapamMerpos (TakHx,
KaK NOPHCTOCTh H NPOHHIAEMOCTb) H NMapaMeTpoB sarpsA3HeHHs (Ko-
spHIHEHTH! AHCNEPCHH). DTH NapaMeTpul UCMOMAbL3YIOTCS B MPOrHO3-
HBIX MOJENAX, OTBeyaiomux 3amadam | m 2.

Taxoil 3KcnepHMeHTAJbHEI YYacTOK mpejcTaBiser cofoi 3sae-
MeHTapHkll 610K Goslee KPYMHOH MOJIe/IH, COOTBETCTBYIOLIEH BhIAEJIeH -
Hoil sone. CHayasia ¢ MOMOLIbIO MOJEJeH Y4aCTKOB YCTaHaB/IHBaeTcH
COBMECTHMOCTb YCJIOBHIH Ha rpaHume 6/0KOB, OCOGEHHO YCJIOBHSA He-
paspLHIBHOCTH MOTOKOB. 3aTeM CTPOHMTCS OCPeJHeHHas SKBHBAJeHTHas
Molie/Ib (yTeM pacuera HOBOro HaGopa 9KBHBAJEHTHHIX KOs(duuneH-
TOB JHCHepCcHH), BKJOYAIOmas rpaHHYHbIe YCI0BHA GJI0KOB H HCMOJb-
3yI0lllasi HOBble — 30HaJbHbBIE TPaHHYHBIE YCAOBHS.

30HaAbHBIE MOAEJNH HANpPaBJeHhl HA H3YYeHHE CYLIECTBYIOLLETO
sarpssHeHHs H oTBeualorT sajzave 3. Torjla SOHB HCMOJB3YIOTCA KakK
sJevMeHTapHbie GJIOKH B Mojean obsacTH — CHayajia nyTeM cOBMeLle-
HHA 30HAJbHBIX MoOJieneil ¢ cobiioeHHeM YCJIOBHH COBMECTHMOCTH Ha
HX FpaHulaX, a 3aTeM B Npejlesax MO, NpeicTas/stoneil 006aacTb,
C 9KBHBAJEHTHHIMH KpynHOMaciITaOHBIMH KO3(HILHEHTaMH.

Ha sToit cTajun AucnepcHeil HHOraa MoxHO npeHebpeub, H MOALJb
obnactH Oyjer mnpejcTaBjeHa MOJeNbIO MOPLIHEBOr0 BhITECHEHHH,

60

B o e

B §



Sagavmn

Pacnpegeneqne Hanﬂpca

AHARKI WMEOLWWXCA B pPacnopRMEHHN Pl
AAHHEIX e

PaagencHue oGnacTi

JHCNEpUMEHTENbHLIE  YYacTK, Koag- Noxanuteid pEIyNLTATEI. THAOBLIE KPHW:
MUMEHTE  AMENEPEWA W NOKANLHLIA BLld  PACAPEGENEHMA KOHUSHTPSLUWA
MORENH {38wmTe BoADOTEOPHBIX CHOBMNH])

JoHINLHLIE PESYNLTETHI: KAPTH pacnpa-

AENGHHA CKOPOCTEN M KoadMuveHToB

AMEnepeHn: Henbonee wyacTBUTENLHLIE
K 32rpRIHEHWID 30HBI

JoHLl: FRYNNUPOEKE NOKANLHBIX
mogenedi;
JoHBERLHAR IXBHUBINEHTHIA MOAENE

O6nacTe: rpynnipoBKa S0HBMALHBIX FaayneTaThi: TUNOBLIE KPMBLIE pacnpe-
MOAened; IKBMBANCHTHAN MOAENb AEREHAA KOHUBHTPBUWW, KpYyNHOMAaC-
ofinacTi WTAbHLIE KAPTEI PASBMTHA 38TPASHEHWA

Puc. 3.3.1. Tunosas cxema. Hayuenne sarpa3Hedns BOJOHOCHOTO MOPH3OHTE, HCNOb-
ayeMoro JJjs TOPOACKOro BojocHaGKeHHs

T. e. ycjaoBuem coGniofienns GajaHca BEllECTBa; OHa OTBEuaeT saia-
yaMm 4 H O.

Sra mporpaMma pesioMmpoBaHa Ha Giox-cxeme puc. 3.3.1.

Mognean. B ofuem cayuae mojenn obiacreii asymepHel. HMcnoJb-
gyercsi oJIHAsi MATPHILA IHCTIePCHH (a He TOMbKO AHaroHajbHas ¢opma)
B KaHOHHYECKHX NPAMOYTOMbHLIX KOOPAMHATAX C KJAaCCHUECKHMH
NOKOOPAHHATHBEIME (opMyJaaMu nepexona ot oOuiefi popMel K Anaro-
Hanbuoit M HaobOpoT.

PesyastaThl. Pesy/ibTaThl NpejCTaBJsiioT cOGOH NPOrHO3HLE MO-

AeJH, TJaHBl 30H, NOABEPIKEHHBIX 3arpssHeHuio (miaHbl CKOpOCTei
U Ko3(HIHEHTOB ANCNEPCHH), H THIHYHBIE KPHBBHIE KOHLEHTpAILHH.

3.3.2. Pasmemenne nojel (uabTpaunH B6AH3H
ropojCKHX TeppPHTOpPHi

MpoGaema. BricTpo pasBHBAIOLIHHCA FOPOJ YBeJHUHBAeT norped-
JIeHHe BOIHI, OTKAUMBAeMOil W3 HHKenexaulero GesHanopHOro BOIO-
HOCHOTO TOPH30HTa, 4TO NPHBOAKT K PACLIHPeHIIO CeTH BOA03a60PHLIX
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CKBaXKHH; OAHOBPEMEHHO HeOOXOAHMO MOCTPOHTEL JiBA HOBHLIX MOAS
(pHABTPANMHE OKOJO YiKe CYIIECTBYIouero noGin3ocTH oT Bogo3sadop-
HbIX CKBa;KHH. MeCTHBIe BJAcTH XOTAT NpelBHAETb BAHSAHHE CYIIe-
CTBYIOIHX H OYAYUHX noJeil GUIbTpauny Ha 3arpsAsHeHHe NpH pas-
JIHYHBIX PEKHMaX OTKaYKH C YYeTOM BJHSAHHA CE30HHHIX 0COGEHHO-
CTeH NOBEPXHOCTHOTO NHUTAHHUA HAa Pa3BHTHE 3arpAsHeHHA. T0 —
SIPKO BhIpaiKeHHasi HEeCcTallHoHapHas 3ajada, KoTopas MOXeT ObiTh
HanboJiee TOYHO pelleHa C NOMOMIBIO MaTeMaTHYecKofi MojenH 3a-
IpPA3HEeHHS.

Jaxe ec/in OTCYTCTBYET TOUHas HWH(OPMALMA O COCTABE OTXOJOB,
MOYKHO MPEANoJNOKHTh (ecJH BJACTAMH He YCTAHOBJEHO YTO-JAHO0
JIpyroe), 4T0 OHH COCTOAT, MMIABHBEIM 06Pa30M, H3 OTXO0/I0B 3aCTPOCHHLIX
TEPPHUTOPHIH, BKJIIOYAIOIWKX TAKHE COEJAHHEHHH, KaK CyabdaThl, CY/b-
Guasl H T. A., CMELIHBAIOUIHECS C BOAOH BOJOHOCHOTO TOPH3OHTa;
AJ51 BLISIBJIEHHS YPOBHeH KOHIEHTPalHH 3arpssHeHHs, CPABHHMEIX
C NMpeesbHO AONYCTHMBEIMH HOpMaMmH 3arpsasHeHHs BOAL BOJLOHOCHOrO
ropH3oHTa, HauboJee noAXofmell OKasLBaeTcs JHCNEPCHOHHAas
MOJIEIb.

Mporpamma. Ona nojpasgensiercss Ha TPH CTajAHH, Kaxjas H3
KOTOpPHIX obecne4yBaeT pe3y/LTaThl, NAIOIIHE BO3MOXKHOCTb OLEHHThH
3arpsAsHEHHE C BO3pACTAIOUEH TOYHOCTBIO M MEPEXOAHTh OT OXHOM
CTaiHH K ApYroi npH pHHAHCOBOM nJjaHupoBatnu onepaunu. [lostan-
Hoe (HHAHCHPOBAHHE BayKHO JIA I'OPOJOB, KOTOpHIE HE MOTYT mJja-
HHPOBATh GOJIBIIHE M3JEPIKKH eIHHOBPEeMEHHO.

Craausa | — 370 HavaAbHEIE NOJEBHIE HCCAEAOBAHH, COOTBET-
CTBYIOIIHE TMpEABAPHTEIbHLIM HCCAENoBaHHAM mno obumeill MeroaHke.
Ona BKJIOYaeT H3yYeHHe HMEIIUXCSl JNaHHLIX C I[eJbi0 YCTAHOBHTH
npejie/ibHbie KOHUEHTPALHH PasiIHYHLIX 3arpssHeHuil, reoJornuecKne
ocobeHHOCTH (B YaCcTHOCTH, HaJHYHE 30H, IJe MOMKET OMHAATHCA 3HA-
YHTeNbHAsi HEOJHOPOAHOCTb MO BEPTHKAJLHOH NMPOHMIIAEMOCTH), pac-
npejeyeHHe HAamopoB M OXKHAAEMOe [OJIOKEeHHe JHHHI TOoKa.

[lomumo Toro, M 3rto Haubojee BaKHO, CVIIECTBYIOU[HE MOJA
(HAbTPaUMH MOrYT paccMaTpuBaTbCsl KaK HCTOYHHKH TpPaccepos,
XapakTepH3YIOIHX Cpeiy, H JO/KHB KOHTPOJHPOBATBCS MOCPEACTBOM
yiKe CYLIeCTBYIOMIHX CKBaXXHH — oTGopoM npo6 BojAbl M3 HHX Ha XH-
MHYECKHE aHaJH3bl, 8 TaKxKe OypeHHeM HOBLIX CKBaXKHH Pa3JTH4YHON
rayOHHBl B TOYKAX, BuIOPAHHBIX C MOMOUILIO KapThl THADPOH3OTHIC.

Crapus 2, COOTBETCTBYIOLIASI N0JIEBOMY OMNpeleNeHHIo napa-
METPOB, HeoOXOAMMBLIX AJS MOJENHPOBAaHHUSA 3arps3HeHuss (CKOpOCTH,
KO3((pHLHEHTEl AUCNEPCHH), BKAIOUAET KOHTPOJL 34 CYILIECTBYIOUIHM
sarpsisHeHineM (HanmpHMep, H3MEpEHHeM YIEbHLIX SJIEKTPHYECKHX
COMPOTHBJIEHHH BOJALI METOJOM KapoTa)ka, ecJiH HCCAef0BaHHA Ha
cTajun 1 noxkasaJm, 4To 3arpA3HeHHe BLI3LIBACT H3MEHEHUS YAeIbHOTO
CONPOTHBJEHHA BOABI), YTOYHEHHE Te0JIOTHYECKHX JaHHLIX Ha Bhl-
OpaHHBIX yyacTKaxX (OypeHHeM HOBBLIX CKBAXKHH H/IH Teo(H3HuecKuMH
MeToflamMH), c6op HeoOGXOMMMBIX [JaHHLIX /IS ONpPEfeJSeHHs] napame-
TPOB JHCHepcHH (3aKauKoil HCKYCCTBEHHOrO CMELIMBAIOUIerocs 3a-
TPA3HHTE/IA, HanpuMep cogeHoll Boasl, ¢ (uKcauueii ero pacnpocrpa-
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HeHHs MEeTOMaMH 3JeKTponpouAHpOBaHus, NPH 3STOM BLIAEJHTH
BAMSIHHE HMKHEro M BEpPXHEro BOJAOHOCHHLIX FOPH30HTOB), Onpejese-
HHe KO(pHUHUEHTOB AMCTepCHH (NyTeM HHTEPNpeTauuH M0JEeBbIX
SKCMEpPHMEHTOB C MOMOIIBIO YHC/IEHHOH MOJeJH).

Craawus 3, COOTBETCTBYIOUAs MOCTPOEHHIO H HCIOJB30BAHHIO
MaTeMaTHYeCKoil NpOrHO3HOH MojeNH, BKJOUaeT oObejHHeHHe pas-
JWYHBIX Pe3YJbTATOB, NOJYYEHHbIX Ha cTagusax 1 1 2 B GUABTPALHOH-
HYIO W AMCIIEPCHOHHYIO MOJEJH, OXBATHIBAIOLlHE BCIO 00JacTb B mpe-
Aefax BAHAHHA S3aXOPOHEHHBIX OTXOJOB.

Peayabratel. Crajaus | jpaer obuee npeacrasjieHHe O ToBe-
JeHHH sarpssHeHns, 0O0YCJOBJEHHOrO MpeinojaraeMbiMiH 3aXOpoHe-
HHAMH OTXOJ0B (2 HMEHHO, O MPHPOJE NOTEHIHAJbHEIX 3arPssSHEHHH,
0 BO3MOMKHOM, B CpeiHeM, pacrnpocTpaHeHHH (ppoHTa 3arpA3HeHH:A
BO BPEMEHH M0 rOpPH3OHTAJLHOMY H BEPTHKA/JbHOMY HarpaBJeHHAM,
0 HaJAW4YHH cJoeB, HanOoJiee UYBCTBUTEbHLIX H MOJBEp KeHHHIX
3arps3HEHHI0), H 00 OCHOBHBIX MPABHJAX BEIGOPA NPOrHOSHOH MOJE/IH
H ee macwtaba (a HMEHHO, OLEHKA NMOBEAEHHA 3arpsisHeHHs B BEpPTH-
KaJbHOM paspese, BbifOp CXeM IOJEBBIX IKCIEPHMEHTOB C Tpacce-
paMH C 1LeJbI0 NOJYY4eHHs MapaMeTpoB JAHCNEPCHH, OMNpejesieHne
MOJA0XKEHHS W YHCHIa HeoOXO[MMbLIX CKBayKHH JUIsi NMpPOBeleHHs [alb-
HeliKX SKCIepPHMEHTOB N0 ONpPEJeTeHHIO MAapaMerpoB AUCIEPCHH).

Craaus 2 no3pojsder NOJYYHTh YHCJEHHbIE 3HAYeHHs Ko3(pdu-
[HEHTOB JHCHEPCHH Ha pas3/MYHBIX YYacTKax, MHCJEHHbe 3HAueHH:
CKOpPOCTEi ABH:KEHHS BOJLI B BOJOHOCHOM FOPH30OHTE H YTOUHEHHYIO
KapTy JIMHHIl TOKa, AeTajM3HPOBaHHOE MpeACTaBJeHHe O reojoruue-
CKHX ycaoBusix BOMH3H YUacTKOB 3arpsi3HeHMs, MMOJHOe NpelcTaBiie-
HHE O BEPTHKAJbHBIX M TOPH3OHTANBHBIX MYTAX ABHKEHHS 3arpsas-
HeHHIl M HaGop NpHMEPHLIX MPABHJ, MO3BOJAIOUIHX NpeACcKa3biBaTh
garpsisHeHHe JUIs CTalHOHAPHBIX YC/IOBHH NMPH PasJHYHLIX pacrono-
KEHHAX CKBaXKHH.

Craausa 3 ofecneddBaer MoJyyeHHe MaTEeMaTHYECKOH MOMENH,
obbennusaome GUALTPALHOHHYIO H AHCNIEPCHOHHYIO MOJIEJIH B LeJaX
ynpaBJienusi KauecTBOM BOJbI B 30HE 3aXOPOHEHHA OTXOJI0B H 00OCHO-
BaHHSI B CeTH CTAHIWH NpeAyNnpexuAeHus: JJii NOCTOAHHOH NPOBEPKH
H KOPPEKTHPOBKH METOJIOB MPOTHO3a MNPHMEHHTEJBHO K MECTHBIM
YCIOBHSM.



I'JTIABA 4

9KCNEPHMEHTAJIBHOE
ONMPEAEJIEHHE NAPAMETPOB
SATPSASHEHHSA NOA3EMHbBIX
BOJ

JlaGopaTopHbie SKCNepHMEHTH! MOKA3LIBAIOT, YTO B MOJEBLIX YCJI0-
BHAX CJEAYeT onpefefdaTb ACHCTBHTENLHYIO CKOPOCTh (HAbTPAIHH
H Koa(puunentsl Aucnepcuu. Ilpu sTrom npepnonaraercs, 4To ApyrHe
XapaKkTepHCTHKH BOJIOHOCHOTO TOPH3OHTA (TaKHe, KaK reoJiorHuecKoe
CTPOEHHE H JIHTOJIOTHYECKHH COCTAB) JOJMKHEL GLITh 3apaHee H3BeCTHHI,
MEeTOAHKAa HX onpeaeneHHs OnucaHa BO MHOrHX paborax H crana
KJaaccHyeckoit. 3nech Mul GyjeM paccMaTpHBaTh TOJNLKO cremudHye-
CKHE METOJIbl HAPOreoJOrHYeCKHX HCCAEN0BaHHH, NMPHMEHAeMble NpH
pelleHnH 3a/1a4 OXpaHbl NOA3IEMHEIX BOJ OT 3arpsA3HeHHd (310, OHAKO,
He OrpaHHYHBaer Kpyr HX nNpHMEHEHHs TOJMbKO YKasaHHOH Tema-
THKOR).

Hacrosimas rnapa cocTout M3 ABYX 4acreii. B paspene 4.1 npu-
BOASTCA TOYHBIE GOPMYJIL, BhIpaxeHHLIe yepes siBHbIE QYHKIHH (He-
KOTOPLI€ aBTOPEl HA3LIBAIOT HX «AHAJHTHUECKHMH (QOpPMYyIaMu»),
A1 GOPMYJIEI ABAAIOTCS pelleHHsAMH /s MPOCTHIX, HAEaIH3HPOBaH-
HBIX MaTemMaTHYeCKHX MojeJeil H OYeHb HacTo HCMOAbL3YIOTCH B Ja-
GopaTopHBIX HccaenoBaHHAX (cM. pasaennst 2.4 u 2.5), npH KOTOPHIX
MOXKHO NoAo0parh JOCTATOYHO NPOCTLIE YCJAOBHS NpPOBeJeHHS ONbITA.
HcnonssoBats 31H GopMyJsl AJA PElIEHHA NPAKTHYECKHX 3a1a4 H3-3a
CAHIIKOM MHOTOYHC/ACHHBIX ynpouweHui Tpyaso. Kak 6ul To HH OblI0,
B HEKOTOPHIX CJAY4afX OHH MpPENCTAaBJAIOT HHTepec JubO Kak cmocod
NPOBEPKH MOPAJKA BeJHYHHEL, JHOO KaK HenocpenCTBeHHLIH BHIMHCTH-
TeJILHLIH WHCTPYMEHT, KOrja HJeaJusalus NPHPOAHHEIX YCHIOBHI He
NPHBOJAHT K 3HAYHTEJbHOH MNOTEPH TOYHOCTH.

B paspenax 4.2 u 4.3 onucaHel NMoJieBLIE METOAL!, OOLIYHO BKJIO-
yaiomue B cebs Pl IKCNepHMEHTaNbHEX npHeMoB H o6GpaGoTKy pe-
SyJIbTATOB Ha oOCHOBe MaTeMaTHuecKoi wmopenu Ha IIIBM. Ilpus-
LHHNHAJIBHOH OCOGEHHOCTLIO STHX METOAOB ABJASIETCS TO, YTO OHH pas-
JHYHE B 3aBHCHMOCTH oT Macwrtaba sagaun (3.1). [lpu onucanmu
SKCNEPHMEHTOB A Kaxuoro ynotpebasemoro macmTaba OCHOBHOE
BHHMaHHE VJeJasercsi He TeXHHYECcKOH HX CTOpOHe, a MaTepHalam
H peKOMEHJalHsAM N0 MeTOJAHKe onpejesieHHss NapaMeTpoB 3arpsi3He-
HHA BOJOHOCHEIX TOPH3OHTOB B Haubosee THOHYHBIX 3ajagax sa-
rpA3HeHHH.

[locnenoBarenbHOCTE onpele/ieHHA KOBEb(I]HIIH\EHTﬂB AHCHEepCHH Mo-
Kasana Ha Gmok-cxeme (puc. 4.0.1).
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WMexycocTBEHHBIR 33Ny oK IArPAIHA KWLM CywiecTaymiwes 3arpAIHEHHE
HOMMNOHEHTOE

ef—

PervcTpauvn pacnpeasneHil KOHUeHT-
PALMH

ey e
L

YHCNEHHOE PELIBHWME MATEMAETHYECKON Ananutmyeckue  (Tounsie)  hopmynsl
Mogenw

—a=——— KoaddHureHTs ARCNEPCHH

Pue, 4.0.1. Baok-cxema

4.1. AHAJIHTHYECKHE ®OPMY/JIbl AJI1 OUEHKH
K034 $¢HUHEHTOB JAHCNEPCHH

KonnyectpeHHas OUEHKA AHCHEPCHOHHBIX SIBJEHHI NMPOH3BOMHTCH
Mo ZlaiHbiM 00 M3MEHeHHH KOHLEHTpauuH Ju6G0 B NPOCTPAHCTBE Ha
ONpEejieJIeHHbI MOMEHT BpemeHl, JiHG0 BO BpPeMEHH B ONpeje]eHHoil
Touke npocrpanctea. [Ipu stom aas onpegenenusi KospduiHeHTOB
JAHCMEPCHH HCTIOJMb3YIOTCA (POPMYJILI, BLITEKAIOUIHE H3 PellieHHs KJac-
CHYECKOro ypaBHEHHS THAPOJAHCIIEPCHH JJIA MPOCTEHIIHX 3KCNEPHMEeH-
TAJbHBIX YCJAOBHiH: OJHOMEDHOH (QUALTPALHH C MOCTOSHHOH CKO-
POCTBIO, CKAYKOOOPA3SHOrO H3MeHeHHsi KOHUEHTPAaluH Ha BXOAHOM
rpaHuNe B HaYaJbHbli MOMEHT BpeMmeHH. BA3KoCTb H MJIOTHOCTL pac-
TBOpPA NpPH 3TOM TaKKe NPHHHUMAIOTCH NOCTOSIHHBIMH.

4.1.1. Kosdbduunent npofonsHoi aucnepcHH

HenpepuiBnbiii 3anyck. Paccmotpum cucremy:

#C o€ _acC
Kegm =5 =3 (10

C(x,00=0; C(0,) =Cy C (o0, t)=0.
3 XK. Dpup 65



Pewenne (4.1.1) umeer Bup:

& =3[ o) +

+ exp (Ux/Kp) %

! b i £ >*f”+w|-1t2
Ut-6 Ut Ut+é T Frc(?hr)”") ( )

Puc. 4.1.1. Pacnpefeaenne KOHWEHTpPaLHH, =
orBevaomiee Kaaccuueckoll hyHkuun omnGok Bropoii unen B (4.1.2) ouenn
MaJ [0 CpaBHEHHIO C Mnep-

BHIM H HM MOMKHO mnpeHe6peup; Torjaa:
| x— Ut ]
s et (zmtr)‘h)‘ Y exp(— n*(dn). (4.1.3)
x = Ut
2 (K, 0)'/

Buipaxenne (4.1.3) MOXKHO 3anucaTb TakiKe B BHJE:

L]
7

&= @0 | exp(—w2)dn (4.1.4)
x— U
(2K, '/

Koraga Ha onpejieleHHbIi MOMEHT BpeMeHH MepeMeHHON SBJAAETCH X,
pewenue (4.1.4) npeacrasaser coboi (GpYHKIHIO HOPMANLHOTO pacrpe-
nenenust 1 — N [(x — m)/o] c maremarnueckum oxkuaannem m = Ut
H CTaHjJapTHHIM OTKJoOHeHHeM o = (2K .{)'?. Knaccuueckum cBoii-
cTBoM (YHKuUHH HopmadbHoro pacnpepenenus N [(x — m)/o] ss-
JIsieTcs

N (1)=0,8413 ~ 0,84, N(—1)=0,1587 = 0,16. (4.1.5)

Ha ocHose 3T0ro0 cBoiicTBa JIErKO onpefie/IuTe BeJIHYHHY CTAHAaPTHOIO
OTKJIOHEHHA O MO rpaduKy NpoCTPaHCTBEHHOrO pacnpeesieHHsi KOoH-
neutpauuu. Kpome TOro, AoBOJIbLHO YacTo 3a pasMep mNepexojHoill
30HH NPHHHMAIOT PAaCcCTOSHHE MEXAY TOYKAMH X, B KOTOPHBIX OTHO-
cuTenbHast KoHueHTpauusi pasHa 0,16 u 0,84 (puc. 4.1.1).

Tak Kak B jJaHHBII MOMEHT BPEMEHH IIHPHHA NEpPexXoAHOH 30HHI

e =20 = Xy,15 — X088 = 2 (2K £)' /1, (4.1.6)
BeJHunHa K; onpeiesuTcs COOTHOLIEHHEM:
Ky, = (0,16 — Xo,54)*/(81). (4.1.7)

Hamepenusi ouedb 4actTo NPOU3BOAATCA B ONpeeJEHHON ToYKe X
(HanpuMep Ha HHMKHEM KOHILE [OPHCTOH Cpefibl), H TOTAa pHKCHpYeTcs
H3MEHeHHe KOHIEHTPalHH BO BpPEMEHH.
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[Tonaras x; = (x — Ui)/(2K 1), us coornomwennit (4.1.4) w
(4.1.5) noayunm:

(x == Uly1e) (2K 1 foe) /2 — (X — Ul s0)/(2K 11o,54)' '+ = 2,
oTkyaa K; MomxHO onpeleanTs 1o Qopmyne:

iy, = % [(‘T — Uty a6)/(to0)''* — (x — Ul g4)/(fo,84)' /= } K (4.1.8)

Hacto anuna nepexojHoil 30HsI GeIBaeT Maja 1o CPaBHEHHIO C pac-
CTOSIHHEM OT BEPXHEro KOHILA CPejbl 0 TOYKH H3MEPEHHs; B 3TOM CJy-
yae fo5 H fpgy MOTYT ObITh rpy00 TNPHHATH paBHHIMH fo;. Toraa
cooTHomenune (4.1.8) npumer Bua:

K= {S‘En.n:' 4 (Yo,80 — In’m)s_ {4-] 9)

[Mpumem o' = (s — lo,16)/(280,5), fos = x/U, Torga Buipame-
Hie (4.1.9) MoxHO 3amHcaTh B APYroii moJaesHoit opme:

Ky = 'V xU. (4.1.10)

I7T0 BHIpa)KeHHe MOMeT OblTh HCMOML30BAHO B TEX cAy4asax, Korja Ha
HHKHEM KOHLE Cpe/kl BMECTO BpeMeHH H3aMmepsercsi o0beM npodHib-
TpoBasuierocss pacteopa. CooTHOWeHHE Mexkly oGbeMoM pacTBopa,
NpOLIEAUIHM Yepe3 eAHHHILY IJIOIaJH TONepeyHoro ceYyeHus MOpHu-
cTo#i cpearl, H BpemeneM umeer Bua V; = UL, Takum obpasom, rpaduk
saBucuMocti C/Cy (rne C — KOHIEHTpamHs Ha HHIKHEM KOHIE Cpeilbl)
oTHOCHTeNbHO V; Oyjaer uMerb BHJA, OMM3KHA K rpaduKy (QyHKIHH
HOpPMaJIbHOrO pacnpefieJieHus, CTaHJapTHOe OTKJIOHEHHe KOTOpOii
paBio (Vos1 — Voa6)/(2Vo,z).
3anyck TtpaccepHoi BoaHbl. PaccmoTpum cHeTemy:

2
Kﬂﬂ' ﬁt’.‘__ﬂﬂ

ad o T o

|

C(x, 0)=0,

G0, =1 <,

C@O, )=0 t=i, (4.1.11)
C (oo, §)=0,

OTBEYAIOLLYI0 3anycKy TpaccepHoii BosHul (puc. 4.1.2).
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c Pewenne ypasuedus (4.1.11) umeer Bun:
x —u (t —to)
VIK G —to)
C=(2n)" "/ j exp (— n%2)dy.
x—uf
0 ok VIKi

o :“; 5 ® M sroro BblpaxK€HHsI MOJY4YHM pHAJ CJeicT-
ne. 4.1.2. pannuHoe
S ¢ s BHil, KOTOpHIE HCMOMb3YeM JiIst MpHBEJEH
3anycky “HI,',;H] :Krawpﬂﬂﬁ MaTeMaTHYeCKHX MoJieJieil B COOTBETCTBHE C
BOJIHEL IKCMepHMEHTATbHBIMH pacnpejeeHH s M
KOHIEHTpallHH B CJy4ae, Korja 3amyck

MPOBOJAHTCA 1O CXEMe TPacCepHOH BOJHEI.

Haiinem nosnokenns MakcuMyma BeduuyuHel C B NpocCTpaHCTBe
Ha OonpefeseHHBlil MOMEHT BPEMEHH 4epe3 npou3BOAHY0 GyHKuuH C’
no x:

et I 1 _I-"—Hlf—fn}i' e
C'v’a‘n[p’z—xu_:n;exp{ K (—1y) }
| (x—ul)*1] _
Torpa
(x—uf)® [x—u(t—1t)* _ t—1
Kt~ AK(t—1y) “l”V“_F -

Fr=4.
1 ¥

iy g i
2 [~ gy ] +wh=2K1n
t—1,
!
ty
=1
JIs acHMNTOTHYECKOTO peskHMa (mpH AocTaTouHo GOMBLIOM f) HMeeM:

Cr2K(t—1t) Bt —t) ~u(t — 1)+ 2au( —1,), (4.1.12)
rae K = au.

Canencteue 1. dopmyay (4.1.12) MoxHO HCNOAL3OBATh
AR onpejeseHHs AefiCTBHTEJNbHOH CKOPOCTH (PUABTPAUMH 4 IPH H3-
BECTHOH BeJHYHHE o M NPH JAONYIIEHHH, YTO H3MEHEHHEM LIHPHHEI
I'[EpEKD,E[HGﬁ 30HbLI BCJAENCTBHE JHCNEpPCHH MOXKHO I'I]JEHEGPE‘-IE: I'I'IE:\L
CPaBHEHHIO C ee WHpHHON. B Takom cinydae x mpejacraBiser coboi
paccTosHHe MexAYy MNYCKoBoil M HaOmoaaTeNbHOH CKBa)KHHAMH,
a 1, — BpeMs mpHXoja MaKCHMalbHOH KoHueHTpauuu. Toraa Gyiem
HMETh:

U =[—at(tn — to) + (02 (bn — 1 +

+ X2 (b — L)t} 2Vl (b — 2]
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Cileiyer OTMETHTD, YTO BeJNHYHHA 4 OTIHYAETCS OT CKOPOCTH NpPOIBH-
KEHHA MaKCHMYMa KOHuUeHTpauuu x/f,. IlockolbKy Meroasl ompeje-
JIeHHs BeNHYMHBI ¢ TPeOyloT NpejBapHTeNLHOTO 3HAHHA W, AAHHAA
(popMmysna MOMKeT HCHOJB30BATBCH JHIUL /I NPOBEPOYHLIX [eJeil.

Cnrnencrpue 2. [Ipegnonaras acHMnTOTHYECKHIT PexKHM nepe-
HOCa W MaJjioe H3MEeHEHHEe ILIHPHHBI NepexofHol 30HbI BCJAEACTBHE I'H-
ApoaHcnepcHH, 3HadeHHe KospdumueHta K MOKHO TNOMYUHTH KakK
(YHKUHIO CKOPOCTH JABMHMKEHHSI Tpaccepa H3 BuipameHns (4.1.12):

K = [-"-‘2 = uzfm ("fm o rn]]f[2 (tm — fu)], l:‘l-l - 13}

rae x — abcuucca TOYKH H3MEpeHHs W [, — BpeMsi MoAxXofa K Heil
MaKCHMYMa KOHUIEHTpalHH Tpaccepa. Tak Kak BeJqHYHHA ¢, B CBOIO
OdYepellb TaKMKe MOKeT ObITh H3MEepeHa, MOXKHO MNOJNYYHTH APYroe
CcooTHOIIEHHe mexay K u u:

x—u Um—z'.p

VIK {r_,_ﬂ — Ty

£l

G = [— exp (— n¥/2) dy,

o
x— utp,

e

VIKP,,

rre K no ¢gusnyeckum coobpaxkeHnsam Bcerga nogaoxutenen. Orciona
U< xf[tm (tm — L) /2 = Uge

Moxno noxkasars [103 ], uTo 3T TpH cooTHOLWEHHS NO3BOMSMIOT HAlTH
OfHY H TOJBKO OAHY napy 3sHaueHuil (K, «) B CHAY MOHOTOHHOCTH
GYHKUMH ¢, (¢) n nonoxurensuoctn K. DTum csoiicTBOM 06OCHO-
BBLIBAETCS METOJL COrVIaCOBaHHA MOJIENH IS CXeMbl TpaccepHoit BOJNHEL;
MAaKCHMYM KpPHBOH, KOTOPHIH JlaeT eJIMHHCTBEHHOE 3HayeHHe Koaddu-
[HeHTa JUCnepcHu, OyNer CoBnajaaTh ¢ PAaCYETHBIM MPH CJAEAYIOMIHX
jonymeHusax: l) Bpemsa npuxoia Tpaccepa BEAHKO M0 CpaBHEHHIO
¢ MPOJIOJKHTENIbHOCTBIO 3anycKa; 2) MHPHHA nepexoiHoii 30HEl MPH
NPOXOXKAEHHH BOJIHBI Y€pe3 TOYKY PErHcTPalHH MajJo H3MeHseTcs
BCJIEICTBHE JHCIEPCHH.

Ha ocHOBaHHI CPaBHEHHS YHCJEHHBLIX MPHMEPOB 3TOT BHIBOA pac-
NPOCTpaHsieTcss W Ha CJAy4ad pagHaidbHOH (HALTPAHH.

Kpome Toro, srtor cnncog corjaacoBaHist 00OCHOBBLIBAETCA TeM,
UTO MAKCHMYM HAXOAHTCA B CpelHeHl 4acTH KOHIEHTPAIHOHHON KpH-
BOH, KOTOpas, Kak nokasaHo B pasjene 2.3, XOpolIO ONHCLIBAET
SIBJIEHHE JHCIEepPCHH.

3ameuadue. [lorpemnocTs onpeienenns peauduisl K mno
(popmyne (4.1.13) paBua:

'l
|dK | = Ut,, du m df,,

TaK Kak X u f, OObYHO ONpenensioTcss TOYHO,
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4.1.2. KoshduunenT nonepeuHol AHCnepcHh

Kaccnyeckasi MOCTAHOBKA 3KcrnepHMenTos onucana ®puaom u
KombGapuecom [110]. Ilpu 3ToM pexuM KOHUEHTPAIHH SBIACTCH
ACHMINTOTHUECKHM (4TO O3HAYAET CTAIMOHAPHOE pacnpeieserHie KoH-
IEHTPALHH B H3MEPSEMOM CeHeHHH JJIsl GOMbIIAX MOMEHTOB BpeMeHH),
a mepenoc HeogHoMepHbiM. Takum oOpasom, ypaBHeHHE NAHCIEPCHH
npHHHMaeT BHA:

U (3C/x) = Kr (8°C/agP). (4.1.14)

PacueTsl MPOBOAATCS KaK A YHCTOro Tpaccepa, Tak H IJIA GoJsee
obLero cayyas, KOrja »KHAKOCTH OTJHYAIOTCS M0 IJOTHOCTH H BA3-
KoeTH. Jlas Toro uToObl peuiiTs BTOPYIO 3afauy, B KOTOPOii CKOPOCTH
MEHSIIOTCS 110 CeYeHHIO, MOMKHO HCNOJL30BaTh iBa MeToja: 1) «IoKab-
HBIil METO», KOTODHIl YUHTHIBAET pacnpefie/ieHie CKOPOCTeii H Mo3BO-
ASeT HaliTH MU KaXKJI0ro SKCTepHMeHTa KPHBYIO 3aBHCHMOCTH KO3(-
(hMIMenTa AHCMEPCHH OT JIOKalbHOro ncia Iexne; u 2) «rnobanbHbI
MeTo/», CBoAAuLHi obWwKi caydail K caydaio ¢ Tpaccepom nyTeMm BBE-
JleHHsi CcpenHed CKOPOCTH.

Bropoit Merog MOKasal XOpOuIyi0 anipoKCHMAIHIO pPeLIeHHs
(puc. 4.1.3), Tak 4TO OTPAHHYHMCS B TOM pasjese pacCMOTPEHHEM
TONBKO CJayyass Tpaccepa.

[TopucTas cpefia, KoTopas sBJAsAETCs ABYMEPHOI, pacCMaTpHBALTCs
HeorpaHHueHHOH B OCOHX HampasJeHHsiX. YpaBHeHHE (4.1.14) pe-
[aeTcst AJAA TPAaHHUYHBIX YCJAOBHMH:

0C/ody =0 npu y = £ oo,

C(0, y)=C, mnpu 0<Ty<<-+4 oo (4.1.15)

C(O, ) =0 mnpu —oo<<y<<O.
Pewenne npu ycaopusix (4.1.15) umeer BHL:

%;;%[144& m] (4.1.16)
[Mosiaras, u4To G SBJAAETCS CTAHAAPTHLIM OTKJAOHEHHEM MPH X = Xo,
onpejeasieMeIM 10 (opmyJe

g % [4 (%, C/C,=0,84) —y(x, C/C,=0,16)],

noayuum u3 (4.1.16):
Ky --%n'-’{U,fx{,]. (4.1.17)

4.1.3. PapuaiabHbli MOTOK

O6aacTh NPHMEHEHHsI NPHBEAEHHLIX Bbillie GopMYJ B JIEHCTBHTENb-
HOCTH O4eHb OTpaHH4YeHa TAKHMH YCJAOBHAMH, KaK OAHOMEPHOCTL MO-
TOKa, OJIHOPOAHOCTh CPEAbl, MOCTOAHCTBO CKOPOCTH H cKayKooOpasHoe
H3MeHeHHe KOHIEHTPAIHH HA BXOAE B HAaya/bHbIH MOMEHT BpPEMEHH.
B nosepsix YCAOBHAX OYeHb TPYAHO NOOHTLCA BHIMONHEHHA BCEX STHX
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yeaosuit. OfHaKO ANS HEKOTOPHIX K./D
SKCNEPHMEHTOB  [PH  OAHOPONHOM | -
coctape nopog cuctema (4.1.1) paer 3
JIOCTaTOYHO Xopoluee HpHOGIHKEHHE. / /
AT0 n03BOMSIET HCMOAB3OBATH (HOP- AN
MYJaBl u3 paspena 4.1.1. 10} z

Hame Bcero mnoJiesbie HCCACNO- 7
BaHHsi TNPOBOASITCH B CKBa)MHAX y
B pajuajbHOM mnoTtoke. Pajgom asro- | ,—*
POB ObIH NpPeANPHHATHE NONLITKH
NOJY4YHTh OpMYJBl IS pajHalbHO- ! Ll
ro noTOKa, aHaJorHuHLie GopMy/Iam 10° 10%¢a/p
Ans ofHOMepHoro noroka [166, 222 ],

HCXOLS W3 ypapemns aucmepcnn b == =32 [ ]3

IHIHHAPDHYECKHX KOOpAHHATaXx: Puc. 4.1.3. Pesyabrarnl o6pa6oTkm
I a il ¢ ONLITOB 1O IIOIIE]IE‘IIIﬂﬂ AHcnepcHH
s i [ph’rr—- (-—)] e PA3THUHEIMH MeTOdaMH.
roor or P J — ONHETH € YHCTHM TpaccepoM; 2 —
l a de cloKaAbAEA» MeTon; § — srmoGanbibiits
-—_."F? (fﬂl’:)=-aT, {4.1.]8} METOZ,

rae K, — KoS(HIHEHT NMPOAOJIBHON AHCIEPCHH, & — AelCTBHTEb-
Has CKOpOCTb (pHABTPaLUMH, p — MJAOTHOCTb pacTBOpa.

IIpu sTom npexnosnaranock, 470 pexuM AHCIEPCHH AHHAMHYECKHI
H CHPaBeVIHBLI BLIPaXKeHH :

Tieé o — CTPYKTYPHEI mMapamerp THAPOAHCIEPCHH, U — NefiCTBH-
TeJIbHas CKOPOCTb CTAllHOHAPHOH (UALTPAlHH, a TWIOTHOCTH MOCTO-
AnHa. Torpa ypasuenue (4.1.18) npunumaer Bup:
A d% A odc dc
ek s (8dsii)

3atem NPHHHM&J0ChL JONylleHHe o ToM, 4TO HAa HEKOTOpPOM YAaleHHH

OT HCTOYHHKA JHCIepcHA Mala no CpaBHEHHID C KOHBEKTHEHRIM
nepeHocoM, Tak 4ro.

a d

[lpu ycnosun (4.1.20) ypasuenne (4.1.19) npeoGpasyercs:
r d¥% A de dc.

A O o O (4.1:21)
Pemiennem nociennero spiasercs:
: __ €g re 4 3
ﬂLE)_-Teﬁ[(Eu—AO/EuﬁJ. (4.1.22)
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Ha (4.1.22) caenyer ¢opmyaa:
o = (2/3ar) ", (4.1.23)

rge o — CTAHAAPTHOE OTKJIOHEHHE pacnpeieNeHHs KOHUEHTPanHH
Tpaccepa. Jlas cayuas, Korja Heqb3s npeHeOperath BeJHYMHOH pa-
AnWyca nyckoBoil CKBaXKuHHI, JIoy faer cjeayioulee COOTHOLIGHHE:

o = [2/3a (r — 3] . (4.1.24)

C maTemarHuecKoil TOYKM 3pPeHHs 3ajaya, B KOTOPOH BMECTO BTOPOH
NPONSBOAHOMN MO F HCNOJIbL3YeTCs BTOPas NPOM3BOAHAsA 110 [, ABJIATCS
NPHHIMIAAILHO HHOM (0COGEHHO MPH CHHTYJISAPHOCTH B HCTOYHHKE),
H MaTeMaTHKH, BEpOsATHO, CTAHYT pe3Ko BO3pa:kaTh NMPOTHB TAKOTO
npeobpasoBatus.

C Jpyrux MOSHIHIA MATEeMATHUYECKAs MOJEJb MOXET NPH3HABAThCS
NpaBuJABHOIN, NMOKA OHA Y/JOBJETBOPHTEJNLHO ONHCHIBAET MPHPOAHOE
sBJaenne. B cayvae, Korja BHINOMHAETCH J0BOJMIbHO rpyGoe (usnye-
ckoe npubauxenne (4.1.20), MOKHO NOJYYHTb OYeHb OPHEHTHPOBOY-
HYIO OLEHKY BeJHYHHbLI ¢ IyTeM OMpeJe/ieHHs O Mo SKCnepHMeHTalb-
Hoit Kpueoil. Ho B GOJbIUMHCTBE CJy4aeB M KOTAA 3TO BOSMOKHO
NpejCTaBIsAETCS MNpaBHJIbHEE COXPaHHTb KJACCHYECKYI0 dopMmy
(4.1.19) u MCNO/B30BATh NPAMEIE METOABI COMOCTABJIEHHS SKCNEpHMEH-
TalbHBIX JAHHBIX C YHCJAEHHBIM pemenueM YypaBHenus (4.1.19),
npumenss SLBM.

4.1.4. 3ameyanus N0 NOBOAY FeTEPOreHHOH Cpejibl

[pu AOCTHKEHHH ACHMITOTHYECKOrO peXHMa OPHEHTHPOBOYHLIE
BHIMHCJEHHS MOKHO TNPOBOAHTH /s SKBHBAJIEHTHOH OJHOPOAHOM
cpejni, Henoab3ys ¢opmydst (4.1.10) u (4.1.17).

Korna reoioris W JIHTOJOrHS PasiHYHBIX C/I0EB CJOHCTOH MOpH-
CTOil Cpefibl H3BECTHBI, MOXKHO MOMNBITATbCA ONPEAETHTE appeKTHBHBIH
K03(HUHEHT JHCHIEPCHH, HCMONb3Ys 3aBHCHMOCTh (2.5.8). B 10 *)e
BpeMsi H3-3a HeONpe/eieHHOCTH JIOKaNAbHBIX KO3((pHILHEHTOB AHCHEp -
cHM 3Ta (opMyJa MOXeT AaBaTh TOJNbLKO BeCbMa OPHEHTHPOBOUHLIE
oneHKH K, M03TOMY OHa HCMOJb3YeTCs JiHib JUIs NPOBEPKH MOpAAKa
BeJNHYHHBI KodpduuneHTa AUCTEPCHH.

4.2, MOJIEBLIE METO/lbl ONPEJEJIEHHSA
K03¢dHUWEHTOB JHCNEPCHH

[ToneBsie MeToibl OOLIYHO NOAPA3NENAIOTCS Ha YEThIpe TPYIb,
COOTBETCTBYIOIIHE UeThipeM ymoTpeGaseMbiM MmaciiTabaM 3ajay mnepe-
Hoca sarpsasHeHuii. OTu macwuTabbl sABAsOTCH (YyHKUHEH CpPeAHero
PACCTOSIHHSL nepeHoca:

— JoxanbHBIH MacmTab or 2,5 10 4 M;

— cpeannit mMacwtab or 4 mo 20 M;

— xpynupiii MacmTaé or 20 go 100 M;

— pernonanbubi MacmTa6 Gosiee 100 M (06LIYHO 0 HECKOJBLKHX
KHJIOMETPOB).
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4.2.1. JlokaabHbIi macm*r-aﬁ.
OAHOCKBAXMHHHBI HMNYJAbLCHBIH MeTOA

PaccMOTpHUM COBEPIUEHHYIO 110 CTEeNeHH W XapakTepy BCKpPBITHSA
ckBaxkuny. OHa 3amosHsercs BoAOH, cojepikamieil pajnoaKTHBHbIH
Tpaccep, TaK, YTO KOHIEHTpalus Mo Bcell ray0HHe CKBa)KHHBI OJlH-
HakoBa. PacTBOp BHITECHSETCS PAaCTBOPOM TaKOil K€ KOHLEHTpAIlHH,
a satem npecHoi Bojoi. [lociie 3TOro H3 CKBaKHHEI NMPOM3BOAHTCSH
oTKauka. B kamioM clioe HempepbiBHO PErHCTPHPYETCH KOHIEHTpa-
1K BO BpEMEHH, a H3MEPEHHs HHTEPNPETHPYIOTCS NO JBYM HamnpasJe-
HusaMm: 1) Mo H3MEHeHHI0 KOHIEHTPAalHH Tpaccepa BO BpeMeHH B JiaH-
HOM cJloe, H no rayGuHe Ha JaHHBIH MOMEHT BpeMeHH OIEeHHBAIOTCH
OTHOCHTEJIbHEIE MPOHHILAEMOCTH JHTOJIOTHYECKHX caoes [174]; 2) no
H3MEHEHHIO KOHUEHTPALHH BO BPEMEHH A/ JaHHOTO CJI05Si MOMKHO Npo-
BECTH KOJIHYECTBEHHYIO OLEHKY Ko3(hpHIHEHTOB NPOAOJLHOH THAPO-
JIMCTIEPCHH VISl KaxI0T0 CJIOA, HCNOAb3Ys AJIA STOTO AHCHEPCHOHHYIO
cxemy (cMm. pasaea 3.2) u matematuyeckue mopenn [99, 117 1.

JKcnepHMEHTANbHbIE HCchenoBanua. PajanoakTHBHBHIL Tpaccep
3anycKaercs B BOJIOHOCHBIH TOPH3OHT uepes nephopHpPOBAHHBIH
npesoMerp. PaauoakTHBHOCTL H3MEpAeTcs no Beel Aaube (uAbTpa
neesomerpa. B Kaml1o# TOYKe pajHOaAKTHBHOCTb 3aBHCHT oT: |) KoH-
LeHTPAllHH Tpaccepa B caMoM Inbe3oMeTpe; 2) oGbema BOLOHOCHOrO
ropH30HTa, 3anoJHEHHOTO TpaccepoM BOKDYr TOYKH H3MepeHHS.
dopma opeosla PacnpoCTPaAHEHHA HCKa)KaeTcsi B 3aBHCHMOCTH OT
rHAPOJAHHAMHYECKHX CBOHCTB KaMJ0ro cios: Tpaccep cBoGofHO npo-
HHKaeT B XOPOLIO NMPOHHIlAeMKIe CJI0OH M 3HAUHTENbHO ciabee B ciabo-
npoHHuaeMsle; 3) ofbLeMHO paauauuu, Hsayuaemoli oGbeMoM: B Ji0-
noJiHeHHe K KOHUEHTpalHH Tpaccepa 3Ta pajiHalus SaBHCHT OT
3(NpeKTHBHOI TMOPHCTOCTH M IWIOTHOCTH CKeJeTa NOpO/sl.

XapaxkTepHCTHKH 30H[Ia H MaTeMaTHYeCKoe MoJeNHpoBaHHe MOoKa-
sa/jii, 4To HauOoJabLIee 3HAYEHHE HMEIOT NMEepBhIi H TpPeTHH M3 nepe-
YHCJEHHBIX (aKTOPOB.

MenbITeiBaAKCh pa3aMuHBEIE PajHOaKTHBHBEIE Tpaccepw: “*Br ¢ me-
puojoM noaypacnaza 36 4 ¥ MakCHMaJbHOH 3Heprue H3JydyeHusd
0,78—1,47 MsB; '] c nepuogom noaypacnajga 8,05 cyT ¥ MaKCH-
MadbHoil 3Heprueit usayuenus 0,36—0,64 MsB; %Cr ¢ nmepuogom
noaypacnaga 27,8 cyT H MaKCHMaJbHO SHeprueii H3JyYeHHs
0,32 MsB.

Yanle Bcero ucnoab3osannchk B u Y, Iaa onmtos Tpebyercs
HesHauHTeJbHas paJHOaKTHBHOCTb (He OoJiee HECKOALKHX MHKPO-
KIOpH). Y KasaHHEIE H30TOMBl HCMONB3YIOTCS B BHJE PacTBOPOB HOJH-
CTOro W OPOMHCTOrO HATPHSA, YNAKOBAHHBLIX B CNEIHANbHbLIE AMITYJIbL.
PacTBop BmITECHSIETCS W3 aMmmyJibl BOAOH € NMOMOLLbLIO ABYX MEIHIIHH-
CKHX HMIVI M MOCTeneHHO cmelnnBaercsi ¢ 4 M® BOABI (AN CKBAXKMHBI
rayouHoi 30 M) peuHpKYJAIHOHHHIM HacocoM. Annaparypa, HeoG-
XOIuMan AJs TAKHX NpOLeccoB, o4eHb npocrta, (esonacHa M NpHMe-
HHMa B TOJIEBBHIX YCJAOBHAX.

Takue Tpaccepsl 006/1afaioT PAJAOM BaXKHEIX CBOHCTB:
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— He MpejcTaBAsoT yrpossl Ada o6CAY:KHBAIOUIEro MepcoHa Jia
H OKpYyawouieh cpesnl, Garogaps cBoeli HH3KOH aKTHBHOCTH H He-
GoablIOMY MEepHOLY ToJypacnaja;

~—— XOpOIIO OTpeensiorcs;

— He MEHSIIOT NJAOTHOCTH BOJLI.

3amepnl PajHOAKTHBHOCTH OCYIIECTBJSIOTCH C MOMOMIBIO 30HAA,
B KOTOPOM pacnojiaraercsi CUHHTHAJIANHOHHBINA aatynk. CurHaa or
S0HJla NOCTYMmaer yepes Tpoc-kKabelb Ha HHTErpaTop H Ha IIKany
cuerynka. KaporaxcHas Amarpamma perucTpHpyerca CaMmoOIHCIEM,
KOTOpBIfi ynpas/siercsi ABHMKEHHEM 30HAa BHH3 (puc. 4.2.1).

SGameuanune. Ilo paagy npHuHH 30HJ MOMKET HCKAKaThb CHI-
Ha/lbl, KOTOPHIE OH NPHHHMAET, MOITOMY Nepel IKCNepHMEHTOM He-
00XO/IHMO YCTaHOBHTbL €ro XapakTepHCTHKH. [Ipi 35TOM BaxkHLI ABe
XapaKkTepHCTHKH: paspemiaiomas crnocoO6HOCTb 30HAA H pasmep 30HbI
BAHsiHus. Jlasee, pacCMOTPHM MpHMEpE! BO3MOMXKHBIX METOAOB Onpeje-
JEHHST 3THX XapaKTepHCTHK.

Onpenenenne paspewanwimeii cnocoGHOCTH
30 H 1 a. Mamepenna Bunonansiorcs ¢ notepeil wHdopmaunu, Koro-
pas cBfA3aHa ¢ paspelualomei cnocobHOCTbIO 30HAa. MICKIIOUHTE 3TOT
3(peKT MOKHO C MOMOLIBIO Npouecca o6palleHnst CBEPTKH, noJjarasn:

s() =X le(j =) @),
rae s (f) — HM3MepeHHass aKTHBHOCTE B HEKOTOPOH TOUKe Ha ray-
OuHe j, e — pacnpejieleHHe KOHUEHTPalUHH Tpaccepa BAOJbL CTBOJA
nbesomerpa, @ — dyukuns sApa cBepTKH, npeacrasasiomasn coboil
XapaKkTepHCTHKY 30HJa NMPHMEHHTEJIbHO K OnpelejeHHOMY H30TOmY.

DKCnepuMeHTaNbHas yCTAHOBKA COCTOMT H3 CJIOHCTOH Cpejsl,
B OJIHH H3 NMPONJIACTKOB KOTOPO# BBOAHTCA Tpaccep ¢ KOHUEHTpaIHed,
paBnoit 1. C nomoutbio unciennoro obpautennsi cseprin [81] mpo-
BOAHTCS Bbiaucaenue gyuknun @ (puc. 4.2.2) naa waros nepemeuie-
HHA 30HJa, paBHHIX 5 cM. 3areM, npoBojs obpalleHHe § ¢ MOMOMIbIO
¢ynkunn @, MOXKHO HafiTH pacnpeleNeHHe KOHUEHTPALHH Tpaccepa
B NyCKOBOH ckBaxuHe. Ha puc. 4.2.3 nokasaHsl pe3yabTaThl CEpHH
H3MEPeHHIl, BHINOJHEHHLIe ¢ HHTepBasoM B 10 cM (31€ch KoHueHTpa-
uus 1 coorBercTByer akTHBHocTH, paBHoit 1000). [as nonyueHus
pacnpejiesieHus ¢ KapoTaxHas jAuarpamma obpauaerca ¢ NOMOILbIO
¢dyukuun @, a sateM ans npoBepKH MeTola NPOBOAHTCH YHCACHHAS
CBEPTKA pacnpejenenns ¢ ¢ noMoulbio ¢pyHkuun @,

Pasmepwm oGnactu BawusdgHusa Heecnerosaune npo-
BOAHJIOCh B KOHTeHHepe eMKocThio | M%, pasjgeneHHOM Ha HIHHApPH-
YECKHE KOAaKCHaJbHble CEKTOpbl. 3TO MO3BOMANO BBOAHTb Tpaccep
B J06oii W3 CeKTOpoB. BhIJIO yCTaHOB/I€HO, UTO NPH PAacCTOAHHH OT
Nbe30MeTpa, npeBsiluaomemM | M, KOHUEHTPHYECKHIT opeos Tpaccepa
He obHapymxusaercs (puc. 4.2.4).

Hduavetp nbesomerpa Jo/mxeH BbIGHPATBCS MCXOAs M3 jlHaMeTpa
3onaa. Ibesomerp obopyayercs (pUALTPOM HA BCIO MOIIHOCTh BOJAOHOC-
HOI'0 TOPH3OHTA (CKBaXKHOCTbL A0MxKHA GbiTh Goabuie 20%), Ouabtpo-
Basi Tpyb6a o0epTLIBAETCs HEHNOHOBBIM MOJOTHOM, INHPHHA SYeeK
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Puc. 4.2.3. Peayavratt obpawennsi (3aBHCHMOCTb aKTHBHOCTIH
oT TAyGHHL).

I — peayibTaTs obpaueins («HcTHHHOE pacnpefenenne AKTHBHOSTH);
& — peaynabTAaTH NOJAEBHX HaMepenuft; § — pacqHeTHOE pacnpeéfedcHHe

HaMepeHHOfl AKTHBHOCTH, BHMHCACHHOE NYTEM CEEPTKH <HCTHHHOTO®
pacnpefeseHia ¢ yyeroM paapelwajpouiedl cnocofHOCTH 30HAE
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Puc. 4.2.4. JlaGoparopHsle HccaefopaHHs o0bema, BAHHIONEr0 Ha 30HA.
CeKTOpH HacHIATHCh TPaccepoMm B caeayiouell nocaeloBaTeJbHOCTH.
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Puc. 4.2.5. Peayabrathl 3anycka B CKBawuHy Tpaccepa 5°Br,
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Puc. 4.2.6. 3aBucuMocTh AKTHBHOCTH
or ofbeMa OTKaueHHOro pacreopa Aas
CAOEB Pa3THYHON NPOHHILAEMOCTH

Kotoporo coctaBaser 0,56—1 mu.
He nonmxuo GuiTh HHKAKOH rpa-
BHIHOI OOCBINKH, NOCKOJbLKY OHa
MOKEeT HCKasuTh HHGOpMaIHIO,
PerHcTpHPYEMyIo 30HJIOM.
[TosreBoii 3KCNEPHMEHT POBO-
IuTCst B uetsipe craauu. [Tsesome-
TPHUECKas] KOJOHHA 3aMoNHAeTcA
pacTBOpOM Tpaccepa nyTem oOT-
KauKH W3 ee BepXHeH 4acTH TnpH
HarHeraHuun B ee AHo. Koraa ak-
THBHOCTb OTKaYyHBAeMOH BOJI
CTAHOBHTCA NOCTOAHHOH, OTKauKa
npexkpaitaercs M HauyHHaercs 3a-
NyCcK TpaccepHoro pactsopa (He-
o0XOonMMO CO3/laBaThb He3HauyH-
TeJILHLIH MOALEM YpOBHedH B
BOJIOHOCHOM TOPH30HTE, YTOOKI
obecrnieunTh 0e30MacHOCTb H Mpe-

JIOTEPATHTh NepeTeKanue Tpaccepa
H3 HceaenyeMoro riacta). [Tocae 5Toro npon3BoAUTCH HaJHB OOLIYHOM
BOALI. 3aTeM OCYLIECTB/SETCH OTKAa4Ka BOAbl H3 ONBITHOH CKBaMKHHbI
H MO KaKJA0MY CJIOI0 PerHcTpHpYeTcs Bo3BpalllalomUHCs PajHOaKTHB-
HEIH Opeod.

Ha Kammom stane onbiTa pacxoj AoMKeH ObITb AOCTATOYHO Mall,
yto0Ll BpeMs, HeoOXO[HMOe Ha MOCTPOEHHE KapoTa:KHOH JHarpaMMel,
GbJIO MaJIo 1[0 CpaBHEHHIO C BpeMeHeM mnepepacnpejiejeHds Tpac-
cepa B ropusonte. Torga Anarpammy MOXKHO paccmaTpuBaTh Kak
eqnHoBpemennyio. Ilpu stoM, uem Oosblue HYKHO NONYYHTH
aAnarpaMm, Tem BakHee 3To ycaoeue. I[lpumep Takoro onmiTa,
BHIMOJNHEHHOTO ¢ wn3oronom **Br, nmokasan Ha pucyHkax 4.2.5 n
4.2.6.

3ameuanue. [lpuBeneHHsle pesyabTaThl NO3BOJAIT Kaye-
CTBEHHO OIEHHTh H3MEHEHHe NpPOHHIAeMoCTH mo paspesy. MoxHO
BbiIeIHTE fABa HaubGojee nNpoHHIAEMBIX CJIos, XapakTepHsyio-
IHXCHA:

— MAKCHMaJbHBLIMH 3HAYEHHAMH AKTHBHOCTH TPH HaJHBE,

— HaubBonee OBICTPHIM CMAJAOM AKTHBHOCTH MNpH HadHBe Hepa-
JHOAKTHBHOH BOJHI;

| — GoNbLIHM, 110 CPABHEHHIO C APYIHMH CJOfMH, BBIXOAOM Tpac-
cepa NpH OTKauyKe.

OueBHIHO, YTO OCHOBHA$ JI0JIsl MPOBOAHMOCTH BOLOHOCHOTO rOpH-
30HTa, ONpefe]eHHOil MO JaHHBIM KJ/AaCCHYECKOH ONBITHOH OTKauKH,
OTHOCHTCSI MMEHHO K YKasaHHHIM AByM ciosm. Ha puc. 4.2.6 noka-
3aHO M3MEHeHHe paJHOAKTHBHOCTH JJIsi CJIOEB pA3JHYHOH MPOHH-
11aeMocTH. MO3KHO OTMETHTb, UTO B GOJIbIIHHCTBE Cly4aes obuiee KOJIH-
ggc%'i:au BO3BpATHBLIErocsi PajAHOAKTHBHOTO Tpaccepa OKOJO 85—
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MartemaTHueckue mojpean. Mojenan 06asupylTcss Ha OCHOBHOM
YPABHEHHH JHCIEPCHH:

div [Kp- (grad %)] — div (uc) = _g?'-l.

KOTOPOE YMNpPOLI@eTcsi Ha OCHOBE CJEYIONHX MPEeANo/IOKeHHH.
Cpena mpejicTaBisieTcss B BHJE OJAHOPOJHBIX, FOPHSOHTAJbHO 3a-
Jeraommx, He B3auMmojeficTBYIOmHX Mexay coboit caoes. Hcnoab-
3yeTcs HesHauHTeJAbHOE KOJHYECTBO Tpaccepa, uto oGecrieyHBaeT He-
M3MEHHOCTb IJIOTHOCTH M BA3KOCTH MO CPaBHEHHIO C NPEeCcHOH BOJOM.
KoopaunaTHas cucTeMa BHIOHpaeTcs Tak, ytoOel OHA CcoBMnajaJa
¢ IVIABHBIMH OCAMH TeHsopa Kospdumuenta aucrepcuu. CKOpOCTHOR
peXKHM NpeAnoJaaraerTcs TAKHM, YTO HMEET MeCTO AMHAMHYEcKas JHC-
nepcHsi W Ko3(pHIHEHT AMCNEPCHH MOMeT ObTh 3anHCaH B BHAE:

K=alul,

rae u4 — jAeficTBHTeNbHAA CKOpPOCTh (HJAbTPAUMH, o — CTPYKTYPHbIH
napaMerp THAPOJAHCNEPCHH, HMEIONHH pasMepHOCTh JJIHHBL

3ajaya COCTOMT B ONpeAe/eHHH BeJUYHHBI o — CTPYKTYPHOTO
napaMerpa npoioJabHOI FHAPOAHCIIEPCHH, KOTOPEIl CYHTAETCA PABHBIM
COOTBETCTBYIOIEMY NapameTpy B painanbhom motoke [146]. IMpex-
MOJOXKHM, YTO BEPTHKANBHON H FOPHSOHTANLHON MONEpeuHon Aucnep-
cHeli moxHO npeHeGpeub. Torja mMoaeab NpHMET BHA:

div (| u | grad ) — div (uc) = 2, (4.2.1)
d2h 1 dh S dh

Al L S (4.2.2)
il % grad h, (4.2.3)

rie h — Hanop B BOAOHOCHOM TOPH30HTE B Mpolecce HajluWBa WIH
OTKa4KH, i, — JeHCTBHTE/NbHASI CKOPOCTDb (PHABTPALHH eCTeCTBEHHOro
MOTOKa, | — AuHAMHYecKas Bsakoctb, O — mopucrocTh, kB — KO3()-
hunEenT nponunaemoctd, T — NpoBOANMOCTE M S — KO3(pPHIHEHT
BoflooTnauyn. Cucrema AOMOJAHAETCA COOTBETCTBYIOIIHMH IpaHHUYHBIMH
H HavaJdbHBIMH YcJAoBHsAMH. PaccMmotpum fiBa ciydas: Ge3 ydyera H
C YYeroM ecTeCTBeHHOro (pUIbTPALHOHHOTO MOTOKA.

1. u, = 0: Aucmepcus HMeeT YHCTO pajHalbHblii Xapaktep H
MOMKHO HCIIOJIb30BaTh pajiHalbHble KOOPAMHATH JJIf 3alHCH ypaBHe-
HHA JHCHEpPCHH:

BN dc 1 0d(ruc) de

2. BennunHoil u, Heib3s npeHebperarth: IJIaBHEIE HanpaBJeHHSA
TeHsopa Kosduuuenta aucnepcuu GyAyT cosnajath ¢ o0pasoBas-
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LUHMHCS  TAHTEHIHAALHBIMH  JHHUSAMH TOKA H THAPOH30NLE3aMH.
ITpn sTom ypaBuenue (4.2.1) npeobpasyercs K Buiy (cM. pasgen 5.3):

a de o dc dc
uﬂﬁ(mlulﬁ — U = = 3r (4.2.5)
B Koopaunarax @ up, rae @ = const — n30aHHHH paBHLIX HANOPOB,

p = const — JHHHH TOKa.

Onpejenenne KO3(pPHIHEHTOB AHCTIEPCHH MOXKHO NPOBOAHTH ABYMs
cnocofamMH: Ha OCHOBAHHN MNOJYaHAJHTHYECKOH (hOpMYJbl, BHITEKa-
omeit n3 (4.2.4), uan MolenHpoBaHKHeM NPsiMBIX 3afau | NpHOIHKe-
HHEM PpeIIeHHS K ONLITHOH KPHBOIL.

[Tonyananurtnueckas ¢opwmyaa. [Ipernonoxum,
YTO YCJAOBHS ONBITA COOTBETCTBYIOT [€PBOMY cCJy4alo, KOrja BeaH-
YHHA u, npeneGpexuMo Mana. MoHO TNOKasaTh, YTO JOBOJABHO
OBICTPO YCTAHABJIMBAETCH CTAUMOHAPHBLIT pexuM ¢uibTpaunn (depes
HECKOJILKO MHHYT 1oCJ€ Hayaja HalnuBa MJIH OTKAuYKH) H JeHCTBH-
TeJlbHasg CKOPOCTh (PHJALTPAUHH

—= -
= Ry
rae A = Q/2nbd, b — MOMHOCTb BOJOHOCHOTO ropusonta, Q — pac-
xof npu Hanupe, @ — nopucroctb. [ToToK Hanpae/ieH oT ONBLITHOM
CKBaKHHBl (A1 OTKAa4YKH CJae1yeT npuHATL 3Hak MuHyc). Toraa,
Hexons u3 (4.2.4), mapamerp o pasen:

de de
& de s '
Q= o . (4.2.6)

art

[TockonbKy BenMuHHA TPOH3BOAHON dc/df onpenensercss M3 IKc-
nepumexTa, Buipaxenue (4.2.6) MoxHO nepemHcath Tak:

Ensa (1) — €nay (1) Cnsa (1) — Cpya (1)
: dit : + . Fa— Iy A
24 [ Cnsa (1) — Cnaa (1) g ¢n+={|}—¢u+1“}] x

rg—r L Fg—Ta Fa—ry

rAe ¢, () — KOHUEHTpaHd B MOMEHT BpeMeHH £, B TOYKe [, Haxo/ud-
eHcsas Ha pacCTOAHHH r; OT OCH CKBaXKHHBI, r, — PajHYC OMBITHOI
CKBaXKHHHI.

Qopmyna (4.2.7) noaydyeHa nyTem AHCKPETH3AUHH 3aBHCHMOCTH
(4.2.6) npu jonymweHHH, uYTO H3MEHEHHEM pasMepoB NEpexoiH ol
30HLI 38 OTHOCHTEJNbHO KOPOTKHII NMpoOMeKyToK BpemeHu df MoKHO
npexdedpeub. 3aTeM rojaraercsi, 4ro Tpaccep ABHikercs Ge3 jpucmep-
CHH TaK, UTO €ro KOHIEHTPALHA B CKBayKHHE B MoMeHT { - df paBHa
KOHIEHTPAIHH B TOYKE HA PacCTOAHHH ry - dr oT CKBaXXHHBLl B MOMEHT
Bpemenu f, rae dr onpeneaurca QopMyIoii:

{4 dif
dr= udt.

Fa

L r A —

(4.2.7)
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Takum obpasom,

us1(3) = s (1), &
Cne1(2) = cpia (1).

Hanpumep: 0,3
€ (2) = Cpir (1),

reg== )/ 4Adt -+ 13, 02
.F’ﬂ — IIE‘A [Irlf —|—.F':f.

Uem MEHbLIE NMPOMEKYTOK BpeMe-
Hi df, TeM TOYHee omnpenensercs
BeJHYHHA napamerpa o. Takum
obpasoM, ecan BeanunHa A W3- a9 , A =t
BeCTHA C JJOCTATOYHOH TOYHOCTHIO, 0 0 40 60 ¢ mun
TO NYTeM IMPOCTHIX BLIYHCJAEHHH Pyc, 4.2.7. pabuk naMenenns orHocH-
no ¢opmyJe (4.2.7) MOKHO OBICT-  TeIbHON KOHUEHTPALMH TPaccepa BO Bpe-

PO OLEHHTD NMOPAJAOK BEHYHHEL ¢z,  MEHH Ha onpefesesHol rayGiue.

! — KpHBAA, BuMHCAeRHas AAA o = [0 cM:
Mo AEJHpDOBaHHE. ,H.-'TH 2 — 31¥cnepnﬂeuranhnnn KpHBasn

MOJENHPOBAHHSA  HCIOJb3YeTCH -
KOHeYHOpas3HocTHAaA ¢Qopma ypaBuenuit (4.2.1), (4.2.2) u (4.2.3).
BBHIY CHMMETDHH 3TH YDaBHEHHSI MOMKHO CBECTH K MX OJHOMEpHBIM
(N0 NpOCTPAHCTBEHHLIM TepeMeHHeIM) aHajoram (cM. pasien 9.6).
Jast MofiestHpoBaHHs ypaBHeHus (4.2.1) HCMOTB3yeTcs MOJHOCTHIO
HesBHAs CXeMa C pasHOCTbIO HA3aj MO HaNpPaBJASHHIO CKOPOCTH (PHIB-
TpauuH. [Ina pemennsa cuereMsl JnHe HHHIX KOHeYHOPA3HOCTHHIX YpaB-
HEHHH HCIOJAb3YeTCs TPeXAHaroHaMbHEI METo] HeKaouenus Iaycea.
Ilisi mosyueHHsi XOpOIIEro COBMAJAEHHs YHCAEHHBIX pelieHHil
C SKCNepHMEHTANbHOH KPHBOH HCHONL3YETCs METOJ MOoC/Ael0BaTeb-
HbIX npuOmukennit. Ha pue. 4.2.7 nokasano uamenenne KoHmeHTpa-
I[HH BO BPEMEHH Ha OnpefeNeHHOol ry0HHe CKBaXKHHLI, B 3TOM OMLITE
onpeje/eHHs: NapaMeTpoB THAPOAHCTEPCHH ObIIH TMpPOBEAEHH Yepes
Kaxpaeie 25 cM (cMm. raasy 6).
3axarovyenne. OAHOCKBAMKHHHBIH HWMNYJbCHBI METOH MO3BOJSET
AaTh KOJHYECTBEHHYIO OLEHKY KO3(WpHIIHEHTOB N1POI0ILHOI AHCIEPCHH
Jnst KawK0ro cjios npu maciurabe onpobosanus 2—4 M. Ha ero ocHose
MOKHO BBIJIENIHTb CJT0H, HauboJdee ONacHpe C TOUKH 3pPEHHS pacnpo-
CTPaHeHHs! 3arpsA3HEHMIT, H NMPOBOAHTL IS HIHX NPOrHO3HBIE PACUETHI.
Baxuo Takxe OTMETHTb, YTO GO/IBLIAS YACTh PAJAHOAKTHBHOIO
Tpaccepa oTKauuBaercst oOpPAaTHO M3 BOAOHOCHOrO TOPH3OHTAa M, €CJIH
BpeMsa KH3HH paJHOaKTHBHOrO 3/jeMeHTa HeGoJbiioe, TO 3TH IKCIe-
PHMEHTBLI COBEPIIeHHO (e30macHLl M OTCYTCTBYET yrposa 3apaKeHHs.

[ e |
T

4.2.2. Cpepnnit macmitab. MHOroCKBaXHHHBI MeTOX

ITH ONBITHI B CBOGH OCHOBE O4YeHb mpocTel. Harneraemslilt B naacr
pacTBop Tpaccepa obHapy:uBaercs Tpynmnoil HabaiogaTeNsHBEIX CKBa-
KuH. Kpusbie H3MeHeHHs KOHUIEHTpPAHH BO BPEMeHH KOJHYECTBEHHO
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Puc. 4.2.8. Cxema nposefeHHs MHOTOCKBAMITHHOTO ONBITA.

3 — Ilpllllynﬂ'ftﬂhuﬂﬂ HANHD; & — SanycK a ecTecTne Bl NoTOK; & — IIIII'I}I'J'II:.!‘.IEII nepexom-
Haf XapakTepHCTHEA gasn naGaogatensHofl ckeamnid. / — opeosl pacnpocTpaHeHHA Tpac-
CepA; 2 — MYCHOBWE CEKBAMAHK; J — HAaGMO@ATOALHWC CEKBAMKHHL

HHTEPNPETHPYIOTCH JJIst onpefeseHnss KospduuHeHTa npojoiabHol
nucnepcun (puc. 4.2.8).

3ameuan e MHOPOCKBAXKHHHbLIE SKCIEPHMEHTHI IPOBOAHJIHCE
TaKxe B JaGopartopHbiX yeaoBusx [146]. Ecrecrsenno, uto Merofml
HCCJIEIOBAHUI 3/1eCh OTJIHYAJHCh OT MOJNEBLIX SKCHepHMEeHTOB, MO-
CKOJIbKY B MOCJAENHHX peuaioulee 3Hayenue HMelT coobpameHus
SKOHOMHYECKOTO XapakTepa: 00BEM IKOHOMHYECKHX aarpart 00OBIYHO
CHJIBLHO 38BHCHT OT MaciuTtaba 3KCnepHMeHTa.

Meroanka. Metoanka cocrour B caeayiouem. PaccmoTpim nycko-
BYIO CKBaXXKHHY M rpynny HaG/aiofaTelbHbIX CKBAXKHH, PACNOJ0KeH HbIX
N0 KOHUEHTPHYECKHM OKPYXKHOCTAM BOKpYyr nyckosoii. Bce cksa-
*KHHBI ABJASIOTCS! COBEPIIEHHBIMH 10 CTENeHH BCKPHITHS BOJOHOCHOrO
ropusonta, Tpaccep BBOAMTCS B NMYCKOBYIO CKBaXKHHY, paBHOMEpH O
pacnpefessieTcss B Heil M TpacCepHuH pacTBOp HHTEHCHBHO BHITEC-
HAeTca B nviacT. Takum oOpasom, peajqusyercsi HayaJlbHOE YCJOBHE,
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COOTBETCTBYIOLLEE 3anmyCcKy TpaccepHoro «makera», a no Habmiopa-
TEJILHBIM CKBa)KUHAM aHAJIH3HPYETCH HMMNOYJALCHAsA NepexofiHas Xa-
pakrepucTHka. Mayuaemwie dyHkmuu npeacrasasiior coloii 3aBHCH-
MOCTH KOHIEHTPAIlHH Tpaccepa OT BpeMEéHH B TOYKaX mpocTpaH-
CTBa.

HTO nponcXoAuT ¢ pacTBOpOM Tpaccepa Mocje ero 3anycka B BoJO-
HOCHBIH ropu3oHT? CymecTByioT jiBe BO3MOMKHOCTH: JHGO OH mepeHo-
CHTCS CO CKOPOCTBIO €CTECTBEHHOrO MOTOKA [OA3EMHEIX BoJX, JHG0
BbITECHSIETCS nMpu GoJiee BEICOKOH CKOPOCTH.

B nepBom ciyyae mMoxHO BOCHOJB30BATLCS MPOCTON pacueTHOI
cxemoil: npu macmrabe 6—12 M ckopocTh GUALTPALLHH HE H3MEHSeTCs
H CrpaBejl/iiBa CXeMa IVIOCKONapaJeJIbHOro MOTOKa. 3TO N03BOJSAET
HCNIONB30BaTh TOYHLIE (GOPMYJEl, NoAOOHBIE TPHBEAEHHHIM B pas-
nene 4.1, u npeauiiymue aHaJHTHUECKHE DELIeHHMs ypaBHenuii. Psan
npHMepoB GYJAeT paccCMOTpeH Mo3ke B 3ToM pasjene. OTMeTHM, Ofl-
HAKO, YTO TAKHE 3KCMEePHMEHTHI ABJSIOTCH NPOJAOTKHTENbHEIMH H 3TO
HE MO3BOJIAET HCNOJb30BATE KOPOTKOMXHBYILHE PaiHOAKTHBHBLIE H30-
Tonsl. Hcnosb3oBanue e TSMKENMbLIX PacTBOPOB TNMOBBIIEHHON KOH-
UEHTPAlHH TNPHBOAHT K HeoOXOAMMOCTH Yy4eTa TpaBHTallHOHHBIX

KTOB, KOTOpbIE CTaHOBATCA 3aMETHLIM HapyuiaouuMm (akTo-
poM.

Bo Bropom cayuae BemyikAalomas CKOPOCTh ABHKEHHA Tpaccepa
JMH00 HACTONBLKO BENHKA, YTO MOXHO npeHeGpedb CKOPOCTbIO ecTe-
CTBEHHOTO MOTOKa, JMHO0 3TH JBE CKOPOCTH JOJIKHBI CKJAAALIBATHCH.
Xora 6blI0 OB M JKenaTeNbHO NpeHedpeus CKOPOCThIO eCTeCTBEHHOTO
NoTOKa (OmwbIT nMpoBOAMTCSA ORICTPO, a MOAENb ABAAETCA YHCTO pa-
JHAJLHOH), STH YCJOBHSI TPYAHO JAOCTHMKHMBI: BHIHYMKAAIOMAA CKO-
POCTb SIBJISIETCS pafiHaibHON H, TaKUM o6Gpasom, GoJiee HiIH MeHee po-
MOpUHOHAABHON 1/r (rie r — paccrosiHHe OT NYCKOBOH CKBAMHHEL),
TEM CaMbIM YMEHbLIAeTCs odeHb OuicTpo. Bosnukaer HeoOGXoAHMOCTB
NOJAEPKAaHHA BBICOKOrO JaBJeHHS M pacxola NpH HalHBE, YTO He
BCerja BO3SMOMKHO B YCJOBHSIX OINKITA,

B ofonx cnyuasx HeoGXOAHMO NpeABapHTeNbLHO 3HATH HanpasJe-
HHE H CKOpPOCTb ECTECTBEHHOro 1oToKa. Takue JdaHHble HeoOXOAHMBI
A1 onpejeseHus pacxoia NpH HaJHBe H /s ONTHMAJABHOTO pasmelle-
HHs HaOJojaTelbHLIX CKBAXKHH. B nepBoM cayuyae 3HaHue CKOPOCTH
ECTECTBEHHOrO MOTOKA MO3BOJAAET GYpHTh HAGMIOAATENbHEIE CKBAYKHHDI
TOMBKO MO Hanpas/JeHHIO [ABHMKEHHS Tpaccepa, COKpallas YHCIO
CKBaXKHH M COOTBETCTBEHHO JleHexHuie 3arpatel. Bo BTOpOM cayuae,
eCJH H3BECTHAa CKOpPOCTH eCTECTBEHHOrO MOTOKAa, MOXHO mNofpoGpaTh
TaKOH pacxoji npu Hajuse, 4ToObl NOTOK Tpaccepa Obli pajgHalib-
HeiM. [Ipu 5TOM Her HeoGXOAMMOCTH B ONpENENCHHH HAanpaB/eHHs
CKOPOCTH €eCTEeCTBEHHOro mnoToKa, W HalmogaTe/bHEEe CKBayKHHBI
MOXHO pacrnoJjiarate B JoOoM HanpaB/ieHHH NoOGIH30CTH OT HEeHT-
pajbHOH,

3ameuanue. Ilpn stom macmrabe ONLITOB MOMKHO OOBIYHO
NPHHHMAThb HanpaB/IeHHe CKOPOCTH eCTeCTBeHHOro MOTOKA Besje
napaaiejbHeIM JaHHOMY HampasJeHHIO.
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O6piuHbie YNPOLAIHE AONYIMEHHS H MATEMATHYECKH € MOJEJH
HauanpHas KOHIEHTpALMA HCMOJAb3yeMoro Tpaccepa BuiOupaercs
c TAKHM pacueToM, 4ToObl €ro BA3KOCTb H IVIOTHOCTb OCTaBaJHCh IO-
CTOAHHEIMH M HE OTJIHYAJHCh OT COOTBETCTBYIOUHX XaPaKTEPHCTHK
yncToli Boiel. CKOPOCTb ABHKEHIsI pPacTBOpa AOJKHA ObITh MOCTOSH-
HOIl B XOJle SKCnepumenTa W paBHoi Jnbo ecTecTBeHHOIl CKOPOCTH,
160 CYynepnosHIMK €CTECTBEHHOM W pajauaabHoll CKOpocTeil, nocaen-
HsAS M3 KOTOPHIX HCKYCCTBEHHO MOJJIEPKHBAETCS NOCTOAHHBLIM Pacxo-
JIOM WJIH HANopoM B CKBaKmie (KaK oTMedasoch Bhillle, JeHCTBHTE/b-
Hasg CKOPOCTb (PMIALTPALMH B ECTECTBEHHHIX YCJAOBHAX HHOrAa Masa
no cpaBHeHHIo ¢ pajHaibHoi). [TosToMy CKOPOCTh ABHIKEHHS pacTBopa
HJIH M3MEpSeTcs WM 3ajaeTcs OJAMH pas W HaBcerja B NOCJAeRyIoueM
KCNEpPHMEHTE.

CKOpOCTHOII PeXHM CO3JlaeTcsi TakKHM, 4To0bl HMeJIa MEeCTO TOJNbKO
THAPOAHCHEPCHS, T. €. KO3(pHUNEHT AuCnepCHH ObUl JHHEHHOH (PYHK-
nHelt geficTBHTENLHON cKopocTH ¢uapTpanuu (cm. 2.4.2):

K; =oayu.

[1pH STOM MpeAnonaraercs, 4To CTPYKTYPHbIE apaMeTpsl NPOAOIbHOIH
JHCNEPCHH o, HMEIOT OJHHAKOBLIE 3HAUGHHS B C/YYafX pajHa/lbHOrO
H ofHomepHoro notokoB [146]. IloToxk sBJAETCS TOPH3OHTANbHBIM,
BepPTHKaJbHO W TFOPH3OHTAJNbHON MONepevyHoll AHCTepcHell MOKHO
npere6peub M0 CPABHEHHIO C NMPOAOGILHON AHCIEpPCHEH.

[Tepswmi caywuail. OanomepHas, MJOCKONapayeabHas
cxema. [IpH nakeTHoM sanycke Tpaccepa KO3(QQHIMEHT AHCHEPCHH
onpenensierca mno qopmyne (4.1.13).

Bropoit cayuaii Korga moxno npenedpedb ecTeCTBEHHBIM
MOTOKOM, TPOIECC B OAHOPOAHOM cpejie HOCHT MJIAHOBbIi pajHabHblil
xapakrep. Ilpn 3rtom:

L ok ()] -5 -5 o8

rae K, — kosdduument npojaosbHOil AMCNEPCHH, ¥ — JAeHCTBHTE/b-
Has CKOpoCTh (HJALTPALHH, ( — TMIOTHOCTL pacrBopa. C yuerom
H3JOKEHHBIX yTpollenuii ypapHenue (4.2.8) MOXKHO mnepenucath
B BHJIE:

gk, 00 06 (4.2.9)

e u= Alr, A = Q/2nbD, Q — pacxon HaauBa, b — MOUIHOCTH
BOJOHOCHOTO ropusonra, (I — nopucrocrts. Korjla B CKBaXKHHY
BBOJIUTCSl «lAKeT» Tpaccepa, SKCNepHMEHTalbHas KpHBasg NpeicTas-
JsieT coGoii MMMYJALCHYIO NepexogHyio xapaxktepucrTHky. Ilpu stom
OTMETHM, UYTO [OJOKeHHe MAKCHMYMa 3aBHCHT OT JIeHCTBHUTE/ILHOH
CKOpOCTH (DHABLTPALLMH, @ €ro aMIVIMTyla OT AWCNepCHH (Kak npH
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sanycke TpaccepHoii BoJiHBI, cM. pasjfen 4.1.1). Monean 3neck nmeer
BHJL:

— . — . —

el ) ==0;

(3 F ol § = e oy i (4.2.10)
elre ) =0, T=I

¢(oo, ) =0,

rie T — Bpemsi OKOHYaHHA NaKeTHOro 3anycka, rfy — pajiHyc mycko-
BOil cKBaHHbI, BenuunnHa A nocrosiHHa B TeueHHe BCEro 3KCHepH-
MeHTa, Gaarofaps TOMY 4TO Mocjie 3anycka Tpaccepa B CKBaXKHHY
NPOH3BOJHTCH HAJIHB YHCTOH BOJBI C TeM XKe pacXo/ioM.

3ameuanue. Jonyulenue o cTallHOHApPHOCTH (DHJILTPALHOH-
HOTO MOTOKA AABJSETCA KOPPEKTHBIM, TAK KaK OHa JIOCTHraeTcsi B Teue-
HHH HECKOJBKHX MHHYT (YHC/IeHHbIE H SKCINepHMEHTa/lbHble pesyJib-
tatel cm. B [103]). B Tex cayuaax, Korja Hejb3d npeneGpeub ecte-
CTBEHHBIM TMOTOKOM MOJ3eMHLIX BOJ, CyMMapHas CKOPOCTb NpeiCcTaB-
aser cofoil CYNeprnosHiHi0 CKOPOCTH pajuajibHoro notoka A/r
OJIHOMEPHON CKOPOCTH €CTeCTBEeHHOTo MoToka u, (puc. 4.2.9). Toraa
MOJleJIb TPEJCTaBasfeTcs B CHCTEME KOOpJAHHAT THAPOAHHAMHYECKOH
ceTkH (cM. pasjen 5.2) ypaBHeHHeM (4.2.5), npH STOM HCNOJB3YETCsH
cuMMeTpusl npoduaei nojs CKOPOCTEH.

Mpumepn. PaccMOTpHM psijl NPHMEPOB, HIOCTPHPYIOULHX BO3-
MOKHOCTH MHOTOCKBaMHHHBIX METOJOB.

[Tepeo il cayuyail. DKkcnepHMEHTaNbHAasi CXeMa MMPHBOAHTCS
Ha puc. 4.2,10 [1]. OnbiTel NPOBOAKAKCH B XOJle H3YUEHHS JIHOHCKOIO
BOJIOHOCHOTO TOPH30HTA, reoJOrHYecKas XapaKTepHCTHKA KOTOporo
npuBoAuTcs B pasgene 6.2. Buuo mMruosenso sanymeno 100 r uona
(e sujie Nal). C nensio uamepenus cpejiHeif no riy6HHe KOHIEHTPAUHH
Tpaccepa B NMYCKOBYIO H B HeKOTOpble HabJiojaTe/bHbie CKBAXKHHbI
ONnycKazoch CMECHTeJbHOe YCTpoHCTBO, nmokasaHHoe Ha puc, 4.2.11,
KoHnuenTpaius onpeiensjack nyreM XHMHYECKHX aHalH30B npoo,
oro0paHHbIX Ha rayGunHax 6 m u 12 M npoGoorGopuukom. Henodb-
30BaJicA TaK#e pajHoakTHBHBIH Tpaccep (2 MK '*'1); cxema yerpoiicTBa
15t HenpepbiBHOro H3MepeHHs nokasana Ha puc. 4.2.11. xcnepumenT
anuaca 160 u; uamepeHHs KOHIEHTPALHH Tpaccepa B Kax/I0H H3 CeMH
HaGI0/laTebHBIX CKBaXKMH NPOBOAMJHCEL yepes 2—10 u.

PeayanTaThl (3aBHCHMOCTH KOHIEHTpalH# I OT BpeMeHH) B NycKo-
BOIl cKBa)kuHe H B HabaojaTebHOl cKBa)KiHe A, MoKasaHbl COOTBET-
cTBeHHO Ha pue. 4.2.12 u 4.2.13. Ha puc. 4.2.14 noxkasanbl MaKcH-
MaJibHbLiE 3HAYEeHHA KOHUEHTpPalMWH Tpaccepa, OTMEUEHHbLIE B CEeMH
HaOqaionare bHeIX cKBaxknHaX. [lonydyeHHble KPHBBIE MOMKHO HCMOJIb-
30BaTh /s OnpejedeHus JeHCTBHTENbHOH CKOpPOCTH (HALTPaLHH
(cm. pasmen 4.3) m jua onpejenenus Koa(duIHEHTa NPOAOJILHOM
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Puc. 4.2.9. Cyneprioanuus pajiuail-
Hofl BHHYKAaOUER CKOPOCTH W ecre-
creelioro GuAbLTPAHOHHOTO MMOTOKA

Puc. 4.2.10. Cxema pacnoJjiomenus
CKBaXKHH TNPH BHINOJAHEHHH MHOTO-
CKBaMHHIOTD SKCHEPHMEenTa.

An B — nabmopatensiule ckpamnun; f1—
NyCKOBAS CKBAMHHA

Puc. 4.2.11. MsmepurenbHoe ycrpoilcTBo ANA ONLITOB € PalHOAKTHBHEIMA TPac-
cepamu.

I — macoc; 2 — kpau pas orGopa nmpo6; § — WHPKYAALHOHHAN KaMepa; 4 — CHCTUHK HM-
NyAbcoB; § — camonucel; 6 — 30MA-PEFHCTPATOP: 7 — Mbe3OMETPHUECKNA ypomenb; § —
unbTp; 9 — QHALTP CKBAKHHL

Puc. 4.2.12. Hsmerenie KoRMenTpaun Tpaccepa (1act Ha MAPA) BO BpemMeHu B ny-
cKoBoOil cCKBaMHHE




0500 30 §0 50 60 70 80 90 10 f0 120 £4

C Pue. 4.2.13. Hamenenne KoHueH-
TpauHH Tpaccepa (4acTH Ha MApPA)

HanpasneHu
| ‘*Egrm ~ £ b BO BpemedH B HabmogateabHoill
e ckpanne A; A ABYX TAyGuH:
f—12m; 2 —6m
mE
8000 =4
Az
6000
1
4000 — -
200 A 2] Pue. 4.2.14. Pacnpeneaenne ma-
KCHMYMOB KOHUEHTPAn Tpaccepa
(4acTH Ha MAPA.) B PpasTHYHBIX
Ag cKBamunax (och abeumec Ha rpa-
Eyp e uKe He yMeeT KOJAHYECTBEHHOTO
0 el g cuMbicaa)




Puc. 4.2.15. Ilnan pacnonoxenns (@) # KOHCTPYKUHA (0) CKBAXHH NPH NPOBEIEHHH
MHOTOCKBAMIHHOTD SKCOEPHMEeHTa B FEFIIIEKDM BOJOHOCHOM TODPHIOHTE.

I — nycHoBaa CHBamHHA; 2 — HalAwaTenbHEE CHBAMHNB, J§ — CTATHYECKMN YPoBeHE
nofseMuEE nof; 4 — GUALTP CHBAMHHB

21 1 1
1Zult5  1Bysh  Hhy4h L

Puc. 4.2.16. YcrpoiictBo Aas 3amycka Tpaccepa, HCMOAL30OBAHHOE B XOJe MHOrO-
CKBaXHHHOTO SKCMEPHMEHTA B peffHCKOM BOJOHOCHOM TOPHIOHTE.

I 1 2 — eMKOCTH € HACHUICHHKM PACTBOPOM COAH; § — EMKOCTL € BOAOCAHDOM; 4 — EMKOCTh;
5 M § — KpauW; 7 — pacxofomep; § — poflonpoBoaunas TpyGa; § — BOJONPOBOAHAN CETh;
I — orpaxpgeHnc

Pue. 4.2.17. OnsiTHele H BHYHCHASHHLIC PE3YILTATE MHOTOCKBaMHHHOTD 3KCNCpPH-
MEHTA B PeHHCKOM BOJOHOCHOM TOpPH3OHTE.

[ = SECNepRMEHTAAbHAN KpHBas; 2 — TCOPCTHHECKAH KPHBaA

pucnepcin. B sToM npuMepe napamerp o, BBMHCJSJCSH 110 opmyJe
(cm. paspen 4.1.1):
__XB—u¥ (1 —1y) (4.2.11)
e T e
rie f, — MpONOJIKHTENLHOCTh 3anycka, {— BpeMa NpHXoAa MaKCH-
MyMa KOHIEHTpAlHH B TOYKEe, PAcCroOJOXKeHHOH Ha pacCTOSHHH X
OT NYCKOBOH CKBa){HHBI, # — CpejHAs JeHCTBHTeNIbHAA CKOPOCTh

duabTpaunu. Jas onucaHHoro skcnepHMenTa OBUIO HaHaeHO, HTO
o =425 “cu;
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Bropoi caywuaii. C noMousl0o MHOTOCKBaXKHHHOTO MeTo/ia
B YCJAOBHAX YHCTO pPajHaJbHOIO MOTOKA MPOH3BOAHJIOCHE H3YyYeHHe
npouecca sarpAa3HeHHA paccojaMH peHHCKOro BOJAOHOCHOTO TOPH3OHTA
(em. raasy 6). 10T BOJOHOCHLI FOPH3OHT CJOMEH XOpPOLLO MPOHH-
LlaeMBIMH NeCYaHO-TPaBHHHBIMU OTJIOXKeHHsIMH. PacnosioxeHne nycko-
BOH M HaOg0jaTeNbHBEIX CKBa)XKHH NMOKasaHo Ha puc. 4.2.15. B xoze
OMbITa B BOJOHOCHBIH TFOPH3OHT MPOH3BOJHJCA HAJHB coJeHoli BOJbI
¢ muHepaausauueit 10 r/n 1 pacxogom 10 M*/4, KoTopsiil Gbia joCTaTO-
yeH JJf CO3JaHHA YHCTO pajHaJbHOro (HABTPAIHOHHOIO MOTOKA
BHYTPH NEpPBOro KoJblla HaGmolaTebHBIX CKBaxKHH, Cxema oGopyo-
BaHHA NYCKOBOH CKBaKHHbI, O0ecrneYHBalOUIero NOCTOAHHbLIA pacxoj
HaJHBa, npuseqeHa Ha puc. 4.2.16. B nabmojaTesibHBIX CKBaXKHHAX
pacTBop nepemelidBajcs. 3HaYeHHs! KOHUEHTPAUHH HEnpephiBHO pe-
THCTPHPOBAJIHCL € TIOMOLIBIO PE3HCTHBHMETPa H KOHTPOJHPOBAJIHCH
nytem orGopa npoG. Mamepenns sesnch B Tedenue 12 u nocae npexpa-
LeHHdA 3anycka MHJAHKaropa. Pe3yjabTaTil (3aBHCHMOCTH KOHLEHTpa-
LLHH COJIH OT BpeMmeHH) o6palbaThIBAJIHCE HA OCHOBE MOJEJNH pajHalb-
Hoit aucnepcun (puc. 4.2.17) u panu ap = 1100 cm.

4.2.3. Kpynubidh macumtab. OfHOCKBAKHHHBIH METO]

Jaa nansoro maciitafa XapakTepHble pasmepbl COCTABJSOT OT
20 go 100 m. MHOrockBaXKHHHbLIE METO/EI, ONKCAHHLIE B pasjieie 4.2.2,
NpH 3TOM MaciiTale MOXHO TNPHMEHATh TOJbKO B CJAELYIOUWHX YC-
JIOBHAX.

1. Jaa toro 4Tto6bl TOYHO ONPEAEJNHTb JHCNEPCHOHHBIA (hpOHT,
HeoOXOMMO BBECTH 3HAuYHTe/NbHOE KoJHyecTBO Tpaccepa. Ob6nem
3anyckaeMoro pactsopa J0JKeH GbiTh COH3MEpPHM ¢ 00BeMoM Onpo-
Gyemoro naacra. B nporuBHOM ciyuyae Tpaccep Gyjner pacmpocrpa-
HAThLCS TOJABKO B Npejenax yY3KoH 30HHEI B Hanpas/IeHHH eCTecTBeH-
HOr'O MOTOKA.

2. CKopoCTh MOTOKa SABJAETCH Pe3yJ/bTaToM CYMEepIo3HIHH ecTe-
CTBEHHLIX YPOBHEH MOJA3eMHbIX BOJ H MOBHILIEHHHA YpOBHeH, BbI3BaH-
HbIX HajanBoM. OOLIYHO, 3a HCKJIOYeHHeM objacTH BOJH3H NMYCKOBOH
CKBayKHHBLI, MOKHO YYHTHIBATH TOJBLKO CKOPOCTL €CTECTBEHHOro I0-
TOKa, cXeMa paJHaJbHOro MOTOKA 3JleCh HEeBO3MOMKHA.

3. Hanpasnenue ecrecTBEHHOro NMOTOKA HeOGXOJIHMO yCTaHAaBJIH-
BaTh JOcTaroyHo TouHo. MHaue norpefyercsl 3HAUHTENBLHOE UYHCJO
Ha6G/ojaTeNbHEIX CKBAXKHH, YTO CYIIECTBEHHO Y/0pOXKaeT 3KCHepH-
MeHT. KoHeyHo, 3TH YCJOBHA B MPHHIIHNE BbINOJHHMBI.

Opnako ¢ Hay4yHOH H (DHHAHCOBOH TOYEK 3pDEHHH, MpeJCTaBjaser
HHTEpec APYroil MEroJ, KOTOpHI OblJ clemuanbHO paspaGora” aas
H3yueHHsl NpPOLECCOB 3arpAsHEHHA MOJA3EMHHIX BOA. JTO OJHOCKBA-
JHHHBIH METOJI, IPH KOTOPOM JIBHIKEHHE 3alyCKaeMoro pacTeopa sJekx-
TPOJIHTA KOHTPONHPYETCsl 10 H3MEHEHHIO 3JIEKTPONPOBOHOCTH IJ1acTa
cpejacTsaMH 3JeKTpopasseiku. Mamepenns nposopaTca ¢ nopepx-
HOCTH 3€MJIH H He Hapymaior cpeny. IIoTok nojg3eMHBIX BOJ NPH 3TOM
HMEET eCTeCTBEHHYIO CKOPOCTh. DKCIEepHMEHT TAKOr'o pojia JaeT Bo3-
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MOKHOCTb OMNpefeNHTh: BO
NepBbIX, HanpasJeHHe H
BEJIHUHHY JIeHCTBUTENbHOH
CKOPOCTH MOJSEMHBIX BOJL
(cm. paspen 4.3.2) H, BoO-
BTOPHIX, KO3(hHIHEHTHI
JIUCIIEPCHH MO JaHHBIM 00
- H3MEHEHHH KOHIUEeHTpPalHH
—  Tpaccepa BO BpeMeHH B
TOUKaX H3MepeHHs (pacueThl
BBLIMOJHAIOTCA 110 BeJHYH-
f HAM KayIHXCSl COMPOTHB-
JICHHIT).
Jkcnepument. MeToauKa
I NpoBeJileHHs reo(H3HUYeCKHX
! HaOJIOAeHH onHCaHa B PH-
| aox. II. B Kauecrse HH-
| JHKaTOpa ualle BCero Hc-
| noasayerca pacreop NaCl
: Osarojiaps €ro JielleBH3He
I
|
I
I
I
[

e fite

' \
L T 4 2 __H__ 44

M XOPOLIHM 3JIeKTPOJIHTH-
uecKMM cBoicTBaMm. Koneu-
HO, MOIKHO HCNOJNB30BAThH
M JpyrHe XHMHYECKHE coe-
NHHEHHA, ecJH HX CTOH-
MOCTH M CBOMHCTBA CpaB-

L—d HHMBI C TOBAPEHHOH COJBIO.
Puc. 4.2.18. OpHocKBaXHHHHIL Te0TeKTpH- 3ameuanne NaCl
ueckuii Meroj: YCTpOACTBO ANA 3amycka Tpacs  pexOMEHAYeTcsi  HCroJb30-

epa.
5 -P—almcoc: 2 — pacxofoMeps; J§ — BOAa, NOCTYe BaTb HPH EGCTETD'-IHG BbICO-
MABMIAR W3 CHKBAMHALE: 4 — cOMb; § — HACKWINEH= KOM 3JIEKTPHYECKOM COIpo-
HER pal..‘l.'ﬂop COMH; & — HHALEKIHOHHAR KofloH HA THMEHHH I']J}'HTE-. Kﬂf‘,ﬂ,ﬂ
pasyMHBIM KOJIHYeCTBOM
NaCl MOXHO CYIlECTBEHHO H3MEHHThb MpeJiefbibie SHaueHHs Compo-
THBJeHH{. B JADYrHX C/AyuasiX MOMKHO HCNOJAb30BaTh CYGCTAHIMIO,
MOBHIIAIOMYI0 CONMPOTHBJEHHE: HanpuMep, €cJH TIPYHT 3arpssHeH
COJMIIMH, MOMKHO HArHeTaThb MPEcHyl0 BOJY H PerHcTpHpoBath yBe-
JIHUEHHEe CONMpPOTHBJEHHS, YCTPOMCTBO JJIA HAJHBA COJICHOH BOJIbI
nokasaHo Ha puc. 4.2.18.

Jas Toro 4ro6el 0GecreynTh XOpoUlyio OJJHOPOAHOCTL CMeCH, BOAA
CKBA)XKHHB PElHPKYJHPYETCA H 3aTeM BBOJMTCs B IJIACT MO BCEH ero
MOIIHOCTH, [IpH 5TOM TaKiKe YMeHbUIaeTcs 0NnacHOCTh OCaxIeHHs COH
Ha aHo ckpaxuHbl. Cojb pacTBOpsieTcsl MPH OTHOCHTEJBHO BHICOKOM
JABJEHHH H 3aNyCKaeTcsi ¢ MOCTOAHHBIM PacXojioM: B OKPECTHOCTAX
CKBAXKHHBI MOMKET HAGMIOfaThesl JOKadbHEIA pajuanbHbii  s(dexT
(OTKJIOHEHHe TMOTOKAa OT MJOCKOMAapa/iesbHOr0), BHISBAHHBIH HAJO-
JeHHBIM JOMOJHHTEJALHEIM PACXONOM COJIeHOH BOALI. ITOT 3(ipexT
KOHTPOJIHPYETCSi B NPOLECCe H3MepeHHi.
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Hcnoabayrores coBvecTHo TpH reouanueckux merofa (cM. np-
sox. II): BepTHkazbHOe saekTposonjupoanne B33, saexTponpo-
¢uauposanne III m merox noreHuuanos MII.

[lepen nauanom onbita Vsl H3y4YeHHA HAUaJbHOTO HEHAapYIIEHHOTO
reo3JIeKTPHUECKOr0 COCTOSIHHA FPYHTA MO CeTKe 3JeKTPO/J0B IpOBO-
JIHTCSl BEPTHKAJIbHOE 3JIEKTPO3OHIHPOBaHHE, 3JeKTpPonpodHIHpoBa-
HHE H H3MepEeHHEe NOTEHIHaJIOB.

B xojie sxkcnepumenTa npoBOAHTCH 3JeKTponpoduanpoBanHe (Ha-
MpHMEp, O pa3 B CYTKH), 4 TaKzKe JIBYKpaTHOe (B cepejHHe H B KOHIe
HaJHBa) BEePTHKAJLHOE 3MeKTPO30OHAHPOBAHHE H MOTEHIHOMETpPHS.

[locnie okoHuanus HaaHBa 1eKTPONpodHAHPOBAHHE H H3IMEPEHHE
NOTEHILHAJIOB TIPOBOJSITCA B TOYKAX, KOTOPHIE MOTYT CUHTAThCA HPH-
FOAHBIMH JIJISE STHX lleJieii COTJIaCHO MNpeABAYLULHM H3MEepPeHHM,
C 4acTOTOH, 3aBHCANLEHi OT YYBCTBHTEJNLHOCTH H3MEPEHHS W KOHTpa-
CTOB CONPOTHBJEHHH H MOTEHLHAJOB.

OOwiunble ynpouwawouiue aonyuieHuss W momean. Ilpu oaHOCKBa-
HHHHOM MEeTO/le Npejnojaraercs, UTo JHTOJOTHYEeCKHE, M0/ 10T HYecKHe
H THAPOJAHHAMHYECKHE XapaKTePHCTHKH BCeH H3y4yaemoii 30HLI Ta-
KHe e, KaK B MECTe pPacloJoKeHHs CKBaXHHB. THN pacueTHON cXeMul
(KkpHBOJIHHE/iHbIE MM KaHOHHYECKHE IPAMOYrOJbHbE KOOPAHHATEHI)
S4BHCHT OT reOMeTpHH JHHHH ToKa. O6bIYHO JONMYCKaeTcs, uTo B npe-
Jeqiax onpobyemoii 06/1acTH JTHHHH TOKA SIBASIOTCA NpsaMbiMH. Mckmo-
YeHHe MOKeT COCTaBJATh HeGOMbLIOH YuacTOK BOMH3H CKBajyKHHBI,
B npejenax KOTOPOro MPOHCXOAHMT MoONepeyHoe paclIHpeHHe Onpo-
Gyemoit 30HBI. 3IT0T 3(peKkT OGBIYHO NPHMHCHIBAETCA PARXHATBLHON
CKOPOCTH, BBI3BaHHON Ha/JOMEHHLIM HA IOTOK JOMOJHHTEJNLHBIM pac-
XOJIOM COJIEHOH BOJLI MPH HAJHBE. THM JIOKAJbHEIM 3(HEKTOM MOKHO
npexeOpeys Ha HEKOTOPOM HeGOJBLIIOM PACCTOSHHH OT CKBAMKHHBI,
H BXOJIHa7 rpaHnua o0/acTH CABHIAeTCS Ha 9TO PACCTOSTHHE O MOTOKY
(puc. 4.2.19).

M3 npyrux oGbluHBIX JonyiieHui (npexje BCero And aJIioBHANb-
HBIX BOJIOHOCHHIX FOPH3OHTOB) C/IeyeT OTMETHTH CJOHCTOE CTpOeHHe
nJaacra, KOTOpoe TMOATBEPKAAeTcsi TIeoJIOrHYeCKHM paspesoM 1o
CKBayKHHE, OTCYTCTBHE 3aMETHOTO TNepeTeKaHHA MeXAY CJAOAMH (CJ0H
HE3aBHCHMBI H CKOPOCTH B HHX NOCTOSIHHBI). ['paBHTauHOHHBIMH 3¢-
(pexTdMH MOKHO mpeHeGpeub TaK e, KAaK H3MEHeHHAMH MJIOTHOCTH
pacTBopa.

3ameuanue MoxHo MOKa3aTh, YTO 3TH ynpolLaouLle Jomy-
LUIeHHS ABJAAKTCA B GOJNBIIHHCTBE CJYYaeB BMNOJHE pPasyMHBIMH.
Koneuko, eciu B 5ToM BOSHHKaeT HeOGXOAHMOCTb, OHH MOTYT GHITH
npeobpasoBaHbl WJAH H3MeHeHbl. Hanpumep, MOXKHO yuecTh BepTH-
KaJbHble TMePeTOKH MeXNY OT/e/NbHLIMH CJOSIMH, NYTeM BBeJeHH:
B IBYMEPHYIO rOPH30HTANBHYIO MOJe/b pacrnpeiefleHHBX HCTOYHHKOB
B COOTBETCTBYIOLleM YpaBHeHHH (cM. pasjen 9.5.2).

[Ipu sTHX jonyuieHHAX MOJeNb NPeACTaB/sieT coboil s JBYMep-
HBIX FOPH3OHTAJMbHLIX MOJIeJIeli JIHCepCHH; CKOPOCTH, KOS((HIHEHTH!
JHCMEPCHH M TPaHHYHBIE YCJOBHA H3MEHAIOTCHA OT CJOH K CJO0
(puc. 4.2.20. 3nech Q; — pacxoj MOTOKa Ha BXOAHOM rpaHuue caoq i).
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Puc. 4.2.19. OpnocKsamuHHb reosaextpudeckuii mero. Onpegenenne MOZe/IH-
pyemoil oGaacth.
| — nycKkopas CKBaxuHa; 2 — Mofienupyeman oGaactb

Puc. 4.2.20. Muorocaoiinas Mogensb,

a — pacxop aarpasusioutere notoka; K; u Ky — Kosbduuncurst awcnepeun; V —
CKOpPOCTL (PUALTPALNH B BOROHOCHOM TFOpPHIOHTE

Kamnasn Moje/ib OCHOBBIBaeTcsl Ha YpPaBHEHHH JHCIEPCHH:

d de il de d . __'ﬂ'_{-'
% (K[_E"") Ta_y (Krﬁ —-a—x(ﬂt}— FTR I:"-Lg.lﬂ)

3anHCAHHOMY B KJAA4CCHUECKHX MpPSMOYTOJMbHEIX KOOpJAHHATaX, o6pa-
30BAHHLIX HaNpasJeHHeM cpelHeH CKOPOCTH H MeprneHjAHKYJfApPHbIM
K Hefi Hampap/eHHeM B rOPH3OHTA/bHOM miockocTH xOy cios. Moje-
aupyemas o006JacTb, TakHM o06pasoM, NpecTaBjfAercs noJyorpaHH-
yeHHOH mnoJiocoil ¢ BXOJAHON rpaHuuedi 1ia CKBaxKHHE.

Ha BXojiHOii rpaHHle B 30HE 3aCO/IeHHA KOHLUEHTPAIHs paBHa KOH-
leHTPAllHK B CKBaXKHHE, a HA JADYrHX ee yyacTkaXx — ()OHOBOH KOH-
nentpaunn. Ha npounx rpamnmax coxpassiercsd QoHopasi KOHIENT-
ILHS.

Takum 06pasoM, HauajbHblE H IPaHHYHbIE YCIOBHA OyAyT hMeETb
BHL:

C(x, 4, 0)=Cy(x, v),

C(x, £L, ) =Co(x, £ L)

CO, v, )=Cyy, f), —a<y<<-+a, (4.2.13)

CO, 4, )=Co(0, ), |y|>a

C(M, y, t)=0Co(M, y).
doHOBas KOHLEHTPALHA B psije CAyyaeB MOMKET NPHHHUMATBLCA N0-
crosnHoii. KoHleHTpauus Ha BXOJHOH IpaHHLE BHMYHCAAETCH M0
(opmysie pasGaBjeHHsi yepes pacxoj, MOTOKA COJIEHOi BOJBL H PACXO]l
eCTeCTBeHHOT0 MOTOKa no Kamjaomy caow. [loaaras, uro Q salt —
pacxoji HaauBa cojeHoll Boisl (pasmepuocts MT?), a Q aquif (j) —

PACXOJl ECTECTBEHHOrO MOTOKA Uepe3 CKBaXHHY B j-OM cjoe (pasmep-
noete L3 T°1), MoOMHO 3anHcaThb:

Qﬂqul[{” =y {”'dy'h(f}!
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r.r_Le u (j) — nefictBuTeNIbHAS CKOpPOCTb (PHABTPALHH B j-OM CJlO€,
h (j) — mowHOCTb c/l0si, dy — mpHpaulenne wupuHbl. [lonaras, uro
Q, (j) — pacxoj, coneHoii BOAbLI B j-OM CJIO€, MOJYUYHM:

Q. ()= Qsau-k(f]'f'lif}ffflh(f}-k (),

rje k (j) — nponHnaemocTs j-ro cios. Torja KOHUEHTpAUHA B CKBa-
JKHHE paBHa:

Cp (i) = Qs (1)/Qaquiz ().

K‘DHHEHTPQU]‘IH I'jD BCei Fﬂ}"ﬁHHE CKBaXXHHEl NOCTOAHHAa H paBHA:
2| :
Qﬂ!t-"}j-anuli “}"

Onpeensiemble reopHsHuecKHMH H3MEPEeHHAMH KOJHUECTBeHHEIe
SKCMepHMEeHTANLHBIE JaHHBIe NMpeAcTaBaaloT cofoli CpeiHHe Mo MOlL-
HOCTH nJjacra BeJqHYHHHI. Jlaa npHcnocoGaeHHA MOJENH K 3THM yCJIOo-
BHAM HeoGXONHMO ompeje/eHHBIM 00pa3oM YCTAHOBHTb 3TH CpeJHHE
BesiHuHHB (puc. 4.2.21). 3peck MOMKHO HCNOJAL30BATH TEOPHIO MpPH-
BeleHHA K OJHOPOAHOH MOPHCTOH Ccpeae, pacCMOTpPeHHY0 B pas-
nene 2.5.1, T.e. caenywomne dopmynasl (o603HaueHHs JaHBl B pas-
Jeae 2.5.1):

A5t TIOPHCTOCTH

s

e |
S Ha—1Ify ﬁ[ [Ddy’

L

JUISl KOHLEHTpauHi

A S
‘ muz—mj =g

ISl cKopocTei

K ¥
= mUdy/fmdy,
i

[}
IR KGE(!)LI)I[LIHEHTDB JHCIMEepCHH

Ha

7 1
= (J KLOdy TI Kr® dJ)

H

W
0= | ®@—wudy ¢U)=9@)=0.
¥
CorniacoBanue MOJEJNH C IKCMEPHMEHTAJIbHBIMH KpHBbIMH. Mojenb
COTJIACOBLIBAETCSl C THMHYHLIMH KPHBBIMH KayHIHXCS CONPOTHBJE-
HHif, BEPAMEHHBIX B MPOLEHTaX M3MEHeHHH 110 OTHOLIEHHIO K 3HAa-
yeHuio npH (oHoBO# KoHueHTpauuu (puc. 4.2.22).
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Puc. 4.2.22. Ilaan n3menennil Kamyuuxcs conpotueiaennit (B npouenrax). Mac-
wrab 1 : 400,

3
! — TOMKH BEPTHKAJALHOIO SACKTPOACHAMpPOBAHHA; 2 — NYCKOBAA CHKBAMNHA; § — Hilpabs -!
AcHHE NOToKa; 4 — TOYUKH HIMEpCHMA -

Puc. 4.2.23. I'paduk H3MEHEHHA OTHOCHTEALHOTO SAEKTPHYECKOro CONpPOTHB/ICHHA
popnoro pacteopa NaCl (p npollenTax) B 3aBHCHMOCTH OT H3MEHEHHA ero OTHOCH-
TeAbHON Konuentpauun (8 npouenrax) npu temneparype 13°C




OGosuaumnm uepes ¢, MOCTOAHHYIO POHOBYIO KOHIEHTPALHIO, 4 ué-

pes ¢; MOCTOAHHYIO KOHUEHTpauHio B ckpaxkuue, Ms (4.2.12) caenyer
pelieHHe:

¢ =(cr—c)f(x, 1)+,

rae f(x, f) — ¢pynkuus omwnGox HekoToporo Buxa. ITpu HeGobLIOfN
AMIIHATY/le H3MEHeHHsA KOHUEHTPAlHH 3JeKTPHYECKOe CONpOTHBJAEHHE
OGbLIHO JIHHEAHO 3aBHCHT OT OTHOCHTENBHOTO H3MEHEHHs! KOHUEHTpa-
unn (puc. 4.2.23) (no sro TpeGyer nposepkn). Toraa:

as L la=a)l i i —erdps

¢ £y P

B ckBaxnHe H3MepeHHOe H3MEHEHHE PaBHO:
L I I (ﬂ_ﬂ)
i

€y p
[lnan HSMEHEHHIt S/IEKTP HYECKHX CONPOTHB/IEHHIT TPHBOANTCS K naany

OTHOCHTEJbHBIX H3MEHEHHHl 3/IeKTPHYECKHX CONPOTHBJEHHH ¢ mo-
MOIIBI0 COOTHOIIEHHS

B TR

( P )/ ( P ) p.

M3 MojesH HenocpejiCcTBEHHO BLIYHCSETCS:
(a2 — o) (x, Dler — ) =F (x, y).

Taxnm oGpasom, HeoGXoanMo corsacoBath pacnpesenenue f (x, )
B IIJIaHE C pacnpejejeHHeM

)
p P /o

IToj koHuenTpauueil npu 5TOM NOHHMAeTcs ee CpejHee 3HaYeHHe
B naacre. CoryiacoBaHne NpOBOJHTCA B JiBa 3Tana.

1. Tlonoxernne, MOIMHOCTE H NPOHHIAEMOCTE KAMKIOrO CJIOS onpe-
JAENAETCA MO TeoJOrHYECKOMY paspesy CKBa)KHHLL. OTH BeJHYHHBI
B IIpOLECCe COriacoBaHMsi NMOABepraiTrcs uamenenuio. Creayer or-
METHTb, 4TO CyMMapHas NPOBOAHMOCTE H MOUIHOCTE IJIACTA NPH STOM
ABJAIOTCH (HKCHPOBAHHBIMH 3HAuUeHHAMH. MeTox MocJie/loBaTebHEIX
NpHOAHIKEHHTT, HCMONBL3YeMbIfl JUIA onpeeneHus NOCTONHBIX Xapax-
TEPHCTHK, O6asupyeTcss Ha NpaAMOH KayecTBeHHOM HHTEepIpeTanuH
pe3y/abTaTos reousHuecKux Hccaenosannii. Hanpumep, nmeer mecto
HeGO/IbIIoe H3MEHEHHE SJIEKTPONPOBOLHOCTH MO CpaBHeHHIO ¢ 3any-
UIEHHBIM KOJIHYECTBOM 3JIEKTPOJIHTA; HA 3TOM OCHOBaHHH JeJaeTcs
BLIBOJL O TOM, 4TO BOJIH3H MOJIOUIBALI J1aCTa HMEETCS CJIOH OYeHb Bbi-
COKOHi MPOHHILAEMOCTH H 3TO CJIe/YeT YUHTHBATH MPH HCHONbL3OBAHHH
METO/a MOC/IeN0BaTe/bHLIX NpHGAHKennit. JleTanrn uyacTHBIX Xapak-

TEPHCTHK CJI0EB MOTYT YTOUHATLCA APYTHMH METONAaMH, TAKHMH, Kak
3JIEKTPOKapOTaXK H ONBITH C TPAcCepaMH.
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2. Kosdduuuentsl npojionbHOi H nomepedHoil jucnepcHu 3aja-
I0TCS N0 ¢Ja0siM JHOGO B BHJIE NPOHSBEJeHHs, JHO0 B BHJE 1E/JbHBIX
KO3(ppuuHeHTOB. TIpH 3TOM KOHCTAHTHLI B NMPOM3BEJEHHH (CTPYKTYp-
Hble MapaMeTphl THAPOAHCHIEPCHH) 3aMal0TCA 110 SKCNepHMEHTa bHbIM
HJIH JHTEPATYpHLIM AaHHBIM: Hanpumep, no Aannsim [118 ] crpykryp-
Hblil apameTp NpojoJibHOMK IHAPOAHCIEPCHH PABEH €/lHHHLLE, a8 CTPYK-
TYPHLIH NapaMeTp nonepeyHoil TIHADPOJHCIEPCHH — BeJHUHHE, 06-
pParHO MNponopuHoHaNAbLHOH npoHHuaemoctd. I[locaenunit pesyanrar
oGbACHACTC TeM (PAaKTOM, YTO BCTpevaloliHecs B mJacrte caabornpo-
HHL@eMble 30HBI HrpPaloT poJib norpeGeHHLIX J1amMb, BHISHLIBAIOLLHX
paciipenHe 30Hbl 3arpasHedud. I'mapoaunamuyeckuit spdekT Taknx
30H ABJISAETCA 4YacTblO MeXaHH3Ma NONepeYHol JHCIepCHH.

Cornacopanne BHINOJHSETCA MyTeM npeoGpa3oBaHHs LEIbHBIX
KO3(MpHUMEHTOB B COOTBETCTBHH €O chaeaylomeil  GJOK-cXeMoil
(puc. 4.2.24).

3ameuanne. IlTockoabKy /Il COrIACOBAHHA MOJEJH HCHOJb-
3YIOTCS H3MEHEHHsI KOHLEHTPAalHH, TO JOCTATOYHO HMETh TOJLKO reo-
(usnyeckue januple. PealbHble Ke KOHUEHTPALUHH HE MOTyT OBITh
YCTaHOBJIEHBI Teo(H3HUYECKHMH MeTofaMH. s yTouHeHHS BeJAHYHH
KOHUEHTPAlLHH, BbLIAHHBIX MOJENbI0 H 3aBHCAUHX OT JIONYIMEeHHi
06 ycnoBHsIX pasbap/iieHHsi, HeOGXOAMM JONOJHHTEJbHLI SKcnepH-
MEHT.

[Ipumep 9KCNEpHMEHTANLHBLIX PE3YJbTATOB M HX MHTEPMpPETALMH.
B KkauecTBe npumepa npHBejeM pesyJbTaThl HCCJAEAOBaHMii, BLINOJ-
HEHHBIX B KOMILJIEKCE HCCJIEN0BaHHil, NpPOBeIeHHEIX A JHOHCKOro
BOJIOHOCHOrO ropH3onTa (cMm. pasaen 6.2). Ceasbk MeXAYy H3MEHEHHAMH
KOHUEHTPALHH NO/I3eMHBIX BOJL H HX 3JEKTPHUECKHM COMPOTHBJIEHHEM
NpH JlaHHOH Temmeparype onpejeasiercs KpupbiMu lllmiomGepixe
(puc. 4.2.25). OrHoCHTe/NbHOE H3MEHEHHe KaXyLIerocsi CONPOTHB-
JIEHHA 3aBHCHT OT OTHOCHTE/ILHOIO H3MEHEeHHS! SKBHBAJEHTHOH KOH-
uenrpauun NaCl (conporuBienns Apyrux XHMHYECKHX COCTaBJsiIO-
LHX NMOA3EMHBIX BOJ He H3MeHsJoch). Takas saBHCHMOCTL MOKazaHa
na puc. 4.2.23.

Ha nepsom 3sTtane coriiacoBaHusi ycTaHaBJAMBAJHCh MOJOMKEHHS
XOpOIIO NPOHHLAEMBIX C/I0EB B paspese, NyTeM CONOCTABJEHHS SKCIe-
PHMEHTaNILHOH KPHBOH BEPTHKAJLHOTO 3JIEKTPO3OHAHPOBAHHA ¢ KpH-
BLIMH, COOTBETCTBYIOUIHMH PSJy CPejl H PAacCYHTAHHBIMH TNPH nepe-
MEIIeHHH NPOHHILAEMOro ¢JIosi BHH3 1o maacty (puc. 4.2.26). B stom
npHMepe GblJIO YCTAHOBJEHO, YTO JIyYIEe BCEro MNOAXOAHT CelbMOil
BapHant. Pesyinrarhl HccaeloBaHuii nokasansl Ha pue. 4.2.27,
4.2.28 n 4.2.29.

[IpojoaxurenbHocTs 3anycka Tpaccepa cocrasiasija 225 u, OwLI0
BBeJIeHO Gonee 40 T coan. Ilran (OHOBBIX 3JEKTPHYECKHX CONMpPOTHEB-
Jennit (eM. puc. 4.2.27), nocTPOeHHbI MPH PACCTOSIHHH MeMKLY MH-
TalomuMi  nekTposamn  AB = 90 M, nokasan HaJluuHe 30HBI NOBbI-
IEHHOH 3SJEKTPONPOBOAHOCTH NapajienbHOi ocH cxemsl. [Tyrem
NPOBEJICHHSl BEPTHKAJBHOTO 3JIEKTPO3OHJAHPOBAHHA B TpeX TOUKAX
ObiI0 BBISICHEHO, YTO H3MEHEHHS KaMKYLUIHXCsl CONpOTHBJCHHII oGyc-
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Puc. 4.2.24, Baok-cXema nociefoBaTeIbHOCTH onepanuii
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JIOBJIEHH H3MEHYHBOCTBIO CONPOTHBJICHHIN a/JI0OBHAJBHLIX OT/IOMEHHH
B 30He aspauud. K KOHIY nmepHojia sanycka H3MeHeHHsd, BbI3BaHHbIE
co/ieHolt BOjOil MMeJH MecTo, TJaBHLIM 00pasoM, BOJb OCH pacho-
JIOMKeHUsl 3JMeKTPOoJoB M oGHapyxKuBaauch a0 23 H 24 npoduie.
3a yka3aHHOMH rpaHHlell COnPOTHR/ACHHS B TEYEHHE ONBITA OCTABAJIHChH
crabunbubiMu (cM. puc. 4.2.27). B pesyiabtare STHX H3MEpeHHH
Gblia  YCTAHOBJEHA Y3Kas AHOMAJHA SVIEKTPONPOBOAHOCTH (CM.
pHC. 4.2.28); uaMeHeHHS Ka)KyLIHXCH COMPOTHBJAEHHIT B mnpejeaax
YYBCTBHTEALHOCTH cOCTaBHAH 4—5% BONH3H MYCKOBOH CKBaXKHHBI
n 2% B 45 M or Hee. Beanuunnt mexkny 1 u 2% naGmopanncs no ocH
MoTOKa BNJOTE JI0 24 npoduisi. :

TTorennuoMeTpHyecKue Hamepenus (cM. puc. 4.2.29), npoTsiHys-
muecsa Ao 14 npoduias, AaaH oCk 3JEKTPONPOBOJHOCTH, COOTEET-
CTBYIOULYIO Y3KOfi aHOMAJHH 3/]eKTPONPOBOAHOCTH. ITa OChb NPHUHH-
Majiack B KayecTBe OCH X MOJENTH, a OChb Y — OPTOTOHA/bHOH E€i.
Mojens BOCNPOM3BOAKJAA CHTYalUMIO, NOKasaHHYl0 Ha pHc. 4.2.28;
CKOPOCTH BBIYHCJAAJIHCH H3 TAKOTO SKCNEPHMEHTa METO/0M, ONHCAaH-
HEIM B pasjene 4.3.

HeKkoTopbie BLIBOALI MO OJHOCKBAKHHHOMY reo(H3HUECKOMy me-
topy. Kpynusiii macwira6 (20—100 M) xapakrepen Jjs MHOTHX KJjac-
CHYECKHX CHIy4daeB 3arpfa3HeHHA H COOTBETCTBYET pa3MepaM 3O0HLI
CAHHTAPHOH OXpaHLl BOJ03aCOPHLIX CKBAX(HH.

3/ech NPOABJAIOTCS JiBa Ba)KHBIX (paKTOpa: CJAOHCTOCTb H Morme-
peunasi pmucrnepcus. Koweuno, no cooOpaxKeHHAM, HIJIOKEHHLIM
B pasjiesie 2.5, TaK)Ke Ba)<Ha M MpOJOJibHAs JIHCIEPCHS, HO OHA HMEeT
3HayeHHe y:Ke NpH MeHbIHX Macwrabax (cM. pasjenst 4.2.1 u 4.2.2).

Jsisi noJiyueHHs OCPEHEHHOTO MO BCeH MOIIHOCTH [1J1aCTa AHCIep-
cHoHHOro shdexkra npu sToM Macmrabe HeoOXOAHMO HCHOJAL30BaTh
oueHb GOJblLIOE KOJHYECTBO Tpaccepa. 3T0 NPHBOAHT K 3HAUHTE/bHLIM
JeHeKHbIM 3aTpaTaM. Bo MHOrHX cayuasx Takoe GOJbilloe KOJHYE-
CTBO Tpaccepa HECOH3MEPHMO C KOJHYECTBOM 3arpsisHCHHA B STOM
maciutabe. B jlaHHOM npHMeEpe K MOMEHTY, KOria 6Li0 H3pacxojo-
BaHO yxe Gonee 30 T conu, He OGBLUIO JOCTUTHYTO CYUIECTBEHHOIO OC-
PEHeHHs SKCnepHMeHTaIbHON jAucnepchd. BBHay Toro, uro samy-
LIeHHOe KOJHYecTBO Tpaccepa Bce emle Guiio HeGOJbIIHM, Tpaccep
MepeHoCHICsl TOJMLKO Yepe3 XOpolo NPOHHIlaeMble CJIOH, a SKCHepH-
MEHTAJBHOTO YMOpAAOUEHHs, CBA3aHHOTO € MOJEKYJAsSpHOH Jupdy-
suefi H TOMEpeyHOR JAHCrepcHeli, He NPOHCXOAHA0. ITO CBHJETEJD-
CTBYET O TOM, UTO HEOGXOJHMO YYHTHIBATh CJOHCTOCTb paspesa.

[eos/leKTpHUECKHE H3MEepeHHs, OJHAKO, NPeJCTaB/sIoT COoGOi
HCKYcCTBeHHOe ymnopsgouenue. OHO BOCMPOH3BOAHTCA B MOJEJIH
¢ MOMOIIBI0 MpOlLEcca YHCJAEHHOTO ocpeHenus. Mojenb HMHTHPYET
CJIOHCTYIO Cpefy, 3areM «CO3/laeT» SKBHBAJEHTHYIO OXHOPOAHYIO
cpeny, KOTOpasi COTJIacyeTcsl C Teo03JIeKTPHYeCKHMH H3MepeHHSAMH.
3arem MOJieJlb «BO3BpAlllaeTcsi» K CJOHCTOH cpefe, € MOMOIULBI0 KOTO-
poil BLIBOAATCA JoKanbHbie napamerpsl. Cam no ceGe TakoH marema-
THYECKHl TIPOIleCC He JaeT O/HO3HAYHOro pereHHs. EJHHCTBEHHOCTH
JIOCTHTAeTCsl MYTEM COMOCTABJAEHHA MOJEJNbHOH CJOHCTOCTH C Ie0Jo-
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LSRN e 1 MEHEHHH KaMYNHXCH CONpPOTHBAEHHI
(8 nponenrax).
{ — TOYKH BEPTHRANBHOIO SJCKTPOIOHIHPO-
B33 1|7 ' A '2 J . "3 ""'-hl# BANKHA; 2 — MYCKOBAA CKBaMUHA; § — TOYKH
= HaMepenufl; 4 — HpnpapAcHHE NOTOKA

FHYECKHM paspe3oM H C JJaHHBIMH reodHsnuyeckoill crparHHKaHH
cpeant (cM. pHc. 4.2.26).

,H.JIH 3ToOro Meroia Tp&ﬁy[UTCH ABE MaTEMATHUYECKHEe MOJeJIH, CEpHA
reopHsHUeCKHX H3MEepeHHH B OJHHOUHON CKBAaXKHHE W TreoJ]OrHYecKHH
paspes nyckoBoH ckBaxHHbIL. Her HeobXoaumocTH B 060pynoBaHHH
HaOJOAATeNLHBIX CKBaXKHH. 3T0 CPaBHHTENbLHO JErkKHit M JemeBblil
METOJ H OH He Hapyuiaer cpepy. Komneuno, Kax yke oTMeuasioch,
CO/lb MOJKHO 3aMEHHTE JPYIHM TpPacCepPOM-3JIEKTPOJIHTOM.

Taxkum oGpasom, mpejyiokeHHas METOJHKA CBOAHTCH K CJeLyIo-
emy.

|. dKcnepuMeHTAABHEIT 9Tan: NOCTpOEHHE TreoJIOrHUecKoro pas-
pesa ﬂj’CKGBOﬁ CKBAJKHHBI, NpoBejeHHe re0sJIEKTPHYECKHX HEME[JEHHFI
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JABHKEHHS NOJAXOJSIEr0 Tpaccepa ¢ TNOMOULBIO OJHOCKBAXKHHHOTO
MeTOJa (3anyCK B CKBa)KHHY H H3MEDEHHs C [OBEPXHOCTH 3eMJIH).

2. dran MOAENMPOBAHHSA: TNOCTPOEHHE MOJAENH Treo(H3HUECKOMH
cTpaTHQHKAIMH C b0 OonpejiesleHHa TOJ0XKEeHH H MOIIHOCTeMH
C/I0eB JiIf Teo(pH3HYECKHX H3MepeHHil; MOCTpoeHHe MOAeTH AHCnep-
CHH B CJIOHCTOM IIJ1acTe C Lebio onpeienedns Kos(HUHEHTOB auc-
NnepcHH.

4.2.4, PervoHaabHblii macwrad. Mcnoab3oBanue
eCTECTBEHHBLIX Tpaccepos

[1pu pernonansHom macuwiraGe (cesiue 100 m) moryr oGHapyKu-
BaTbcsl JABa THna sdupexToB: 1) 3HAYHTENBLHOTO pacnpoOCTPaHEHHs
HeGOJBIIOro KOJIHYeCTBa 3arpa3HeHus, 2) SHAYHTEJLHOTO pacnpo-
cTpaHeHHs OOJBLIIOTO KOJHYECTBAa 3arpsu3HeHHs.

Ilepsuifi THN OOGyCJOBIEH YHCTO MEXAHHYECKHM I[EepeHOCOM, $B-
JasoumumMes Hanboaee xapaktephoit ueptoit npouecca. CBasaHo 3To
C TeM, YTO 3/leCh HE BO3HHKaeT nepemelleHHs (MeXaHHYecKoe mnepe-
MellHBaHHe N MoJIeKyJaspHas Auddysns, cM. B pasjene 2.1) u sarpas-
HeHHe pacnpocTpaHsercd Mo NYTAM HAaHMEHbLIEro CONPOTHBJEHHS.
B stom cayuae moxHo npexeGperare JHCIEpCHeil, a pacnpocTpaHeHHe
3arpsAsHeHHs MOXKeT ObITh PACCYHTAHO C MOMOLLLIO H3MEPEeHHLIX CKOpO-
CTelf BOJBLI MO NYTAM HaHMEHLIIEro CONPOTHBAEHHA. DTH CKOPOCTH
YCTaHaBJHBAIOTCA MO MHHHMAJLHOMY BPEeMeHH NPHXO0JAAa 3anylleHHoro
Tpaccepa, KOTOpoe 3aperHcTpHPOBAHO Ha JIHHHH HabJIolaTeNbHBIX
CKBayKHH, pacrnoJIOXKeHHBLIX Ha TpeOyeMOM pAacCTOSIHHH OT MYCKOBOIl
CKBaXKHHBI: ecaiM f— MHUHHMaAbHOE BpeMsl NMpHXoja Tpaccepa, a X —
paccTosiHHe MeMAy NYCKoBOH M HaGa0faTeNbHON CKBaXKHHAMH, TO
x/{ — cKopocTs mpoiBHXKeHHs 3arpsisHenHs (puc. 4.2.30).

BTDpﬂﬁ THN, OUEBHIHO, ABJAETCH QUEHb THAMEJLIM C TOUKH 3PEHHA
HMHTAILHH 3arpAsHenHs, KOTOPOe CO3/aeTcs ¢ eHHCTBeHHON 1eablo—
onpenetenus kosqpuunentos jucnepcau. ITo sTHm coobpakeHHsAM
MOZKHO PAaCCYHTLIBATHL TOJbLKO Ha eCTecTBeHHBIE Tpaccepsl, NMPH ycJo-
BHH, KOHEYHO, 4TO OHH COJlep}KaTcfi B JIOCTATOYHBIX KOJHYECTBaXx.
ITox «ecrecTBenHbiM» TpaccepoMm GyieM MOHHMATh KOMIOHEHT, KOTOPHI
COJIEPXKHTCA B IPYHTe nepej| HauaJloM HcenenoBanuil. OHH MOTYT GHITh
NPHPOAHLIMH (HanpHMep, MPHPOJHHIE H3OTONLI HJAH HHTPY3HH MoOp-
CKOfl BObl), «MOJAYHCKYCCTBEHHBIMH» (Hanpumep, TpuTHH, o6paso-
BaBUIK{iCA B pe3yjbTaTe HCMETAHHIA ATOMHEIX GOMG) HJAH ¢HCKYC-
CTBEHHLIMH» (3arpsisHeHHd, CBSI3aHHLIE C XO3AHCTBEHHOH JeATeNb-
HOCTBIO).

Jdo cHXx nop HCNoJbL30BAJTHCL TJIABHHIM 0GPAa3sOM HCKYCCTBEHHBHI®
Tpaccepsl W WHTPY3HH MOPCKHX BoA. Ilasi Toro utoObl NPOBECTH Bhi-
BepPKY MaTeMaTHYeCKO#l MOIeaH o SKCNepHMEHTAaNbLHBIM KpPHBBHIM,
MOJYYEHHbLIM MO JAHHBIM MOJEBHX M3MepeHHil, NpoBoAHTCH mnoaGop
KO3(PHIIHEHTOR JAHCIEPCHH. 3aTeM Ta MOJIe/b HCNOJAL3YeTCs Ha CTa-
JIHH NMPOTrHO3a /s pacueTa HOBLIX pacnpeaeneHuii KOHUeHTpauHi npu
H3MEHEeHHBIX TpaHHyHbX yeiosHsaX. [IponaaiocTpupyem Takyio Me-
TOJAHKY JIBYMsl NpHMEpamH.
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3arpsisHeHHe MOJA3eMHbIX BOJ MPOMbILI-
JeHHbIMH cTOKamH. [Tonnoe onucanue npu-
Mepa, BKJIOYAIoLee reosIorHyeckoe cTpoe-
HHE H MaTeMaTHYECKYIO MOJeJib, paccMar-
puBaerca B pasgene 6.1. Jsymepnas
NJ1aHOBas OJHOC/ONHHAA MOJAEAL AHCIEep-
CHH B KaHOHHYECKHX MpPAMOYroMbHBIX
KOOpJHHATaX COIVIACOBLIBATACh METOJA0M
nocjaenoBaTeNbHbBIX NpHOAHIKEHHH CO 3HA-
YEHHSMH KOHLEHTPalUHH, H3MEepPeHHLIMH
BAOJIb NOTOKa BOAH3H cogeorBata. Co-
r7lacoBaHHE OCYLULECTBJIAJOCH NyTeM H3-
MEHEeHHs 3HaueHHH Ko3(xpullHEeHTOB mnpo-
AOJILHOM H MONepevyHolt AHCHEPCHH MpH
JIAHHOH CpeJiHell CKOPOCTH, BLIYHCJACHHOI
Mo JaHHBIM 3amepoB yposHeii. [Ipouecc
COT/IACOBAHHSA BLINOJHANCA AA5 KamKiaoro
COJIeOTBaMa H, TakuM obpazoM, Obl1 CoO-
CTaBJeH IJIaH KO3()HIHEHTOB JIHCIepCHH
JUiA BceH o0O0JIacTH.

Ha puc. 4.2.31 nokasau npumep pac-
CYHTAHHBIX H H3MEPEHHLIX pacnpejene-
HHH KOHIEHTPAUHH JJI5I JaHHOTO COJIeOT-

3]
00000000000

1

o0 90 00

[e ) [o]2 =3

Puc. 4.2.30. Pacnonoxenne
HaGmMoJaTenbHBE X CHBAMHH
NpH NpoBefeHNH KpynHoMac-
WTalHLIX ONpeeaeHHil CRopo-
CTH PacnpocTpaHeHHs 3arpas-
HEHHA B MNOJA3EMHHX Bojax
(paccrosune L apaserca Gosb-
L),

I — nyckosasi cupamuna; 2 —
HaGAJATENLHEE CRBAKHER § —
CpefHee HalpapnieHHe NoToKa

Baja. PacueTHsle KpHBble JaHbi Vs pas-
JHYHBIX MOMEHTOB BPEMEHH H Pa3/IHYHBLIX NMPHHATLIX 3HAYEHHH npo-
Hunaemoctd. ITo STHM JaHHBIM HafiJIeHEl CTPYKTYpHBIE mapaMerpbl
JUCIepCcHH oty = 15 M, oy == 1 M.

3arpsanenne, 00yca0BACHHOE CAHHTAPHBIMH MOAAMH (PHAbTPALMM.
Curyauun onucmBaercs B pasgene 6.2. Hanpapnenue notoka moj-
SEMHBIX BOJL ObLIO YCTAaHOBJIEHO Ha OCHOBAHHH TeO(PHIHYECKHX H3Me-
pennil Kaxyllerocsa 3JeKTPHYECKOTO CONMPOTHBJEHHA; BEJIHUHHA CKO-
POCTH NOA3EMHBIX BOJ B CPeJHEM HanpapJeHHH MOTOKA ONpeessiach
Ha OCHOBE aHAJNOTHH C JAPYTHMH YYaCTKaMM 110 reo(H3HYeCKHM JaH-
HBIM (cM. pasjien 6.2), koTopaa MOKasbIBAeT MAEHTHYHOCTh Ie0JOrH-
UECKHX Yyc/aoBHH (B cMmbic/ie sHauenuii npounuaemocts). Koneumo,
npH TakoM macwrabe nccaeposannii (600—1000 M) cpejuee 3snaueHHe
CKOPOCTH  ONpejiesifieTcst JIOCTATOMHO TOYHO [0 3amepam YpoB-
Hei.

- Vlamepenus 3/1eKTPONpOBOAHOCTH BO/IbI IPOHSBOAHANCE O TPYIIIe
Ha0MOJATE/IbHBIX CKBAXKHH, DACMOJIOKEHHBIX HHIKE 110 MOTOKY OT
nojist GUABTPaUHH. DTH JaHHBIE HCMOAbL30BAJHCH A5 COMNIACOBAHHS
C ABYMEPHOH, IJIaHOBO# OJHOC/IOMHON MOJENbIO JHCTIePCHH AHAJO-
THYHO MOJEJaH npeabiiyuiero npuvepa. Cocras He Ju(dpepexnupo-
BAJICA MO COJEPXKAHHIO PA3JHUHEIX HOHOB H B PacueT npHHHMA/IACch
TOJIBKO OOILasi 5/eKTPONPOBOJHOCTL PACTBOpa. BhiBepeHHble KpHBHIE
NooGHbI KPHBbIM, MOKasaHHLIM Ha rpaduke puc. 4.2.31. Beanunuw
CTPYKTYPHLIX MapaMerpoB THAPOJHCIEPCHH COCTaBHJIH o = 12 M,
Gr = 4 M.
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Puc. 4.2.31. 3asucumocts pacuetnofi # HaGmojieHHoll KOHUeHTPAalHH COMH B NOJA-
3EMHLIX BOJAX OT PACCTORHHA A0 COJe0TBaNA ﬂ.} Ha PasIHYHbBIe MOMEHTHI BpEMEHH .
! — TeopeTniecKHe PpeayALTATH; 2 — SKCNEPHMCHTANbLHWE DESYALTATH

3ameuanue Koueuno, 15l BHBEPKH MOJETH MOI'YT HCIOJb-
30BaTLCS H JApyrHe 3KCrMepHMeHTajlbHble KpHTepuu. Hanpnmep, no
JAHHBIM XHMHYECKHX aHaJIH30B MOMHO ONnpeneyiHTb obmee KoJinue-
CTBO pPaCTBODPEHHOrD BELUIECTBA H HCINOJL30BATH €ro B KauecTBe ecre-

CTBEHHOrO Tpaccepa.

4.3, NOJIEBBIE METO/Ibl ONPEJAEJIEHHA CKOPOCTH
3ATPASHEHHSA TNOJA3SEMHBIX BO[J

Bce ncnonb3yemble B yKasaHHLIX UeJAX [10JeBble METOJB MOIYT
ObiTb PasGHTH Ha JiBe rpynnei: 1) KocBeHHOE ompejeneHne cKopocTei
¢uabTpanun Ha ocHoBaHHWH 3akona JlapcH W H3BeCTHHLIX 3HAYeHHH
PHAPOAHHAMHYECKHX NapaMeTpoB BOJOHOCHBIX TOPH30HTOB; 2) npd-
MOe onpejenenHe ckopocteil (QHALTpalHH.

]
"i
3

4.3.1. KocBeHHBIH METON ONpejiejeHHsi CKOPOCTH
Ha ocHoBaHMH 3akona [Hapcwu

B NPpHAOHEHHH I, rjie H3JoXeHbLl OCHOBHEE TEOPETHYECKHE MmoJo-
JMEHHA THAPOreoJiorHH, B KauecTpe OCHOBHOIO YpaBHeHHHA, KOTOpOMY
NOOYHHAETCH npouecc IbHJIprauHH B BOJIOHOCHBIX IOpPH30OHTAaXx, JaeTcHa
sakon [lapcu. On onpejensier ¢Je/yiollyio 3aBHCHMOCTb MEXK]JY CKO-
POCTEIO (DHALTPAUHH U H TPAJHEHTOM JABJCHHII:

V= — —:-':; (grad p -} p g grad 2), : (4.3.1)
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rae k — tensop Kos(pHuHEHTA NPOHHILAEMOCTH, £ — YCKOpeHHe
CHJIbI TAMKECTH, p — JlaBjeHHe B AHAKOCTH, B H p — COOTBETCTBEHHO
AHHAMHYeCKasi BASKOCTb M IIOTHOCTb BOJABI, Z — BepPTHKaJbHas
KoopiuHara. OueBHIIHO, YTO B HCHOJb3YyeMOil HAaMH KJacCHYECKOH
NPAMOYTOJLHONH CHCTeMe KOOpAMHAT BEKTOD CHJLI TAMECTH Hampas-
Jed napaanenbHo ocH Oz. B npunoxenun 1 nokasano, Kak H3 3a-
KoHa JlapcH M ypaBHEHHs Hepa3pLIBHOCTH BBIBOJHTCSI OCHOBHOE ypaB-
HeHHE HeYCTAHOBHBIUEHCA (UIALTPALLHH, HMeomee BHJ:

div (T grad h) = S 2 g, (4.3.2)
rie T — npoBOAHMOCTEL BOJAOHOCHOTO FOpPH30HTA, S — KOIPPHUHEHT
BOJOOT/@uH, ¢ — XapakTepHsyer oco0bie TOYKH (CHHI'YJISPHOCTH)

nodas puasTpanuu, i — Hanop, KOTOPHIH NpH HEH3MEHHOH NJIOTHOCTH P
paBeH:; :

h=-L

rg

Jameuanue, [TocToAHCTBO BeJHUHHLI p ABJAAETCH HOPMAaJb-
HEIM JIONYLIEHHeM NpPH pelieHHH o6bYHbIX 3ajau ¢uabTpaunu, Ilpn
pelIeHHH e 3ajay 3arpsasHeHns MoJ3eMHBIX BOJ 3THM JONylleHHeM
cJefyeT No0Jb30BATLCA CO 3HAYHTENBLHO 60JblIell OCTOPOKHOCTLIO.
besycioBHo npuemsaeMbM oHo Oyier, moManyil, TOJAbKO NPH HHIH-
KaTOPHBLIX HCCJEe10BaHHAX.

CymHOCTE KOCBEHHLIX METO/IOB COCTOMT B IpejIBAPHTENLHOM OMpe-
JeneHHn KosduiHenTa npoxiiaeMocTH (WAH NPOBOJHMOCTH) H B NO-
Cc/lelyIONleM BbIYHCAEHHH CKOpocTell (HabTpalHH HAa OCHOBaHHH
sakoHa [lapcu ¢ ucno/sb3oBaHueM M3BECTHBIX 3HAUEHHH rpajiHEHTOB
HanopoB.

Kak yxe ykasbiBasoch paHee B cBs3H ¢ KoadxpHllHeHTaMH AHCHep-
CHH, HCMNOJb30BaHHE TOTO HJAH HHOTO MeTOAA onpejejeHHs MPOHH-
1aeMOCTH (IPOBOJMMOCTH) onpejessiercss MaciiTaboM Hcc/e0BaHHsA.
B nesoM HX MOKHO pasjle/IiThL Ha JiBe rpynnbi: 1) sKcnepuMeHTalbHbIe
METOJIbl, TAKHE, KaK OTKAYKH HJH MeTO/hl 3JeKTpopasBelkH, npHMme-
HAIOTCA OOBYHO B CcpelHe- M KPynmHOMAclITAOHBIX HCCJeLOBaHHAX;
2) MarTemaTHUYEeCKHE METO/ibl, KOTOPHIE 3aK/I04al0TCsl B HHTepnpeTanHuu
KapT THAPOH3OTHIC € HCNOJAL30BAHHEM OCHOBHBLIX YpaBHeHWH JHHAa-
MHKH TOJI3eMHBEIX BOJl HJAH B NoOcCJefoBaTelbHOM NpHOJHMKeHHH (akK-
THYECKOH M pacueTHOH KapT IHAPOH30OTHIC MeTofoM npob H OMHGOK,
a Takxe JPYrHMH MeTOJaMH peueHus obGpaTHHX 3ajad. PesyabTH-
pyIOlUlHEe NMapaMeTpsl CnpaBel/IuBbl A KpYMHOMaciuTaGHLIX H PerHo-
Ha/IbHBIX OLEHOK.

3ameuanue Bcayuae BhcoKOll cTenesn ofHOPOTHOCTH BOJIO-
HOCHBIX TOpPH30OHTOB 3HAYEeHHs MPOBOJHMOCTH, ONpefieJleHHbIe B XO/e
cpejHe- MW KpynHOMAaciiTaOHBIX ONBLITOB, MOTYT HCIOJB30BAaThCA
B MOJeNfX perHoHajsHOro Maciiraba.

Orkaukn. Kaxk wuecraumonapusie [251, 42, 160], Tak H CTaUHO-
HapHBIE METOJbl HHTEpIHpeTallHl OTKauek ¢ HCnoJdb3oBaHHeM YNpo-
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. Tmee Pue. 4.3.1. I'padhux 3aBHCHMOCTH NpoO-
1107 g 2l BOAHMOCTH BOJOHOCHOrO FOPH3OHTA OT
8107 - '.-r"', €ro NonepeyHoro MeKTPHUECKOro co-
640721 L7 npotisaenns [71]
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Pue. 4.3.2. IMaan pacnpenesennst nposoaumocri (8 107 s*/c) [71]

WAIOWHX Jlonyiennii (npeinochIKH Jonon—®PopTreiimepa) noj-
pobHO onHcausl B psje pyKoBojcTs. OHH CTalH yiKe KJIaCCHUECKHMH
H MBI He GyjeM nojpoGHO OCTAaHABJIHBATHLCA Ha 3THX METOJAax, HMmesd
B BHJLY, UTO HX MOXHO HenocpejcTBeHHO HCIO0/b30BaTh H MPH PelieHHH
3ajlau 3arpA3HeHHs MOJA3€MHLIX BOJA. 3aMETHM TOJILKO, 4TO MOMHMO
OTKauHBaIOUIEH CKBaHHL HeoOX0oiHMO HMeTh Hab/110/laTe/IbHYIO CKBa-
AHHY Ha PacCTOAHHH, MCKJIOYAIONLeM 3aMeTHBbIe MOrpeulHocTH B Ofl-
pejle/IeHHH IpajiHeHTa HalopoB.

Mertoapl  aaekTpopassenkn. MeTojsl  3JeKTpopasseiku, Gogee
nofipo6GHO onHcaHHbe B npuioxenun 1I, moryT ObiTh HCHO/AbL30BaHbI
JUIf onpejiesieHnst MPOBOJAHMOCTH BOJOHOCHOTO ropHsoHTa Ges npej-
BapUTEABLHOrO OypeHHs CKBaKHH. XOTA BOMPOCH HCNOJAbL3OBAHHA
reoH3HUECKHX METO/0B B YKa3aHHBIX Le/AX MPOAOIKAIOT H3YUAThCA,
MBI NpHBEJeM 3/ech HEeKOTOphie 3SKCMEepHMEHTaJNbHEIE pe3yJbTaThHl,
KOTOPHE HJJIOCTPHPYIOT BO3MOMKHOCTH STHX METOJIOB.

an,E!;J'[D}KEHHaH metoquka [265, 71] ocmoBana Ha mnepexoje oOT
3HAYEHHHl MONepeYHoro 3AeKTPHUYECKOrO CONPOTHBJEHHS paspesa,
MOJYUeHHLIX MyTeM BepTHKAJIbHOr0o 3JEKTPHUYECKOro 30HJHPOBAHHA,
K (PHALTPALHOHHOH TNPOBOJHMOCTH CJarammiux €ero BOJIOHOCHBIX
nopoj. 3TH ucenegosanus GbIIH 1IPOBEJEHLI HA OJHOM H3 YYacTKOB
peitHcKoro BojioHOCHOTO TopH3onTa (Bocrounas ®pannus), cJI0-
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Puc. 4.3.3. [Taan pacnpejgenennsi HCNPapJeHHBIX 3ZHAUeHHi NonepeuMHoro 3Jek-
TPHYECKOT0 CONPOTHRAEHHA BojonockHoro ropusonta (B 100 Owm-n®) [71]

MKEeHHOM a/VIIOBHAJIBHLIMH MeCYaHo-TPaBHIHLIMH M TaJe4HBIMH OT/I0-
JKEHHAMH, COJAEpPKaUlHMH TOHKHE TJHHHCThIe JHH3L. JlanHbil Boao-
HOCHBIH TOPH3OHT 3ajieraeT Ha HeNnpoHHILAeMOM OCHOBAHMH, $B-
asercs Ge3HanopHBIM, YPOBeHb 3ajeraeT Ha rayGHHE HECKOJAbBKHX
METpPOB, NpH OTKaukKaX OH MOMKeT ObiTh NMPHHAT B KayecTBE YCJOBHO
HeOrpaHH4YeHHOTO TOPH3OHTA.

CooTHOLIeHHe MeXAYy NPOBOJHMOCTBIO BOJOHOCHOTO ropusoHra T'
H BeJHYHHOH €ro MonepevyHoro 3JAeKTPHYECKOTo CONpOTHBJEHHA R,
ONpeesasaoch NyTeM COMOCTABJAEHHS Pe3y/bTaTOB OTKaueK Mo IIeCTH
CKBa)KMHAM C JIaHHBIMH SOHJMPOBAHHMA, BHINOJHSBLIErOCs NapaJi-
JeabHo BOIH3H cKkBaKHH. OUeHKH, NoJyueHHEIe o APYrHM pafioHaM,
NOATBEP/al0T CnpaBeVIHBOCTL pe3yabTHpPYIOUmero rpadHka saBHCH-
mocth T oT R, npuBeileHHOro Ha puc. 4.3.1; oH umeer BHJ, OJH3KHIl
K npaMoH JuHHH. Bewia cocraBiena  Kapra  [IPOBOJHMOCTEd
(puc. 4.2.2) Ha ocHoBanuu puc. 4.3.1 ¥ KapTel H3OJHHHH SJEKTpH-
YECKHX CONMPOTHBJEHHH BOJOHOCHOrO ropusonta (puc. 4.3.3).

3ameu anHe. 3Hauenue K, ABJseTCs B HAUIEM CJyyae HCIpaB-
JEHHBIM 3HAYCHHEM KamyLEerocsa 3SJEKTPHYUECKOro CONpOTHBJCHHA,
NOJYYEeHHOro MyTeM 3JeKTpHYeckoro sonauposanusa. Takoe Hcnpas-
JeHHe noTpeGoBaJoOCh BBECTH B CBASH C PasjHUYHLIM 3JEKTPHUECKHM
CONPOTHBJIEHHEM CaMOil BO/Ibl Ha PAa3JIHYHBIX Y4YACTKax BOJOHOCHOrO
rFroOpH30HTA. B sTHX uensx MOMHO BOCHOJIB30BATHLCS COOTHOLIEHHEM

Apunu:
Pa/ P =D ", (4.3.3)

M3 KOTOpPOro BHJHO, HTO KamKylleecsi CONPOTHBJEHHe BOJIOHOCHOIO
FOPH30HTA P, MPAMO NPOMOPLUHOHAJLHO 3JEKTPHUECKOMY CONMPOTHB-
JIEHHIO HaXoJsuleAcs B HeM BOAHI P, @ — nopHCTOCTh BOJAOHOCHOrO
TOPH30HTA, M — KO3(PHIHEHT ero KOHCOJAHAAILHH. 3TO COOTHOLIEHHE
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NOKasLIBaeT, uTo 3JeKTPHUECKOe COMpOTHBNEHHe BOJOHOCHOrO TOpH-
30HTAa BCerja MpAMO MpPONOPLUHOHANLHO 3JEKTPHYECKOMY COMNpPOTHB-
JIeHHI0 Haxojsieiics B Hem Bojsl. [To3ToMy, onpejlesiHB cpejHee
3JIeKTPHYECKOe CONMpOTHB/IeHHe MPo6 BOJLI, MOMKHO BBYHCAHTHL BeJH-
YHHLI HCNPABJACHHOIO 3JEKTPHYECKOro CONpOTHBJAEHHA BOJOHOCHOIO
TOPH30HTA, KOTOphIE MOTYT OOBEKTHBHO OTpPaKaTh CBOMCTBAa BOJO-
BMELLAIOUIHX MOpPOJ, BKJOYasi HX TIpaHyJOMETPHYECKHH COCTaB H
CpeftHee Cco/leprKaHHe TVIHHHCTHIX NPOCIOeB.

4.3.2. lpsmoe onpejenenHe CKOpoCTeis

[Ipamoe onpejenenne ckopocTeil (PUALTPALHHE BO3MOMKHO NMPH 1npo-
BeIeHHH KaK KpPYMHO- H Cpejiie-, TaKk H MeJKOoMacuiTaOHBIX 3KCNepH-
MEHTOB.

MuorocksakunHsiin metrox. [Ipu onpenenenun KosgdHIHEHTOB
JHCIEPCHH ONBITHl MOYKHO BECTH [0 CXEeMe, MoKasaHHoil na puc. 4.2.15.
B BoJlOHOCHBIH NJIacT BBOAWTCA HHAMKATOp (pajHOAKTHBHBLIH HJIH
o6biunblil, Hanpumep ¥ uan Nal) B KoanuecTBax, J0CTaTOYHO MAJbIX,
yTo0bl HE HAPYUINTH €cTeCTBEeHHbI (HAbLTPaLHOHHLIT MOoTOK. B To XKe
BpeMs 3anycKHas KOHUEHTPAalHA J0J#HA ObTh joCTaTouyHO GoJblIoH
JJsl HaJeXKHOH perucTpainHH npHxoja HHAMKATOpa K Habmofareib-
HbiM Toukam. [Ipu sToM, KOHeUHO, MpeAnoJaraercs HaJTHYHe HH3KHX
(POHOBBIX cOjlepHaHHil HHAHKATOpPAa B BOJAOHOCHOM ropusonrte. Cxema
MyCKOBOTO YycTpoiicTBa npuBoauTcsa Ha puc. 4.2.11. B xone onmira
HabJaiolaTeIbHbIe CKBAMKHHLL CJIelyeT pacrnoaarath Tak, YToObl MOKHO
OblI0 ONpeieaHTh Hanpap/eHH? JBHMKEHHA HHIHKAaTopa.

S3ameuanne OIHAM H3 HEJOCTATKOB MHOTOCKBAXKHHHBIX
METOJI0B ABJSETCH HeoGXO0AUMOCTb anpHOPHBLIX MPejCTaBJeHHH O Ha-
npaBJeHHH MOTOKa, AJs TOro 4ToO6l OnpefeJHTsL ONTHMaJAbHOE MECTO-
nojoxenne HaG/MIOaTebHEIX CKBaMKHH. JT0, B CBOIO O4Yepelb, O3Ha-
yaer HeoGXOJHMOCTh MPOBENEHHA Mpe/BapHTeJbHEIX HCC/eJ0BaHHH,
XOT#, KOHeuHo, HabmojaTeNbHbBe CKBAaMKHHLI MOXKHO PaclOJIOXHTbE H
no BCeii OKPYKHOCTH OKO/J10 NYCKOBOIl, YTO CJle/1aeT Hall SKCnepHMeHT
JoBOABHO poporoctosimuM. [Ipu paccmoTpeHHH KOHKPETHHIX IpHMe-
poB B pasjiesie 6.2 Mbl YBHAMM, YTO COBMEILAsi HECKOJLKO METO/IOB,
MOKHO JOGHTBCA CHHIKEHHS CTOHMOCTH 3SKGNepPHMEHTAa H MOJYYHTb
TpeGyemble pesyibTaThi.

Ha pue. 4.2.12 u 4.2.13 nokasaHo, KaK HHIHKATOPp YXOJIHT H3
MYCKOBOi CKBaX{HHBI H MosiBAsSeTca B HaGmonareasHoi. Ecan ycaoeHe
Ha BXOJHOI rpaHHue oTBevaer O-pynkunu Jupaxka, To GyHKUHA pac-
npefesenns JUis BPeMeHH HaXO#IeHWd HHJHKaTopa B nuacre Gyner
OTBEeUYaTh 3aBHCHMOCTH:

Bff) ==Lt (4.3.4)

(8

| c(yat
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C yueToM KOTOpOil cpefnss JAefiCTBHTeJbHAs CKOPOCTh (PHABLTpAIHH
MOZKET OBITh OnpejieNeHa ¢ MOMOULbIO (opmy:

ju (1) c(t) dt
a=1_ : (4.3.5)
b[ ¢ (f) dt
u(t) =1L,
u=L [+E@d, (4.3.6)
0

rjae L — paccrosiHHe MeX1y MyCKOBOH H HaOJIOJaTeJbHOH CKBaXH-
HaMmH.

OnHOCKBAMHHHBIA MeTOA — ToveyHoe pasbasaenue., PeayabTaThl
ONHCAHHBIX 3KCNEPHMEHTOB MOryT ObiThb HCIOJbL30BaHbLl I OmMpese-
JeHHs JOKaJbHBIX CKOpPOCTeli B OKPeCTHOCTSX NMYCKOBOI CKBaXCHHBI MO
CKOPOCTH YMeHLIIeHHA B HeH KoHUeHTpauud uuankaropa. [Ipu stom
npejmnoJaraercs, 4ro B npoiecce pasbapjeHHA NMPOUCXOAHT XOpoluee
nepemMeriMBaHHe HHJMKATOPHOTO pacTBOpa Mo Bcell ckBamuue. Pac-
X0/l Tpaccepa OTBeyaeT ero Macce, BHIHOCHMOM H3 NYCKOBOIl CKBaXKHHBI
3a Bpems df:

Sucdi = — vde, (4.3.7)

rjie ¢ — KOHLEeHTpallis HHAMKATOpa B MOMEHT BpemeHH I, S — no-

nepeurHoe ceueHne (PHALTPYIOULEHi YacTH CKBaXHHBI, U — 00BEM

puabTpyiowefi 4acTH CKBaMKHHBI, WU — CKOPOCTh (DHJALTpaIHH,
Huarerpupya ypasnenue (4.3.7), noayuum:

0= % In (cq/c),

rjle ¢, — HayajbHas KOHUEHTpauusa HHAHKatopa. [OpH3OHTaNbLHLIN
(PUALTPALHOHHBI NMOTOK B OKPECTHOCTAX CKBaKHHBI GYyAeT Hapy-
IIATBCs CaMHM ee npHcyTcTBHeM. Ecan nonpasounetfi Kosdxpuuuenr 0,
VUHTBIBAIOMHIT HCKPHBJIEHHE JHHUA TOKa BOJH3H CKBaMKHHBHL, Onpe-
JIleIATh Kak:

l] [ Qbe!

(rne @, — ropH3OHTaJBHEI NMOTOK MOJI3eMHBIX BOJ uepes (HJALTpYIO-
LYIO0 4acTh CKBaXKHHHI, Q; — TO e, yepes SKBUBAJIEHTHOE MO MJI0-
aan ceyeHHe BOJOHOCHOIO ropHs3oHTa), To dopmyaa aas onpejese-
HHA CKOPOCTH (HIABTPAUMH MPHMET BHI:

[
i == ﬁ—s'rll'l[fu.‘lﬂ]. =

OaHOCKBAKHHHLIA reo3jekTpHyeckuii meron. OaHocKBarKHHHBIH
METOjl, OMHCAHHHIH B pasjene 4.2.3, MOMKET HCNOJbL30BATHLCH A
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onpejeneHHa cpeaHeil M MaKCHMAa/JbHOH JeHCTBHTE/NbHOH CKOPOCTH
(bHABTpPAIlHH NpH CpefHe- H KPYNHOMACIITAOHBIX 3IKCIEPHMEHTaX.
QdakTHYECKH, 3TOT Te03JeKTPHYECKHi MeToJ BrepBblie Obl/l pPHMEHEH
JI onpejie/ieHHs JeHCTBHTEJIbHOH CKOPOCTH (PUIALTPALUH H TOJNbKO
NO3JHee pacnpocTpaHed Ha OUEHKY AHCIEPCHOHHBIX KO3(HIHEHTOB.

Haes sakaouaercs B HCIOAB30OBAHHH XOPOILIO H3BECTHOTO METO/a
notenunanos (cm. npumox. 1I). Ilocne BBejeHHsA 3JIEKTPOIHTa (Ha-
npumep, pacteopa NaCl) B nyckoBylo CKBa)KHHY Ha [OBepPXHOCTH
3eMJIH OTMEeYaeTcs CMelleHHe SKBHINOTeHIHANeH 3JeKTPHYEeCKoro noJs
B HanpaejeHHH nortoka. Takum oGpasoM, yjaercs HaHTH HanpasJje-
HHe (UALTPAUHH B BOJOHOCHOM TOPH30HTE, YTO OYeHb BayKHO /A
onpejleJieHHs MECTONOJIOKeHHsI HAGMONATeIbHEIX CKBaKHH (HaNpH-
Mep, NpH NPOBEJEHHH ONBITOB 0 MHOrOCKBaxcHHHOH cxeme) [411].
[TosnHee ¢ MOMOLLBIO 3TOTO Ke MeToja OuIJIO NPeJIOXKeHO ONpeaeaTh
JeliCTBHTENLHYIO CKOPOCTh (UABTPaLkH NoA3eMHbIX Boj [265] myTem
OIEHKH CMElLleHHs SKBHIOTEHIHAJeH B pasiHYHLIX TOYKaX MOBepX-
HOCTH Ha pas/IHYHBIX 5Tanax SKCINepHMEeHTa.

Meto noreHlHANOB HCMNOJL3YeTCH AJA BbifiBJACHHS Hanpas/jaeHH:A
duapTpaunn (puc. 4.3.4), a saexkTponpoHAHPOBAHHE JaeT cpejHHe
M MakcHMmaibHble ckopocTH (puc. 4.3.5). Ilonasas B BOJOHOCHBIH
TOPHM30HT, MOJCOJIEHHAN BOJA IIOCTENIEHHO CHHYKAEeT ero 3JeKTpHue-
CKOE CONnpoTHBJEHHEe, KOTOpOE Mo IPOLIECTBHH ONpeJe]eHHOro npo-
MEKYTKa BpeMeHH (JJHTeJbHOCTH €ro 3aBHCHT OT YCJOBHH MpoBefe-
HHf 3KCMEPHMEHTa) JOCTHraeT CBOEro MHHHMAJBHOTO 3HA4YeHHS;
ocpe/HeHHas MAaKCHMajbHas JeHCTBHTEeNbHAs CKOPOCTh (PHIABTPAUHH
PaccuHTHIBAETCS 110 MOMEHTAM NOsiBJIGHHS NePBLIX NOPIHH HHAHKATOpa
B pas/MYHBIX TOYKaX "PerucTpaiuH.

Mul yKe BHAEAH, KaK, HHTEpPHPeTHPYA NJaH H30JHHHH 3JeKTpH-
YeCKHX CONpPOTHBJEHHII BOJOHOCHOrO ropusoHTa (cMm. pue. 4.2.22),
MOXHO OLLEHHTh ero napamerpbl Aucnepcuii (cm. pasgen 4.2.3). Tor ke
caMblil NJaH MO3BOJAET OLEHHTh M HanpasjeHnde (UJILTpalHH, 4TO
noaTsep:kaaerca puc. 4.3.4.

B nensix nocrHieHHs OoJiee UHCTHIX YCJIOBHE NMPOBEJEHHSA ONLITA
JIOJUKHBl GBITH TIPHHATHI CJAeAYIOUIHe Mepbl (YNOMHHABIIHECHA paHee
NpH ONMHCAHHH SKCNEPHMEHTOB NPH ONpeie]eHHH [apaMeTpoB JHC-
nepcHu):

1) KoaHuecTBO NMOCTYMHBIIEr0o B NJACT HH/JHKaTOPHOTO pacTsBopa
He JO/IKHO CYIIECTBEHHO HCKa)KaTh €CTeCTBeHHBIH (HIbTPAUHOHHbIH
NOTOK;

2) caexyeT CTPeMHTBCH MNOAIEPKHBATL HA MOCTOSHHOM YPOBHE
pacxoi MOCTYNAIOUEro B BOJOHOCHLIH TOPH3OHT TPaccepHOro pact-
BOPA;

3) KOJIHUYeCTBO 3anyUIeHHONH COJMH JOJMHO ObITh JOCTATOYHBIM J1s
3aMETHOr0 H3MEHEHHs NIeKTPHUYECKHX CBOHCTB BOJIOHOCHOTO IJIACTa,

4) 70 Hauaja 3KcrepHuMeHTa HeoOXOJHMO CHATb (DOHOBBIE 3Ha4Ye-
HHA TEOXHMHUECKHX H reo3JIeKTPHYECKHX MapaMeTpoB cpejibl, KOTOpEIe
NPH COCTABJEHHH MaTeMaTHUeCKOoll MOJIelH SKcnepHMeHTa BOHAYT
B COBOKYMHOCTh HadaJibHbIX YCJOBHH.
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Puc. 4.3.4. HMamenenne nojoxeHusi JHHHH paBHLIX SAEKTPHUECKHX
noTeHUNnanos Bo Bpemendn. MacwraG 1 : 400.

d — TOMKH BCPTHKANLHOrO SAEKTPOIOHANPOBANHA, § — MyCHOBAR CHBANHHA]
3 — ToukH muaMepenufl; 4 — HanpapiaeHHc MOTOKa
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OpuHoYHER cxoaamwHa

MenkomacwtabHele

METOABI € WCNONL30- KpynHomaciu Tabupie
BAHWMEM DAOMOAK THEHBIX reodanyecKun
Tpaccepon METOOLI

3anyex consHoR soaw
C NOCNESYHILMM  HE-
BnwogeHuem 2a apsdop-

PasBasneHne Hanwe ¢ nocneayoLwen MaLWAMK EJ'IEKT'DH"IQ:
OTHAYKOR CHMX IKBMNOTEHLMWA NeR
NoxkansHsie koaddu- CKropocTs, Hanpasne- OvHockTensHoe  Jnaue- Kpynnomac-
UWHEHTEI AMCNERCHH Hue dMnbTpauMiA Hye NPOHALAEMOCTH Kosddumumente:  guc- wratHeie onpe-
BOQOHOCHBIX NOpOQR @ NEPCHN KAaK hyHEUMA ABNBHWA g8n-
JABMCHMOCTH OT rnyGun- rnyBuHBE CTBMTRNEHOR
Hb! 3ANETAHAA CKOPOCTH
PUNETPAUNK
OnpagengdWe NONoMe- KpynHomacwrabHeie
HHAA FMWHNUCTRIX onpeagnenHA  Koaddga-
. npocnoes UMEHTOB aMcnepowe
Puc. 4.3.6. Bo3MoxKHOCTH OAHOCKBAMHHHEIX METOIOB -
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4.3.3. BoamomuocTH
OJHOCKBAKHHHOIO MeTona

OAHOCKBaXKHHHBIE METOAB GHIIH
BBEJIEHBl B NMPAKTHKY TFHApOreoJoruye-
CKHX HccaefoBaHHi OGJaaronaps Tomy,
4YTO OHH MPHBOJAT JIHIIL K MHHHMAaJb-
HOMY HapyueHHio onpoGyeMoil cpeasl.
BosmoiKHOCTH 3THX METOJ0B CXeMaTH-
YeCKH OTpaxeHnl HamH Ha puc. 4.3.6.

Mgl He 3aTparuBaeM BONMPOCH! Onpe-
JIE/IEHHA MPOCTPAHCTBEHHOrO MOJOMKe-
HHA TJIHHHCTHIX JIHH3 B pa3pese BOjlO-
HOCHOTO TOpPH30HTAa; OHH JOCTATOYHO
JeranpHo paspaGoranel [1. Jlepexbio
1173 1.

ONHOCKBAMHHHBIE METOJK 10 CHX
MOp JOBOJBHO YCHEIMIHO HCNOJL30Ba-
JHCh TNPH peleHid LUeJoro paia ruj-
POreoJIOrHYecKHX 3ajad, HX LIHPOKoe
NpHMeHeHHe onpejesasercs B OCHOBHOM
TexHHyeckol mnpocroroii. PaspaGartbl-
BAlOTCA TaKxe HEKOTOphie JIOKaJbHble
METOJibl, B YACTHOCTH OCHOBaHHBIE HA
HCMOJB30BAHHH PAJHOAKTHBHLIX HHJH-
Katopos. B kauectse npumepa yno-
MSHEM 3JleChb YCTAHOBKY, INpeNJ0MKeH-
Hyio [Hpoctom u ap. [70], koropas
MOJKET OOGC/HYMHBATLCSA OIHHM THIpO-
reoJoroM, 3HakoMbiM ¢ paGotoit H3me-
pPHTENbHON TEXHHKH H € OCHOBHBIMH
npaBHjaaMu  paiHauHoHHoH Gesonac-
HOCTH.

Konerpykunsi CKBaxHHHOTO 30H]1a
npuBojuTcs Ha pHc. 4.3.7: netekrop,
HHKEKTOP H 3MEEeBHK-CMECHTENL nome-
IeHL BHYTpH paGouero oGnema 30H/A;
PE3HHOBHEIMH NaKepaMH OCYILEeCTBAAET-
cd HajlexkHaa Hlonanua padouero oone-

Puc. 4.3.7. Crsamunnuii 3001 A18 onpejene-
Hug cxopocreit duantpanun [70].

! — Tpoc-kaGenb; 2 — nogscMine BOAW; J — pe=
ol makep; 4— CUNHUHAAAUHOHHWA HeTeKTOp
M 1; § — gpuratens S8 BPAMICHHA IMCERHKA: & —
CUMHUHANANHOHIEA AfTeKTop M 2; 7 — asecnliK-
CMECHTEAL; & — counuoBnfl  SKpak; 9 — pacTeOp
Tpaccepa; 10 — ENLEKUHOHMHMA wnpuu; /! — Tpy-
G, YPARNHBAWILAN HAMOPH (BHWE # HuxKe SoHZA);
18 — duaLTp cKkBaXuub; /3 — rpannfinan oGcwnKa
CKBAMNINE, /4 — cunnmuaasuuonnsfi nevextop M 3
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Ma 30H/l4 OT OCTAJIbHOH YacTH CKBAaXKHHEI, KOHTPOJIb H3OMALHH BeJleTCA
C OMOIIBIO JI€TEKTOPOB, PACIOJOKEHHBX B BepXHeil M HHMKHel uacTH
30H/a. BO3MOXXHOCTb NEpeToKoB uepe3 TPaBHiiHYIO OGCHINKY CKBa-
AMHHBI  YCTpaHseTcsl NPHCYTCTBHEM MNPOXOJAllell uepe3 Bech 30H]
CreuHaabHOH TPYOBI, NMOCPEJACTBOM KOTOPOH HAMOPLI B BEpXHEH H
HHXKHEH 4YacTsX CKBaXKHHBl YPaBHHBAIOTCA MeXIYy coGoil; TakHM
06pasoM, MOJHOCTLIO HCKJTIOUAeTCes BIAHAHHE BEPTHKAJbHBIX NEePeToKOB
B CKBAaXKHHE Ha H3MepeHHA CKopoctH OHALTpanHH., Y KasaHHBIT
SOHJL MOJKET ONYCKaTbCid B CKBaxHHBI JHameTpoM 5 cm M Gojee Ha
Tpoce-kabeJsie jHamerpoMm 1 cM.

4.3.4. 3ameuyanus 1O MOBOAY ONpejeNeHHsi MOPHCTOCTH
BOJOHACHILEHHBIX MOPOA |

Ilpn xoceenHoM cnocoGe onpejieseHusl JAeHCTBHTENLHON CKOPOCTH
(uabTpauun, ¢ KoTopoil pacnpocrpansiercs sarpssHeHHe (OCHOBaH-
HOM Ha 3aKoHe JlapcH H HCMOJBL30BAHUH JIAHHBIX O MPOHHIAEMOCTH HJIH
MPOBOJAHMOCTH BOJIOHOCHOI'O TOPH30HTA), Bcerja HeoOXOAHMO 3HATh
BeJTHYHHY s(xpexTHBHOI nopucroctH nopoa . Benomuum, uto coor-
HOLIEHHE MEXy CKOPOCTbI0 (PHABTPALHH U H JEHCTBHTEJNLHONH CKOpO-
CTbI0 (PHABTPALHH U HMEeT BHJ:

u=u/0.

Cyuecteyer Hemajo MerToios onpeneneHnst seanunnst @ [17]. Mu
3JleCh YNOMSIHEM TOJNBKO T€ METO/bl, KOTOPhIE MOKHO NPHMEHATH NpH
H3YHYEHHH MPOLECCOB 3arpsisHeHHs MOA3EMHEIX BOJL H IPEXNe BCero—
JBYCKBaXXHHHBIH METOJl, CBA3AHHBI € 3anNyCKOM pPajiHOaKTHBHEIX
HHJHKATOpPOB, a TaKe OJHOCKBAMKHHHLIN reo3/IeKTPHUECKHII METOJ.
MeTopuka omnpejenenns NOPHCTOCTH BOAOHACHILEHHLIX MMOPOL
OCHOBLIBAeTCA Ha MNpPHOJHMKEHHOM paBEHCTBE MEMAY INOPHCTOCTHIO
NOpojikl H OTHOCHTENbHOH BEJHYHHOH ee oObeMa, 3aHATOro BOJOI.
[Tpu Mcnonb30BaHWH JIBYXCKBAXKHHHOTO METO/la MeyeHasi BOJA
BBOJIHTCS B OJIHY H3 HaOqiolaTe/lbHbIX CKBAKHH, B TO BPeMs KakK H3
LUEHTPaJbHOH CKBay{WHBI TIPOH3BOJAMTCS OTKauka. Torja:

v = nr*b,

rjae b — MOUHOCTH BOJOHOCHOTO TOPH3OHTA,r —- PACCTOSTHHE MEMLY
ckBamuHamu. [lanuas Qopmyna cnpapejiuBa TOJALKO NPH CJaefyio-
mHx yenosuax [149]: 1) pacxop OTKaukHM HAaCTO/ILKO BEJHK, HYTO
MOXHO mnpeHeOpeyb CYIIECTBOBAHHEM €CTECTBEHHOIO [10TOKa, T. e.
paccMaTpHBaTEL YHCTO pajuaibHylo (HALTpaUHIO; 2) MOILHOCTH BOJO-
HOCHOr'O rOpH30HTa JIOCTAaTOYHO MaJjga Mo CPaBHEHHIO C pacCcTOAHHEM
MEXY NYCKOBOH H OTKayMBawlleli CkpaxuHamiu; 3) o6beMm Jenpec-
CHOHHOH BOPOHKH JOCTaTOYHO MaJl 110 CPAaBHEHHIO C CYMMAPHBIM O6D-
€MOM OTKauYaHHOH BOJLI.

Baaumuuiit MaccooGMeH MeK1y BOBJAEUEHHBLIMH B JBHKEHHE M rpa-
HHYAHMH ¢ HHMH BOJlaMH, a TaKiKe JIHCNepCHOHHbIe 3(PpeKTH MOryT
IBATBCA NPHYHHOH MOrPEIHOCTH NMPH HHTEPNPeTALHH ONEITA M0 YKa-
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3aHHOll CXeme, MO3TOMY Ppe3yJbTaT BhLIOJHEHHOrO TakHM o6pasom
onpejieJeHHsl BeJHYHHB MOPHCTOCTH MOMKET HaXOJHThLCH TJEe-TO MeILy
ee HCTHHHLIM 3Ha4YeHHeM M BeJHYHHON obleit MOPHCTOCTH.

[Ipu naxkeTHoM sanycke pajHOAaKTHBHOH MeTKH B Kauectse V
npHHEMaeTcsl o6BeM Bojbl, OTKAYaHHOH ¢ MOMEHTA 3almycka o Noss-
JIeHHsi THKOBOTO COjlepKaHHsi Tpaccepa B OTKauHBaeMoil Boje, NpH
9TOM BeJIHYHHA 3TOro ofbema onpenenserca no rpaduky saBHCH-
MOCTH pajHOaKTHBHOCTH or VI/? ?139]. Torsa NOPHCTOCTb MOMKHO
HAlTH H3 BHIPAXKEHHS!

@ = V/ar?b.

['eossiexTpHueckHe OJHOCKBaXKHHHBIE METO/IBl OCHOBAaHBLI Ha HC-
NoJMbL30BAHHH B KauecTBe TpaccepoB 3JeKTpoJuToB. B Xoje onwuira
onpeaeasiercst 3JAEKTPHYECKOe CONMPOTHBJEHHE KaK CamMOi BOABI Py,
TaKk H onpoGyeMOoro BOJOHOCHOrO cJjos p,. Merojuka onpenejneHHs
3THX conporusieHuit jpaercs B npujaox. II. CoorHoueHHe mexuy
BeJIHYHHAMH YKasaHHLIX COMPOTHBJAEHHH HOCHT HaspaHue ¢opma-
uHoHHOro (qaktopa F W HMeeT BHI!

F = Pu/Pw = O~ "II

H3BecTHRII Kak dopmyna Apun, B KoTopoil Kos(ppHUHEHT m MOMKeT
MPpHHAMATL 3HA4YeHHs OT 1 /10 2 B 3aBHCHMOCTH OT CTEINEeHH KOHCOJIH-
flailii BOJIOHOCHOTO ¢lof. B 3ToM cayuae sHaueHHe NMOPHETOCTH OyIET
OnpejeNaTECsl H3 BRIpAXKEHHA:

D=




FJIABA 5

KJIACCHYECKHE MATEMATHYECKHME MOJEJIH
H HX YHUCJIEHHAS ®OPMYJIHPOBKA

9Ta raaBa npeHasHaueHa TJABHEIM 00pasoM AJsi HHXKEHEPOB H
JIOJIAHA JaTh HM HeoOXOAHMble yHCaeHHEe QOPMYIHPOBKH H NpaBHJa
o0palleHHs ¢ MaTeMaTHYECKHMH MOJEJISIMH 3arpsA3HeHHs NOoJ3eMHBIX
BOA. OHA CONePHKNT TPH YACTH: KAHOHHUECKIE MOJAETH B NPSIMOYTOJIb-
HBIX KOOpJMHATaX, MOAENH B KPHBOJHHEHEIX KOOpDAHHATAX H cre-
uHaJbHble MOJleNH (aHanuTHYecKHe, oOpalleHHs).

Takxe pacemaTpHBaiOTCs METOABI KOHEYHO-PA3HOCTHON AMCKPETH-
3allHH, KOTOpHIE ABJAIOTCA Hanbosee ynoTpeOHMBIMH (METOMbl KOHey-
HBIX 3JIEMEHTOB, XOTA H HAYHHAIOT HCIOJb30BATHCS B MOAETHPOBAHHH
3arpAsHenns, OJHAKO elle HaXOoAATCH B HCCJEN0BaTEeJNbCKOH CTaAHH
MOJIE/IHPOBAHHA JHCIIEPCHH).

5.1. KAHOHHYECKME MOJEJH B NPAMOYIOJIbHBIX
KOOPAMHATAX

5.1.1. Jeymepnas ofHocholinas momedn

[Iponecc pacnpocTpaneHus sarpssHeHHs ABAAETCH TOPHIOHTAJb-
HBIM, TTAHOBBIM M HeycTaHoBHBIIUMCH. [lmoTHOCTH cMecH — JHHEH-
Hasg QyHKUMA KOHUEHTpauuu. [IBuxeHne ogHoMepHoe B MNJaHe W
AdBJEHHE 3ABHCHT TOJNBKO OT x. PeHM — uMCTO JAMHaAMHYecKas
Aucnepcus ¢ Ko3puuHeHTaMu JHCIePCHH, NPONOPIHOHAMBHEIMH CKO-
poctir. Matemarnyeckas 3a1a4ya ONPELENAETCs CHCTEMOIl YpaBHeHHIT:

2(5) (5)
3 [ ) R L7
d | poy, [uy| ax i PoT | tix | diy d (12,c) g
= o 3 oy = e b
ko
= —10 ox°
u, =0,
& (puiy) ~ e ﬂ_ﬂ
dx = af ?
p = ac-b,

TA€ Uy H u; — KOMIOHEHTEl CKOPOCTH CMecH, k, — MPOHHI[AeMOCTh
BAoJb ocn Ox, p — nasaenne; p, u, @ — cooTBeTCTBEHHO, NJIOTHOCTS,
BA3KOCTb H MOPHCTOCTh; @ H b — KOHCTaHTHI, 3ajlaBaeMple 1o TabaHIaM.

Mopennpyemas obinacth nokasana Ha puc. 5.1.1 u sBasercs: cum-
METPHYHO# oTHocHTeAbHO ocH Ox.
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W Havyaspnsie w rpannunsie yciao-
BHA CJeAyioliHe:

ﬂ('lrl Y, n} = Cpy
px, 0)=py + [pe — pwl “E—z

L ! c(0,y, ) =c, npu 0<y<L,
z 2 el 4, ) =0, nprl<"p<l,
= e, Ly it =,

7 ¢(Le 4, ) =0y
N % 6, 0, =0,

Puc. 5.1.1. Mogeanpyemasi ofaacts.
! — otk cHMMETpHH, 2 — WCTOMHUK 3arpfs- p{{}l !] =,

HEHNHA P{Lg, r} it pE‘

rjie ¢; W €, — NOCTOSIHHbIE, NPeAcTaBJsAlolHe co00iH KOHUEHTPAIHIO
3arpsisHEHHs B HCTOYHMKE H HAYAJBHYIO KOHUEHTPAIHIO 3arpA3HeH s
B MOJenupyemoil o06/1acTH COOTBETCTBEHHO; Py M pp — NOCTOAHHBIE.
Sra cHCTeMa MNPeACTaBAsSeTcss B KOHEMHBIX PA3HOCTAX COTJIACHO
HesiBHOH cxeme merofa nepemeHHslX Hanpasdenuit (HCMITH). Kou-
BeKTHBHBIH YJeH NpelCTaBJAfercsl pasHOCTAMH Hasaj M0 OTHOLIEHHIO
K HanpaBJeHHio notoxa. [lioTHOCTe p M CKOPOCTh i SIBASIIOTCA MO-
CTOSSHHBIMH B TeYeHHe BpeMmeHHoOro wara. Bo3amoxHas cxema JHCKpe-
TH3allHH HMeeT BHJ: P
ar [pG41 )lul 4+ Li)l+p )| ul f}l(ﬁlf +1.4) _ er(i, ;']J__
dx? 2 PE-+Lj)  pl))
_ e DIud DI+pE—1,0lu—1,])] c*{f-ﬂ_ﬂ*{f—lrﬂ} 4
2 p, )y pG—0LJ| "
or c PG i+DApd e i+ el )]
o |16, 1) 2 Tt 7
St o Pk e pE T — 1) [ et d) o ﬂlf-f'—'l}} o
lu@, Dl 2 i =t ]
Lok gyt —e i =Lij)euik—=l ) - il J) =20k )
dx = d1(n)/2 "y
ap [pi+1, NuCG+LOI+p@ Dlel (et E+14) ¢ li-f)}__
de? 2 pli4+1L 7 pli))
_P”-HI"“rﬂH‘Pﬁ—'lrﬂlﬂﬁ—l:ﬂl{ﬂ*(f-f}_ﬂ*[f—I-ﬂ}]_I_
2 plij)  p(E—1j)
or : PG J+D+pl ) felhitl) el )]
T [lu(;, Nl 2 {pu.;-m o n}
I b )4-p (i, j—1 cft.]) cli, j—1)
—lud, mptl J]-Ig{ j }{ (i.)) _ elisj ]]_4

pl, ) plj—1)

u(i et ) —ul—1, Do G—1, ) eli, i) —e* ().
dx ) df (m)/2 -
118




Beog gaHHbIx

]

Maccua HAYBMEHBIX FHIYEHMA NNOTHO-
CTH, AEBNEHWA, KOHUBHTPALWH

Beoa rpaHnuHeIx yenoswia

PacyeT ckopocTed

PacyeT KoadduureHToR aucnepcum ﬂ

MNnaHLl KOHUWEHTRBWMA PacueT KOHUEHTREUMA

Pac4eT NnNOTHOCTER

MNposepka
COrNacoBaMHOCcT no

MNnoxan N=N +1

Puc. 5.1.2. Jlpymepnas nnanoBas mofeas. Buaok-cxema pacuera

2 o St L3 : s .
[P{"‘I I J’2}+I (£ ”{ﬂ'{t—;—-l}—;J[E:l}—p{h”—l_g“ l'”}(

phdx?

: BTy _pl )—p (L ),
sl e ol R T e

p(i, ) =ac(i, j)- b;

: o ke pB—pn(i—1)
ik, [}=— T <

11 Beex f,
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Pue. 5.1.3. Passurue 3arpasHesnsi Bo Bpe-
MEHH 5 JBYMEPHOrO cJyuas Tpaccepa.
Konneurpaiua =1 0i; x, y Manul B M.

@ — naAouams sarpasHenus 64 m? spema 0, 224;
i — naouaas sarpasdennn 208 m?, npemsa 3,28 u;
# — MACHAAL sarpaaHenun 360 m*, spems 4,54 4

rae ¢t — npomeryrouHas Be-
JiHYKHA, BBeJleHHas B TEOPHH
METOla MepeMeHHLIX Hamnpas-
neHnii (cM. paspen 9.4.4) u ne
HMeIomas (PU3HYeCKOro CMEIC-
na; p- — IJOTHOCTE B MOMEHT
Bpemenu {(n) W p NJIOTHOCTH
B MOMEHT Bpemenu f(n -+ 1).

JIHHeiiHble CHCTEMbLl pelua-
IOTCSl TIPAMBIM TPeXJAHaroHalb-
HBIM ~ METOJIOM  HCKJIIOUEHHS
'aycca. Ha kamaom BpemeH-
HOM Iuare p~ H3BECTHO, p pac-
CUHTHIBAGTCHA, 3aTeM JeJaercd
NpoBepKa corJaacoBaHHOCTH 110
¢ (obpiuHO mpoOlEAypa MNOBTO-
pAercs B Inpefelax OIHOro
BpeMeHHOro mara, noka He oy-
JIeT AOCTHTHYTA Xopolasa cXo-
JIMMOCTL), Jlajiee mnpouneaypa
MOBTOPSIeTCA MPH CJedylouiem
BpeMEeHHOM liare. 10T MeTOJ
pesioMHpOBaH Ha OAOK-cxeme
pHc. 5.1.2.

Ha puc. 5.1.3 nokasaHo
pasBHTHE HHTPY3HH 3arpsisHe-
HHS BO BpeMeHH, MNOJYy4YeHHOe
no pe3yJbTaTam pacyera Ha
MOJIEJIH NPH MOCTOAHHBLIX P H
w (cayuait Tpaccepa) A Ji-
HEeHHOro HCTOUHHKA BAOJL Beeil
3anajHOH TPaHHLIBL.

5.1.2. JipymepHasi MHOTOCJOHHASA MOJEb

BononocHuli TOPH3OHT ABAAETCA MHOIOCJOHHBIM H B KamJI0M Clloe
garpsisHeHHe IJIaHOBOE H ropH3oHTaJbHOE. Mmeer mecTo Tpaccep H
OJHOMEpHOE B IUIaHe JBHKEHHe [PH MOCTOSHHOH H3MEepeHHoil CKo-
POCTH. DKCNEPHMEHTANbHO HAXOAATCS TOJNBKO CPeJiHHEe 3SHAYEHHA KOH-
UeHTpaluil 3arpsisHends (HanpuMep, H3MEPEHHSIMH CONpPOTHBJICHHH
C NMOBEPXHOCTH), & MOJeJb BhlJlaeT 3HAUYEHHH KOHIEHTPalnH, OCpel-
HEeHHBIE M0 MOIIHOCTH BOAOHOCHOrO ropusonta. Clou npenctaBisiores

He3aBHCHMbBIMH .

MatemaTHuecKkasn 3ajaua ONpEENsAeTCsi cHCTeMoit ypaBHEHHH:

d de i de D, = . 09,
a—)ﬁ(mluIE) ~!—§E(c¢?]uia? _E(”"} = =7
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@ =[1/(za — )] I{D dz,

Zy

c=[1/® (2, — 2,)] _f Mcdz,

rje ey, iy ¥ (4 — CTPYKTYPHBIl napaMeTp npojoJbHON U nonepevHoil
JIHCNIEPCHH H CKOPOCTh B KaxjoMm cjoe cootsercTBenHo; @ u @ —
NOPHCTOCTE B CJl0€ W CPefHssl MOPHCTOCTh, € H € — KOHLEHTpalHs
B CJIO€ H CPefHssi KOHUEHTPAUHs; 2 — MOUHOCTE BOJOHOCHOrO TopH-
30HTA.

JIHCKpeTH3auns YpaBHEHHS JHCNEPCHH HAEHTHYHA JHCKpETH3a-
IHH JBYMEPHOH OAHOC/IOHHON MOen, B KOTOPOH p M 1 NPHHHMAIOTCH
nocrosHibiMi. OHO peliaeTcs o HesIBHOW cXeMe MeTOJOM NepeMeH-
HbIX Hanpasaeduit (HCMITH) ans rpaHuyHbIX YCJAOBHH B KaKIA0M clioe
TaKoro e tuna. Torga ¢ BeIUHCAACTCA NyTeM oCpefHeHHs KOHIEeHTpa-
MHH B KayIOM CJI0€ 10 2 A5 JAaHHbIX ¥ # y. K momenTy onyGanKoBa-
HHS 3TOH KHHMTH B CTajHH H3yYeHHs Haxoamacsa Oojee CAOKHEIH Ba-
pPHAHT MHOrOCJHOHHOH Mogenn. 3ajaya Takas ke, HO 3arps3HeHHE
MOeT NepeHocHThCA BePTHKAAbLHO H3 OIHOTO cJos B Apyroii. B ypas-
HEHHsT JIHCTIEPCHH HOGABJAAIOTCA TOYEYHLIE HCTOUHHKH B AYeHKax
CeTKH, MNOJVYalouiHX 35TO BepTHKaJdbHoe 3arpssHedue. [las 3srtoro
mpe;ie BCero cJeiyeT ONEeHHTb HWHTEeHCHBHOCTb HHHIbTPallHH.

5.2. MOJIEJIH B KPHBOJIHHEHHBIX KOOPAHHATAX
5.2.1. Kpupoauneiinble KoopauHatsel. Hexortopslie onpejgeneHusn

[Mycts Oxyz o6buHASI NPAMOYTOJbHAS CHCTEMAa KoopAuHAT B RP.
[TpeanonoKuM, YTO0 KOOPAHHATH X, i, 2 TOYKH P MoryT OLITb BbIpa-
AeHbl yepes nepemennnie x', 1%, x* u, HaoGopor, 4TOo X', X%, X* MOTYT
ObiTh BhIpaKeHLl Yepe3 X, y, 2; JAONYCTHM Jajee, 4TO (YHKIHH
x (2 2% ), g, 20025 ), & 0,2, ¥ &2,
x* (x, y, 2) aBAsAIOTCS OJHO3HAYHBIMH H HEMpPEpLIBHO JAH(pe peHuupye-
MbIMH. ToOrja COOTBETCTBHE MEMAY cHcTemon (x, y, 2) M CHCTEMOH
(xt, x*, x*) siBasiercs eauHcTBeHHbIM. Cucrema (x', x*, x°) HasnBaercs
KPHBOJHHEHHON CHCTEMOH KOOpPAMHAT TOYKH P.

B MojennpoBaHHH NPOLECCOB 3arpsA3HEHHs MOA3EMHEIX BOJ, MpPH-
MEHSIOTCH TPH KPHBOJHHEliHbIE CHCTEMBI KOOPAHHAT:

1) umanngpuueckas cucrema (puc. 5.2.1, a), onpenensemasn ypas-
HeHHAMH: '

x=rcos0 x=r, ¥*=0, ¥*=2,
y=rsin0,

Z2=2;
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Z Z | Y
M"’%.“p P & j{b |
2 £/ v P
ST : = b
X

X

Pue. 52.1. Knacenueckne kpupodunefiunie cuereMsl KoopAnuar, HCNoAbayemble rmpu
petedni 3ajlad 3arpa3HeHHd MNoI3eMHBIX BOJ.

a8 — UHANHApHYECKAR cHeTeMa; O — cepHUYCCKAR CHCTEMA: & — CHCTEMA IKBUMOTCHOHAAER —
auunfl ToKa

2) cepuyeckasn cucrema (puc. 5.2.1, 6), onpejpensieMas ypas-
HEHHAMH:

Xx=r3inpcosd; xt=r, =y, *=0,

Yy = rsinsin 0,

Z=rcosy;

3) cHcTema sKBUMNoTeHIHaMel — JaunHui ToKa uan @ —p-cucrema
(puc. 5.2.1,6), e 2! =@ (x, y) u x* =P (v, y).

Jluneiinpiii s7emMeHT ds B KPHBOJIHHEHAHOH CHCTEME KOOpAHHAT
(x*, x*, x*) onpepensercs caepywoiHm oGpasoM:

ds? = g,; dx'dy’,
rJie HCTIOAIB3YEeTCsl MPaBuIo cymMmupoBanusa Dfnwreiina (g;; dy'dy =
= gy dxt dx* + g dxt dx® 4 ...). g; — ABaxALl KOBapHaHTHBIA
tensop [252], HasniBaeMblii METpHYECKHM TEH30POM.

B ofniunoil npaMOYroJbHOM CHCTEME KOOPAHHAT g, ; onpeJienaercs
cnenylomum obpasoM:

gy=1npn i=j, gy =0 npu i+ ],

ds? = dx® -+ dy® -} d2.

JlBaasl KOHTPBApHAHTHBIN TeH30p (g'/), onpenemsiemblii cae-
ayiouuM obpasom:

g'gu=1 npn j=k ug’gy =0, npu k+j

NpH HCIOJb30BAHHH NpPaBH/JIa CYMMHPOBAaHHS, HashLIBAeTCs TEH30POM,
CONpAKEHHBIM C MeTpHYecKHM. AcCOUHHPYsS KBaApaTHYI MaTtpHIy
(g:;;) C METpHUECKHM TeH30POM, Mbl TeM CaMbIM accoLHHpYyeM obpart-
HYIO MaTpHIly OT (g;;) ¢ CcOnpsKEeHHHIM TeH30poM. JleTepMHHaHT
matpuubl (g'f) sanHchiBaeTcs Kak g.
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ITH JiBa TEH30pa HCNOJBL3YIOTCH NS Mepexofa or KOHTpBapHaHT-
HBIX K KOBapHAHTHBIM KOOpAHHATAM H HaobOpOT, U OHH NOABJSIOTCS
B KPHBOJHHEHHOH QopMe ypaBHeHHH B YacTHBHIX NPOH3BOAHBIX.
Juseprenuns sexkropa V = (v°), { = 1, 2, 3 gaercsi COOTHOMEHHEM:

/2 9
Az

divV =g~ ' 2 ('),

OcHoBHOe ypaBHEHHE AHCHEPCHH B OPTOrOHANBHOMN KPHBOJIHHEHOI
CHCTEME KOOpIHHAT (T. €. B KPHBOJNHHEHHOH cHCTeme, B KoTopofi
g,; = 0 npu i s~ j) sanuceiBaeTcsi B BHJE:

—1/2 0 1/2 kpyri OC* o a—12 0 1,2 ukc _ac
g axk (g gj KPP Ex_f') g 'Ex_ﬁ (E gilti:ﬂ) SRy
(5.2.1)

rae Kp — Komnouenta (i, p) Tensopa JIHCIIEPCHH, it = (puaHuecKasn
cocTaBasomas k ckopoctH H C* = ¢fp.

Qu3HYECKHE KOMMOHEHTH BEKTODA SABJAIOTCA NPOCKHHAMH BEK-
TOpa Ha KacaTeJbHYI0 K KOOPAMHATHHIM KpuBbiM. Ecu V., V,, V,
ABJAIOTCA KOMIOHEHTAMH BEKTOpa B OOBIYHOIl NpAMOYroJBLHON CH-
creme, V!, V? V® — ero KoMmnoHeHTH B KpHBOJHHEHON cHeTeMe,
TO HMEIOT MECTO CJAENYIOUIHE COOTHOLIEHHS:

Vi=gif'Vu V=gV, V®=gii..

Husie MeTpuuecKuit TEH30p, CONPsKEHHBI ¢ HHM TeH30p, Jerep-
MHHEHT g # (5.2.1) BEIpaXKaioTCsi B OOBIYHBIX KPHBOJMHENHEIX CHCTEMAX
koopauHar [177, 12].

1) muAMEApHYECKas cucTeMa:

1 0 0 1 0 0
@d=]0 7 0|, @*= |02 0],
0 0 I 00 |
g=r,
1 @ d (c/p) BT, d (¢/p)
T o (Ko =G2 |+ o (KGR ] +
O MKyodCB] _ 1 0 ny 1 8
+5 [K=52 ] — 7 (V) — 5 F U —
i . aC o ~
77U =3 (5.2.2)
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2) chepuyeckas cucrema:

o g U g, 0
(Epa) = [D Bl ] , (879 = [0 1 0 ] ,
0 0 rsin*y 0 0 1/r*sin®y

g = r'sin*y,
_:2 T {‘K;pa (up}] & e sy aqm [bin \}Ku [up]]

| I d % Wb d ¢
T 7 Tsin®y a0 [KE‘PW({"“}} _r_'-"a_r(rUL)""

=¥ s:lrl P ﬂlll (SIS 6 rsiix': P &i] -0~ (%) _-‘H (5.2.3)
3) ® — -cucTema (nBymepHast)

 [(0D/dx)? -} (Oyay)*) 0
i e 0 ooy 1 ovor ]

i 0 (0¥ /ox)y* | (0 dy)y*

JleficTBHTeNIbHASA CKOPOCTb (PHJALTPALMH ONPEeNsSiercsi BhiparKeHHeM:
U = —grad @,

a @ u 1 cBs3LBaOTCA YycaoBuaAMH Kown:
oD/dx = apldy, dD/dy = —adp/ox.

D H3INYECKHMH COCTABJSIOUIHMHY CKOPOCTH 10 ONPEASCHHIO SIBJASIOTCH:
U 1P =0

H OHH YAOBJETBOPAIOT CJAEAYIOUUM COOTHOILEHHAM:
g\ 2= 1/U% gn=gn=1U"

Ypaenenne aucnepcenn (5.2.1) npuHumaer Bui:
. 0 oc* . 0 ac* n OC aC
U 55 (Ko 55-) + U 55 (pKw ) — U5 = 57+ (6:24)
rae C* = clp.

5.2.2. Moaear OAHOCKEAKMHHHOTO HMIYJILCHOIO
MeToaa

BOJIOHOCHBI TOPH3OHT HANOPHLI H TOPH3OHTANbHOCTOHCTHIN
C/noH OJHOPOAHBIE M HE3aBHCHMBIE JApPYr oT jpyra. Pekum aucnep-
CHH — YHCTO JHHaMH4YecKas jaucnepcusa H Ko3(pHUHEHT AHCHEPCHH
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nponopuuHoHanen ckopoctd cmecu. HMmeer mecto cayuwaii tpaccepa,
KOIJla MJIOTHOCTb CMECH NocTosiiHa. Mojesib HCnoab3yercs JJs onpe-
Jle/ieHHsl JIOKa/lbHBIX KO3(WpHIMEHTOB JHCNEPCHH N0 JAHHBIM Ha/lHBa
H OTKaYKH PaJHOaKTHBHOrO Tpaccepa W3 OJHOH M TOMN e CKBAMHHHL.
PaanoakTHEHOCTE PErHCTPHPYETCA B CKBaykuHe. BONM3H CKBamHHBI
ECTECTBEHHOH CKOPOCTBbIO B BOJOHOCHOM TFOPH30HTE MOMKHO mHpeHes-
peub no CpPaBHEHHIO CO CKOPOCTbIO, OOYC/JAOBJEHHON OTKAuKoil WJIH
HaJuBoM Tpaccepa. [loTok M JAHChepcHSi NPHHUMAIOTCH OCECHMME-
TPUYHBIMH (cM. pasaen 4.2.1). MatemaTnyeckas sajaya onpenensercs
CHCTEMOH YypaBHeHHI:

S, de d de

_.I"-F (f{IIH'[T?T) — +"F (-"Hf":l = E,

1 oh d*h S dh

r

T R BT (5.2.5)

pu or’

I[Jle ¢ — KOHUEHTpauusi WHAHKatopa, i — nbe3oMeTpH4YecKHii Hanop,
k — xosppuuHeHT PUALTPALUM, I — PACCTOAHHE OT CKBAXKHHBI, 1—
AEHCTBHTENbHAS CKOPOCTh (HJALTPAIHH CMecH, S — KoadHIlHeHT
BOJ0OTAA4YH, T — BOAONPOBOAMMOCTB, ¢, @, | — COOTBETCTBEHHO,
MOPHCTOCTL TPYHTA, NJAOTHOCTH M BA3KOCTH CMeECH.

HauanbHbie H rpaHuuHble yCJAOBHSI CJELYION{HE:

1) B npouecce HarHeTaHHs:

¢ (rg, 1) = 1 — B nepuoj HarHeTaHusl Tpaccepa,

¢ (ro, 1) =0,

¢ (0o, f) = 0 — B nepuoj, HarHeTaHUs MPECHOH BOABI, HCNOJAb3Ye-

MOl AJs BHITECHEHHs Tpaccepa,
FIe rp — PajHyCc CKBa)KHHbLI (HAYaJ0 KOOPAHHAT COBMELIEHO C LEH-
TPOM CKBaMHHLI).

Hanus ofpryiio npousBOAMTCS NMpH MOCTOAHHOM Hanope Ha CKBa-
HKHHE:

h {rﬂl r] — hﬁl
f (oo, ty="0.

Havaabubie ycioBus onpellefsiioTCs CTyNeHYaToil BXoAHON (YHK-
IHEel:

c(r,0 =0,

h(r, 0) = 0.

2) B npounecce obpaTHoil OTKauKM:
d

‘a{_ I:'rﬂ'r f} = ﬂ!-

¢ {co, f) = 0.

YenoBue HYNEBOro NOTOKA OTBeYaeT MIHOBEHHOMY NepeMeliBaHHIo
Tpaccepa B CKBaxuHe. 3TO 03HAYAET, YTO KOHUEHTPAlHs B CKBAXKHHE
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paBHa KOHUeHTpamuH BGIM3M cKBAXKHHEI. M3MeHeHHs KOHUEHTpaIHH,
o6ycJa0BAEHHEIE JHCIEePCHeH, MOTYT He YYHTHIBaThCA Ha NpPOCTpaH-
creeHHoM are, [ToaHoe rpaHHYHOE YCJIOBHE JOJIKHO HMETE CHAENYIO-
mHi BHJA;

Uec — K g—f_ = Ucy,,

rje ¢y 0003HAUaeT KOHIEHTPALMIO B CKBaxKHHE. 3JleCb MBI HMeeM:
cw = ¢ (ry, 8.

Orkauka o6bLYHO NMPOH3BOAHTCA INPH THOCTOSIHHOM Hamope hg:
h (ry, £) = —ha,

h (o0, f) = 0.

B KayecTBe HayadbHBIX YCJAOBHH HCNOJNL3YIOTCA YCJAOBHHA, Cyile-
CTBYIOLLHE B BOJAOHOCHOM TOPH3OHTE B KOHIle MnepHola HaJauBa:

c(r,ty) =c (r, 4y

(rne f{, — BpeMsi OKOHYaHHS HaauBa H ¢ (r, {;) — pelleHHe CHCTEMB
IJsi MOMEHTa BpeMeHH f; NMpH HadaJbHBIX H TPAHHYHBLIX YCJOBHAX
A5 HalHBa),

hr,t) =0

B NpPEANOJOMKeHHH, YTO BOJOHOCHBLIH FOPH3OHT BO3BpallaeTcss K co-
CTOSIHHIO eCTEeCTBEHHOTO PaBHOBECHSI MEM/I1Y KOHIOM HarHeTaHus H
HAuyaJdoM OTKaukKH.

Jra cHCTeMa [AHCKPETH3HPYETCsl COrJIaCHO MOJMHOCTBIO HesBHOI
KOHEYHO-pasHocTHOH cxeme. KOHBEKTHBHBLIH 4YJIeH YpaBHEHHs MHC-
nepcuu (YacTHasi MPOH3BOAHAS NEPBOro NMopsjKa) AHCKPETH3HpYeTcs
Kak pasHoCTb Hasajl 10 OTHOIWEHHI0O K HanpaBJeHHI0 CKOPOCTH.
JInHelHbe CHCTEMBl PELIaoTesl METONOM NpAMOro Hekaoyenus I'aycea
s TpHAHAroHadbHEIX Matpuil (§ 9.3.2).

Huzke npuBoauTcs Bo3MoXKHas (JopMa JHCKPETH3HPOBAHHLIX ypaB-
HEHHil C H3MEHAIOMUMHCS [0 NPOCTPAHCTBY mnpHpaueHusaMu dr (i)
H mepeMeHHLIMH BO BpeMeHH BpeMeHHbIMH waramu df (n).

1. Ilepuon HanuBa:

r@lu(@l+ri+Dle(@+D] [ c{i41)—ec(i) } =

2 dr (i + 1)
r()lu(@)lFr(i—=1)]uli—1)| [E{i]—cﬁ—l]}
oo 2 dr (i)
r (i) dr (i + 1) 4 dr ()
2
I r(Du(ye(@)=—r(i—Du(i—1c(i—1) e(i)—c ()
= ) dr (i) R T
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Beog AaHHBIX

J — wnpexe enoA. J =1

MaccvB HEYBNLHBIX AABNEHAA W KOH-
WEHTPaL MR

BBon rpaHMyHBIX YCNOBHA

Pacyer cHOpOCTEA BO BCEX TOMKAX |
AMA BCEX MOMEHTOBR BREMeHn |

Pacuet ko3 UHEHTOR QMCch@pomM
P

PacyaT HKOHUBHTDEUWW BO BOBEX TOM-
Kax f ANA BCEX MOMEHTOR BPEME-
HM [

AL r*f.r. As f=1+ dr

=1L dr {Kowey Hanwaa

Havano orkayxu | BBOA FpaHANHBIX YENOBUA

PacweT CKOpOCTER BO DCEX TOuKAxX |
ANA BCEX MOMEHTOB BpEMEHN [

Pacuert woadduuMeHToR AMCTIBDCAK

PacuaT KOHUBHTPAUMA BO BOEX TOMKAX |
ANA BoEX MOMEBHTOB BPEMEHM [

e

bt S LS

2
P ] [ S tiov Koweu
DTHAYK M

PHBbIE. KOHUEBHTDAUMA B CHBAMWHE 1< IE
KaK YHKUWA BREMEHW OTKIYKK

Hert

Puc. 5.2.2. Mogeas OJHOCKBAMHHHOIO MMMYJAbCHOro Merofa. Baok-cxema pacuera
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2. Tlepuoa obpaTHOl OTKAYKH:

1 &/t fod : :
r@ @] 4r@E+D @+ 1D)]1X
10§ -, seli+DN—e(d) o
e AT I rm ~
< S 53 e(i)—e(i—1)
=k | @D+ —u— T
- 1141 i = dr(:‘—l—li‘_:—|—dr[f} =
50 £ S S S r(i-=Da(i 4 De(i-= 1) —r(u(d)e(r) =
& 7 () ar (i + 1) '

60|—|— _ e()—e (i)
?G" 4] T di [ﬂ} g

Lkt roe n — 4YHCio BPEMEHHHK aroe,
80| o I ¢(i) m ¢ (i) — KOHUEHTpAUHH B
gol—LeT TOYKe { B MOMeHTHl n H n — |
V¢ MR COOTBETCTBEHHO.

Ecjin oTKauka HWJiH HaJHB MpOBO-

Puc. 5.2.3. Paccunransan Kpupas
HBMEHeHNS KOHUenTpauny Bo speme- AATCA C TOCTOSHHLIMH PacXOAaMH,
HH B CKBaXiHe Ha 3ajaHHofl rayGuue. TO COOTBETCTBYHOLLAA MOACAL NOJY-

Pacxos OTKauKH TNOCTOSHHBL yaerca mnojactaHoskol r (i) u (i) =
= A, rae A — nocrossHHas, ornpe-
JesisieMasi M3 YCJAOBHH OTKAa4YKH H HajJuBa.
Jlasi nepuojoB OTKauKH H HaJMBa YPAaBHEHHS JABHKEHHA H CKO-
POCTH 3aMHCHIBAIOTCS B BHJE:

h(i--1)—h(i) A@{)—Hh(i—=1)
I h()—h@E—D T N dr (1)
r(f) dr (i) v, dr () 4-dr(i+41)
2

=8 k) —=h=(i)
R di (n) -

k(i) pg k(i) —h(i—1)
[ dE(h =

u (i) =—

rae i (i) u k(i) — nanops B Touke i B Momentsl n u n + 1. Ha
KaxkJ0M BpPEMEHHOM luare peuiaercs ypaBHeHHe JABHIKeHHS H onpe-
JEJSIeTCA NPOCTPAHCTBEHHOE pacnpeleNenne CKOpOCTeH, 3HaueHHd
CKOPOCTH MOACTABJAIOTCS B YpaBHeHHE JHCNEPCHH, KOTOpOe 3aTeM
pemaercsi. YpaBHeHHe JBHKEHHs He 3aBHCHT OT ypaBHeHH: RHCHEp-
cuu (puc, 5.2.2).

Ha pwuc. 5.2.3 nokasana KpuBas KOHUEHTpallHH, MNOAYyYeHHAs
B CKBa)KHHE B IMPOLECCe OTKauKH NMPH NOCTOAHHOM pacXoile; ru =
= const. :
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5.2.3. Mojear MHOTOCKBAXHHHOTO MeETOAA

BofoHOCHKIH TOPH3OHT OAHOPOAHLIH H HM30JHPOBaHHHIH. Pexum
AHCNEPCHH — YHCTO AHHAMHYECKas AHCHepCcHs, a Ko3(upHIIHEHT JHC-
MepcHH nponopuHoHajen ckopoctH cMecH. CKopocTb CMecH cJia-
raercs H3 eCTECTBEHHOH CKOPOCTH BOJOHOCHOrO TOPH30HTA H CKOPOCTH,
o6ycJI0BJIeHHOH 3amyCKOM Tpaccepa B CKBaxuHy. [lJoTHOCTB CMecH
nocTosHHas (caywait Ttpaccepa). [TonmepeuyHnoit aucnepcHeif MOXHO
npeHeGpeyb.

Matpuna aucnepcHi NPHBOLHTCA K AHAroHaJbHOMY BHIY B KpH-
BOJIHHEHHOH CHCTeME@ KOODAMHAT, onpeiesasieMod JHHHAMH TOKa H
sKBHNOTeHUHanaMu (cm. puc. 5.2.1, 6). Pacxon HanHBa MOCTOSIHHBIN,
4TO COOTBETCTBYET YCTAHOBHMBIIEMYCS JBHIMKEHHIO BojLl. MatemaTH-
yecKas 3ajlaua onpejesiercss CHCTeMOH YpaBHEHHid:

ad ad o= ot ?

1 dh d%h S oh

i ey N G248
_ __ kpg oh

e B Dp oar ?

u=uN+u1.

rieé u, — CKOpOCTh, OGYCJOBJeHHAs HAJIHBOM, Wy — €CTECTBEHHad
CKOpPOCTb BONOHOCHOrO TOpH30HTa. HauaabHbie W rpaHHYHBIE YCJIO-
BHAl CJEeAYIOoLIHe:

B cKBaxkuHe ¢ = |, Ha GeckoneuynoctH ¢ = 0, h = 0 npu ¢ = 0;
h(re, {) = hy, h (o0, 1) =0, rae r, — paAuyc CKBaXKHHHI.

HeoGxoaumo no6aBuTh cooTHoweHnus mexay o, @ u ¢:

y— 40 _ dv (5.2.7)

ds dn?

rae ds u dn — npoeKuHH NpuHpameHHH KPHBOJHHEHHBIX KOOpAHHAT
Ha JHHHIO TOKa H SKBHNOTeHIHadb. O6puHo ds = dn.

CHcTeMa JAHCKpPeTH3HPYETCSl COPJIACHO TNOJHOCTbIO HESIBHOH Ko-
HEYHO-PasHOCTHOH cXeme, Kak B pasnene 5.2.2. [lonyyaromuecs B pe-
3yJbTATe CHCTEMBI PellaloTCa METOLaMH MpsAMOro HckJoyeHns [aycca
sl TPHAHArOHaNbHBEIX MAaTpHIl. YpaBHeHHs JBHIKEHHS IHCKpPETH-
3HPYIOTCA, KaK B pasgene 5.2.2, a JHCKpeTH3aUHs YpPaBHEHHS JAHC-
MepCHH MOMKET HMeTb BH.:

(@)l la(i41))
2

[ (1 + 1) —c ()] —
— |"ﬁ”"1."|?"[f"' )] [e (i) —e (i — 1))

eetd® (i) T -t

— 2 (i) {G(fl‘l—d;}ﬁ'-—l} cs f[f};::‘{i} :
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[lar d® Bui6Hpaercs MOCTOSIHHBIM M JOCTATOYHO MaJbiM, YTOOHI
YMEHbIIHTb NOTPENIHOCTh YHCJAeHHON Aucnepciu. Brluncaenus Bbl-
noausiorcs Ha ocn Ox, KoTopas SBJAAETCA JHHHEH TOKA H NHCKPeTH-
3HPYIOTCH B COOTBETCTBHH C YypaBHEHHeM (5.2.7). 3HaueHHs KOH-
IeHTpaluii mepeHocATCs 3aTeM B 00/1aCTh XY 10 IKBHNOTEHIHATLHBIM
munusm. Ilavup n Xapaeman [247] paccmarpusaior Apyrie BO3-
MOKHBEIE UHC/AEeHHbIe cXeMbl B KoopjauHatax (@, ), ocobGeHHo B ciyyae
obiero ypaeHeHns aucnepcun (5.2.4), Korja monepedHoi Auchep-
cHefli Hesib3sl npeHebpeyn. J{HCKpeTH3alHs B STOM Caydae aHalorAvHa
npunsToli B pasgene 9.4.4, a Meroj pelueHHs — HEABHLIH METOA
nepeMeHHEIX HamnpasieHuit (cM. 9.4.4).

5.3, AHAJIJHTHYECKHE MOJIEJIH

AHaJHTHUECKHE pelleHHs YpaBHeHHs JHCIEPCHH CYIeCTBYIOT
TONBKO JJsi oueHb HeOOJbIIOro YHC/aa cayvaeB, NoApoGHO paccMo-
tpenunx Bapom [17]. AnaauTHueckoe pemerue, eCJH OHO Cyme-
CTBYeT, NpeJACTaBJsieT MHTEpeC TeM, 4YTO OHO He COAEpPHKHT omnbokK,
o6yCcA0BAEHHLIX YHCJIEHHOH pucnepcHeil, W oOWHOOK, BhI3BAHHBIX
KOHEYHO-PasHOCTHOI annpoKCHMalHeH.

II/151 OTHICKAHHS aHAJHTHUECKHX pellleHnii MoryT OiTh NpHMEHEH bl
pasJuYHbIE MaTeMaTHYECKHE METO/lbl, TaKHe KakK METO. byHKUHK
[puna, npeoGpasosanus Jlanmaca wuan mnpeoGpasoBanus Dypbe.
B KauecTBe H/JTIOCTPALHH 3/1€Ch NMPHBOAATCA /BA OCHOBHBIX NpHMEpa
METOIOB, KOTOphie MOTYT ObITh HCNOJAb30BaHbl s IOCTPOEHHA TH-
NUYUHLIX KPHBHIX 3arpsisHeHHsi A5 OJHOMEPHOrO HJH JABYMEpPHOrO
NoTOKa.

5.3.1. Opnomepras Mojeib

JlonycTum, 4TO HMEEeT MeCTO MPOAOJbHAs AHCNIEPCHSA NPH MOCTOSH-
Hoil ckopocTH U B moJyorpaHHueHHOMH cpeje i CTyneHuaToi Hayalb-

HOlt (PYHKIHH.
MartemaTHuecKasi 3ajaya OMNpEAeNsercs CHCTeMOH YpaBHeHHH:

K (0*Clox*) — U (9Clox) = dClat, _
C(x={),.f:::nﬂ)=cn,C'[x.‘='uﬂ,£;w-ﬂ}==0, (5.3.1)
C(x=>0,t=0=0.

3ajaya pemaercsi ¢ nomomibio npeoGpasosanusi Jlanmaaca.

3amevanue Ilyets f— QyHKUHs nepeMeHHOH X, ompene-
NeHHas JAs BCceX x W paBHas Hymo npu x << 0. IIpeoGpasosauue
Jlannaca [ ectb QyHKUHA:

(=)

L()=F(p) = | e[ (x)dx, (5.3.2)
130



]
T 1 T § &Rl v T RTT

o~
%
N
<
A
o
N

5 i
F %ﬁ oy op /100
L W e =
N ’,,..-"*;‘:r'-""" 90
— 2

L Z
3*1‘::5” 050
-
| 09
£
o 0,10
o _
bt iy : N
/ / W BN § W

7 A |f{|.fﬂl Vi = T S o il B ‘Vmte- i |||11|;Eﬁ

0005 01 05 E . b 10 50

Puc. 5.3.1. Tunuunsle KpHBLe OfAHOMEPHOH AncnepcHn; ckopocth noctosuna [204]

NpH YCJAOBHM, YTO STOT MHTErpasj CYUECTBYeT, p — KOMIIEKCHO®
gucao, pasroe 1 -+ i§. Ecau n paBHo mymo, 1o | (p) ects npeoGpa-
soBanue Dypoe.

3nech HCMOMB3YIOTCH CJeAylome cBoiicTBa npeobpasosanus Jlan-
Jaca:

L (f") = pf (p) — 1, (0)

L (i) = p*f (p) — pF () — ' (0).
OHH JIErKO TpOBEPsIOTCSl npHMeHeHHeM npeoGpasosanus (5.3.2)
K ¢oyukuuam [ (x) u f* (x). IlopcraBnaa B (5.3.1) ¢ (x, p) =

= _[e_’”c (x, ) di, momyuum:
1]

K (d%/dx*) — U (de/dx) = pe, (5.3.3)
E(x=0)=cy/p, E(x=00)=0,

M3 smpamenns (5.3.3) caenyer pelueHue:

el [Uw{U’—[—*ipK}”? ]_,
C= 5 eXp 7K ) =

Ux 1 —X s 1/2
- CDEX-P ("ﬁ?) 'Texp K”g (W —II_ P) ].
Ms rtabaun npeobpasoBaHua Jlamaaca mnojydaeM:
Gy " x—Ut ], Co Ux\ o [ x+Ut "
C=— erfc[g{m}”?l = exp( T )Erf{hlﬂlﬁf}”ﬂ ] (5.3.4)

Ha puc. 5.3.1 npuBejensl THIHYHBIE KPHBEIE COOTBETCTBYIOLLHE STOMY
peneHnio.
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5.3.2. llsymepHasi nJaHoBas MOJeJb

BoJioHOCHEIl TOPH3OHT TOPH3OHTANbHKIA, OJHOCTOHHBIA M OXHO-
poaubtii. CKOPOCTh JABHIKEHHS! BOABI 4 NMOCTOAHHA M mapaaneabHa Ox.
KosaduinenTs AncnepcHn NOCTOAHHBE H NPOMOPIHOHAMLHE CKOPOCTH
(pexuM AHHAMHYECKON AHCHepCHH). 3arpsA3HHTE]b 3anyCKaeTcs npH
koHnenTpauun C, M pacxose Q B HCTOYHHKE, 3a mepuon df macca
sanyuieHHoro sarpasuutens cocrasur C,Q d {. HawanbHasa KoH-
neHTpanus pasHa Hymo. O6nacTe He orpaHHYeHa, 8 KOHLUEHTDaUHA
Ha GecKOHeYHOCTH paBHAa HyJ0. MareMaTHYECKOH MOJENIbIO SIBJSETCH
YpaBHEHHE:

!ﬂ+dfi dig Aty de  dc
R A ™ 5A % ot

®dyuknusa [puHa, T. e. pelleHHe 3TOro ypaBHEHHs IS MIHOBEH-
HOro sanycka B MOMeHT BpeMeHH ¢ = 0 EIHHHYHOrO KOJIHYECTBA
3arpsA3HUTEN]IS B MCTOYHHKE HMeeT BHI

| [ (x—ut)? y?
Gix, y; 1) == = £ :
{ % 1) 4nui (mf_mf}uz =R deey it darut |
H pelleHHeM 3ajayH Toraa Oyner:
CoQ df i (x —uf)? iyt
C X, I, ) = - ex — = 2
(9. 1) Anut (epor)'? P dory ut dagut |

Jlns HenpepbIBHOIO HaJHBA NpH pacxoje @ peueHHe JUis MOMEHTa
BpemeHH [ Gyjer:

¢
e C,Q (x — n)? 1y® df
SoA%, 1, 1) 4z (oepor) /? Jﬁxp " dogud 4*1::*“3] [ (5.3.5)
YeTaHOBHBIIHIICA peKHM MOKeT ObiTh MOJyYeH npH [ = oo:
ol CyQ x P
C (1) = g & i €Xp (%/20,) 1(0( = s ‘10:1_01T)‘ (5.3.6)

rge K, — mopuduuupoannas ¢yHkuusa Dbeccens BToporo poaa
HyJaesoro nopsaxa. Heob6xoaumo otmernth, uto Ha ocu Ox (y = 0),
KOTfla Gy CTPEMHTCS K HYJIO, KOHIEHTpamus CTPeMHTCs K GecKOHeu-
HOCTH, YTO He HMmeeT (u3nueckKoro cmbicna. Torpa caenyer ofpa-
THTBECA K OAHOMEpDHOMY CJyualo. Ecnu CKOPOCTE 4 BO3pacTaeT, TO
KOHIEHTpAlMsl MNOBCIOAY YMeHblaeTcs: 3arpssHeHHe OLICTPO BLIHO-
cutcsa. Ecan Q M u — nocTosiHHbLl, ¢ CTPEMHTCA K HYJA0 npH op,
cTpeMsmeMcs K OECKOHEYHOCTH: NPH YBEJHYEHHH JHCMEepPCHH KOH-
LHEHTpaIlHA B TOYKE YMeHbllaercs.

HUurepecuntfi pacuer no (5.3.5), npunamnexamuii dvcennemy [5],
NPHBOJAHT K IOJE3HbBIM THIMHYHEIM KPHBHM MNOCPEICTBOM BBEJIECHHA
taOyaupoBantoil ¢ynkuun Xauryma W (u, b):

W(u, b)= j exp (—y — b%-’-iy}%’i "
J I
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Puc. 5.3.2. Tunnussie Kpusbie 3asucumocti W (u, b) ot u pas pasauunmx b [270]

Pemenue (5.3.5) MOXKHO 3anucaTe B BHJIE:

f
0
7 exp (x/2e;) I exp [—- -&% —

Co
dnu (oo

et e e
4oy u daru / 0] 8 °

IMoacraBass y = ub/dey, Oynem HMeTb:
{

C
Cx, y, t)= s {afxﬂ' 5 eXp (x/20) jexp (—y — b*/4y)
V]

Cix. o =

dy
y ¥

2 H]

g % y
rae b°= 4o% 37 degpor ?

H OKOHYATEJILHO:

Cl 4 ) =—— {Eiﬂ”ﬂ exp (x/20) IW (0, &) —W (2, b)]. (5.3.7)

3uauenns W (f, b) moryt OuiTb Haiijens B Tabauuax ¢yHKnuu XaH-
Tylna, NPHBENEHHLIX, Hanpumep, B paGore [270]. Ha puc. 5.3.2
noKasanbl 3HauyeHHsi (GYHKUHUH, HEOOXOAMMBbIE [JIf CaMBIX MPOCTHIX
3ajlay 3arpsAsSHeHHsi, nojydeHunie us pewenns (5.3.7).

5.4. MOJIEJIb <«4YEPHOTIO SLHKA»

Kak Oyner nokasaHo B ryaee 7, MHOI/la NpeiCTaB/feT HHTepec
TPAKTOBATL 3ajady JarpA3HEHHA METOLOM «4YepHOro fIllHKAa»: BOOO-
HOCHbIfi TOPH30HT PACCMAaTPHBAETCS KaK YepHLIH AUMK, B KOTOPbIH
NOCTYNAaeT H M3 KOTOPOro BHIXOAWT 3arpsisHenHe. Mexanusm BHYTDH
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SUIMKA HeHsBecTeH, H aHAJH3HPYeTCs TOALKO ofblnee BAHAHHE AlHKA
MyTeM H3yYeHHs BXOJHON H BHIXOAHON QYHKUHI, XapaKTepH3YIOmMHX
sarpasienne. [lo cymecTBy Metoj MomerT ObITb HCMNONL30BAH TIPH
oueHb GoJblupX MaciuiTabax HccjefoBaHHH, Korja BAHSHHE BOJO-
HOCHOIO TOPH30HTA Ha 3arpsisHEHHEe ABJAETCA KOMIJIEKCHBIM, HO
MOKeT OulTh oOBEeIHHEeHO B eliHHoe npeacrasienne. Hanpumep, Korja
HY>KHO ONpelesNTh 3arpsisHeHHe, MOCTynaiollee C MJIOMAJH BOJO-
c6opa GHINKO-XHMHYECKHE SIBJeHHH B HEHACHIIIEHHOH 30He He MOTyT
GuITh JIETANLHO PAacCMOTPEHBI, HO MOMET aHaJAH3HpPOBAaThCA HX COB-
MecTHoe mpossienne. OCHOBHOH NMPHHIMI 3TOTO METOAA 3aKJIKOYAeTCs
B TOM, YTO 3arpsi3HeHHe paccmaTpHBaeTcsi Kak curaan e (f) (wam
KaK HEKOTOpas KOMIMO3HIHA eAMHHYHEIX CHTHAJOB), KOTOPHIH Mpe-
obpasyercsi B § ({) BOAOHOCHHIM FOPHSOHTOM, JEHCTBYIOUIHM Kak ofre-
patop A (CHMBONHYECKH mpejcTaBiasiercsi Kak 's = A-e), rae ¢ —
Bpems,

OG6LIYHO JenaiTca cJelyiouiHe JOmYIIeHHs:

1) npeofpasoBanue ¢ — s CYUIECTBYET, T.€. HMEETCs OneparTop
Takoil, uto § = Ae; "

2) s — auuefinas GyHKuus or e, T. e. A — AuHeliHLIA oneparop.
Tax, ecJiH S COOTBETCTBYET e, TO AS COOTBETCTBYET A €; ec/il § COoOT-
BeTCTBYEeT €; H S, COOTBETCTBYET €, TO 5 -+ Sa COOTBETCTBYET
e + e

3) aoGoil CABHT 10 BpeMeHH Ha BXojie ¢ BjeyeT 3a coboil Takoh xe
CIBHT 1O BpeMeHH Ha BuiXojie s (T. e. npeobpa3oBaHHe ¢ —- § MPOHC-
XOJIUT CO CABHTOM MO BpEMEHH);

4) npeofpasopanue A HenpepwBHO, T. €., €CJIH TOCJe]0BaTe]b=
HOCTb €, (f) CTpeMHTCs K HYJIO, KOrJa n CTPEMHTCS K GECKOHEYHOCTH,
TO mocheloBaTelbHOCTh S, (/) = Ae, (f) crpemuTca K HYJIO.

Torga Moxker ObiTh JokasaHo [148], uto sto mpeoGpasoBaHue
ecTb CBepTKa, 3alHchiBaemass B BHJE:

s= A #e.

Mogensio sarpasHeHus siBjaserca omneparop A, KOTOpHIH HAa3bl-
BAaeTCH «HMNYJbLCHOM nepexofHoH XapaKTepHCTHKOM», WIH «eAHHHY-
HBIM OTKJHKOM®, HJH TNepelaToyHoil ¢yHKnHed BOJOHOCHOrO TOpH-
30HTA /151 3arpsA3HEHHs H 3ajaya COCTOHT B TOM, 4TOOBl pacCYHTATh
STOT eHHHYHHII OTKJAMK. Ecan A H3BecTeH, MOlejb MOXeT ObITh
HCHOJIb30BaH4a B JIBYX HanpasJeHHaX: JHGO NpH H3BECTHOM ¢ paccuH-
ThiBaercss e (3To obpatneHHe CBEPTKH).

Jlna npHMmepa pacCMOTPHM BoAocOOpHYIO MJOMalb ¢ BOLOHOCHKIM
FOPH30HTOM M HEKOTOPHIMH pekamH. Boja noToKoB HCNOMb3yeTcH
Ana nuTtheBnix nenei. Ha saBomax ckaafupylorcsi OTXOMALI, KOTOpHIE
34arpssSHAIOT BOMOHOCHBIN TOPH3OHT npH HHGAABTPanuH, o0yC/H0B-
JIEHHOH MAOMAAMH. 3arpaAsHeHusi, [OCTYNaloU(He H3 3THX OTXOJOB,
npeAcTaBasIoT cob6oil BXoA e (f) u Ans BuIpaGOTKH TEXHHKH Gesonac-
HOCTH, Kacaioweics saBoioB (Hanpumep, Beifop BpeMeHH HaxomJje-
HUS 3arpAsHeHHil WIH CXKHTaHH#A), HeoOXOAHM MPOTHO3 BIXOfa S ()
NpH pasrpyske BOJOHOCHOTO FOpH3oHTa B pekH. Ecan nssecred 4,
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KOTOPLIH XapakTepH3yeT BOJOHOCHLIH TOPH3OHT, TO MOKHO BbIUHC-
auTh s (f) npn KaHHOM e (f) ¢ momompio cBepTkH A * e,

Haxkouen, ecsiH HeoGXoAHMO COGMIOCTH CAHHTAPHEIE HOPMBI 3arpAs-
HeHHs (KOTOpPBEIE HAKJAAABIBAIOT OrPaHHYEHHA HA (PYHKIHIO S) H ompe-
JIETHTh BO3MOXKHBIH BXOJ| ¢ BHINMOJHSNIOT obpaiuiedie s Ha e. KoHeuHo,
CHayaja JAOJIKHB OLITh BLIMOJMHEHBl SKCNEPHMEHTH Mo oOpalleHHIo
CBEPTKH C M3BECTHLIMH § H e, /I Toro 4robsl onpeaeauts A.

XOoTA CBEPTKa AOBOJLHO MPOCTO BLINOJHAETCH YHCJAEHHO, MOXHO
nokKasatb, 4TO ofpalleHHe ee sABJsSeTCA HEYCTOHUHBOR YHCAEHHOM
onepanHed M uTo HeoOXOJHMO HCIOJbL30BATH CHELHANLHLIE YHCJIEH-
Hele Mmetojibl. Ilocse o0630pa HEKOTOPHIX KAACCHYECKHX YHCJIEHHBIX
METOJIOB pPAcCMOTPHM YHCJEHHbIH METoJl, OCHOBAHHHIA Ha aJropuTMe
Omcennema [81] n pasputeii Ilyatpunanom [81]. Dror merox ycroii-
YHB M YiKe JOBOJBLHO IUHPOKO HCINOJb3YerTcs.

Hs sroro caepyer ponyuenue, 4to onepatop A npeicrasJaser co-
Goii HHTErpHpyemMylo (YHKIHIO H YTO ypaBHEHHe CBEPTKH 3alHChl-
BaeTcsi B BHIE:

-+ =
sth= | A¢—n)e()dr.
=
Jpyroe BaxHoe AONYLEHHE COCTOMT B ToM, 4T0 A H e paBHHLL HYJIO

NpH OTPHUATEJLHOM BpEMEHH, 4YTO MNPHBOAMT YpaBHEHHE CBEpPTKH
K BHAY:

i
s(f)= | At —v)e()dv.

0

5.4.1. Knaccuueckne meTopnl ofpamieHns

llpeodpasosanne Pypoe. Ilpeobpasopanne Oypoe Anst GYHKIHH
ONpeacnacTCa TaK:

]
F=T@®= | exp(—2in)f(x)dx,

MPH COOTBETCTBYIOUIHX YCJOBHSX CXOLHMOCTH no f.
[IpeoGpasopanine ceepTki f X ¢ no Pypbe npencrasiaser coboil

o0uuHOe NpOH3BeAeHHE [+ W OTCIOA OUEBHIHLI MeTo]i 06paleHHs

COCTOHT B CJIeyIOleM: CBepTKa npeoGpasyerca no Pypbe, AeaHTCH

Ha M3BECTHYIO (YHKUHIO H 0OpaTHLIM npeobGpasoBaiueM @ypbe
HaXOAMTCA HEH3BecTHasd (PYHKIIHA:

= A * E.—p§= j.é‘—rgzé}gﬂ.e':F‘i(Efﬁ}

Mpsivasi waeHTHQHKAUMS. YpaBHeHHE CBEPTKH JHCKDETH3HpYeTCs
C eAHHHYHBLIM BPEMEHHBIM IUAroM: BXOAM 3ajaiorcst B Buae e (0),
e(l), ...,e(n) n exunuyusii oTkAHK A Bemaercs B Buge A (0),
A1), ..., A (n). Kaxasiit e (p) ects umnyasc ¢ ammautynoit e (p),
KOTOpHIf BH3LIBaeT OTKIHK e (p) A (n — p).
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Puc. 5.4.1. OGpautenne merofiom npeofpazopanus Pypee.
! — paccuNTAHHAA MMNYJLCHAN NEPEXORHAA XapaKTepHCTHHA; 2 — BXOA: § — BMXOJ

YpaBHeHHe CBEPTKH TOTJla JaeT JIHHEHHYIO CHCTeMY:
s (0) = e (0) A (0),

s(1) =e(0) A (1) +e (1) 4(0),

s(nN=e(0A@n+e(l)A(n—1)+ e +e(p)A(n—p) +
+ ... +e(n) A (0), (5.4.1)

| HenapecthuiMu sisasiiores e (0), e (n), u cucrema (5.4.1) Jerko
peinaercs.

3TH MeTojibl OYeHb HEeYCTOHYHBBLI, KOTJa JaHHEIE CONPOBOMKAAIOTCS
HEKOTOPLIMH OIIHOKAMH H HETOYHO COOTBETCTBYIOT YPaBHEHHIO CBEPTKH
(puc. 5.4.1).

Kaaccuyeckne cpejicTBa, TaKHe KaK CriaKHBaHne npeoGpasosa-
Huii Dypbe, MOJHOCTLIO 3TH MeToAbl He yaywmator. Cefiyac paccma-
TPHBAIOTCA HEKOTOPLIE JApYrHe METOjbl, TaKHe Kak aHajlorosoe o0-
pauieHue.

5.4.2. Metop ofpamenus Imcenema

OcCHOBHOII TpPHHIAN 3TOTO MeToa SaK/io4aeTcss B TOM, YTOOH
NMOJYYHTh ENUHHYHBLIA OTKJIHK METOLOM MOC/IeNoBaTe/NbHLIX MpHO/IH-
wenuit, Kaxaoe nosoe npubJiHeHHe ABJAETCS HCOpaBJeHHBIM mnpe-
ABUIVILHM NPH HYJEBOM cpeaHeM, DTH npuOIHKEeHHS PacCyHThBAIOTCHA
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0 & 0 S
Puc. 54.2, HunyabcHas nepexofnas XapaKTepHCTHKA
Pue. 5.4.3. Bexkrop By

15, | A,

+1 L
: a;
n M e _"_'_I""__}
T i

i |

-1l

Puc. 5.4.4. Begrop by
Puc. 5.4.5. INpuGnrxkenne Ay ¢ noMoibio by u ba

MO MPOEKUHAM Ha CNEeNHaJbHLEIl OPTOrOHAJLHLI BEKTOPHBIH Gasuc,
HAUJAYYIIHM 06pa3oM OrpaHHuYHBAOWHA BAHAHIE SKCIep HMeHTaIbHEIX
(u3mepuTenbHbIX) omnbok. CHayana onpejensercs OnuiToM Bpems n,
KOrjJa eNMHHYHHLIH OTKJMK CTAHOBHTCA paBHEIM HyJo (puc. 5.4.2).
lNeperoe npubGauxenne. Ito nocroanHas QYHKIHsA, KoTOpas IpH
CBEPTKE C peaNbHBIM BXOAOM JlaeT TaKoil BEIXOA, YTO Pa3sHOCTb MEKAY
(GaKTHYECKHM M PacCYHTAHHHIM BhiXofoM Oyaer MHHHMAAbHOH Mo
BCeMYy MHTEepBaNy H3MeHeHHiH. ITa pasHOCTL OOLIYHO MHHHMH3HPYETCH
MEeTOloM HaiMEHBIUHX KBajpartoB. PaccMorTpum Bekrop Oasuca by,
paeHeiii 1 Ha (0, n) (puc. 5.4.3).

[Mpoekunst A, (i) eAMHHYHOrO OTKJIMKA YIOBJIECTBOPAET YPaBHEHHIO:

Ay (D) = ab (i),
rae @, — nocrosiHHasa (YHKuusA, KoTopas onpejensercds MHHHMH3A-
IHell pasHOCTH MeX/y H3BeCTHOH H paccyHTaHHON BhIXOXHOH (QYHK-

IHeH BO BCeX TOYKAX, rje oHa H3BecrHa.
I'J!

S{J}— Yoe(j—i) A {!)-—'f(f}~$ e(j — i) aby (i) =

=5(j) — & ?E{i—i}f’lff)—ﬂfﬂ}
OnTiManbHas BENHYHHA @, ONPEAEAETCHA M3 COOTHOUIEHHI:

0 [}T".EB [j]”ﬂnrl.—_-(},

ay = [.-__ !SU} Ye(j—i ’?lit}w ?r !" e(j — )by (i)

I =0

2
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Puec. 5.4.6. Bexropu by u by l

Puc. 5.4.7. Hmnyabcnas mnepe- U,WU'HJ
XOAHAA XaPAKTEPHCTHKA, paccum-
TAHHAR MGTG,H,DM Dﬁpﬂ!lIEElHﬂ
Smecennema no JanHLM pre. 5.4.1 Uﬂzoﬂ

0 20 30 4 5 60¢

Bropoe npuOamxenue. Benwunua a wneuspecrna, uurepsan (0, n)
JIeTHTCA HA JIBA HHTEpBaJga M paccMaTpuBaercs GasHCHLEIH BEKTOpP b,,
paeuniii ‘1 na (0, n/2) © —1 ma (n/2, n) (puc. 5.4.4).

Bropem npunbnmxennem A spasercs onepatop A,, onpeaense-
MBIH BhIpameHHeM:

Aq (i) = ayby (i) + asbe (9,

asby (7)), oueBHAHO, npeacrapaser coGoil HCNpPaBJIEHHOE IepBoe
npubauxenue ¢ nynesoii cpeaneil. Fpaduk A, nokasan Ha puc. 5.4.5,
Gy ONpeleNsAeTcs TaKk ke, Kak H d;:

f i

E(j)=s(j) —a iﬁ'ﬂf(f — i) by (f) — as .‘Ln e(j — i) by (i),
agﬂm
ﬂa; e 0'

ag = [; s(j) —a % e(j —i) by (i)

X ? EU-—Q%(*’)J/? %: e(j — i) by (7).
Mocaenywomme npudanmenus. I1H nNpHOAHIKEHHS NoOJydyaloTcs Je-
genuem (0, n) na 3, 4, ... uHTepBana H onpejeeHHeM BEKTOPOB by,
by, ... (pHc. 5.4.6).
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BeKTopsl JIerko noJay4alorcs ofiHH H3 IPYroro HTepamnoHHLIM npo-
ueccom: by H by ONPENENAIOTCS COOTBETCTBEHHO 10 by M by JeJeHHEM
ONOPHOTO HHTEPBaJia Ha YeThipe 4acTH W YMHOMEHHEM COOTBETCTBYIO-
KX 3HauYeHud by, u by HOBHIX HHTepBaJioB Ha -}-1, —I1; BeKTOpH OT by;
1o bg MOAYYAIOTCSl H3 BEKTOPOB OT by 0 by TakuMm e obpasom. ITH
BeKTOphl optoroHanbibl. Koneuwo, ecaum orpesok (0, n) npexcras-
Jaer coboit HEKOTOpYIO CTeneHb OT 2, TO 3TO YNPOULdeT AJTOPHTM.
dy W @y MOTYT GEITh NOJACYHTAHBLI OJHOBPEMEHHO N3 3THX YpABHEHHH:

Aga(0) = asby () + @b () -+ agbs () -+ b ),
E(j) =s()— Yeli— Au( =

n

ay EE"JE (f — 1) by (i),

=s()—a X e(j = )bi()) = -+

OXE) o 9ZE) _,

dag e da, T
3TH pacueTsl MOBTOPAIOTCS JJIS APYrHX NpHOIHKEHHI.

Ilop ¢asoit moHumaercs cucreMa BeKTOPOB MPH JIaHHOM pacuje-
nHeuun unrtepsana (0, n) (Hanpumep, cdasa 1 ects by), dasa 2 —
(by, bs), hasa 3 — (by, b, bs, by ...). Ilna xamnaoit Qasel BbuHCAe-
HHUS MOBTOPAIOTCSA A0 Te€X Nop, noka He OyAeT NOCTHTHYTO MHHHMAJb-
HOe 3HayeHHe MHHHMYMa 2 E*® (j): Ha ¢ase 2, nojACYHTHIBAETCH Qs
3aTeM YTOYHfeTCH @, Bo3BpamieHweMm Hasan K ¢ase 1. [locame storo
ONMATH YTOMHAETCHA @y M TaK Janee, Npexie 4eM MNPHCTYMHTb K pac-
ueTy as, ay. Korma apa nocaenyiomux MunuMyma 2 E* (j) 6yayr nouts
paBHLI, MOXKHO NEPEXOAHTh K chaeayioueH (ase, B NMPOTHBHOM Ccayyae
caelyer BepHyThcs K ¢ase 1.

- Anroput™ 3IMmcessiemMa HMeeT cJelylouiHe CBoicCTBa:

1) kampas ¢asa npejcrasiaser coboil Gojee apoGHOe pacujieHeHHe
elHHHYHOTO OTKJHKA MO CpaBHeHHIO ¢ Npeanayumen Gason: ecad J1o-
CTHFHYTOE NpHOJdHMEeHHe CYNTAeTCs J0CTATOYHO TOYHBIM, NpOIEAypa
MOKeT ObITh OCTAHOBJIEHA;

2) KamAblii BEKTOP BHOCHT YTOUHEHHEe B HYJEBYIO CPelHIOI Mpe-
ALIAYLIETO NMpHOJHIKEHHS;

3) KaKAulil BEKTOp BHAOM3MEHseT eNHHHYHBIH OTKJAHK Ha BCeM
unrepsane (0, n); B npouecce cBepTKH 6A3HCHOrO BEKTOpPa H BXOJHOH
¢yHKuun omHOKH HA BXOJIe, €C/IH OHHM He ABJAIOTCA CHCTeMaTHYe-
CKHMH, YpaBHOBEIIHBAIOT JApPYyr JApyra H TeHEePHPYIOT MeHbllHe
OIUHOKH B TOACYHTHIBAEMOH TNPOEKILHH.

[Ipumep storo mMeroia npueeaeH B pasgene 4.2.1 npu onpeneneHHH
nepenaTouHoll QyHKUHH PAaAHOAKTHBHOH NpPOOLL.

Puc. 5.4.7 npeacrasnsier coboii eiHHHYHBLIH OTK/JAHK, NMOACYHTaH-
HBIH MeTofloM IMce/lsieMa € HCNoJb30BaHHeM JaHHeIX pHc. 5.4.1.



I'JIABA 6
NMPUMEPbI 3ATrPA3HEHHH MNOA3EMHBIX BOJ

Jlns uMAMOCTpalHH BO3MOXKHOTO IPHMEHEHHs METOAMKH HaMH
nogo6Gpan pAj NpUMEpoB, KOTOpHIE MOJpasjeneHbl HA TPH TIPYNME:
1) onucaHHe CYLIECTBYIOLIEro 3arpsSHEHHs1 H PasBHTHsI €ro BO Bpe-
MEHH; 2) NporHo3 BO3MOXKHOIO 3arpsA3HeHHsA; MEPONPHATHSA 1O Npeay-
NPEeNJIeHAIO 3arpsAsHenHil; 3) BHeLpeHHe MOPCKHX BOJl B NPHOPeKHbIH
BOJIOHOCHBIH T'OPH30HT.

6.1. OMHCAHHE CYUWECTBYIWEN0 3ATPASHEHHA
M ErF0 3BOJIOLHH: 3ATPABHEHHE PEHHCKOTO
BOJOHOCHOI0 TOPH30HTA OTXOJAMH
roPHOJOBbLIBAOWEAR MPOMBILJIEHHOCTH

O sarpsAsHeHHH COJISIMH BojoHOCHOro ropusonta B IOmxuom Sab-
sace (Bocrounas ®panuns) ussectHo yie jaasHo. OHO (HKCHpyeTcs
10 BO3pacTaioliemMy BO BpeMeHH COJepXKaHHIO XJopa B BOJA032a6OpHBIX
ckBaxunax r. Koamapa (puc. 6.1.1).

3arpsasHenue obpasyercsi B 30Hax JAo6LMH M ofOrameHHs Kajui-
HBIX PY/JHHKOB 3a CUeT OCTATOYHBIX COJefl, COAepKalluX XJIOPHCThIMA
uarpuii (85%) u raunet (15%). B Teuenne nonroro BpeMeHH OTXOJb
CKJa/HpOBaJHCh Ha MOBEPXHOCTH 3eMJIH, arMoc(epHbie OCaiKH,
(QHUIBTpYACH yepes OTBaJbi, BHIHOCHJAH pacTBopennylo coqb (NaCl)
B nojseMHbie Boabl. YrToGbl nNpejAoTBpAaTHTH TaKOE 3aCOJIeHHEe MOJ-
seMHblX Boji, pactsop NaCl cranm cOGpachiBaTh 1Mo TPyGONpOBOAY
B PeiiH, Tak uro B OTBanbl Teneph CKJAaJHPYIOTCSl OTXO/bl C OYEHb
MaJikiM cojepxkanueM conu. OflHaKO CHTyallHs He yJayulianack, Tak
Kak, BO-nepBLiX, PeiiH cefluac HHTeHCHBHO 3arpsisHsaeTca H 9Ta NpoG-
Jema npuoGpena MemAyHapojHOe 3HaueHHe, a BO-BTOPHIX, OTBAJIbl
COXPaHWJIHCh, M, XOTA H OHH He OGHOBJAIOTCA, BCe JKe Oaarofaps
cBOMM GoablHM pasmepam (cpenrsia Beicota 20 M, ¢ npHMepHOl NJIo-
maanio ocHopauus 100> 100 M) npono/xKaioT ocTaBaTbCA MOCTOAHHBIM
HCTOYHHKOM 3arpsisHeHHs BOJIOHOCHOTO ropusonTa. HMcxona us storo,
HCCJIEJIOBAHHSI IIPOBOAMJIHCE C LEJbIO:

— O0XapaKkTepH30BaTb MeXaHH3M SarpfsHeHHs MOJA3eMHLIX H IO-
BEPXHOCTHBIX BOJ,;

— JlaTh KOJIHMECTBEHHYIO OLEHKY: a) €KerojHoro noctynjieHH:A
coneit B ruaporpaduueckyio ceTh, NMPOXOAAULYI0 uepe3 ropHOJ06b-
BalOLLHi paiioH, W G) pasBHTHA BO BPEMEHH 3aCOJIOHEHHS MOJ3eMHBIX
BO/.

HMcenenopanisaMH BBIABJIEHO JBa THna 3arpsisnenusi: 1) ciaGoe
3arpsisHeHHe CHJIbHO pasbaBjeHHbIMH COJIEHBIMH BOJaMH, MOCTymNa-
IOULHMH B BOJOHOCHBIH TOPH3OHT B pe3yabTaTe HaJNHUHA THApaBJ/H-
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YeCKOH CBA3H MEXKAY MOBEPXHOCT- £, mr/n
HEIMH W NOJA3eMHEIMH  BOJAaMH,
2) cuJbHOe 3arpA3HeHHe MOA3eMHbIX
BOJ KPENKHMH paccosiamu, HHQHIb-
TPYIOIHMHCS B BOJOHOCHHIH TOpH- 200
30HT Ha TePPUTOPHH OTBaJOB BO

BpeMs JIOMJIEH. 150

L A LR R

250

6.1.1. OOmwee onucanue npodaemsi

100
BosOHOCHEIH TOPH3OHT CJIOXKEH
YETBEPTHUHBLIMH aJUIIOBHANIBHBIME 50
necKkamH, rpaBHeM H rajbkoit (B

PAsJHUHEIX COOTHOMIEHHAX) C JIHH- 'u:l TR D S e TR
3aMH TJHH H NOJCTHJAercsa Mepre- B e =) )
neMm; oH obgaajaer GOJbIIOH NPOHH- o @ = =]
aemoctslo  (KoadipuiumeHTsl (pHIb-

e Puc. 6.1.1. Cogepmxanne Xxaopa B
Tpauud nopsaaka 107° m/c). Moul-  yoe Grraunsaemolt w3 ckpamuu B

HOCTE BOJOHOCHOTO TOPH3OHTa H3- Koamape
mensiercsi ot 50 mo 200 m. Cpenne-
rojiopas cymma ocajkoB cocrapifer 700 mm. BbiiesienHbie JBa THNa
HATPASHEHHS JOKAJM3YIOTCH B JABYX pasjHUHLIX 30HAaX; ciaaboe 3a-
rpsisHeHne B 30He |, rjle HccsefoBaHHA GblIH HanpasJeHsl Ha PHKCH-
poBaHHe Coflep KaHus coJeil B PeuHbIX BOjax, Ha ONHCAHHE MeXaHH3Ma
rHJAPAaBAHYECKOl B3aHMOCBASH PEUHBIX M MOJA3EMHBIX BOJ| H Ha OLEHKY
yBEJHUCHHsl MHHEPaJH3AlHH MOJ3EMHBIX BOJ 3a CUET MOCTYMJAEHHA
3arpsisHeHHA M3 PeK, CHJbHOE 3aCOJOHEHHE NPOHCXOJMT B 30HE 2,
rie MCCHAeJOBAHHS HMEJH LeJNbl0 YCTaHOBJeHWe rojoBoro GanaHca
HHOHALTPALHN B BOJOHOCHBIH TOPH3OHT, KOJHYECTBEHHOE OIMHCaHHE
Mmexanu3ma (POPMHPOBAHHs [OTOKA COJIEHBIX BOJ MO pasHbLIM HAnpas-
JIeHHsIM OT OTBAJIOB H NPOTrHO3HOE MOJIeTHPOBAaHHE JI/If BCEro ropHOro
OKpyra.

[Ipouecc sacosenus oTpaxen Ha puc. 6.1.2.

6.1.2. Tlposenenne IKCNEPHMEHTOB

[Mopsijlok npoBeieHHs SKCHepHMEHTOB MOKasaH Ha OGJOK-cxeme
(pue. 6.1.3) 1113, 114). Huxe npusoaatca coobpaxenus, KOTOphie
NMOMOTYT MNOHATH OJIOK-CXEMY.

BoifiBJeHHE 3arpsa3HeHHs reodH3HYecKHMH MeTojamMH. IJIEKTPO-
pasBejlka JaeT JlaHHbIE O CTPOEHHH BOJOHOCHOTO rOpH30HTA. [1pume-
HeHHe 3JIEKTPOpasBelKH OMpPaB/bIBAETCs TeM, 4UTO, C OJHOH CTOPOHHI,
yjeJbHOoe CONMPOTHB/AEHHe MOPOoJl BOJOHOCHOIO TOPH3OHTA MpPOMOP-
ILHOHAJBLHO Y/IeILHOMY COMPOTB/IEHHIO BO/Ibl, KOTOPYIO OHH COJiepIKar,
a ¢ ApYroi — yaenbHoe CONpOTHBJEHHE BOALI 0OpaTHO MPOMOPIHO-
HaJbHO KOJHYECTBY CcoOjiep:Kauleiici B Hel coJH; OTCIOfa CJeAyeT,
YTO Kaxkyuleecs V/eJqbHOE CONpPOTHBJEHHE JAHHBIX TOPHHIX MOPOX
(B Hawem ciaydae, COBPEMEHHOTO AJVIIOBHS) YMEHLUIAETCA C yBeJHye-
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Pue. 6.1.2. KpyrooGopor pyasl 1 3arpasHeHns na Kaanfnbix PYAHHKAX

HHEM B BOJle PAacTBOPHMHIX CoOJieif. ITO sABJIEHHE KOJHYECTBEHHO Olle-
HHBAETCH COOTHOLIEHHEM:

Pe = PAID,

T/ie p, — YyJeJlbHOE CONPOTHBJACHHE BOAOHACHIICHHOTO TPYHTA, P, —
YAeNbHOE CONpOTHBJEHHe Hachiulaouedr Boasl, A — kosdxpuumenr,
SaBHCAIMA OT cTeneHH KoHconupauuu rpynta, (D — spekTHBHAs
NMOPHCTOCTL.

Tak, necku ¢ nopucroctsio 25%, HachilleHHBIE BOJOA ¢ YAeMBHBIM
conporusaennem 40 Om-m (npu Temneparype 18 °C), uto oTpeuaer
135 mr/n unctroro NaCl B cyxom ocratke, GY1yT HMETh YAGABHOE CO-
nporupjenue 240 Om- M. [TockonbKy B aMioBHH MOTYT GbITh BCTpe-
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geHB! TOJALKO CJ1a6o TPOBOJAALLHE TOK TNIHHHCTbiE TOPOAL, TO GOJIb-
WIHHCTBO NPOBOJAALIHX 30H, MOKA3AHHEIX HA KAPTaX KAXKYUIErocs SJeK-
TPHYECKOTO CONpPOTHBJEHHA, OYAYT COOTBETCTBOBATH 30HAM 34C0JO-
HeHHS.

Ha puc. 6.1.4, 6.1.5 u 6.1.6 noxasauwl TpH BHAA MaTepHAJOB,
NoJyu4eHHHX TreodHIHUECKHMH MeTolaMH HCCJeJlOBaHHI: KapTa Ino-
JIOMIBLl BOJOHOCHOTO TOPH30HTA H pacnpefe/eHHa Y/AEJbHBIX COMpo-
THBJIEHHIl B paspese M B MJjaHe.

Wamepenns H KOHTPOJL 3a arpsisnennem. OCHOBHBIMH CPeICTBaMH
H3MepeHHil i KOHTPOJSA fABJSIOTCA NbE3OMETPH TJyOOKOro H MEIKOro
32J10)K€HHsI W TOBEPXHOCTHBIE YCTpPOHCTBA (CaMONMHCIBI YPOBHS H
munepaiusauun). Ha puc. 6.1.7 nokasaHbl HEKOTOphIE pesyJ/bTaThl,
NOJYUYEHHBIE € TOMONLIO STHX CPEJICTB: IJIAHOBOE pacmpocTpaHeHHe
MHHEpAJH3OBAHHBIX BOJ B S0He 2, B6AU3H 0TBaJIoB. JlaHHble pHC. 6.1.7
caejyer CpPaBHHTh C reo(u3HuYecKHMH JaHHLIMH PpHC. 6.1.6. Kon-
KpeTHple BHJIBI SKCIHEPHMEHTAJbHBIX CPEICTB  paccMaTpHBAlOTCA
HUKeE. :

O cpeactsax uamepenuss H Koutpoas [115, 116].

1. YpoBHH BOJOHOCHOro ropusonta. Jlis yCTaHOBJEHHA B3aHMO-
CBA3H MEXKJY PeKoii H BOJIOHOCHHIM TOPH30OHTOM HCMOJIL30BaH nonepey-
HHK THE30MEeTpoB ray6uHo# 1o 25 M ¥ ¢ QUABTPAMH HA NOCJELHHX
5 M. YpoBHemephl NpejacTaBasnioT cofoil s/eKTpHYeCKHEe JATYHKH Ha
eMKkocTHOM 3(pexTe: HCNOJL3YeTcs pasjinuue AH3JEKTPHYECKHX To-
CTOSIHHBIX BO3JlyXa H BOJbI, JIOOOH nojibeM YPOBHS BOJL!I BHI3BIBAET
H3MEHEeHHe 3JeKTPHUeCKoii eMKOCTH JaTdHKa. Y poBHeMephl TapHpo-
BaJIMCh HENOCPe/ICTBEHHO B 1be30MeTPax ¢ TeM, YTo0bl y4ecTh BJAHsAHHE
Tpy6 H rpyHTOB. XapaKkTepHCTHKH TaKoro ypoBHeMepa MpHBeJIeHbl
Ha puc. 6.1.8

2. Ypoeuu pek. a5 napannesbHON perucTpaun ypOBHA HCNOJb-
30BaJ0Ch JIBA THNA YCTPOMCTB: MeXaHHYeCKHH THMHHTDad ¢ mpOTHBOBE-
COM H TONJIABKOM M MHEBMATHUECKMit JUMHOTPad) ¢ BO3YIIHOH JIHHHEH,
nepejaiomeii faBjeHue PTYTHOMY pe3epByapy, Tje YpOBeHL H3Mep:-
ercsi MOMJARKOM C TpOTHBOBEcOM. AHAMOTOBiH UH(DPOBOH nepexox
COBEpIIAeTCsl MeXaHHUECKH, TJYOHHA YPOBHeM uepes Kaxibie 15 muH
HanocHTcs Ha neposdedty; aHanus M o6paboTKa JIEHT BhINOJAHAETCA
BHIUHCJHTEbHOH Maunpoi. TapHpoOBOYHBIE KPHBHIE CBASH BBICOTBI
CTOSIHHS YPOBHSA H Pacxojia NOBEPXHOCTHOTO M0TOKA yCTaHAB/IHBAIHCD
Ha 3THX CTAHILHAX Ha OCHOBe HHCTPYMEHTa/]bHOrO0 H3MepeHHs CKOpo-
creil MoToKa.

3. HaGmonenus 3a KOHUeHTpalueil cosH B pexax. Iru Habaioae-
HHS BHITIOJHSAJHCH TIEPHOJHYECKHM MyTeM oTGopa npol H H3MEepeHHs
y/leJIbHOTO COMPOTHB/JAEHUA BOALI, Ha puc. 6.1.9 cXemaTHUeCKH OnH-
CHIBAETCS COOTBETCTBYIONIEE YCTPOHCTBO.

MOJKHO BOCHOJIL30BATLCH H CKAHHPYIOUWHM YCTPOHCTBOM, COCTOf-
MM M3 HECKONLKHX JATUHKOB (Majias cepHsi KOTOPBHIX MOXKeT ObiTh
sapaHee sanporpaMMupoBaHa). TemnepaTypHasa KOMMeHcauHs H NpH-
BeJleHHe MOJYUEHHOH H3MepeHHEM BeJHYHHBI Y/IebHOrO COMPOTHBIIE-
HuA K 20 °C ofecneunBaercsi BTOPLIM 3J€KTPOJIOM, NMOLOGHBIM H3MEPH-
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3agaud: OnNUcaHWeE W NPOrHo3 pacnpocTpaHeHuA JarpRaHeHnR

PerucTpauMA CYLBCTRYIOWErD IArPAIHEHKA

TpeGoaaHwA:

—HECTHEIX nNoTpebn-
TeneH

Mayuaeman Bons:
—npodiconaon; — BOAODHOCHOrO ro-

pUIOHTA]

AspodoTocHUMKK:

— ruaporpadiuye-
CHOMH CETH;

= P — CONAHBIX OTBa-

¥ —NBOCTOXPaHHNWLL

Meodwmanka:
—aNEK TRHYECKOS
JOHAMpOBAHKE;

—anexTRONpogu-
OB RMpOBAHKE

— KEPTH  KEMYLUMXCA YOENbHBIX CONPOTHEARHW

MNpeasapuTenEHLIE PEIYNLTATEI:

paspeabil ;

{nnamHe,

— NpodANY KawyWMXCA YAENBHBIX CONPOTHRABHUA

OGpaBoTaHHEIE PEIYNETATEI

— CYWECTBYIOWLEE PACTIPOCTPAHEHWE 3ArpR3HeHuA  (ropuaok-
TansHOe, BepTHKanuHoe) ;

—NOKANWIBLWMWA WCTOVHMIKOR SArpAIHEHHAR M HaENpPaBncHWA

ABHREHWA

Oprauuaaywa HaGNo/ATENEHOR

catyd anA cGopa HOBBIX AAHHBIX

MNosepxHOCTHRIE BOALL:
—YPOBHH, PACKOAL! NOTOKOR
= MWHEDENHIBUMA (yOENk-

HBlE CONpOTHBNEHKA)

MNopiemHuie BOABL:

| =HANOpDL;

—MIMBHEHHE HOHUESHTPAEUWA NO rnyGuHe;

—nbE3oMeETpUYeCHHE npoduny  (B3au-

MOCEAE POKE—BOAOHOCHLIA rOPU3oHT];
— BOAONPOHHUBEMOCTE, NOPHCTOCT

NnoeuomeTpuA:
—HMHEMNBETPAUWA,;
—CTOK

]

BavKk naMHbix

Onepaivi © SaHHBIMMW
GaHka

f

Puc. 6.1.3. 3arpasHenne npoMuULTEHHBIMH OTXofaMmu. Baok-cxema onepatun
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Pue. 6.1.8. Jatunk emroctHoro JedctBHA (a) u ero xapakrtepuctuka (6).
I — oronomox maruuka; 2 — garuuk; § — rpys; 4 — K sanucuBapmefl @AH KOHTpOAbHORA

annapaTtype

e e

Puc. 6.1.9. Tpunuunuanbuas cXeMa PesnCTHBHMETPA € TenyoBoil KoMmneHcauiued.

! — sTanomusfi sAeKTpoA (sTajoHHOE YASALHOE COMPOTHBACHHE p'); 2 — HaMepHTEABHHR
SAEKTPOA (HEHIBECTHOE COMPOTHRACHEE P); § — HCTOUNHE; 4 — YCHANTENL; 5§ — naMepuTeNb-

poe yerpoficTeo; 6 — sanMcHBalOmee YCTPOHCTBO
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Pue. 6.1,10. Yeranopka fas H3aMepeHns Hanopa.

! — aumuurpad: 2 — PErHCTPHPYIINHA DEaHCTHBRMETD:
3 — CAMONMHCEN NLEIOMETPUYECKHX YpoBHEA; 4 — sTaion-
Hufl (a) » naMepaesmud (6) faTaNKR; 5 — NLLIOMETp EMKOCT-
Horo peflcteds; 6 — peflka

Puc. 6.1.11. Kyer ckpaxun Aas uaMepesus JaBiaeHust
H KOHLEHTPalK fla PasauuHbX rayGuHax
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TeNLHOMY, KOTOPHIH MOTpyXeH B TapHPOBOYHBIH PACTBOP TOro e
HOHHOTO cocTapa, uTo M onpobyemas Bojaa, N yJeJbLHOE CONPOTHBJe-
aue (p’) xKoroporo npu 20 °C ussectHo. Komnencaumsi MOXET CUHTa-
TECS VAOBJAETBOPHTe/LHOI, ec/iH 00a 3JeKTPo/la HaXOAATCS B TENJIOBOM
paBHOBECHH -— YCJOBHE, KOTOpOe JUIS PeK MouTH Bcerjia cobiioaercs.

Ha puec. 6.1.10 noxkasana cranuMs rno H3MEpPeHHIO 3arpsisHeHHH
JJIst 30HL caaboro 3arpAsHeHHSA.

4. Habmopmenuns 3a KOHLEHTPAIHAMH COJIH H JABJCHHSIMH BHH3
no TEUEHHIO OT OTBaJOB. 3/eck npoGypeHo ABa THNA Ha0MoAaTeNbHLIX
CKBayKHH: OIHHOYHBIE CKBAXKUHLI, 0GOPY/IOBaHHbE (PHALTPOM HA BCIO
MOLIHOCTH BOJAOHOCHOIO TFOpPH30HTA, JJAsi H3MEpPeHHs HanopoB, SKBH-
BaJeHTHHX npecHoii Boge [180], W KycThH H3 Tpex CKBamKHH
(puc. 6.1.11) aas naMepenHs U3MEHEHHH KOHLEHTPALHNA H 1aBJeHHs Ha
pasaHYHHX TayOHHAaX.

6.1.3. Moneau

Kak nokasano na Giok-cxeme (puc. 6.1.3), nna onucauusa u npor-
HO3a pAa3BHTHA 3acOJOHEHHA HCHOJb3YeTCst JiBa THMAa Mojedef:
1) npu pasmepax oO0JacTH 3aCOJIOHEHHSI NOPSJKa COTEH METpPOB —
JMCNEePCHOHHASA MOJJb; 2) NPH KHJIOMETPOBHIX pasMepax — MOJelb
NOPIIHEBOTO BHITECHEHHH.

JucnepcHonHas mojgeas. B Hell ucnosbayercsi JAHCHEepPCcHOHHAs
cxema (cM.ra1. 3), ynpoileHHan Gaarofiapsl cleAYIOUHM JOMYHIEHHAM:

1) npu pasmepax ob6jacTH 3arpsA3HeHHA MOPAJKa COTEH METPOB
cpeia siBJSE€TCH OJHOPOJHOH;

2) oTBaJLl COJNH HENOCPeJCTBeHHO KOHTAKTHPYIOT € BOJOHOCHBIM
TOPH30HTOM, T. €. BJHSHHE HEHACHIUIEHHOI 30HB! MpPeJnoJaraercs npe-
HeOpexKHMO MaJbiM (OYeHb CHJABHOE JOMYLLEHHE);

3) BASKOCTb i NMOCTOAHHASH, @ MJIOTHOCTb P JHHEHHO 3aBHCHT OT
KOHUEHTpauuu, T. €. p = ac + b, rie a U b KOHCTAHTHl, Oonpejaens-
€Mble C [OMOLULbI0 THMOBBIX KPHBBIX,

4) Ha ocHoBe pHc. 6.1.5 caenano gonyuieHne, YTO COJb JIOCTHraeT
MOJAOMIBE BOJOHOCHOTO TOPH30HTa H KOHIEHTPAUHA COJH MMOJ OTBa-
JaMM MaKkcHMaJbHa W IOCTOSHHA MO BCeff MOLLHOCTH BOJIOHOCHOTO
rOpH3oHTa (3TO TOXKE OUeHL CHJbHOE JONYylIeHHE);

5) KaxjioMy OTBaJy oTBeuaeT cBod Mojiesin. Hanpasienne cKopocTi
MOCTOAHHO M ropHuaoHTasbHo (em. pue. 6.1.6).

STH JONYUIEHHA MPHBOAST K MJAaHOBOH JBYMEpPHOH MOJeNH, KO-
TOpPO# OMHCLIBAGTCA JAByMepHOe pacnpocrpaHenne cond. Ocam Koop-
JMHAT OTBEYaloT HanpapJeHde CKOPOCTH M MepneHjHKYyAsp K Hemy,
a TeH30p JHCIEpCHH SB/JAAeTCsH NHaroHaneHbIM. JlHcnepcHOHHas cxema
NPHBOAHTCS K YPaBHEHHIO CJEAYIOLULero BHja:

55 U100 (c1p)/0x] - 5= LKz (c/p)/y) — 0 (uc) 0 = 0cfat

e — — .&%L- (aﬂfdl'),
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Pre. 6.1.12. O6aacth maremaTnueckoll Mojenn.
I — otk cHMETpHH; 2 — CETKA

u, = 0, @ (pu,)/ox = —adplot,
p = ac + b,

rie K, u Ky — cOOTBeTCTBEHHO NPOJAOALHASA H NOMEpeuHas KOMIOoHe-
HTHl Ko3duuuenta aucnepcun. Bee jpyrue o6o3Hauesis onpejejeHnl
B raase 3.

Ouenka cpejieii cKopocTH (GHALTPALHH MO AAHHEIM OTKaYeK H3
CKBAJKMHBI, CPEJHEro rpaHyJOMETPHYECKOro COCTABA I'OPHBIX MOPOJ
i xoadduunenta mosexyasipuoit auddysunn NaCl nosponser paccyu-
TaTh JAucrnepcHonHoe uucsao [lekne, KoTopoe nokasniBaer, 4To mpe-
obaajaer mexanuueckas mucnepcus (paspen 2.4.2). Toraa K u Ky
3aMHCLIBAIOTCSl B BHJE:

KL-——-‘CC1U{, h’_r: lel

[ pannunbie ycaoBusi noscHsiores na puc. 6.1.12.

BrluncauTeIbHAS CXeMa OTBeYaeT HEesIBHOMY METOJly IepeMeHHBIX
Hanpapaenuit (pasgen 9.4.4); aucnepcuonHasi cxema npejcTaBiser
coboii obuminil cayuail, AeTajbilo paccMOTPEHHBIH B raase 3 H CBOAA-
muiics K caeiyouleii HTepaltHoHHOl Npoueaype: B MOMEHT BpPeMeHH |
H3BECTHEl P, ¢ H U; B NpeanoiokeHu O MOCTOSHCTES P BBIUHCIS-
ercsi U/ Ha momeHT Bpemenn f -+ Al H3 ypaBHeHHsI HepPaspLIBHOCTH H
sakoHa Jlapcu. 3nauenne ¢ Ha MomeHT Bpemenu ¢ -+ AfTorna onpe-
NeNAeTcs YypaBHeHWeM JIHCHepcHH, a p — ypaBHeHHEe COCTOSHHA.
Pasywmeercsi, B npeje/ax 0/lHOT0 BPEMEHHOrO Liara BLIIOMHAETCHA He-
CKOJILKO MTepauii, noka He Oyzner ofecrneueHa HeoOxoAumas cxo-
JIHMOCTb. :

KanuGpopKka MOJENH MPOH3BOAHTCS MYTeM CPaBHEHHs € KapToi
puc. 6.1.7 u TapHpOBOYHBLIMH KPHBHIMH Ha puc. 4.2.31.

Mozneas nopiuHesoro BuiTecHenwsn. Ilpejnonaraercsi, 4To pasiH-
qHS MO MAOTHOCTH M BS3KOCTH JBYX MKHAKOCTeli (coseHas BOJA,
HHGHALTP YIOLLASICA H3 PEK HJAH H3 COJIAHBIX OTBAJIOB, H MpecHas BOJAa
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Puc. 6.1.13. Hurpyaua coienmx Boj, waGmogasmascs B teuenue 1970 r.

Puc. 6.1.14. Paccunraunas uHTpY3usi cojennX pof B tedenne 1970 r,

BOJIOHOCHOTO TOPH30HTA) NpeHefpeKHMO Majbl. JT0 JONYIEHHEe XO-
poumo o0GOCHOBAHO, €C/AH Y4YecTh KHJOMETPOBHIE pasMepbi MOJENH
(T. e. pasmephl GaccedHa peKH) H OTHOCHTEJNbHO HeGOJbLINE PasaHUHS
B KOHLEHTPALHH B C/lyuae rHpaBIHueCcKOH_B3aHMOCBSI3H MeXKY PeKoii
H BOJOHOCHBIM ropH3oHTOM (I /a1 B pexe u 100 Mr/;n B BOJOHOCHOM
FOPH30HTE).

Mopens uHCTO KOHBEKTHBHAs, T. €. JHCIEPCHOHHEIN ujeH O6Iero
ypaBHeHHs1 aucnepcuH npeneGpexnmo wmana. KaaccHueckaa cxema
JIHCTIePCHH (CM. 11, 3) CBOAMTCSH K THApPAaBJHYECKOH MOJIeIH, C OMOIIbIO
KOTOPOH onpeensioTca CKOPOCTH, W K YPaBHEHHIO COXPaAHEeHHSI MACCHI,
KOTOpPOE OKa3blBaeTCs YHCTO KOHBEKTHBHBIM. KoHuenTpauuu B siueii-
Kax CeTKH NMOJCYHTHIBAIOTCS MYyTeM OCPefHeHHs COJepIKaHHsi COMH Ha
BXOJle H BLIXOJIE H3 AUYCHKH.

[Torok aABymepHLIil H HeOrpaHHUYEHHEI! B NJiaHe, OH VIOBJEeTBOpAET
npeanoceuike Iionion, T. e. SKBHIOTEHUHANLHLIE NOBEPXHOCTH NpPH-
HHMAIOTCA BePTHKaJbHLIMH, a MOTOK B OCHOBHOM TOpPH3OHTAJbHEIM;
pacnpeliejieHHe JaBjJeHHs — THApocTaTHyeckoe. (HALTPaUHOHHLIHA
NOTOK ONMChIBaeTCH ypaBHeHueMm Byccuuecka:

ad ah a oh ah
???K”(h_“}ﬁ-l—a_y' K, (h— “}&_y' — Syﬁ. +Q,

raeh (x, y, ) nn (x, y, {) — npeBuilIeHNHa HAJL HEKOTOPOI 3a1aHHON
MNAOCKOCTEIO CPEBHEHHH COOTBETCTBEHHO CBDﬁDJ],HGﬁ NOBEPXHOCTH
H [10/IOIIBLEI BOJOHOCHOTO TOPH30HTa; S, — KO3(dHIIHEHT BOJIOOT/IauH,
Q — yneabHuil BojooTGOp (cM. pasgea 9.5).
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Pue, 6.1.15. Paccuwransas HHTPY3HA codeHwx Boj anaa 1975 r.

Puec. 6.1.16. Mogeanr u3 anextponposoguoil Oymars.

[Tonomenne QpoHTa 3arpAsHEHHA Ha PasAHUYHLIE MOMEHTH Bpememn (KHpHBE au-
HiH).

a — penckameniuft sacwral; 6 — HeRameHHWA wmacmTab

Hanmenenne KOHLUEHTpaluHH BO BpeMeHH ONHCLIBAETCH KOHBEKTHB-
HBIM YpaBHEHHEM.

; de
div (Ue) = — ——

Cuauasa pelaerca ypaBHeHHe ABHXKeHHs, npuHuem uieH Q B npa-
BO#H YacTH ypaBHeHHs BKJ/IIOUAeT BCE COCPEJOTOYEHHBIE PAacXo/bl BO/ibl
NpH OTKauke WK Hajuse. OTBAJILI COJIH 3aMEHAIOTCH HarHeTaTe/bHBIMH
CKBa)KHHAMH B COOTBETCTBHH C pesyJbTaTaMH J0XJIeMepHHIX HalJio-
JIeHHiH; B3aHMOCBA3b pEeKa — BOJIOHOCHBIH TOPH3OHT MOJENHpYercH
JHHHEH CKBay{HH, MHUTAIOMHAX WIH APEHHPYIOUHX BOJOHOCHBIH TOpH-
30HT B 3aBHCHMOCTH OT XapaKTepa B3aHMOCBASH, 3aTeM pellaercs KOoH-
BEKTHBHOE ypaBHeHHe. PacueT HOBHIX pacnpeje/ieHHii HanopoB H
KOHIEHTPAUH BRINMOJHACTCS METOOM JIHHEHHOi BepXHeil pejaKcauiy.

IMpexine uem nenoaL30BATE MOJED /151 NPOrHO3a BO3MOXKHOTO 3ar-
pPfA3HEHHs MOA3EMHBIX BOJ, OHa No/HA OwThb npokaiubpoBaHa no
rofloBOMY HHKJNY HaGawjennii. PacueTHas ceTka W HEKOTOpbie pesyJiib-
TaThl MOJEJHPOBaHNA NpelcTaBieHsl Ha puc. 6.1.13, 6.1.14 u 6.1.15.

ITH JlaHHBE YKa3BBalOT HA 3HAYHTE/NbHOE pacnpocTpaHeHHe 3a-
rpsisHeHHsl, KOTOpPOEe CBASLIBAETCS C [MOCTENEHHBIM HCYE3HOBEHHEM
NPOMBIIIVIEHHBEIX OTCTOHHMKOB, HCNOJb30BaBIIHXCA Ajaa cGopa GoJib-
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uIeii 4acTH BPeAHLIX CTOKOB. Y KasaHHOE fABNEHHE NpejicTaBasieT co6oii
HHTEpecHbIll mapajiokc: MOCTENeHHOe HCYE3HOBCHHE IPOMbIIIEHHBIX
NpeAnpHATHI BeleT K YBEIHUEHHIO 3arpsa3HeHHs.

Mpopuasuas KonsekTHBHAas mojehsb. B some cnaGoro sarpsishe-
HHSl HCMOJIb30BaJach NpoHAbLHAA MOJIENL ABYMEPHOTO MOTOKA B Bep-
THKAJbHOM paspese BOAOHOCHOTO MOPH30HTA, KOTOPHIl HMEeT elHHHY-
HYIO IWHPHHY H mMeprneHjHKYJsipeH K peke. Mopenupyercsi pacnpo-
CTpaleHHe 3arps3HeHHs K peKke H OT peKkH, 3Ta MOjeNb H3 3JIEKTPo-
npoBojHoi GyMmMard npejHasHa4yeHa JJis H3yYeHHS HEYCTAHOBHBIIHXCS
AIBJIEHH MOCPeICTBOM HTepalHOHHOH npouenypsl. PesyisTarhl Moje-
JIHPOBaHHA mnokasansl Ha puc. 6.1.16.

6.1.4. BuiBoabi

B 3ToM npumepe nmokasdaHbl OCHOBHbI€ STalbl METOLHKH, NpeJCTaB-
JeHHol B raaee 3: cGop npejBapHTe/IbHBIX JAHHLIX, (GOpMYJHPOBKA
KpHTepHeB NPHHATHA pelieHuil H OCHOBHBLIX JONYIIeHHH, MOCTpOeHHE
MOJleIeil M onpejeseHie mnapameTpos sarpsisHenusi. Ha nocnennem
yTane ¢ MCNoJb30BAHHEM MPeBAPHTENBLHEIX JaHHBIX O CKOPOCTHBIX
napaMeTpax NpoH3BOAH/OCE ONpelesieHHe Ko3(pHIHEHTOB AHCHEePCHH
MyTeM KaJHGPOBKH MOJEAH 10 CYULECTBYIOIEMY 3arpssHeHHio ¢ yue-
TOM €ro per’HoHajibHLIX MacuTatoB.

ITpuMeHHTeIbHO K PACCMOTPEHHOMY CJy4ai0 OCHOBHLIE pesyJbTa-
TATLl HCCJEA0BaHHil CBEJHCh K TOCTPOEHHIO NPOrHO3HBIX MojeJeil
B JIBYX MacmTabax (B macwraGe oTBaja H B MaciuTaGe Bcero okpyra)
H GoJiee LIHPOKO — K OPraHH3alHH CceTH Hab/oJeHH# 32 BOJJOHOCHBIM
rOpPH3OHTOM H peKaMH, Jialouleil oJiHoe NMpejACcTaBjJeHHe O CBOEBpeMeH-
HOM 3arpsasHeHnn H ofecnedyHBaonielfl BO3MOMKHOCTb MPOBEPKH MOJE/b-
HBIX MPOrHO30B 3arps3HeHHs.

6.2. BAIUHTA BOJIOHOCHOI'0O TOPH30HTA
OT BO3MOXHOP0 3ATPA3SHEHHA

lopojickne BAACTH MJAAHHPYIOT 3alHTY CBOHX CKBa)XHH, HNAIOMHX
NHTLEBYIO BOAY, OT OOBIMHOIO H aBapHHHOTO FOPOJCKOTO 3arpsi3HeHHs.
B kauecrpe npHMepa 3AeCk NPHBOAHMTCH ONHCAHHC HECJIE,E[{}BEHHF{,
npopeieHHEIX B 6au3u r. Jlnona B Ilenrpanshoft Ppanuun ana no-
CTPOEHHS! MATEMATHUECKHX MOJieJieH, npeJlHasHaYeHHbIX, C OJHOH CTO-
POHBI, JJ ONHCaHHA HeYCTPaHHMOT'O TOPOJACKOrD 3arpAsHeHHA H
Bhl])aﬁOTKH NnpasuJ OXpaHbl HCTOYHHKOB BofilocHa0xeHun, a C,Ilp}’I‘ﬂﬁ—
sl OLEeHKH NOJIE3HOCTH BO3MOMHLIX MEpﬂl’IpHﬂTHﬂ H JONYCTHMBIX
CPOKOB HX peajH3aliy B cayuae apapu BGaH3H ckBaxuHel. Mecnemo-
BaHne ObIJIO BHITIOJIHEHO B CTporoM COOTBECTCTBHH C MET(‘.I,I[HKOE. H3-
Joxentoit B raase. 3 1103, 113].

6.2.1. lpeasapuTeibHoe H3yueHHE
HMEMHXCH AaHHBIX

Bo/IOHOCHBIT TOPH3OHT — AJJIIOBHAJBHLIH, CJAOMEHHBIH NecKaMH,
rpaBHeM H TaJbKOH C PEAKHMH JHH3aMH TJIHH; MEecTaMH OH HMeeT
MHOTOC/ION HOE CTPOeHHe, HO B OCHOBHOM OJHOC/JIOHHEIH, HAa YTO YKa-
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SHIBAIOT Pe3yJibTATHl ONBITHEIX OTKAYEK NMPH HEYCTAHOBHBLIEMCH JIBH-
JKEHHH, NPOBOANBIIHECS A onpe/ieJeHHs NPOHHIIAEMOCTH B 30HE BJIH-
sSIHHA cKBaxuH. OJHAKO NPOHHILAéMOCTh, NNOJACYHTAHHAS MO IPaHy.JIo-
METPHYECKOMY cocTaBy o06pasinoB TpPYHTOB, 3aMeTHO MEHSeTCH Mo
BepTHKaaH. CpeiHas JelcTBATE/NbHAA CKOPOCThH (PHABTpAIHH, C yue-
TOM JIaHHLIX OMBITHBIX OTKaueK, MOXeT GHITh NMPHHATA paBHOH 5 M/cyT.
B TO e Bpems, HMEIOTCS Y4acTKH CO CPeIHHM AHameTpoM 3epeH dg,
paBHuiM 1,5 cM. BosoHocHBI ropu3oHT HmeeT moumiHocTh 20 M H 3ep-
Kalo MOjA3eMHbLIX BOjJ Ha rayGuHe oT 4 10 5 M.

NaBHBIMH HeYCTPAHHMBLIMH 3arpA3HeHHAMH ABJSIOTCH YrJIEBOJ0-
poabl (B HeGoabUInX nponopuunax, menee uem 0,4 mr/a), cyabdars H
HHTpaThl. Kpome TOro, okasmiBaercd, 4TO HaHOOJbIIAS ONaCHOCTh
3arpsI3HEHHA HCXOAHT OT TPY30BHKOB, II€pPeBO3ANIHX XHMHKAaTH,
CMELUHBAIOILHECS ¢ BOAOH, @ TAKIKE OT JerKHX YIVIeBOJIOpOJoB, TaKHX
Kak OblTOBOE TONJHBO, KOTOpOE, JOCTHTHYB YpPOBHsSI BOJbI, MOTYT
MNepeHOCHTLCS BHH3 MO TEUeHHO.

Takum ofGpazoM, c/iefyeT paccMaTpHBATL TOJALKO CMEIIHBaIOm Hecs
C BOJON 3arpsisHeHHs, AIA Hero JOJKHB OhiTh MOCTPOEHLI MOJAEJb
NOPIIHEBOrO BHTECHEHHS HJH THAPOJHCNEPCHOHHAA MOJENb.

6.2.2. Pabouans runortesa

Tak kak TpeGyercAa o060ocHOBaHHE 30H OXPaHbl BOKPYT SKCmJyara-
IHOHHHKIX CKBaXKHH, pasmepom ot 20 no 100 M (uTO OTBEUaeT KpYMHOMY
macuiraby), To 6bia BEIGpaHa MHOTOC/IONHAS JHCNEPCHOHHAA MOJeNb,
VUHTHIBAIOULAS] H3MeHeHHe BOJONMPOHHILAEMOCTH MO BepPTHKaJH. Mo-
Jiefib TpeAcTaBaseT co6of JIOKAJBHO MHOrOC/IOfiHBI BOJOHOCHBIH
FOPH3OHT, OJHAKO KOHLEHTpaluH Ha Hefi ocpeanfAloTca no rayGune
Gaarojapsa 4eMy HMHTHPYETCA OJHOCJONHBIN BOJOHOCHBIH TOPHSOHT
KpynHoro Macintaba. Chon saneraioT TrOpPH3OHTAJBHO H MO3TOMY
MPHHATA TOPH3OHTANBLHAS MHOTOCJOHHAA JIHCIIEPCHOHHAS MOJeb,
B KOTOPOH TeH30p JAMCNepcHH HMeeT AHArOHAJBLHHIA BHJI, TaK Kak
MPH HMEIeM MecTo Maciutae H3ydyeHHA JHHHH TOKa OJH3KH
K mapajjenbHeiM npameiM. Uncao [lekae, nojgcyurantoe no cpelHeMy
kosthuuuenty aucddysun, passo: Pe = (5-107% x 1,5) 107° = 750.
Taknum ofpa3oM, BO3MOXKHEIE 3arpa3HeHHs OyAyT NOAYUHATLLA pe-
HHMY JIHHAMHYECKON IHCTEpCHH, a Ko3(HIHEHTH AHCNEpPCHH 3aja-
oTcA BeipaxenueM K = cu. [Tapamerpamu, nopjexainiuMu onpejesne-
HHIO, ABJISIIOTCS PETHOHANLHEIE CKOPOCTH & H NapaMeTphl JHCMepCHH o.

6.2.3. Onpenenenne nMapaMeTpoB JHCHEPCHH

JLnsi YTOUHeHHd MOJOMEeHHs! OTHeNLHLIX CJI0eB B paspese, a TaKkxke
Ans onpeneneHus kospdunHeHToB AMCNEPCHH 3THX CJIOEB, KOTOphe
MOTYT OBITH HCNOJIL30BAHBI JUIAi MOJIETHPOBAHHS NPOLECCOB 3arpfAsHe-
HHA NMOA3ZEMHBIX BOJ JErKHMH YTJeBOAOPOJAaMH, NonajalouiHMH B BepX-
HIOIO YacTh BOJIOHOCHOTO TOPH30HTA, NPOBOAWJNCH MeJKoMacuTas-
HElE OJHOCKBaX{HHHLIE SKCMEPHMEHTH C 3anyCcKOM pPajHOAKTHBHBIX
TpaccepoB (cM. pasmen 4.2.1). Taxum o6pasom, ObUIO MOJYYEHO
BEpTHKaJbHOe pacnpefejenHe KoshpuILHEHTOB NMPONOJABHOH JHCMEp-
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|, CHH Ha yuacTkKe onpoGoBaHHf
S (puc. 6.2.1.).
# B kpynuom wmacurraGe mna-
paMeTphl JHCIIEPCHH Onpeness-
JIHCh Ha NMATH 9KCNEPHMEHTAN b-
0 2 9 3 HBIX YYaCTKaXx ¢ 1eJbI0 COCTaB-
MnyGuna , M JeHHs KapThl pacnpejeseHHs
Puc. 6.2.1. Beprukansnoe pacnpegenenne KOIPDHUHEHTOB  AHCNIEPCHH,
napaMeTpa npoAoAbHON AHCHEPCHN OXBaThIBAWOIEH mMmiomwais B
35 xm* (puc. 6.2.2.). BmiGop
NPeJACTABHTENLHBIX SKCIEPHMEHTAJbHBIX YYaCTKOB IPOBOAMJICA C yue-
TOM HX reoJIOrHYeCKOro CTPOeHHA H JHTOJOrHYeCKOro cocTaBa MoOpojl.

Onue M3 TakHMX SKCNEPHMEHTANbHBIX YYaCTKOB pAacCloJaraercs
BOJIH3H CAHHTApHBIX nojeil GuabTpaunyn; Kos(HUHEHTH AHCIEPCHH
3fiech OBIIH NOJYYEHBl MeTOLOM, NPOC/AeKHBAHHA NepeMelleHns ecTe-
CTBeHHOro Tpaccepa Ha paccroaHnun 600—1000 m. Ha ocransnmix
YeThipeX SKCMePHMEHTANbHBIX YYacTKax napamerpsl JAHCIepcHH GblaH
NoNyueHsl ¢ HCNONL30BAHHEM OJHOCKBAXXHHHLIX OMBITOB C 3anMyCKOM
COJIEHOM BOJLI H MPOCAEKHBAHHEM €€ NMepeMelleHHs B BOJIOHOCHOM ro-
PH3OHTE HA3EMHBIMH Teo(H3HYeCKHMH MeTojamH. XOTS S5TH METOJbI
noapoGHO paccmMOTpeHsl B pasjene 4.2.3, Bce e OCTAHOBHMCH Ha
HEKOTOPBLIX JIeTaJiX BHITOJHEHHBIX SKCNepHMEHTOR.

1. O6mee Bpema onbiTa Ha KaxmIAOM ydacTke, BK/ouas obopyjo-
BaHHE CKBAayKHHBI, 3aMYCK Tpaccepa B CKBAXKHHY, KOHTPOJILHBIE W TI'eo-
(hu3nueckHe HaMepeHHs, OypeHHe HaGMIONATeNBLHHIX CKBAXKHH W jle-
MOHTax obGopyJoBanus, coctaBuno 15 nueii. B xoxe onwita cpennuii
pacxopn conu (NaCl) cocraBasa 200 kr B uac; Bpems 3anycka Ha pas-
JHYHLIX yuacTKax MmeHsJock or 160 no 225 y, IlycKoBHEe CKBAaXKHHEI
000pyAOBaNHChL (hHALTPOM HA BCIO MOILHOCTH BOJOHOCHOTO FOPH30OHTA.

2. Ilpenpapurensubie jaHHbe, HEMOCPEJCTBEHHO HCMOJb30BaHHBIE
NpH NJaHHPOBAHHH SKCMEPHMEHTOB, NpHBe/ieHkl B Tabu. 1, a peays-
TaThl HHTEPIPETALHH SKCNepHMeHTa — B Tabn. 2. PesyibTaTsl 3KCHe-
Huzuzmun. MpOBEJIEHHEIX HAa ONLITHOM YuacTKe D, JaHbl B pasjeje
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: o é . E a = & & g -
- = =i - o=
5 s rak| -y 22 i | 8EBs |8 5| a3
7 3 | oK | a8 = .3 A gsE. | asE| BB
- "= =2 gl B2 = 1 = zEax koo ]
e | 5% |5:5|38:| ¢ =S & | EEL0 25| 23
£ B2 |25y 55| Eo a3, & | §585 | E9Y| &%
1 Ea. lces i esel SES SEN a ans | K221 58
1 20 33| 16,7 | 55+10"2}3,3.10"8| — — — 5
2 2356 | 45 |19 1,4:1072 | 7.0.1073 | — 1608 350 2
3 a5 16,5 | 18,5 | 50-10"2| 28-10"2| — 2180 250 -
4 196 | 2,06|17,5 |1,0-103|55-10°%| 13 3375 160 2
5 183 | 2,40 15,90 3,0-10* | 2,0-10-3| — — — 22




%

aCTOK

J6 Benb-AH-BendH

Jlea QHwep

Jle Pus

: 100 000

Macwtab |

Pue. 6.2.2, MecTono/oxenne SKCNEPHMEHTAIbHMX YHaCTHOB.

Ta6aunua 2

TIpHHATHE XAPAKTEPHCTHKH OTACABHBIX MJAACTOR

H PE3YJILTATH SKCNEPHMEHTA

w3 (=] =
=8 |2 |8 |8
aoMnToaod]] e o e -~
; o | oonn | o n | o9oco—o
nomodaiony | SZ= | 2R | FBKE | RIS
poinadaunon - o i T L o
diowedeyy | X0 | 660 | SwSS | ~goeo
W ‘neadau (=] = =
-oHY pomawor | S m- = o
-odu drawedeyy | = oo 1 L
"
o0 norwen s | 2O [monn |owea |@a—woa
nyog gxdex | O | O—wdl | wOowa | S~
-HuY gisodown
= [—=]
L&a/m ‘ar00d =] el =] =]
-043 EEATadn [ o o (=)
CICICd | CNEICNCY | CacNCaCE | CICIcace o
woenidoy] | SS9 | SSSs | Soce | SosassSs
ooco wmoowr |o o OO —
m | 288 |85=% | 838 SS237
‘qrioNarmHHOd]] m.mq 3 X=0=1=] mmmﬂ._. U._Unm-ﬁwﬂn
(=R =] =] oo o (=R =] =] (=J=N=T =} =]
. wno | 9990 |Kaos |BRSSS
N ‘QII0HMOL e ciiant) i el [ ] B e
Eowd dawop] =0 | —Cm | =N | mm
EHIdERA e o - B
dawmo}

157



6.2.4. Mopean

Paccmorpennas B pasnene 4.2,4 Mojenb, OTpaxaiouiasi nocrynJje-
HHE COJIeHBIX BOJ B BOJIOHOCHBIH TOPH30OHT, HCMOJL30Bajdach B Ka-
yecTBe MPOrHO3HON MOJIEJIH pacnpoCTpaHeHHsl 3arpASHEHHA B JaHHOM
paiione Ha paccroaune jo 100 M, a mojiesib, PACCMOTPEHHAs B pasjeJie
4.2.5 (nByMepHas, nJaaHOBas) HCNOJbL30BaAACh AJIA MPOrHO3a sarps-
HeHHsi Ha paccroanue jgo 500 wm.

6.3. BHEAPEHHE COJIEHOW BOJbl B NPHBPEXHBIA
BOJOHOCHBIA TOPH30HT

[pubpessibie BOJOHOCHBIE FOPH3OHTHI ABJSIOTCH BAMKHBIM HCTOY-
HHKOM XO03AHCTBEHHO-MHTHEBOro BOJOCHAGMeHHs!, 0COOEHHO B noay-
apHAHBLIX 30HAX, MPHMBIKAOIMHX K MOpio (Hanpumep, Ha tore Hrannn
uan B Tyuuce). OfHAKO cielyeT THLATe/bHO pa3pabaThiBaThk Mporpam-
MY BojgouT6opa, yToOHl MPENOTBPATHThE MPUHHKHOBEHHE COJeHBIX BOJ
B NpecHbie, KOTOPOe MOMKeT MPOHCXONUTL ABYMA MYTAMH (puc. 6.3.1);
1) conenast Bojia POHHUKAET B BOJI03a6GOPHYIO CKBaXKHHY, UTO BhI3LIBAET
yBeJHueHHe MHHEPaIH3alHH OTKAYHBAEMOH BOJbI; 2) IIHPOKOe BHEJ-
pelie MOPCKO# BOJBI B NMpecHbie MOXeT naryGHO OTPa3sHTLCA HA 3eM-
JenejqnH (B 4ACTHOCTH, TAKOE 3arps3HeHHe YrpomaeT BHHOTpajHHKaM
Menox Ha loro-sanajge ®paHunu).

[pn sHaunTe/LbHON NMOTPEGHOCTH B BOAE GHIBAET BHITOJHO MpPOH3-
BOJLITH TMOYTH NOJHBH BojooTOOp, a 3aTeM COKpallaTh erc Jasd Boc-
NOJHEHHS 3arnacoB BOJIOHOCHOTO FOPH30HTA, MOCJe 4ero CHOBa MOB-
TopuTh npouecc. [IpH sToM Heo6X0AUMO YUHTHIBATE HAJHYHE Nepexos-
HOH 30HBI, H3MEHeHHe ee IIHPHILI, NMepemelleHHe ee MoJ BIHAHHEM
NPHAHBHO-OTJIMBHBIX TIPOLECCOB H MY/AbCHPYIOUIEr0o peximMa oT-
kKaukd. YUToOsl MOHATL MEXAHH3M 3TOr0 YACTHOTO THIA 3arpsA3HeHH A,
GBIJI0 HAYATO METOHYECKOe HCC/eloBaHHe, OT/IeJIbHBIE 3TaNbl KOTOpPOoro
npejicrasiensl B raape 3. 3ajiayH HMCCAEIOBaHWA — BO-NEPBEIX, BHI-
ACHHTH KAKHe SKCMepHMEHTHI, MOJAEJNH H NpaBdaa HeoOXOAHMbI AJIsA
onpeieieHHst PEeKHMA OTKauKH B NPHOPEXKHOH 30He; BO-BTOPLIX, Ofl-
PENleIHTE PACMOJIOMKEHHEe KOHTPOJLHEIX H HabMojaTelbHBIX TOUEK.

DTH SKCMepPHMEHTH MPOBOJHJIHCE HA BOJOHOCHOM ropusonte Ma-
auka B Cenerane.

6.3.1. IMpeneapuTebhble HCCAENOBAHHA

BonosocHmit ropusont Haxoautea B 20 km or Hakapa. Ilpencras-
NeH JHH30i npecHolt Boabl rayGuHo#t no 50 M, saneraiouleH nosce-
MECTHO Ha cojienbix Bojax. Illupuna aunasl okoso 1 kM. C ceBepa oHa
OrpaHHYeHa OKeaHOM, € 10ra — COJIeHbIMH BojJaMH (Ha 3eMHON no-
BEPXHOCTH co/eHble BOJB 06pasyioT o3epa, BHITAHYTHE BOJb Gepe-
ropoit auHuK). CofenocTh o3ep H3MeHsercas oT 14 gmo 53 r/a
(puc. 6.3.2) [55].

BoJOHOCHBLII TOPH3OHT OTHOCHTE/JBLHO OJIHOPOIHLIA H CJOKEH
mecKaMH ¢ JHH3aMH TJIHH H BKJIOYEHHSAMH TPaBHs H rajJibKu; ypOBeHb
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Puc. 6.3.1. Buegpenne cosenoil Bofsl B npuGpexuuifi pojonocusiil ropnaouT.

[ — 0 OTKAuKH; 2 — NocAe OTKAYKH; § — Mope: 4 — codennfl sAabik»; § — nogonocHudl
FOPH3IONT; 6 — OTKAMNBAWMAA CKBAMHHA; 7 — ofpasopaiue KoHyca; 8§ — KODHH

Puc. 6.3.2. Pacnonomenne sojonochoro ropuzonta [55].
{ — mofosaCopible CKBAMHHLE; 2 — HAanNpapdcHHEe MNOTOKA

Puc. 6.3.3. Paspes BOJOHOCHOrO TOpH3OHTAa C NepexofHo 30HOM H HEOAHOPOAHO-
cramu [55].

§ — nwna; 2 — yEuaem. BOEM EoTOTEAauKH; J — Homuf naam; 4 — DOHE § — WMeaTwe
MecKu; & — cTapuil NAfx; 7 — NeCKH C AHIHAMH FIHHE # FPADHA OHEAe3HEHHBIC; 8 — Ge-
Aue Necku; 9 — nepexogHad soHa; /0 — Bofjoynop
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Puc. 6.3.4. Hamenenne ne-
pexofHoil 30HHW NpH OT-
Kaure [55].

lpanensd nepexofiol aoHb:
] — nepen, oTtkaykoft, 2 —
B KOHIE OTKauku; & — BOAO-
ynop

Puc. 6.3.5. Hamenenne H3o-
oM npu otkauke [55].

Haoomul, Noaydennse f — A0
oTHaYKH, 2 — BO BpeMs H Moc=
JIE OTHAYKH
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rPYHTOBBIX BOJ 3ajieraeT Ha rayGuue ot 3 jio 6 m. Bojgonocusiii ropu-
30HT PasrpyKaercsi B MOpe, a TAKKe B I0}KHOE 03€epo, JHHHI BOLOpas-
jena nepemelaercs B 3aBUCHMOCTH OT BpeMeHH roja. Buuim oGopy-
JOBaHbl CKBAMKHHBL IS [IPOBEJIEHHA MOCTOAHHBIX PE3HCTHBHMETPHYE-
CKHX H3MepeHHil, KOTOpble MO3BOJAT NPHOAHIHTENLHO ONpPeieanTh
reoMeTpHUYeCKHe XapaKTepHCTHKH MepexojHoi 3oue (pue. 6.3.3).

Ilepexojnast 3oHa, o0yC/JAOBJEHHAA NPHAHBHO-OT/IHBHLIMH slBJe-
HHSMH H CE30HHLIMH KoJeGaHHAMH, NPH OTCYTCTBHH CHCTeMAarH4e-
cKoro BojioorGopa umeeT WHPHHY 2—12 M. Ecan npuHaTh ee cpeanee
NoJIoKeHHe 34 NMOBePXHOCTh Pasjie/ia Mexy MpecHoH U coMeHol Bojoil,
TO OTHOLIEHHE BbLICOT MPECHON BOJLI HAJ H MO/ YPOBHEM MOpSH H3MEHsi-
erca B npenenax 1/5+1/75, uto cHAbHO OTJAHYaeTCst OT M3BECTHOI
ouenku ['nGen—TIepuGepra (1/40). Beuio rakike sameueHo, uto nocje
CHJABHBIX JOMAEH, NUTAIOUHX BOJAOHOCHLIH FOPH3OHT, TPAaHHIL nepe-
XO/JHOH 30Hbl CMEILAIOTCS BHH3 H LUIHPHHA €e MeHsercH.

OTKauka NpoBOjiHJIACH B TEUEHHE TPEX MEeCfileB H3 JBYX CKBAXKHH
¢ o6uuM pacxonom 26 m*/c. Bolio orkaueno 63 400 m® Boasl. Bokpyr
Bojlo3abopa Obin npoGypenbl Ha0JgOJaTeNbHbie CKBaXKHHBI AJA OI-
pejle/IeHHs TIOJIOMKEHHS JIenpPecCHOHHOl BOPOHKH. Bbumn mojcumTaHbl
cpejiHsisi NPOBOAMMOCTb, paBHas 6-107° m%/c, m Kos(ppuUHEHT BOjLO-
orpaud, pasnwit 0,17.

Orkauka OKashbiBajia BJHfIHHE HAa NEPeXOoiHYI0 30HY B pajuyce
200 M (puc. 6.3.4). Mamepenus MeToJIoM BEPTHKaJALHOIO 3JEKTPO30H-
JIHPOBaHHS NPH OTKAUKe NOKA3aJH H3MEHEHHS H300M Ha NMOBePXHOCTH.
Peayabrathl HaHeceHbl Ha MJAHBL, MPHMEPOM KOTOPLIX CJAYKHT
puc. 6.3.5, nokaswiBalOULMil BHEJADEHHEe COJEeHOH BOALI B NpeCHLIE.

AHanu3upys HMEIOLUIHEeCs JaHHble HYXKHO OTMETHTh, UTO B BOJO-
HOCHOM T'OpPH30HTE pPEerHcTPHPYIOTCH TNPHJAHBHLIE BOJIHLI: Hab.0/a-
JHCh H3MEHeHHs JapJjeHus (GoJee HJIH MeHee CriaKeHHble B 3aBHCH-
MOCTH OT CTPOEHHS MJacTa) NpH PasJHYHLIX YPOBHAX MOpS, COOTBET-
CTBYIOLLHE MPUIHBHLIM JABHKEHHAM. DTH pe3y/ibTarTbl HHTEPIpPeTHpY-
JOTCA KAk NposiBJeHHe rOpH3OHTaNbHON CTPpaTHGHKALHH BOLOHOCHOIO
rOopH30HTa M CBA3bIBaOTCH € 3(PPeKTHBHOH NMOPHCTOCTLIO PAasAHYHBIX
CJI0EB.

6.3.2. PaGouas runortesa

[TpeasapuTe/bHbIE JaHHBIE MOKa3bIBAIOT, YTO MBI HMEEM JIeJO ¢ 3ar-
pA3HEeHHeM cpejHero Mmaciwitaba, BO3HHKAWIHM B peayJkTare cMe-
LIEHHs 3arpA3HHTEN ¢ Bojloil. Pasmep uerounnka sarpasnenus (Mope)
H perHcTpHpyemble OTHOCHTEJIbHBIE Pa3MEpbl MepexojiHol 30HLI M03-
BOJIAIIOT CJENaTh BHIBOA O HeoOXOJHMOCTH MCHOJB30BAHHA MOJEIH
aucnepcu W paspaGoTKH JIHCMEPCHOHHOH CXeMbl.

6.3.3. Hcnoab3aoBanne AUCNEPCHOHHOH CXeMbl

[Tpesne yem BBEeCTH caMO ypaBHeHnHe, ObliH paspaGoTaHbl (pHIb-
TpalHOHHbIE MOJENH VA YTOUHEHHS CBeJeHHH O MHOroCJ0HHOM BOJO-
HOCHOM TOPH30HTE — O TeOMETPHH [Jacra (pacnpocTpaHeHHe H
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MOIL{HOCTH), O FHAPOTeOJOrHYeCKHX napamMerpax (KosdxpuineHTs ropu-
SOHTAJIbHOH M BePTHKaJbHOH (HALTPAUHH, KO3((HIHENTH BOJO-
OTAla4H) H O pacxofie MoToKa [PecHOH BOALI B MOpeE.

B xauectse mnepporo npuGAHMKEHHA ObLIO BBEAEHO JONYIIEHHE
0 HeCMelHBaeMOCTH NPEeCHOH H COJIeHOH BOABI, nocie 4yero GLLIH no-
Ao0paHbl BEPTHKaJbHbHIE (HALTPAUHOHHBLIE MOJEJH — MO CpeaHei
BEJTHYHHE NePEeXO0JHOH 30HK! B CTAIlHOHAPHOM PexKHMe U 10 P HIAHBHLIM
NbE30METPHYECKHM KoJie6aHHAM B HECTALLHOHAPHOM pexuMe.

Jarem HCnNoJb30Basach CJAOHCTAs, TOPH3OHTabIAs (DHUJILTPaLHOH-
Has MOJieJib C BePTHKaJbHBLIM MEepPeToKkoM BOABI Mexny caosmi. OHa
AONOJIHAMIACH NJIAHOBO# (TAK e CJIOHCTOMH) MOAEILIO JIHCNEPCHH ¢ Bep-
THKaJbHbIM MepeHocoM Mexay caosamu. Mojesas jaucnepcuu coraaco-
BBIBAJIaCh MO KPHBBIM, aHAJOTHYHLIM JIHHHAM YJe/bHLIX COMPOTHBJIE-
Huil (pHe. 6.3.5), nyTem Moe/IHPOBAHHS H3MEHEHHSI CPeJIHHX Pa3MepoB
«cosienoro AseiKar. i 91oit Mojienn GuI/IO MPeAI0KEeHO HCIOJb30BaTh
METOJl KOHEYHBIX 3JIEMEHTOB, KOTOPLIH B HacTodAllee BPeMA MNPOXOJHT
HCMIBITAHHA.

6.3.4. TpyaHocTH HCchaepoBaHMii

Cornacko Bapy [17] ocHoBHas TpyaHOCTL B MOJAENHPOBAHHH pac-
NPOCTPaHeHHs COJIEHBIX BOJ| COCTOHT HE TOJNLKO B TOM, YTO JHCIEp-
CHOHHas CXeMa HeJIHHeHHa, HO H B TOM, YTO HeH3BEeCTHa MOJIeJIHp yeMas
06J1aCTh, TAK KaK HEKOTOPLIMH €€ IpaHHllaMH CJyxKar cBoOOjHbIe 110-
BepXHocTH. [lepBbiM pesyibTaTOM HACTOALIErO HCCJENAOBAHHA H
Obl/I0 BbISABJIGHHE Pas/JHYHOrO Pojla TPYAHOCTEH, KOTOphie Mbl Tenephb
paccMoTpHM JeTajlbHO.

MexaHH3MbI IBHIKEHHA H JHCIEPCHH H3YUeHbl ¢1a60, HO HEKOTOPLIe
SKCnepHMEeHTaJbHble (aKThl Aal0T OCHOBY JAJA CO3JAaHHA TEOPHH:
GBl10 3aMeyeHo, YTO Ha noGepexbdaX Mopeid, He HMEIOULHX NMPHJIHBOB
(kak CpeausemHoe Mope), rnepexojiHas 30Ha OOBIYHO OYEHb Y3Ka HJH
MHOT/Ida COBCEM OTCYTCTBYeT, Ha noGepembaXx Mopell ¢ NMpHAHBAMH
(kax, Hanpumep, Ha nobGepe:xbe ATJaHTHUECKOTO OKeaHa) nepexojHas
30Ha MO}KeT ObIThb JIOBOJILHO 3HauHTeAbLHOI (cMm. pue. 6.3.3.).

Teopusi 3axaioyaerca B caenyiomem. B oTcyTcTBHe NpHAHBOB
H BoflooT6Opa H NpH npeHebperKeHHH CE30HHBIM BOCMNOJIHEHHeM 3ana-
COB MOJ3eMHBIX BOJ 3a cueT armocepHBIX OCAaAKOB (3TO jfonymieHie
0COGeHHO CNpaBe//IHBO TpPH MOAYapHIHOM KJAHMAaTe) CpefHas rmno-
BEPXHOCThb pasje/ia NpecHol H coJieHoH BOJbl He nepemeliaerca. Exun-
CTBEHHLIM JBHXKEHHEM fABJIfieTCA TeueHHe MpecHoil BOjJLI B MOpe Mo
MOBEPXHOCTH coJyieHoi Bojul (pHe. 6.3.6). D10 BLI3LIBaeT, BepOSTHO,
HE3HAYHTENLHYIO IONepeyHylo AHcnepcHio, o6yC/AOBJEHHYID BepTH-
KaJbHOH npoHHllaeMmocThio. Kpome Toro, cosieHas Bojla, nonajiaiouias
B BOJIOHOCHBIHf TOPH3OHT Gaarofiapa AHCNEPCHH, BHIHOCHTCA MPecHof
BOJIOH.

[IpH HanHUMH NPUJAHBHLIX BOJIH TOPH3OHTAJbHAA COCTABJSAIOULAN
CKOPOCTH «COJIeHOro fshlka» Goiablue, yeM BepTHKajJbHasn (ocoGeHHO
eC/TH BOJOHOCHEIH TOPH3OHT rOp H3OHTAJLHO-CJAOHCTHIH), YTO NPHBOLAT
K HHTEHCHBHOH IPOJIOJIBHOM AHCNEpPCHH. IJTa JHCIEepPCHs H ABJAETcH
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npuynHofi HaGJaOaeMbiX HaMH
JIOBOJIbHO 3HAYHTENLHHIX Mepe-
XofHHX 30H. KoHeuHo, NpHJHBLI
W Ces0HHLIe MOMOJHeHHs 3aracoB
NOJSEMHbLIX BOJ — 3TO TEepHOJH-
yecKHe SBJEHHA, MO3ITOMY OHH
JIOJIXKHBl BBI3LIBATH = BO3PAcTHO-
MocTynaTeJbHOe JIBHIKEHHE «53bl-
Kar. B cBA3H ¢ NepHOAHYHOCThLIO Puc. 6.3.6. OGparnas JAHCnepcHs npH
JBHKEHHS BO3HHKAET BONpOC: Gy-  ABIKeHHH NPECiOll BOXKI K MOPIO.
JIeT JH NepEXOHAn 30HA PACHIH-  aucnepens; 4 — Horok conchoR Boms
PATBCA CO BpPeMEHEM HJIH JIOCTH-

rHeT HeKoToporo pasHoBecHs? OnHpasch Ha H3BECTHHIE JaHHEIE,
MOKHO MpEANOJNOXKHTL, 4TO Ha MPakTHKe paBHOBECHE JIOCTHIaeTcH,
BEpPOATHO, OJarojiaps YNOMHHABUIEMYCA IBJIEHHIO BEIMLIBAHHSA: YacTh
coJieHoii Bojbl, nocrynaiouiefi 6aaroaaps AHCMEPCHH B BOJOHOCHBIH Iro-
PHSOHT, BHITECHfeTCsl O6paTHO B MOpEe MpH €ro ecTeCTBEHHOH pas-
rpyske. Jlpyroe oGbsicHenHe (He MpoOTHBOpeuallee NEPBOMY) COCTOHT
B TOM, UTO JIHCMEPCHsS B HEKOTOPOM OTHOIIeHHH o6paTHMa H 4acThb nepe-
XOJHO 30HE, CO3JaHHasg MPH TepeMelleHHH CONeHOH BOJbI Briy0b,
paspyliaeTcsi BCTPEUHBLIM JIBHIKEHHEM.

Mbl pacemoTpenn 3/iech pa3BHTHE 30HB! JIHCTIEPCHH B €CTECTBEHHBIX
yeanosuax (noxau, npuauesl). OcHoBHas 3ajaya — NPOBEPHTH Crpa-
BeJLTHBOCTL STOI TEOPHH B YCJOBHAX BOJ0OTO0PA H BBIACHHTb, Gy/eT
JAH BHITECHEHHE COJIeHOH BOJbl H3 BOJIOHOCHOI'O IOPH30HTA KOMIIEHCH-
pOBaTh BO3MOMKHLIE jHcnepcHonHbie 3(pgekTsl. B 3TOM M 3aKmiouaerca
Uelb YMOMSIHYTHIX 3JleCh HCCJIe0BaHHiH, NPOBOAHMEIX B HacTosllee
spema. Ecau oTKayka He BJAHSET Ha IIHPHHY 30HBI JHCAEPCHH, TO
MOMKHO HMCIHOJB30BaTh MOJENH MOBEPXHOCTH pasjena HecMeUIHBalo-
HHXCH COJIeHOfi M TNpecHol BOA, H HeT HeoOXOJHMOCTH IPOBOAHTH
NOJIEBLIe IKCIEePHMEHTHl C LEJbI0 onpefeneHHs Ko3((pHIHEHTOB JH-
cnepcHil, KOTOpble BCerja TPYAHO BLIMOJHHTE B JOCTaTOYHO LIHPOKOM
mactitabe.

TeopHsi AHCNEPCHH B NMPHJIOXKEHHH K BHEJAPEHHIO COJIEHOH BOJbI
pa¥Ha 1,19 oGOCHOBAHHWS peXHMa BOAOOTOOpA B NOJYapHAHKIX 30HAX,
rie Kaxlad Kanas NpecHof BojJbl HA yyeTe H HHOTJa NAaHHpYeTcs
cBepXYyCHJIeHHasl SKCMJIyarains BOJOHOCHOrO rOpH30HTa, T. €. CO3Ad-
HHe oOpPATHOTO TpajHEeHTa, YTO BLI3bIBAET HHTEHCHBHYI0 HHTPY3HIO
COJIEHBIX BOJI. JTa HMHTPY3HA 3aTeM BoiTecHsercss ofpaTHo B Mope
eCTeCTBEeHHBIM MHTAHHEM BOJOHOCHOTO TOPH30HTAa B NMepHoJ JNOMKIeH,
1 HeoOGXO0/IHMO ONpeAe]HTh, OCTaeTcs JH NPH 3TOM KaKoe-TO 3arpssHe-
aue. Orser moraa 6Bl JlaTh «OCLHJJIAILHOHHAA» TEOPHs JHCNEPCHH,
VUHTHIBAIONLAs BbITeCHeHHe M 06paTHMOCTh MNpoOLEcca.

6.4. PAITHOAKTHBHOE 3ATrPA3HEHHE )XHIKHMH OTXOAAMH

B cBA3H ¢ Npoao/KAaKIIHMCA pPOCTOM HCIOJb30BaAHHA ATOMHOMH
-3Hepruu B GAHIKailliMe HeCKOJbKO JeT OMNAcHOCTh PajHOaKTHBHOTO
sarpssHeHHs, BepoATHO, Bo3pacrer. C ICHXOJOrHYeCKOi H (pusuve-
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CKOHl TOYEK 3peHHs PajJHOAKTHBHOE 3arpsa3HeHHe onacHo H Tpefyer
COOTBETCTBYIOLlero oTHolleHus. Kak, Hanpumep, cayuait, wuanio-
CTPHPYIOWHH METOAHKY, NMpPeICTaBIeHHYI0 B riase 3, KpaTKo OMHCbI-
BaeMblil HHIKEe, He OUeHb CHJBHO OTJHYAeTCH OT CAY4dada 3arpa3HeHun
NPOMBILIJIEHHBIMH COJISIMH, OMHCaHHOro B pasjene 6.1. Hecmotpa na
TO 4YTO ﬂﬁulHE MaciuTath 3arpAsHEHHA, KOHEYHO, pa3/IHYHbLI, MOJEJH-
poBaHHe H TeEXHHYECKHE IMpHEMBI OCTAIOTCA B OCHOBHOM TeMH Ke.
[IpeanouTHTe/ILHO OMHCATL 3TOT CJAyHail OTAeNbHO, YTOGHI MOAUEPK-
HYTh BaiKHOCTH TNMPHMEHEHHsA TeXHHYECKHX MPHEMOB H3YueHHsl CMe-
IUHBAIOUIHXCA 3arpA3HeHHH /A crnennpHIecKoro THNa sarpsisHeHHi.
Takum oGpasom, axkieHT JeJaeTcsd He Ha METOJHKY, a Ha obumil xa-
paKTep JaHHBEIX H Ha MaciiTabHble acneKkThl.

¢‘HKTI:-I. H3JMOHEHHbIE 3/1€eCh, KacaloTCH BOnmpoca yiaJeHHsa MHIKHX
0TX0/l0B OnbiTHON CTAHLHH HAUHOHAJBHOTO PEAKTOpPa B BOCTOUHOI
yacti joauubl p. Cueifix B HOxuom Aiinaxo (CILIA), Hayuaswerocs
['eonornueckoii caym6Goit Coenunennsix Ilratos [230].

6.4.1. IpeapapuTedbHblie HCCAENOBAHHS

leonornueckwe ycaosus. Bocrouwas wactb gosuusl p. CHeilk
npejcTapaseT coboit MyJib1oo0pasublii Gacceitn maouansio 31 000 km®,
On cioxkeH TOHKHMH NOTOKaMH 0asa/ibTOBbLIX JIaB H MepecaaHBalo-
HIHMHCHA ¢ HHMH Oca/lkaMH o0LLeil MOILILHOCTbIO, BO3MOXKHO, A0 1500 M.
IloTok BOAOHOCHOrO rOpH3OHTA JOMHHE p. CHEHK JBHXKeTcsA Ha l0ro-
sanap (puc. 6.4.1) ¢ Goapmwumu ckopoctsimu (1,5—8 wm/cyr.), a ero
nposoaumocts Hamensiercst ot 10* mo 10° m*/cyr. Kosdpduuuenr
Bojootiaun usmensierca or 0,001 mo 0,02, a Ha yuyacTke yjajeHHs
orxonoB — ot 0,01 no 0,06. Boapwas uyacth NOTOKa BOJLOHOCHOTO
FOPH3OHTA NPHYpPOYEHA K BepXHEMY H HHIKHEMY KOHTaKTaM CMEeKHbIX
6a3aibTOBBIX MOTOKOB, B KOTOPBIX OTMEYeHbLl TPEMmlHHBI H Pa3phiBbl.

OnuiTHas CTaHUHA HauHOHaALHOro peaktopa (OCHP) sanumaer
2320 km* sroit poamuel. Ha pue. 6.4.2 nokasauel rpanuust OCHP
H THAPOH3OTHIICH, KOTOpHIE HCMOJB3YIOTCA JAs pacyeTa CKOPOCTH
OCHOBHOIO NMOTOKA BOJOHOCHOrO FOPH30HTA.

Orxoaw. Myeercs ABa riaBHBIX HCTOYHHKA, a HME@HHO, IVIOMLIaAKa
onuiTHOro peaxktopa ([TOP) n xuMHKO-TeXHOJOrHYeCKHIl 3aBOj| IITATA
Alinaxo (AXT3), koropuie cGpacwBaior 80% Bcex XHMHUECKHX
u ceeie 90% Beex pajaMoOaKTHBHLIX oTxonoB. ['nyGHHa 3aneraHus
YPOBHA BOAbI Ha 3THX mnJomankax okone 140 M.

3arpssHuTeNH, T. €. OTXOJblI, KOTOpbLIe BJHAIOT HA KauecTBO BOJbI,
NpejAcTaBJeHbl KAK HepajHOAKTHBHLIMH PA3SHOBHAHOCTAMH, TaKHMH
KaK XJOPHAbl HATPH#, XPOM H TeNJo, Tak H pajHOaKTHBHLIMH, Kak
TPpuTHII, cTpoHumit-90 u ueswmii-137.

XJIOpHE TIOCTOSHHO NPHCYTCTBYIOT B OTX0/laX HA ofGeHx nJolaj-
kKax. Ecrectpentan KOHUEHTpauua XJOPHAOB BOJAOHOCHOIO TOPH3OHTA
namensierca ot 10 1o 20 mr/sn1. BeanunHa 15 Mr/a npHHATA KaK HHXK-
HH{ npejen sarpsasHenus orxofamu. Cpeansas HCXOAHAN KOHIEHTpas
uua Ha AXT3 ¢ 1962 no 1972 rr. 6una 245 mr/a.,
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Puc. 6.4.1. Cxema pacnoaoxenns OCHP, moanus p. Cueiick n npeanofaraembix
auumil ToKa Aas BojoHocHoro ropusonta [229].
| — onutHan cTaHuun Hanmonansuoro peaxropa (OCHP), 2 — ucrounuks; & — npuoan-

JiTeALHAs TFpauHua AoauHE p. Coeflk; 4 — oGofmeHHan JANHHA TOKa NOAIEMHEX BOA

Harpuit cGpaceiBaercsi ¢ XJopHiaaMH B BHJE XJOPHAA HATPHA,
OH BejeT cefsl KaKk XJOpHJI, HO JBH)KEHHE ero TOPMO3HTCs copOiueit
(noHuslit obmen). Hanpumep, B naGmojaTejqbHbIX CKBa)KHHAX, Tje
KOHLEHTpalHA -XJOpHAoB pasHa 60 Mr/a, KOHUEHTpauua HaTpus
cocTaBaser To1bKO 14 Mr/i, XoTa 3akauHBaemas mMacca HaTpHsf COCTaB-
aser 2/3 maccsl XJopHia.

3arpsasuenne Xxpomom dukcupyercs npu konuentpauun 0,01 mr/,
HanGo/see BLICOKas 3apErHCTPHPOBAHHAS KOHUEHTpaUusA 0,5 wr/a.

EcrecTpenHas TeMneparypa Bojiel coctaBaser 12 °C, a remneparypa
c6pocos na AXT3 — 21 °C. Tlepenoc Tensa cosjan «A3bIK» TemJoi
BOAB IJIOMIAABIO OKOJO 3 KM,

Tputnit — HaubGoJee pacnpocTpaHeHHBIH PajHOH30TON OTXO/0B,
BCTpeYalomuics B Buae TpuTHeBoH BOJbI. TIpHpoaAHas KOHILEHTPanHs
TPHTHA B Bojie BOJAOHOCHOTo ropusonta meubue 0,2 nKu/ma. B xauve-
CTBE HH)KHEro npejgena AAs KapTHPOBAHHA TPHTHA HCNOJL3YETCH
pesnunHa 2 nKu/Ma (TouHocTh oOnNpefesieHHs TPUTHA B aHadH3ax
AXT3). Cpeanue KoHueHTpauun TpuTHs B c6pocax na INOP u AXT3
cooTeercTBenHo paBHel 615 u 430 nKu/ma (c 1962 no 1972 r.).

MaxkcuManapHas Kounentpauus crpoHuun-90 na AXT3 6ua 0,15,
HIKHUI npeaea ycranosaen Ha yposHe 0,005 nKu/ma. Boabuioe
sHaueHHe uMeer copOiks, oHa YMEHbIIaeT CKOpPOCTb pacnpocTpaHe-
HUS 3arps3HeHus, YTO NPH HAJUYHH PaJHOAKTHBHOrO pacnaga npH-
BOJANUT K YMEHbIIeHHI0 KoHuenTpauuu. Lleanii-137 cOpacriBaerca B Tex
e KOJHYECTBAX, 4To H cTpoRuuii-90, Ho Gaarofaps cHILHOM COPOLHH
Hurje He obHapyKeH.

CnocoOni copoca orxomnoB. Ha TIOP ofpasyercsi HECKOJbKO pas-
JléIthIx THITOB KHJAKHX OTXOJ0B H HCNOJB3YETCA YEThIPE THMA CHCTEM
coOpoca.
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l[:'ég:élﬁfl.ﬂ. Cxema rupponaorunc 20a (8 dyrax uag yposuem mops) 8 pafione OCHP

1. OrxoAnl ¢ HH3KHM YpPOBHeM pajuaunuu cOpachBalOTCH B TPH
B3aHMOCBA3aHHLIX HHQHAbTPAUHOHHLIX OacceiiHa H NpOCAYHBAIOTCA
Ha YpOBHEeHb MOJI3eMHLIX BO.

2. KoppoauonHpie, HO HEPaJHOAKTHBHLIE XHMHUYECKHE OTXOAbI
c6GpachiBaloTCA B OTAEAbHLIH HHOHALTPAIHOHHLIN GacceiiH.

3. HepanuoaxkTHBHBIE OTXO/bl IPafHpHu cOPaCHIBAIOTCS HEMoCpe-
CTBEHHO B BOJOHOCHBIIl FOPH30HT uepes CKBaKHHY ryGuHoi 385 M. Onn
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obbiuHo copepxkat 12000 mr/a
PAacTBOPEHHBIX BEILECTB IMPH-
POAHOIO  MPOHCXOMKACHHS (B
nAaTh pas GoJablile, uemM B NOJ-
3eMHBLIX BOAAX).

4. CaHHTapHHIE  OTXOALI
cOpacbiBalOTCSI B  OTAENbHBLIN
HHQHABTPALHOHHBI GacceiH.

" AXT3 cOpacuiBaer Bce CBOH
CTOKH B BOJIOHOCHBLII OPH3OHT
yepes CKBaxuHYy TayOHHOM
180 m. Ilepen cOGpocom mnoYTH
BCA PAajHOAKTHBHOCTE YCTpa-
HAETCH M3 CTOKOB JAHCTHJJIA-
HeH HWJIH HOHHBIM OOMEHOM,
38 MCKJIOYEHHEM TPHTHH H
HeGOJbIIHX KOJHYeCTB CTPOH-
uua-90 u nesusn-137.

6.4.2. Kputepuu npuHATHA
peleHHiH

OueBHIHO, YTO MBI HMEEM
JeJIO € 3arpA3HUTENeM, CMellH-
BAlOLHMCS C BOJOH BOJOHOC-
HOTO ropu3oHTa. 3ajaua co-
CTOHT B OlNpeJleJIeHHH JeTalb-
HOCTH HCCJIe/0BaHHIi.

O6Grembl pasianyHeIX cOpa-
ChIBaeMbIX 3arpasHuTeNell H3-
BECTHEI, HO OoJiee HHTepPeCcHH
NJaHbl, OTPa)<alouiHe KOHIEeHT-
pauHH 3arpAsHeHHH BO Bpeme-
HH H npoctpancTBe. Onu Goaee
peanbHO (HKCHPYIOT MaciiTab
sarpsasHenuda. Ha pue. 6.4.3
H300paeHsl TakHe Ijianbl AJ5
cayuasi XJOPHAHOTO 3arpssHe-
Hus. JIas Apyrux sarpsisHure-
Jed INJIaHLl MMelT aHaJorHy-
HLIH BHI.

Puc. 6.4.3. Cxemm pacnpefenenns
XJOPHAHOIO 3arpA3HeHHs B BOJOHOC-
HOM TOpH30HTE AoauHul p. CHelix:

@ — Ha oKTAGPE 1968 r.; 6 — ma anpean
1969 r.; ¢ — ua woaGpe 1972 r. [229]
{ — HIONAHHEH KOHOERTPAIUNH XAOPHAOR

(Mr/a); 2 — 1o me., npegnonaraemple

(]
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M3 stux naaHoB chaeayer, 4To 3arpAsHEHHE PACNpPOCTPaAHACTCS
B perioHajbHOM MacmiTabe, uto cpeacrsa c6poca OTX040B IKBHBAJEH-
THBI TOY€UHBLIM HCTOYHHKAM, HO HHTEHCHBHOCTbH 9THX HCTOYHHKOB Ta-
KOBa, 4TO JOJIXKHBI YYHTLIBATECA 3¢xpeKTnl Aucnepenn. Cam B A3bIKA
sarpAsHeHHs NOKAa3LIBaeT, YTO KakK NpPOAOJbHAs, TaK H MonepeyHas
AucnepcHs 3HaunTedbHBl. TakuM oOpasoM, MOAeNHPOBAHHE OCHOBHI-
Baercs: Ha pabouyeMm NpeAnoJoXKeHHH, YTO 3arpsisHeHHs MOAYHHSIIOTCS

JHCNEPCHOHHOH CcXewme.

6.4.3. [AucnepcHonHas cxema

5 Ona Gasupyercs Ha oGoGuiennoi gopme o6BIYHOrO YPaBHEHHS JIHC
nepcHH, YYHThIBaloUEH 3(peKxTsl MOrJomeH s, paiHoakTHBHBI pacnaj,
BJIHAHHE CDPG[J.HH H CHHMAEMOCTb CpEAE!:

-3—'; = div (K grad C) — div(UC) — C’x% — Q05—
—AC — == [(1 — D) V), (6.4.1)

rae C; — KOHUEHTpalHsa pacTBOpa B HCTOMHHKE HJH CTOKE, 6 — CHKH-
MaeMoCTb Cpejbl, A — MOCTOAHHAsA pajiHOAaKTHBHOrO pacnajga pacT-
Bopa, N — copOuHoHHAaaA eMKOCTb TBepjoil (pasul. OcranbHple 0603-
HayeHus jaHel B riase 3.

YMmHOKas JeByio 4acth (6.4.1) na @/[@® 4+ A (1 — D)), moxkHO
TaK}e CMOJAeTHPOBAaTh HOHHHII oOMeH (37iech BBejleH Koo(pHUHEeHT
pacnpefenenust A, Kotopulil npencraenaser coboil oTHOLIEHHE pajilo-
AKTHBHOCTH TBepAOll (asel K PpajlHOAKTHBHOCTH HAKOH pasmi).
[lpu stom penawTcs AONOJMHHTENbHBIE NPELNONOMNKEHHS O TOM, UTO
paBHOBeCHE JIOCTHTaeTCsi MTHOBEHHO, fABJsieTcss OOpaTHMBIM H H30-
Tepma ajacopOuuH JHHEelHa.

3arpsA3HeHHe NPOHCXOAHT, KAK B CJyuae Tpaccepa H NPH pexHMe
AHHAMHYECKOH jucnepcHH ¢ KOI(ppHIHEHTAMH JUCIEPCHH, IPONop=
ILHOHAJBHLIMH CKOPOCTH. DBOJOHOCHBI TOPH30HT TOPH3OHTAABLHO-
caoucteiit. HabmoaenusiMu ycTaHoB/eHo, 4To GOJbIIHHCTBO 3arps3He-
HHI ABHKeTcst ropu3oHTansHo. Torjga mopens AHCHEpPCHH siBAfeTcs
AsymepHoii. [loTok BOAOHOCHOTO TOPH3OHTA YrpasJisercd OOBIYHLIM
ypaBHeHHeM (UAbTPALHH /IS OrPaHHYEHHBIX BOJOHOCHBIX FOPH30H-

ToB (cm. npuaox. I):

div (T' grad H) =8 % +-q

Jucnepconnas cxemMa MoxeT ObiThb AHCKPETH3HPOBAHA HA CETKe

puc. 6.4.4.
Ypasnenue apuxennda peinaercs HMIIH *, a ypaBnenue aucnep-

CHH MeToJoM XapakTepucTHK (cm. pasgen 9.4.6). Ilpumep Ttakoro
peweHust AaH Ha puc. 6.4.5.

* Heasuwil meroj nepemennniX Hanpasienuit, — [Tpum. ped.
168




L A
?OMHK;E;__TE_;

Pirc. 6.4.4. Koneunopasnocrsas cetka A5 npornosa murpatti sarpasnenns [228]

6.4.4. Onpepenenne KoahduuneHTOB AHCHEPCHH

HapectHo, 4TOObI ONEpHPOBATL AMCMEPCHOHHOA CXeMOil, HEoO-
XOAHMO ONPEIe/INTh NOJeBLIMH OMNBITAMH KOI(PpHIHEHTH AHCNEPCHH.
MceaeioBatne BRIMOJANENO B KPYNHOM perHoHadbHOM Maciitabe M
Koa(puunenTtsr aucnepcun GbIAH ONPEAETeHB! 10 JAAHHBIM sarpsisue-
Huil, KOTOpHIE PAacCMATPHBAMHCh KAK €CTECTBEHHLIE Tpaccepul.

Xopommil ecrecTBeHHbIl Tpaccep He AOJIKEH BCTYNaTh B XHMHYe-
CKHE peakuui (Takue, HanpuMep, KaK HOHHbIN OOMEeH W OcaIeHie)
H He JOJIKeH B3aHMOJeHCTBOBATh Co cpeofi. HauaibHble H rpaHHyHEe
VCAOBHA 0JKHLI ObITh H3BeCTHH (0coGeHHO 3aKaunBaeMble OGBEMBbI
1 HX pacnpejenenne Bo spemenn). Mcxons us storo, Gbiin BeIGpaHbl
XJIOPHAbI K&K CaMblil IPOCTOI M CaMblil TOYHBI HHAHKATOP JAHCMEPCHH.
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Pue. 6.4.5. Conocranjienne HaGmogaeMeIX # PacCUHTAHHLIX H30JHHHE KOHUEHTPAUHH

tputHa (B nKu/ma) na 1968 r.
] — no npoliaM n3 CKBAMHNH; 2 — M0 Pe3yjaLTATAM BHUHCAEHUA

MoKHO HCTOJNBL30BAaTH H TPHTHIl, HO ero nosejeHue OoJee CIOMKHOE,
yeM MOBeleHHe XJOpHiAa, H3-3a CHJIbHO H3MEHAIUHXCHA pacxojos
cOpoca W palHOaKTHBHOIrO pacnaja.

MokHO Henoab30BaTH H XPOM, HO, KOHEYHO, He HaTpH#, KOTOpHIil
HenpurofeHn us-za ajacopbuun. Jlucnepcust corjacoBhiBajack no KpH-
BbIM KOHUEHTpAlHH XJOpHAA.

[Tonyuennpie 3HaYeHus o W oy Oblmu paBHel: op =91 M H
ar = 137 M.

OtH 3HaYeHus ObIIH HCNOJAB30OBaHBEI, 4TOOK COrJACOBATH «TPHTHE-
BYIO» MOJ€JEL 10 3KCNepHMEHTANbLHBIM KPHBBIM KOHIEHTPAIHH C y4e-
TOM pajHoakTHBHOro pacnajga (cMm. puc. 6.4.5) H «CTPOHIHEBYIO»
MOJIEJIb IPH NMoCTOAHHOM Kosdduunenre pacnpeaesenns Aas copOunm.
Bonabiiie sHaueHns KoddduiHeHTa nonepeyHol JAHCNepCHH, BEPOATHO,
06yc/0BJeHEl 04eHb GOJbLIHM MacmiTaGoM MOAENH W TPEIHHHBIM Xa-
pPAKTEPOM BOJOHOCHOTO TOPH30HTA.

6.4.5. Tpornosuasi mojpeb 3arpsa3HeHus

JIMCNEepCHOHHYIO CXeMY MOXKHO HCNOJb30BaTh KaK MNPOrHO3HYIO
MOJIeIb /15l PasyHYHBIX THJAPOTEOJOTHYECKHX YCJOBHH H PEKHMOB
cbpoca OTXOA0B.

L
L




FJTABA 7

3ATPASHEHHE W YNPABJIEHHE
BOAHBIMH PECYPCAMH
OBILIAST METOJIHKA

IKoHOMHYECKOe 3HavyeHHne Boibl oyeBnano. C poctom norpeGHOCTE!
CTAHOBATCH BaXKHLIMH BCE €€ PECYPChl H 0COOEHHO PECYPCHI MOA3EMHBIX
BOJ, HakonJeHHwle B ecTecTBeHHLIX OGacceiiHax. Bopa ncnogas3ayercs
B ABYX I'NIaBHLIX HaNpaBJeHHAX: JJa BofonoTpediennsn (Xo3sicTBeHHO-
NHTBEBOTO, CEMbCKOX03AHCTBEHHOrO, NPOMBILJIEHHON0) W JAJs TpaH-
cnoptHpoBanus. [lox nocaeanum noapasymeBaercs yjaJjeHHe ObITO-
BbIX H NMPOMBILIVIEHHBIX OTX0/0B. KoHEeYHo, TaKoe viajdeHne OTXOL0B
BOJAOH BEJeT K Hapacralouemy yXy/IILeHHIO ee KauecTBa, KOTOPOe HHO-
ria CHH}KAeTcs MPOoHeccaMH CaMOOYHILeHHst W OOBLIYHO YIpPaBJASAETCH
npoueccaMmH AHCHEePCHH,

IIpeacraBum aByx norpebuTeneii BOALI OAHOIO H 10r0 Ke BOAOHOC-
HOTO TOPH30HTA. 3arpsi3HeHde BojAbl noTpedUTeSeM, PpacnoJoKeH-
HBIM BbIILE M0 TEUEHHIO, MOMKET BbI3BATb IKOHOMHUECKHE TPYAHOCTH
y NOTPeOHTe s HIJKe 10 TeYeHHIo, eCJIH B Npolecce TpaHCNOPTHPOBa-
HHSl 3arpssHeHne He OGyAeT YMEHbIIEHO [0 NPHEMJIEMOro YpPOBHS.
ITycts, Hanpumep, NpeanpHATHIO HeoOXOAHMA BoOga C ONpeeJeH-
HBEIMH TPeGoBAaHHAMH K KA4eCTBY, KOTOPBIM MOMKET He COOTBETCTBOBAThL
yxe 3arpsi3HeHHas BoJa. Torga oHO AOMKHO BJAOKHTE CpeacTsa
B OYHCTHBIE YCTPOHCTBA MJIH NOJYY4aTh BOAY H3JlajieKa. DKOHOMHKA
npeaAnpuATHA OyAeT 3aBHCETh OT 3arpda3HeHHd, BJAHAIOIMEr0 KaK Ha
KAauecTBO, TAK H KOJHYECTBO norpebaseMoil BOJEL.

B ofimem MomHO CKasaTh, YTO 3arps3HeHHE — 3TO MOCTOAHHBIH
¢daxkTOp Aerpajpanuu BoAbl, KOTOPEIH BJAHAET KAK HA €@ KayecTBO, TAK
H Ha KoawyectBo. Hanmpumep, norpeGurtesisi MOryT npesxjae BCEro HH-
TEpPecoBaTh XapaKTepPHCTHKH KayecTBa Bolul (Hanpumep, npH ee He-
MONML3OBAHHH VI OXJa)KJeHus), a He ee Koauuectso. OnHako Ka-
YECTBO BOJIbI 3aBHCHT OT HHTEHCHBHOCTH 3arpsi3HeHHs, KOTOpoe siBJs-
eTca (YyHKUHEeH KaK NepeHOCHMOro KOMHYecTBa 3arpAasHeHHs, Tak H
NepeHoCALLero ero KOJHYeCTBa BOJLL.

Takum oOpasoM, KayecTBO M KOJHYECTBO BOJbI B3aHMOCBS3AHBI I
IKOHOMHYECKAsl OlEeHKA 3arpsisHeHHs BOJALI, T. €. €e KayecTsa, TEeCHO
cBA3aHa ¢ 3KOHOMHYECKOH oueHkoil camoii Boawl. M3yveHune 3sarpss-
HeHHS SIBJISETCH YacTbio NPoOieMbl yNpaBaeHHsT BOAHBIMH PecypcaMH.

3arps3HeHHe noj3eMHuIX BoJ — 3T0 ¢akTop B 3ajaue ynpabBJeHHs
NoA3eMHBIMH BOJIaMH, KOTOpas B CBOIO OYepelb caMa ABJSETCS JacThio
npoGaembl yrpasiennss Bopoit. Takum obGpasoM, sarpsi3aHeHHe Moj-
3eMHBLIX BOJ HeJb3sl pacCMATPHBATh B OTPLIBE OT APYruX 3KOHOMHYE-
CKHX AacnexkToB BOJBI.
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B npeaplayuiuX rJaBax Mel BHAEMH, 4TO 3ajauu 3arpaAsHeHus
HMEIOT BIIOJIHE YOBJETBOPHTE/bHBIE TeXHHyecKHe pewenus. Tenepob
nepes HaMu CTOHT BOMNPOC: AO/KHBL JIH MBI pacCMaTpHBaTh 3arpsisie-
HHEe KaK 3KoHOMHuecKyio npobaemy? Tak Jau goporo Gopotbea € 3a-
rpsasHennemM? [IpeofosuMel JH (DHHAHCOBBIE TPYJAHOCTH?

Ytolpl OTBETHTh Ha 3TH BONPOCLI COLIJIEMCS HA MpHMep, NpHBeleH-
Heiii Omcesdaemom |78 mas peunbix Boj, HO, KoHeyHo, TeMm Gonee
cnpape/iuBblil VISt nog3eMHBIX BoA. MOKHO OleEHHTh 3aTpaThl Ha
NpefloTBpalleHite Beex MOCTYIVIeHHit 3arpsisuennit B pexku Ppaniti
H 06HAapYKUTb, YTO 3Ta CTOMMOCTb JIOBOJIbHO HeGosbuias. Heaosex
H ero 3KOHOMHYecKasi JeATeJIbHOCTh 3aMEHSeTCsi ISKBHBAJIEHTHHIM
JKHTEJIEM, «CTOALUM» Tpex KuTeseil, Tak 4rto Bo DpaHuun OKasbl-
Baercss 150 MHJJIMOHOB TAKHX «3KBHBAJIEHTHBIX Muteneir». Cpeinne
KAnuTajbHEe BJAOXKEHHS Ha OJHOro IKBHBAJEHTHOTO JKHTEJI# COCTaB-
nsior 30 poanapos. CTOMMOCTb MOMIEPXKaHHA OYHCTHBIX CTaHIHIl
cocTasasger okodo 6% B roj oT KanuTadbHLIX BJAOXKEHHi. Kanuraip-
Hele BJOMKeHHs, TakuMm oOpasoM, cocraBsatT 150 wmun > 30 =
= 4 500 mJyiH. A0OJJaapOB.

B measix ynpouleHHs 3ajauy nporpaMma Moxer (HHaHCHPOBAThCS
Ha JOJATOCPOYHON OCHOBE. YUHTHIBAsi MPOLEHTH, KOTOPLIE NOJIKHBI
ObITh yMUIaueHbl 3a JECATH JeT, MpHBeleHHas cymma JO/LKHA OLiTh
yaBoeHa. dro aaer 9000/10 + 0,06 x 4500 = 1170 maH. g011apos.

[Tonyuennyio BEJHUHHY CJELYeT CPaBHUTL C OIOMUKETOM CTpaHkbl,
Kotopsiit cocrasasier 4000 maH. jAoanapos. O6paboTKa 3arpssHeHHi
WIH HX CKJajHpOBaHHe HE CTONb JIOPOrH, Kak Aymaior!

Taxum oGpasom, npobJiema COCTOHT He B TOM, UTO «3arpsisHeHHe —
Tpareausl BeKa», TaK KaK CYUIECTBYIOT KaK TEXHOJOTHUYECKOe, TaK H
¢uHancoBoe ee pemenisi. OHAa OTHOCHTCS K YHCJY npoGaeM pasBHTHS
Hamero obuecTBa H COCTONT B TOM, JOJIKHBI JIH Mbl AaTh MPHOPHTET
npoGremam sarpasHenua? Ec/IH OTBET NoJOXKHTEIbHBI, Y4TO Camo 1o
cebe sIBASieTCA AOCTATOMHO XOPOLIHM pelleHHeM, TO MOMKEM JiH Mhl
HMeTh HajJexalqHe (UHAHCOBHIE, AJAMHHHCTPATHBHLIE H TEXHHUYE-
CKHe CPeCTBA A JIOCTHXKEHHS MOCTaBJEHHOI 1eqH, e npexedperas
JAPYrHMH NepBOOYepeAHBIMH 3ajadyamu?

PeasibHas TPYAHOCTb Npob/IeMbl — He 3arpsisHerne camo no cebe,
a MOJHTHYECKOE Onpeje]eHHe HAIMOHAJIbHBIX IeJIeil: MporpamMmbl
H3YYEeHHs 3arpaAsHeHHs AOMKHLI ObITb BKJAKOYEHb B rpynny nepeo-
ouepe/HsIX 3ajau, 0oOCYKIaeMblX Ha MOJNHTHYECKOM YPOBHE.

B sroii riaBe NpHUBOAATCS OCHOBB KOMIVIEKCHBIX (KaK TeXHHYC-
CKHX, TAK H SKOHOMHYECKHX) HCCJIE0BAHNIT 10 ynpaBJeHHio BOLHBIMH
pecypcamMu H ONHKCHIBAGTCH METOAMKA, KOTOpas HCMo/b3yercd i
MOArOTOBKH TeXHMYecKHX ¢aiiyioB, sBJASIOMIMXCS SAPOM HCCJE10Ba-
HUi1, a TAKKe NPaKTHUeCKHil SKOHOMHYECKHIl NMOAXOA, KOTOPHIl YiKe
YCHEUHO HCMOJAb3YeTCsi B pellleHHH npobJeM BOMHLIX pPecypcos.
Sra MeToAHKa sABJgserca oboOuieHHeM MEeTOAHKH, npejacTaB/eHHON
B rJase 3, Ijle oHa paccMaTpHBaJjach NPHMEHHTEJNbHO TOJIbKO K 3aja-
yam 3arpsi3HeHHs MOJA3eMHBIX BOJ, M KPaTKO OMHChIBAGTCs MaTeMdTH-
yecKuil anmnapar, KoTopbll B Heil Hcnoap3yercsa. [Ipi SKOHOMHYECKOM
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paccMOTpeHHH crelnu(HyecKHe SKOHOMHUECKHE MOJenH MoApoGHO
HEe OMUCLIBAIOTCH — 3TO HEe SBJASETCA [EeNbI0 HACTOSIEH KHHTH H
AOJHHO OBITH MPELOCTABAEHO IKOHOMHCTAM, — HO Mbl laéM HHIKEHepY,
rHAporeoyiory H (pM3MKy HEKOTOPLI€ NPOCTbie MPAKTHYECKHE TPHEMBI,
yToOLI MOMOYbL MM MOHSTH U HANPABJIATL COBMECTHOE H3YUEHHE BOAHLIX
PEeCYpCcoB C YueToMm (pakTOpPOB 3arpa3HEHHS.

7.1. TEXHHYECKASI METOAHKA

Ynpasjgenue BOAHLIMH pecypcami HMeeT 3KOJOIHYeCKHH H 3KOHO-
MHYECKHH acnekThl. KauecTBo BoAbl MOeT ObiThb BhIpAyKEHO KOJHue-
CTBEHHO BBEJEHHEM NMOHATHI: cofeprkaHHe sarpsasneHuit, nuddysns,
AucnepcHs, KOHBEKIHA H 00beJHHEHHeM HX B HMMHTAILHOHHLIX Moje-
JNax. BriBenenHHble UMMHTAlHOHHBIE MOJAENH OOBLIYHO HCIOMb3YIOTCSH
AJsi MporHosa. 2to, IJIaBHEIM 00pa3oM, MmareMaTHYecKHe MOJeNH.
STH MOJeJN «KOJHUeCTBAa—Ka4yecTBa» 3aHHMAIOT MECTO Mexay mnoJe-
BHIMH pafoTaMH H SKOHOMHYECKHMH H MOJHTHUECKHMH peleHHsIMH.
Onu Henoab3yloTes s onpepeaenusi 1 o6paboTkn mapameTpos, on-
penesieHHeIX B TNoJie, a TakMe JIa TNpPOrHo3a MX H3MeHeHHs NpH
pasiiH4HbIX paGoyHXx jonyuieHusnx. PesyibTaThl MoJeaHpoBaHus oO-
pasyloT OTNpaBHbIE TOYKH IKOHOMHYECKHX Mojeeil.

B meroauke yerko onpeneneHsl HeoOGXOAMMBIE onepaluH, KOTOPLIE
NOJIHEL OBITh BBINOJNIHEHB! OT MOJS J0 NPOrHO3HBEIX MOJEJeil ¢ Leabio
onTHMu3auun cbopa u 06pabOTKH MOJEBLIX JAAHHBIX.

Meronuka pesiomuposana B Onok-cxeme pue. 7.1.1, Koropas
MOKa3kBaeT JIOTHYECKYI0 ToC/deloBaTeIbHOCT onepainuit  [84 .

Onepaunyu HauwHaOTCH ¢ HeeneloBaHMH B noje. Ouu JfaloT JABa
noToKa HHGOPMAIHH: YHCAEHHBIX M HEYHCJEHHBIX AaHHBbIX. UHCJaeH-
Hble aHHbIE NMPeACTABIeHbl FHAPOMETEOPOJIOr HUECKOH, TeodH3HUeCKOi,
THAPABJIHYECKOH W XHMHYecKoil WH(opMmalueii; Heuuc/JeHHLIe — HH-
(popmanmeit 0 reoJIorHH, JHTOJOTHH H CTPYKTYpe.

ITH AaHHbIE COPTHPYIOTCH H HCHOAL3YIOTCS JJsT HIEHTHHKaHMH
cuctem. CucTema omnpefensiercs ee CTPYKTYpoOH, napamerpaMmu ee
3/1eMeHTapHLIX GJI0KOB M ee mosejieHueM npH BosmyuleHnax. Cnenyer
OTMETHTb, YTO 3HAHHE CTPYKTYPHI H MapaMeTpoB JaeT .BO3MOMKHOCTb
Onpejle/nTh MOBEeHHE CHCTeMb!, TAK JKe€ Kak 3HaHHe CTPYKTYpH
H TIOBEJeHHS JaeT BO3MOXHOCTb OMNPEAENHTb MapaMerpel. 3ITo
OYeHb MoJae3Ho, TAK Kak HHpopMalnusa ob 3THX Tpex XapaKTepHCTHKax
MoxeT OblTh Beerja noaydena. Orciofa nosBAAeTCs BO3MOMKHOCTD
MOCTPOEHHS M MPOBEPKH MOJAEJEH MO COOTBETCTBHIO MEXAY MOJEJbIo
H HH}popMalHeH.

Kak ToMIbKO MOgens MoCTPOeHa, MOMET OKasaThCsi HeoOXOAHMBIM
M3-3a HeoCTaTKa HH(OpMALHK BEPHYTHCA K MOJEBLIM HCCJIELOBAHHAM,
KOTOphIe MOryT ObiTh ONTHMH3HpOBaHE ¢ nomouwpio IBM. Kak
TOMBKO MOJAEJb BHIBEPEHa, OHA HCMOJAL3YeTcd /A NporHosa nopeje-
HHSl THAPABJIHYECKOH CHCTEMbI NPH HOBLIX ONEpamHsix H HOBBIX 00-
crosTesbeTBax. KoHeuHo, nporHos JoJKeH NpoBepsAThCs, AJIA Yero
JOJIAHBL ObITH CO3MaHBl H ONTHMH3HPOBaHEI ¢ noMolusio BM cpeacrsa
KOHTPOJIS.
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Takum o6pa3oM, MeTojiMKa J0JKHA BKalouath jpe yactu: 1) moa-
rotoBky n oOpaGoTky mHbopmalui, 2) nocTpoeHHe H HCNONb30BaHHe
MOJeJeH.

Pasnuue MexAy STHMH JABYMs acnekTamu (yHaaMeHTalbHOe, TaK
KaK MOCTPOEHHE ¥ HCMOJb30BAHHE MOJeNeH JOMKHO BKJIOYATH CHC-
TeMy KOHTPOJIs s JOKaJu3aluH OMHOOK B HMEIONHXCS NaHHBIX
W B NPHHATOH NPH MOJENHPOBAHHH CTPYKTYpe HHTepNpeTaiuH.
B pasaene 7.2 paccMaTpMBAalOTCs pasiHYHbIE CPEACTBA, HCMOJAb3Ye-
MbIE NPH TOATOTOBKE H o6paboTke WH(popmanum, a B paspene 7.3
ONMHCHIBAIOTCH MPHHATHIE MOJIENH.

7.2. NOATOTOBKA W OBPABOTKA HWH®OPMALIHH

Baok-cxemMa BKJIIOUAeT yeTkipe 610Ka, Kortopbie abcomorHo Heob-
XOAHMBI 7151 00OCHOBAHWA M MCNONb30BaHMs Mojeaeii: 1) waeHTH H-
Kalisi CHCTeMBl; 2) COPTHPOBKA YHCHeHHOH HHopMaunH; 3) CTPYK-
TYpH3alHs BeHCJIeHHO{T nHbopmanun; 4) ONTHMH3AIHA CHCTEM HC-
caenoBauuit ¥ Kontposs. Jlasee npHBOIHTCS HEKOTOpas WH(OpMAIHs
0 pasJHYHBIX CPEACTBAX, KOTOPHIE JONMKHEI NPHMEHATLCS B Npefenax
Ka)uoro GJOKa.

7.2.1. UpenTHdHKaUHA CHCTEMBbI

[Topenenue cHCTEMBl MPH BOSMYUIEHHH ONpEAENseTcs ABYMs BO3-
MOIKHBIMH crocofaMH.

1. Cucrema HCcJleiyeTcst H3HYTPH, 4ToObI ONpeJeNHTh €e CTPOeHHe
H W3MEepHTh 3HaueHHsl ee XapaKTepPHhIX mapamerpos. 3aTeM Habuo-
JIeHHeM 323 NOBeJleHHeM CHCTeMEl H paccMoTpeHHeM (H3HUECKHX 3aKO-
HOB, VNPaBJAIONIHX SBJEHHSAMH B CHCTeMe, YCTAHABJHBAIOTCS 3aBH-
CHMOCTH MexJy 3THMH napamerpamu. CTpoHTCs MOAeab, KOTOpas OT-
paxkaer JefiCTBUTENLHOCTh HACTONLKO TOYHO, HACKOJAbKO 3TO BO3-
MOMKHO.

9. WccaefoBaten He MbITaeTcsi NOHATb (U3HKY cucreMbl. OH
paccMaTpHBAeT CHCTEMY KaK 4YepHbIfl ALIHK H H3MEpPsieT OTKIHK CHCTe-
Mbl Ha 3ajlaHHOe BHellHee BO3MVINEHHe. DTOT METOJl BO3pPacTalollero
NepeKpHTHSI, NPHMEHEHHE KOTOPOro npejcTaBisier coboil aHaIH3
UMIYJBCHHIX TNEPeXojHbiX XapaKTepHCTHK wian ofpamenne. On
COCTOMT B OLlEHKe 3HAYeHHs HEH3BECTHOro NepeMeHHoro, KoTopoe Ha-
ayumuM ob6pasoM yaoBueTBopsieT AuddepeHiuHalbHOMY YPAaBHEHHIO
B YACTHLIX NPOH3BOAHBIX BO Beel obnacTH, 3aTeM paccMaTpHBaeTCH
pacusieHenne ofiacTH Ha MOAOGTACTH M JUIsi Kak[oH nofobaacT
BLIYHC/IAIOTCS CPeHNe 3HAYEHHS, HAHJAy4YHM o6pasoM Y1O0BJEeTBOpS-
jolie YpaBHEHHIO B YacTHHEIX npou3pojHuiX. Ilpouecc noBropseTcs
nyTem pacujeHeHusi nopo6nacreii. OcHOBHas HJes 3TOTO MeToja 3a-
KJI0YaeTCs B TOM, YTO HCXOJHBIE JaHHBIE COAepKaT OlHOKH, HeOlHHa-
KOBO pacnpejesieHHbe B NPOCTPAHCTBE AN BpeMeHH; JioGoe JI0Kalb-
HOe H3MeHeHHe OlIeHKH mapaMeTpa BjedeT 3a cofoil Takoe ke H3Mme-
HeHHe TNapameTpoB MOBCIOAY, MTO CriaxduBaerT rpyCbie JOKalbHbIE
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ommuGKH ¥ 0GecneuHBaeT YHCIAeHHVIO YCTOMUHBOCTH. TOT MeTon Obia
npuMeHeH K o6paTHHIM 3ajauaM, TaKHM Kak onpejeJieine BOAOMPOBO-
TuMocTelt 1o nbesoMerpuuecknm gaHHbiM [82], K 3apauam obpaiie-
WS, TAKHM Kak ONpelefeHHe eIHHHYHEIX rHaporpados [81].

[ToBegeHue cHCTeMB MOXET OLIThb ONpeje/leH0 KOMHYECTBEHHO TH-
NOBBLIMH KPHBBIMH 110 JIAHHBIM HCHLITAHHI CHCTEMBI METOJIOM HMIYJIbC-
HBIX TIepeXOJHBIX XapaKTepPHCTHK. JTOT METoA NMOAPOGHO paceMaTpH-
BaJicsi B paspene 5.3.

7.2.2. CopTHpOBKA 4HCJAeHHOH HHboOpMaUHK

Kak Toabko CTpYKTypa HH(opMaluH onpejejieda, oHa COPTHPY-
pyercsi, JJisi 4ero MoryT ObiTb HCNOJb30BAHBI PasiHYHBEIE METONBL.

YHuuBepcaasHblil  Kpadrunr. Kpairuur — 7o MeTOA OUEHKH,
ppenennnit K. Mareponom [187, 189, 190] * B npuaoxkenusx
K TopHOMY jeay. Merox jaer mamsiyuuimii BO3MOMKHBI JHel HBI
onepartop ouenku 610Ka c yueroM Bceil umeloumefica HHdopmaini,
T. €. pPe3yJLTATOB HCILTAaHHS PasHOOOpasHBIX OTOOPaHHBIX npob
BHYTPH, Tak u BHe jannoro Gnoka. KpaiiruHr npunucbiBaeT BeC Kax-
A0oMy HenbITanuio obpasia; 3TH Beca MOJACYHTHIBAIOTCH /IS TOrO, uTOOk!
MHHHMH3HPOBATL PE3YJbTHPYIOUIHE OUECHKH OTKJOHEHHH B COOTBET-
CTEHH C TEOMEeTPHYECKHMH XapaKTepHCTHKaMH 3ajaun (dhopma, pas-
MephI, OTHOCHTEJIbHOE MOJOXKEeHHe 6iaoka H obGpasuos). MuTyutueHo
MaJIblil BeC J0MKeH GBITb nmpumucan AadbHHM o6pasiaM H HaoGopor,
33 HCKJIOUCHHEM CJOMKHBIX CJy4aes.

SpdexTHBHBIT PacyeT ONTHMANbHLIX BECOB, TNPHCYLHX o0pas-
nam, Oasmpyercss Ha oOnpeieJeHHbIX JAONYIEHHAX O CTPYKTYPHBLIX
0COGEHHOCTAX M3YuaeMmoro pyjAHOro Teja, B OCHOBE KOTODBIX JICKHT
BapHOrpaMMa cayuaiiHoit (GyHKUHH, peanu3anuei KOTOPOH sIB/sIETCH
HaGop TOUEUHLIX HCHLITAHHI.

Takas cayuaiinas (yrKius, HasBaHHas MaTepoHOM NPOCTPaH-
CTBEHHOII c/1y4aitHoil nepemMeHHoil, sBagercs (yHKIHed NpoCTPaHCTBa,
3HAYEHHS| KOTOPOil HAMEHAIOTCA OT OJIHOM TOUKH K APYTOii ¢ HEKOTOPOH
HENpPepHIBHOCTLIO H H3MEHYHBOCTH KOTOPOIl HE MOMeT ObITh MpeacTaB-
JeHa SKCTPANOJHPYIOWHM MaTreMaTHUeCKHM 3aKOHOM. Hanpuwmep,
peann3aiueil TaKoil NPOCTPAHCTBEHHON nepeMeHHOH SIBJSIETCH PAL
ray6uH JiHA MoOps, NOJNYYEHHBIX TIPOMEPOM C Kopabns.

JKeTpeManbHBI cayuaii NpoCTPaHCTBEHHOH nepemMeHHoH HMeeT
MECTO, KOTJla ee 3HauyeHusd, B3siThie B J0OBIX ABYX TOUKax, sB/AIOTCA
He3aBHCHMEIMH. B03MOKHBEI BCE TNPOMEXKYTOUHBIE CTPYKTYpHBIE CJY-
yay BMJOTH A0 NMOJHOH OpraHH3alHHd NpPoCTPaHCTBA.

HanGonee BaKHBLIM HHCTPYMEHTOM JJisi ONHCAHHA 3THX CTPYK-
TYPHEIX CJyyaeB sBJIseTcs Bapuorpamma. Bosbmem X H X +h —
JIBé TOUKH TpocTpaHcTBa (0AHO-, ABY- HJIH TPeXMepHOro) M MOCTABHM
umM B cootseteTBue [ (x), f (¥ -+ h) — BeaHUHHBI MPOCTPAHCTBEHHOH

* JK. Marepon. OcHosw NpHKJAAHON TeOCTATHCTHEN. M., Mup, 1968 —
Hpum. ped.
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nepemennoii f. Bapuorpamma, Bepuee ¢ y
nonyBapHorpaMma, saBasercs GyHK-

uneit y (h), onpenensiemoit caenyiouum

obpasom: ih)~h?

V() == EIf(x--0) —f (9P, h

rae E (x) — MaTeMaTHYeCKOe OMHAAHHE
BENHYHHEL X,
[Mpunnmas OYEBHAHYIO THIOTESY, yh/~h
T. €., 4TO JJ151 JioGoro Bektopa h npu- &

pamenue [ (x, + h) — f (x;) wumeer 8 y
OMHAAHHE M CAy4alHYIO COCTaBJAN-
ULYI0, KOTOphIE He 3aBHCAT OT ONOpPHOMN [

TOYKH X, MBI BHIHM, YTO Y He CBsi3aHa | YB)=piplt)
¢ KakuM-1H60 ocoGhiM NMOJOKEHHEM X, S R e
d CBfAizaHa C MNPHPALLEHHEM  Me1y ; h
ABYMSI  JABMMKYULHMHCSI  TOYKAMH X, ‘3"
x -+ h. Bapuorpamma mnomoraer koan- p|
YECTBEHHO ONEHHTb, YTO NPOHCXOAHT

B OJIHOH TOYKE, 10 TOMY, 4TO B cpej- y(h)-p
HeM MPOUCXOJAHT HA oTpe3ke i u Haobo- = -~
por. OHa KOJHYECTBEHHO onpenenasier h
MOHATHE 30HBI BJAHAHHA obOpa3ua u  Puc. 7.2.1

CTPOEHHA TeJla B OCHOBHOM [0 ToBeje-

HHIO ee OKOJOo HYAA H B GeCKOHEYHOCTH.

1. HenpepuiBHOCTS 1t peryasipHoCTb B pocTpaHCTBe f BhIpakaercs
noBefenuem y (h) B6ausu nyas. IpyGo rosops, nmeercs YeThIpe cay-
yaa (puc. 7.2.1):

a) napaGoanveckuit Tpeun: y (h) ABaxas Auddepenunpyema npH
h = 0, f (x) Toraa augxpepennnpyema u Becbma peryaspHa (B cpenne-
KBajpaTHuHoM *);

6) auneinsiit Tpena: y (k) wenpepmBHa, HO HelHpdeperHupyema
npiu h = 0, f nenpepuiBna (B cpeAHeKBagpaTHYHOM), HO Helupgepen-
LHpyeMa M 3HAYHTENBHO MEHee peryJspHa;

B) sipexr camoponka: y (h) He cTpemurcs Kk Hymo, Koraa h cTpe-
MHTCSI K HyJio, [ He fBAAETCA HenpepuiBHON Jaxe B CpeaHeKBajpa-
THYHOM,;

r) f(x) u f(x -+ h) sBaseTcn He3aBHCHMBIMH A JHOGLIX JIBY X
OnpejesieHHbIX To4eK; 3To «beqblit wym» (Gpu3nKOB.

2. TloBejieriie y B GECKOHEUHOCTH NOKA3LIBAET CBA3L MEKAY DJIO-
KaMi H3ydaeMblX CHCTEM: CJH BapHOTpaMMa 34KaHUHBAETCs TOpH-

* Cayuafinas dyuxkuns y (x) HasuBaercs HelpepuBHoil B cpetnexpajpaTHUHOM,
eciin Ml Hmeem £ T{Y (x+ h)—Y (x))*]=0 npu h— 0.

B oanomepnom npoctpancThe Mul onpegensiem cayuaituyo dpyukumio Y’ (x) xax
NPON3BOAHYIO B CPEHEKBAAPATHYHOM CMBICAC OT cayvalinol dyukuun V (x), ecan
ENY (x4+h)—VY (0)Vh =Y’ (x))2]>0 npu h— 0.

Hueiotcs nofoGusie onpefeieHis A8 n-MepHLIX NPoCTpancTs npu n> l.
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JlJf ?
penen @ - V.
Puc. 7.2.2

30HTaNMLHON YacThlo, HauuHaoweics ¢ nperena a (puc. 7.2.2., a),
[ (x) u [ (x -+ h) ne koppeaupyiorca ans h = a; ecau BapHorpamma
3aKaHYHBAETCsl BOCXOMfLLEH YacTbio, TO HMEETCs TNPOCTPaHCTBEHHBIH
TpeHn (puc. 7.2.2, 6).

Koneuno npesen a Gyjer 3aBHCeTh OT HanpasleHus BekTopa h
H OOHApYKHT HanpasJeHisi NPeHMYIIECTBCHHOTO HM3MEHeHHsI B TMoJie.
OG6bMHO pasiHuHOE NOBEJeHHEe BAPHOTPAMM B PA3/JHUHLIX HanpasJe-
HHAX MPOCTPAHCTEA YKAasblBaeT HAa aHH30TPOIHIO,

Martepon 06o6uina Kpallruur B YHHBEpcadbHBIH Kpauruur, 4tolni
OUEHHTh TeHAEHIH0 (MHOrJla Ha3LBAEMYIO TPEHAOM) [POCTPAHCTBEH-
HBIX nepeMeHHBIX. Tpenj QyHKuHH [ (x) ecTb ee anpuopHoe OXKHJa-
nue E [f (x)].

B npumenenny K ruaporeo/IOrHH H 3arpssHeHHIO KpailrHHT npe-
Hjle BCEro NaeT mIaHul BeJHYHH, H3MEPeHHEIX B JIHCKPETHOH cHCTeMe
TOYEK (Hanpumep, ecaH KOHUEHTPAIHH 3arpasHHTENEH H3MepATCH
B pAjle TOYEK B JlaHHOe BpeMs {, TO KpalirHHT JlaeT HenpepbLiBHOE pac-
npejesieHHe KOHUEHTPAIlHH B MPOCTPAHCTBE B MOMEHT BpeMeHH [.
Kpaiirunr, B oTanume 0T MeToAa MpocToil HHTEPNOIALNH, 1aeT CTPYK-
TYPY SBJEHHA B TMpOCTPAHCTBe, OlEGHKY «0esoro myma» u ee
owHOKy, T. €. NMoKa3blBaeT, KaK HaJAeXHAa OLUEeHKA BO BCeM Ipo-
crpafctBe. Jlasee oTMETHM BayKHOCTh €ro JNA ONTHMH3ALHH ceTeil
H3MEpeHHs H JUIA  ONTHMAJBHOTO  ONpeleJeHHs] OTCYTCTBYIOMIHX
JaHHLIX.

®uabtpanus. HMamepenus peasbHbIX BeJHYHH, KOTOpbLIE COJAepPHKAT
HHpOPMALHIO H IUYM, BCerja CONPOBOMKAAIOTCA 3SKCNEPHMEHTAMb-
HBIMH OLIHOKaMH, JKCNepHMeHTa/bHbie AaHHbIe NOMMKHBI GbITb N)30-
(¢uabTpOBaHKI NyTEM HCHOAb30BaHHA HHOPMalMH O CHrHajde (pery-
JAPHOCTH, 4acTOTe, SHEPriH) H O IyMe (HyJIeBhle CPelHHe MJIH OlLeHKa
CTaHIapTHOrO OTKJOHEeHHs 1iyMma).

Moryt 6bITb HCNONB30BAHBl KPANHIrHHT H CTaHJIapTHLIE CTATH-
cTHYecKkHe Metoibl. [laHHble OOBIYHO MCNOJABL3YIOTCA B MOAETAX;
NOJKeH OblThb BLINOJHEH AHAJAH3  UYBCTBUTENILHOCTH  Mojesed
K %muﬁuam, TEOPeTHYECKHIl MpHMEP KOTOpPOro paccMoTpen B IJa-
Be 8.

DAKTOPHBIH AHANN3 COOTHOWEHHI. Maveperis Jlanioro apjenus
NPHBOAAT K BbUIGJNEHHIO OTAGILHBIX HWHAHBHIAYYMOB (H3MepAeMbIX
00BEKTOB), KOTOpbIE ONpeeIsioTest pANOM CBOHCTB (H3MepeHwmil):
HanpuMep, pAA H3MepeHHi YpOBHeil Ha aaHHbie AaThl (CBOWHCTBA)
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NS TPYNMbl Nbe30MeTPOB (HHAHBHAYYMBI), HIH Pl XHMHUECKHX aHa-
JAH30B (CBOWCTBA) rpynnel npo0 BOALI (HHAHBHAYYMKI).

Ananus COOTHOLIEHHH NpeACTaBAAeT HWHIAHBHAYYMBI H HX CBOii-
CTBa TOYKAaMH, a TPYNNu ToYeK, oObejHHeHHLIe B «06MaKa», NoKasbl-
BAlOT OpraHHsaumio cucremsl. «O0MaKa» W HX Aucnepcus aaer Heol-
XOJIHMblE mnapameTpbl M rpy6GocTL HHTEpHpeTalHH CTPYKTYPH NPH
nanHoit obpaborke [23].

B sajauax sarpsasueHust ¢opMa TaKoro aHajsnH3a, HaswBaeMmas
(pakTOPHBLIM AHAJN30M YCTOHYHBOCTH M 3BOJIOLHM, NPUMEHsETCH s
TOro, 4robnl BBECTH BpemenHyio nepemennyo [195]. Oua onucmBaer
rjiaBHbie O0COGEHHOCTH pa3sBHTHS npollecca sarpsasHeHus Ge3 anpu-
OPHBIX AONYUIEHHH OTHOCHTEJNBHO NPOCTPAHCTBEHHO-BpeMeHHLIX COOT-
Homennit. Kpome Toro, oHa jAenaer BOIMOMKHLIM CPABHEHHSl TEOPETH-
yecKHX M HabmoaaembiX TNPOCTPAHCTBEHHLIX 3BOMIOIMIT npolecca
CO CAy4aiHBIMH MECTHBIMH (WIIOKTYaLHAMH.

(QakTopHBLIA aHAJNH3 COOTHOWEHHH MOMKeT OLITh HCMOJB30BAH I
.pellleHHs CJelYIOUIHX BOMPOCOB.

. OnucateabHblit aHalIH3 NPHYHH M CAEACTBHI C MOMOLLBIO
onpejieJieHHs TJIAaBHLIX oceH HHepuHH «0OJaKoB» H MHHHMAJBHOrO
YHCJIA MepeMeHHBIX, [NpeACTaB/JAIWHKX CHCTeMYy C JA0OCTaTod-
HBIM JHAMa30HOM H3MeHeHH#H; 3T0 — (¢uaAbTpauusa, KoTopada craa-
KHBaeT wyM. I'pynnupylorcsi WHAHBHAYYMBI € NOAOOHBIMH NpodH-
JAMH, KOTopele o0O0pasyioT rpynnsl HHJAHBHAYYMOB H TpYNnsl
CBONCTB.

2. CrpykrypHbulii aHanu3 no sisuncam. CpoicTBo (pHKCHpYeTCs
A TPYNNs HHAHBHAYYMOB, uX ¢of/laka» MMET OCH HHEpIHH, KOTO-
pbie NPOEKTHPYIOTCA Ha (paKTOpHAJABHYIO NJAOCKOCThL H I[peicTaRjs-
IOTCA JJIHNCAMH. ITH SJJIHACHL MOMHO KIacCHQHIHPOBATh, YTOGHI
YCOBEpPIIeHCTBOBATL CTPYKTYPH3ALHIO AAHHBIX.

3. CTPYKTYpHBIH aHAJIH3 HA OCHOBE (JaAKTOPHOrO aHAJMH3a COOTHO-
weHui BapuorpamM. Korga HECKOJMbKO nNepeMeHHLIX H3MepsioTcH
OJAHOBpPEMEHHO, BaKHO ONpeAesHTh CPABHHMMBIE 30HLBI M OLEHHTB,
KaKkoil H3mepeHHBI ¢dakTop nOpoXKjaeT BeposiTHOE OTKJIOHEHHe.
B Kammoii 30He paccynThiBaercs JoKajbHas Bapuorpamma. JIokadib-
Hbl€ BapHOrpaMMbl 3aTeM KJacCHHUHPYIOTCA Ha OCHOBe aHaJu3a
COOTHOLUEHHH, YTO JAAeT BO3MOMKHOCTL BLIAEAHTb 30HLI, OAHOPOAHLIE
no crpoennto. KoHeyno, Takoil npouece AoJxKeH NPHMEHATLCS ¢ OCTO-
pPOKHOCTBIO, XOTsl OH Ceildac aBTOMaTH3HpOBaH.

OGpamenne. lamepenne HeKOTOpPOi BeJAHYHHBLI JeJaeTcd ¢ TNO-
MOILBIO 3KCNepHMeHTaAbHBIX cpeacTs. Ecau 310 cpeiactBo uamepsier
HE€ TOYEYHBLIC 3HAYEHHA, a ONpeAeNdAeT H HHTErpHpyeT BCe 3HA4YEeHHA
OKOJIO HCeaenyeMoil ToukH, Heo6xoiumo o6paboTath pe3yabTaThl, 4TOOLI
NOJIYYHTh peajibHble BeJHYHHbl B 9T0il Touke. Hanpumep, npu uccae-
JIOBAHMSIX PAAHOAKTHBHOCTH B BoAOHOCHOM ropusonte [117] 3oug
He JlaeT 3Ha4YeHHil B TOYKe, 8 HHTErPHPYIOT PAAHOAKTHBHOCTb B TPYHTE
0K0JI0 3TO To4KH. OGEYHO MOMKHO IONYCTHTB, UTO ONepaius JHHelHa
H ABJISIETCS CBEPTKOMN; NMPOCTpaHCTBeHHbIE CBOHCTBA crnocoba H3mepe-
HHA ONHCHIBAIOTCA HEKOTOPHIMH (QYHKuuAMH [ (X), neficTBHTe/bHbLIE
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aHaueHus — pynkuueit E (x) u naGmofleHHule 3nagenus — s (x), f,
E u s ylOBIAeTBOPSAIOT 3aBHCHMOCTH:
s@) = | f(x = e adt,

]

rie S — MNPOCTPAHCTBO, B KOTOPOM TPOH3BOASATCA H3MepeHHs.

3ajiaya Torja 3akJao4yaeTca B ToM, 4ToObl, 3Has f H s, ONpeNeJNuTs ¢,
MPOCTPAHCTBEHHOE pacnpejejeHHe pealbHLIX BeJAHYHH; KOHEYHO,
CHauaJa Hajlo onpelennTs [ Kak ¢yHKIHIO cnocoba HaMepeHus, Ha3bl-
BAEMYIO MMMYJbCHOH MNepexofHoil XapaKTeDHCTHKOH CcHCTeMBl (S
paBHo f, ecnu e ecth & — Qynkuua JInpaxa). 3ajgaua penlaerca Me-
TofoM ofpauleHns, KpaTKo onucaHHeiM B pasjgene 5.4.2.

7.2.3. CTpyKTypH3aluHa He4yHCAeHHOH HHOpPMaUHH

B GoablunHCTBE cayuyaeB HHpOpMaLus SIBJSETCS KaK YHCJIEHHOI,
TaK W HeuHcsaeHHoii. Hanpumep, Bo BpeMsi sKCnepuMeHTa no sarps-
SHEHHIO HeoOXOAMMEI THAPOreoJOrHYEeCKHE napaMerphl BOJOHOCHOIO
FOPH3OHTA, HO TAK KaK HX OnpeleqeHus JOPOrH, Mbl AOMMHEI HCHOJb-
30BaTh Tre0JIOrHYECKHEe W JIHTOJIOTHYeCKHe ONHCAHHA TPYHTOB, NOJY-
YEHHBIE H3 MPAMBIX MOJEBBIX HCCJEA0BAHUM,

KoanyectBennoe npejcrabjeHdHe 3THX JaHHLIX HEBO3MOXHO, HO
HMEHHO 3TH HEYHCJIEHHbIE JJaHHbIe Jal0T BePXHHH H HIKHUI npejeibl
mapamMeTpoB mojeau. Hanpumep, MOMHO BBIIEJHTHL KJAacChl MPYHTOB,
JJIf KOTOPBIX ONpefeseHbl JAuanasoHbl H3MeHeHHs THApOoreoJorHye-
CKHX NapaMeTpoB H napamMeTpoB 3arpsisHeHHs. 3aTeM MPH Xopoiem
OMNLITE OTHECTH K TOMY WJIH HHOMY KJaccy M, Takum o6pasom, cokpa-
THTb JHAanasoH OUEeHKH ero napaMerpos. Takoii aHaJu3 rnpHBeleH
B IVlaBe 3 C UeJbl0 PacrnpocTpaHHTbh pe3yibTaThl, NOJYYeHHBIE Ha
JAHHOH MJIOWAAH, HA ApPYrHe IJIOWAAH, NMOJL3YICh Fe0JOrHYecKHMH
aHaMoOTHAMH,

7.2.4. OnTHMH3AUKA PA3BeJlOYHBIX H PEXHMHBIX ceTei

Ontumusauns passeaku. [lojesnie Aannbie HCMOAB3YIOTCH s
MOCTPOEHHSA HMHTAUHOHHBIX M MPOTHO3HBIX MOJededl H Ha KaxIoM
sTane HCCAEN0BAHMI 3ajlaya COCTOHT B TOM, 4TOOBl ONpEReaHTh,
JLOCTATOYHO JIH HMeloueicss HHGopManl U JJ0CTaTOYHO JIH OHA TOYHA,
T. €. JI0CTATOYHO JIH TOYHBIX H3MEpeHHil, 4ToOLl MOCTPOHTH «BLIpa3H-
TeJAbHYI0» MOJeNb.

Hanpumep, paccMoTpuMm nbe3oMerpHyecKHe H3MepeHusi B BOJO-
HOCHOM FOPH30HTE; ONTHMH3alHA HCCAeN0OBaHHH XapaKTepHCTHK BO-
JIOHOCHOTO FOPH30HTA (MbE30METPHYECKHE YPOBHH) COCTOHT B OIEHKE
MHHUMAJIBHOTO YHCJ/1A TOYEK H3MepeHHs (CKBaKHH), YTOOLI MOAYYHTH
JaHHBIE CBEJEHHS O XapaKTepHCTHKaXx.

OnTHMH3anus CHavYajaa JoCTHraeTcss KpaiiriHroM, B OCHOBHOM cJe-
Ayiouium o6pasoM: nepBoHavajibHasi CeThb TOYEK H3MEepeHHsl MmojBepra-
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eTcsl KpAHTHHTY M CTPOHTCS TJ/aH OTKJIOHEHHH OlEHKH Ha MJoUanix,
rie oTKJOHeHH s OLeHKH Oodblile, YeM OXKHjaeMble SKCepHMeHTalbHbIe
OHOKH, CeTh NMONOJHAETCA HOBLIMH TOUKAMH H3MEpeHHs H Mpoluecc
kpaitruura nopropsercs. Takum o6pasom, KpaHrHHI aBTOMATHUECKH
BHUIEJSET TOUKH, KOTOpble MAKCHMAJIbHO yJayuliaioT ofuiee mnpea-
cTapJdeHne, W COKpauiaeT 4HCA0 TOUEK H3MepeHus.

Eeau coctosinie 3HaHHil yke J0BOJBHO Xopoliee, oGpaTHbie Me-
TOALI H KPANTHHT MOTYT ObITh HCIONB30BAHBI COBMECTHO. Hanpuwmep,
ILE3OMETPHYECKHE YPOBHH HCMOb3YIOTCS, YTOOB OMPEAE/HTbH BOAO-
IPOBOANMOCTb BOJOHOCHOTO T'OPH3OHTA peluenneM oOpaTHHIX 3ajad
METOJOM BO3PACTAIOLLETO MepeKpuiTHsi (cM. paszen 7.2.1). B npouecce
preHTHQUKAUH B NOA00JACTAX MNOSBJAAIOTCH HEBASKH CBA3aHHbIE
¢ omwHOKaMH HHTEpHperamuu W S5TH HEBS3KH MOTYT YMEHbIIAThCs
M CTaOWIM3HPOBATLCS BO BpPeMA HTEPalHOHHOrO INpolecca; ecin
oHH CTAGHIN3NPYIOTCs, 9TO O3HAYAET, UTO HMeloascs HHGopMaluus
He MOeT jaTb OOJbIIero H 4To:

— JaHHble omHOoYHE;

— JaHHBIE HENOCTATOYHLI MO KOJHYECTBY,

— NPHHILENBL MHTEpNpeTanHH HeBepHHL.

Hano:eHne nJaaHoB HAEHTH(GHKAINHOHHBIX HEBA3OK H OIEHOK OT-
KJOHEeHHH TOKa3uBaeT Ha MVIOMAAAX C BHICOKHMH 3Ha4YeHHsMH HACH-
TH(HKAIHOHHBIX HEBA30K, 4To: 1) rycrora nbe3oMETpHYECKHX H3IMe-
peHuil HeLOCTATOUHA H HEOOXOAHMO €e YBeJNHUHTb TNyTeM OypeHHs
HOBBIX CKBaxKHH (OOJbliHe OTKAOHEHHS); 2) Nbe3oMeTpHYECKHE H3-
Mepenns OWuO0UHb (GOMbIINE OTK/AOHEHHS M Oofbllas NMOTHOCTD
usMmepennii); 3) THApOreoJOrHyecKHe cBejleHHsi O CTPYKTYpe Herpa-
BH/bHLL (HeGoabLINEe OTKJIOHEHHS).

Ecan u uiedTHOHKAHOHHBE HEBA3ZKH H OTKJOHEHHS HEBEJHKH,
3HAYHT JIOCTHIHYTBHI ONTHMAJbHBIE YCAOBHS H padoThl NPeKpallanTcs.

ONTHMH3ALHA PEKUMHBIX HaOmoaeHHid. [IporHosnepie MOAEJH
JOMAKHEL TOJABEPraThCsi MpoBepKe B rpoiecce paboThl; HEKOTOPHIE na-
paMeTphl JIOJOKHBI TOCTOSHHO H3MEPATbCS, 4TOOB YAOCTOBEPHTHCS,
4TO MPOTHO3 XOPOIl; HO H3MEepeHHs AOPOrd M KeJaTelbHO COKpa-
THTL HX Yucao (6e3 caumKoM GOMAbLIOH NOTEpH uHdopmManum), Cox-
panssl MOKa ONTHMAJbLHYIO CeTb H3MEpeHHH, st TOro 4yToOB MOMKHO
Obio onpeeuTh HHDOPMAaIlHIO, KOTOpasd He H3Mepsercs.

daxTopublil aHanus obecrneuuBaer aBTOMaTHYECKYIO Kaaccu(puKa-
[H10 CPABHUMBIX TPYTIN H3MEPEHHI H B KaxJ0H rpyrne 1e/1aeTcs ToIbKO
OIHO H3MepeHue, 4ToGbl onpeneanTs Apyrue. CokpalieHie YHc/ia To-
4eK H3MepeHus 3aBHCHT OT Tpebyemoii TOYHOCTH OTCYTCTBYIOMHX
JIaHHBIX.

7.3. MOJIEJIH

Kak BHAHO H3 BCeX pa3jes]oB 3TOH KHHUTH, NMPH oOpallieHHH K MO-
AeAM 3arpsi3HeHns (WIH MOJETAM KauecTBa, Kak HX YacTo HasLiBaloT)
Tpefyercs 3HaTh AMHAMHKY MOTOKA MOA3EMHBIX BOJA W MPEMHKAE BCEro
ckopocreil. MHoraa CKopocTH OnpeiesioTes HernocpeaCcTBeHHO (B cay-
yae W3y4eHus JOKaJbHOro 3arpA3HeHHsn), Ho B O0/bIIHHCTBE CIYUAEE,
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0cOGEHHO NMPH YNpaBJeHHH 3arpsisHeHHeM Ha OGOALLIMX NJIOMALAX,
OHH JIOJKHBI BHIYHCAATECA Ha mMopensnx. [Tostomy paceMoTpum 3jiech
KPAaTKO Ppas/IHYHbIE THOBI BO3MOMHBIX THAPABJIHYECKHX MOJIee;
HO MOCKOJIbKY MOJAEAH MOTyT OuITh «pelleHb» Ge3 paccMoTpeHHs BOIl-
POCOB KauecTBa, OHH JaHbLI OTAeJbHO OT Mojeqeil sarpsasHeHns.

7.3.1. 'mapasanueckne mMoaenn

I'napaBianueckue Mojen NOAPasfAensAoTCsi Ha TPH KATErOpHH:
NOTOKa NOJA3eMHBLIX BOJ, NMOBEPXHOCTHOrO NMOTOKAa H NOTOKA B HEHAChl-
ueHHoH 3omue. Jlas sarpsiaHeHHsl NOA3eMHBIX BOJ HauOoJiee BayKHBI
MOJIeJIH MOTOKA MOJA3EMHBIX BOJI, HCNOJb30BAHHE KOTOPLIX MBI JIETAILHO
paceMOTpHM B rjiase 9 M AafiuM HX OCHOBHBIE XapaKTEPHCTHKH B 1PH-
Jdoxmennn II. Ho noBepXHOCTHBI MOTOK W MOTOK B HeHACHIIEHHOI
30He ONpeiessiioT TpaHHYHbIE YCAOBHA (DMALTPAIMOHHOH MOJENH M
MOJCJIH 3arpssHeHHs IMOA3EeMHBIX BOJ.

Mopens nopsemubix Bojg. Paccmorpum HeKOTOpHIH KyGHuecKuit
SJIEMEHT BOJIOHOCHOTO TropH3oHTa. ['OpH3OHTAMBHBIE NOTOK BOJLI,
NPOXOJiA uepes BepTHKaAbHbIe MOBEPXHOCTH STOTO 3J1eMEeHTa, 10CTYnaer
H3 COCEJIHHX 3JIEMEHTOB HJH B COCeIHHE 3JEeMEHTH. DTH MOTOKH
MOJNIOKHTENbHBl HJIH OTPHIIATEIbHB B 3aBHCHMOCTH OT HanpabJeHus
ABHKEHHs. BepTuKanbHLIl IOTOK BOALL IPOXOANT Yepe3 ropH30HTalb-
Hbi€ TMOBEPXHOCTH 3JEeMEHTA H3 BEpPXHEero M HHIKHEro 3JEeMEHTOB.
Takoii norok HasbiBaeTcsi (PHALTPAIHOHHBIM.

Anre6panyeckasi CyMMa 3THX MOTOKOB HA3LIBAETCSl TPAH3HTHLIM
notokoM. Kpome Toro, nuraHue M3 He3aBHCHMBIX HCTOYHHKOB, TAKHX
KaK OCaJlKH, PEKH WJH OTKAYKH M3 CKBaxHH, 0OYCJOBJHMBAET MOTOK
BOJbI, Ha3bIBa€MbIH MPUTOKOM *, M KOTOPBLIH NPHHHMAETCS MNOMOHKH-
TeJbHLIM, €CJIH BOJa mocTynaer B GJOK, H OTPHIIATEJNbHBIM, €CJH OHA
sabupaercsi n3 Gaoka. B Tewenue Hekoroporo BpemeHH OJ0K JiG0
nojay4aer, Jaub0 TepseT HEeKOTOpoe KOJHYecTBO Bojwl. AnareGpanue-
CKag CyMMa 3THX KOJHYECTB HA3LIBAETCSI CKOPOCTHIO MONOJHEH HA
sanacoB. OCHOBHOE COOTHOUIEHHE MJif MOAENHPOBAHHUA MOA3EMHBIX
BOJL HMeeT BHJ:

CKOPOCTh NONOJHEHHS 3anacoB —=TPaH3WTHLIL TMOTOK - NpHTOK

(7.3.1)

TpansuTHbii MOTOK BhIpa/KaerTcsi uepes MPOBOAHMOCTH H MbE30-
METPHYECKHE YPOBHH camoro 6J0Ka H COCelHHX C HHM, NPHUTOK BhIpa-
Haercs uepes JeGHTHI OTKAYEK MJH PAcXoibl NPH HaJAHBE, HCTAPEHHE
H HHQUILTPAUHIO; H3MEHEHHN HaKonJeHHoil B 6JoKe BOAbI CBA3LIBA-
I0TCA C M3MEHEHHSIMH YypoBHell 4epe3 KoappuiHeHT Bopoorgaun. HMa-

* B opurunazie fsa nonstna oGosHaueHsl COOTBETCTBeHHO TepMunami «transport
flux» u etransit flux» (Gyxsanbno: erpancnopTHbIl NOTOK» N «TPAHIHTHLI TOTOKR).
310 HaXOANTCA B NPOTHBOPEUHH € TePMHHOJOrHEN, HCHOJb3yiollelics B pasfede
9.5.1, rae soma, neperexawonas u3 Groka (s7emenra) B 610k (AemenT), Ha3blBaeTcs
«transit water» (eTpamsutnas pofas), a BoA4, nocrynaomas » 610K (MeMeHT) HI
CKBAXHUHLI H 33 cuer HHQHAbTpaluu, Haswmsaercs — ctransfer waters («npuBHO-
ciiMaa Boflar). — [Mpum. ped.
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MeHEHHSl HAKOMJeHHOM BOAEI XapaKTepH3YIOTCS H3MEHEeHHSMH Mbeso-
MeTpHUECKHX YpoBHeil Bo Bpemenn. [lis GeckoHeuHo masioro 6G/10Ka
(7.3.1) NPHBOAMT K KJIACCHYECKOMY YpPaBHeHHI0 (HILTPAIlHH:

div(T grad h) = 8§ g—f -+ Q, (7.3.2)

rae h — Hanop (nbesoMeTpHYECKHit), S — KoddbdUIHEHT BOAOOTAAYH,
T — npoBOANMOCTb, Q — HHTEHCHBHOCTh MpuTOKa (cM. pasaen 5.1).

O6aacTh npUMeHeHHs] Mofesn BHIOHpaeTcs BO3MOXHO GOjblIe,
yTOOb YMEHLIUHTH BJAHAHHE OWHOGOK B rPaHHYHBIX YCJOBHAX Ha HC-
cJlelyeMele TMJIOLAIH.

Koneuno, (7.3.2) sABAsieTCs MOJAENbIO KOJHUYECTBa, Ha 4YTO YyKasbl-
BAET HCNONb30BAHHE TMOHATHA TPOBOAHMOCTH. 3TO perHoHajbHas
Mofleflb, H CKOPOCTH, KOTOpble MOTYT OBITh ompefeNieHsl Ha He,
ABJAAIOTCS CPEJIHHMH ParHOHAJbHBIMH cKopocTsMi. YHrobbl Mojenau-
pOBaTh YCJOBHA JIOKAJNLHOIO NOTOKA, HEOOXOAHMO YTOUHEHHE MOJIeJH
i BBEJieHHE B Hee MOHATHA MPOHHIAEMOCTH Ha ocHope 3akoHa Jlapcu
H YpaBHeHHs HepasphBHOCTH. Tak WM HHaye, B JOKaJbHOM MaciiTabe
Bcerja Jyuunie (ecjiM 3T0 BO3MOXHO) H3MEPAThH CKOPOCTH SKCIepHMeH-
TaNbHO,

Mogenn nosepxHocTHbIX BOA. Jlia ynpaBiaeHHs BOAHLIMH pe-
cypcaMH MOJENHPYIOTCA JBa THMa 3ajgad.

1. Iporuos nasoakoB, uTo npejcraaser coGoit mpobaemy Ges-
OMACHOCTH; HMEeT s HECKOMBKO X0POIlO H3BECTHRIX METONHK, KOTOpLIe
Ga3supYIOTCH Ha MeTofe HMMYJbCHHEIX MepexofiHbiX XapaKTepHCTHK
u ceepTku. YUToOLl onpefieHTh KOJMHYECTBO BOJBI, JOCTHTAIOUWIEH PeK,
JaHHbple TIIIOBHOMETPHH CBEpTHIBAIOTCH € HEKOTOPOH nepelaToyHoH
¢ynkuueit BopocGopa.

2. B3auMmoCcBsi3b MOA3EMHBIX H MOBEPXHOCTHHIX BOJ. 3arpsisHeHHe
NMOASEMHBIX BOJ HENoCpPeACTBEHHO 3aBHCHT OT 3TOH B3aHMOCBS3H.
Hanpumep, sarpsisHenie oT CaHHTapHBIX noJel GpuabTpalHH onpene-
JNSIeTCs NJIIOBHOMETPHEN, CKOPOCTbIO HHGHILTPANHH, & TaKkKe NoBepX-
HOCTHBIM cTOKOM. [TocaefHuil MOKeT He ToJbKO pa3baBisTh 3arpas-
HHTENIH, HO W pAaCIIMPAThL 30HY MOBEPXHOCTHOrO 3arpsA3HEHHA, H3-
MEHSIfi TPAHHUHBIE YCJOBHSA MOTOKA 3arpsAsHeHUs B MOA3EMHbIX BOAAX.
Heofxonumo BBecTH Mojenad, OGBEAMHSIONIHE TOTOKH MOA3EMHBIX
W CKJIOHOBLIX BoA. /s 3TOro HCMOABL3yeTcsi KJacCHUYeCKas MOJIeNb
puabTpanun (onpeneasemasi, nanpumep, ypasuenuem (7.3.2.)). Cu-
CTeMA CKJIOHOBHIX BOJ| ONpefensieT rpaHH4YHbie YCJOBHS MOJENH MOJ-
3eMHBIX BOJ.

Bxonom nopepXHOCTHOH CHCTeMbl sIBJAAIOTCS aTMocepHbIe OCalKH.
O cpepThiBaeTcsi ¢ nepefaTouHbiMiH  (PYHKIHAMH NOBEPXHOCTHOH
CHCTeMBI IS MOJIy4eHHs: BXOjJa MOAeNH nojseMuslx BoA. IMocnemuuii
NepeHocuTCs Ha nojp3eMHble GJOKH C MOMONIBIO KJAacCHYeCKHX ypaB-
" HeHHil B3aHMOCBA3H Me:xkAy Oaoxkamn Mojeni.

Motok B HeHACHIUEHHO# 30He. B oTHOWeHNN 3arpsa3Hedns HeHa-
CHLIIIEHHAs 30HA OuYeHb BaXKHa, TAK Kak GOJBILHHCTBO XHMHUECKHX
peakuuit, TakuXx Kak Ouojierpajauus W caMOOUHUIEHHE, MPOHCXOJAT
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B NEPHOM, KOr/la NMOBEDPXHOCTHHIE BOALI MPOXOAAT yepes Hee. Ho 3a-
KOHOMEDHOCTH JIBHJKEHHSI 3arpsasHeHHss H 0Cco0eHHO ero JHCIepcHi
npH 3TOM HeHu3BecTHbl. IlpoBenennwie naGopaTopHbIe HCCAENOBAHMNS
OCHOBAHBI Ha ()H3HYECKHX MONENSX. Y/IOBJNETBOPHTENLHOIN MAaTeMaTH-
YECKOH Monenn He cymectByeT. OGhIYHO JeNaeTcs OueHb OCTOPOIKHOE
AonylueHue, YTO HeHAChiUleHHas 30Ha He BJHAET Ha KOHIEHTPAIlHIO
3arpA3HEHHA, a TOJNBKO 3al€PXKHBAET MOTOK 3arpsA3HuTeNs. 3anasibl-
BaHHE pAacCUHTHIBAETC M0 3akoHy Jlapcw Aaa TpaBHTalHOHHOTO
MOTOKA ¢ KO3(XpHIHEHTOM BEPTHKaMbLHOI NpoHHmaemocTn Ges jucnep-
CHH.

Yto Kacaercs BoAHEIX pecypcoB, Imcemem [76] ormerna gea sB-
JIEHNS, CBA3AHHBEIX C MOBE/leHHEM HEHACHIUEHHOH 30HLI: IKCIJIYaTH-
pyembie riy6oKHe BOAOHOCHBIE MOPH3OHTHI APEHHPYIOT BHIIEIEKALLHE
TOPH30HTEI H HEHACHIUEHHYI0 30HY. BaakHocTh 3TOH 30HBI YMeHb-
IIEeTCst H3-3a NOHHKEHHS YPOBHell TpYHTOBHIX BOJ, 4 3TO O3Hayaer,
UTO YMEHBlIaeTcsi ee npoHuuaemoctb. HubuabTpamus cravoBuTcs
TOr/a Gosee 3aTPYAHEHHOI I NMHTaHHE TAKXKE COKPAILAETCs, UTO yBe-
JIHYHBAET CKOPOCTb CHHMKEHHS YPOBHEH rpyHToBHIX BOA. BomoorGop
U3 TAYOOKHX POPH3OHTOB MOMET MPHBECTH K HCUE3HOBEHHIO GOJOT
H TOBEDXHOCTHHIX BOMOTOKOB, K COKpAIlleHHI0 MHTAHHS pPEKH H3
BOJIOHOCHOTO TOPH30HTA W OCYIIIEHHIO e BepXoBheB. [Ipyroe spaeHmue
COCTOHMT B TOM, 4TO BECTH CE/JIbCKOe X03AHCTBO CTAHOBHTCS BCe TpY/Hee,
TaK KaK KOPHH PacTeHHH He JOCTHraloT BOAKI, H MapajloKC 3aKjioua-
€TCs B TOM, YTO YacCTh 3TOil OTKAYaHHOH MOA3EMHON BOJILI A0J#KHA BOC-
MONHATHLCS NYTeM HPPHTaIHH.

7.3.2. Mopean sarpasHeHus

B ynpasiienun BOAHBIMH pecypcamu HCIIOJIL3YIOTCA JiBA THMA MO-
JeJeil 3arpA3HeHHA: MOJETH 3arpA3HEHHS TMOJ3eMHBIX BOL H MOJEJH
Sarps3HeHHA TNOBEPXHOCTHBIX BoA. Mojiesn 3arpssHeHHsa MOA3eMHBIX
BOJ N€TaJbHO pacCMaTpHBAlOTCs B JAPYTHX raasax kuuru. B ceasn
C ynpaBjJeHHeM HeoGXOAUMO MOAYEPKHYTh OAHY OCOOEHHOCTb: 3TH
MOJAEIH TOJXY4YEHHI 1O pesyabTaTaMm JafopaToOpHBIX HCCAEL0BaAHHIM
MEXaHH3Ma JHCNEPCHH, Torja Kak 3TOT MeXaHW3M JIOJIKeH ycTaHaBb-
JHBATBCHA [MOJEBLIMH METONAMH HCCAe10BaHHI.

Baarofaps BaaumocBssH Mexay MOBEPXHOCTHLIMH BOJOTOKaAMH H
BOLOHOCHBIMH TOPH30OHTaMH 3arpsi3aHeHie 3THX BOLOTOKOB MOJKET BEI-
SHIBATD 3arpsisHeHHe BOJOHOCHOrO TOPH30OHTA H HaobOpOT,

[ToBepxHoCTHBIIT BOAOTOK onpejenaser rpaHHYHbIe YCIAOBHA (DHJlb-
TPALHOHHOH MOJeJTH H MOAEJH 3arpsA3HeHHs NMoJi3eMHBIX BOJI, KOTOpLIe
3a/1al0TCs1 COOTBETCTBEHHO NbE3OMeTPHYECKHM HANopoM H KOHIEHTpa-
LHeH 3arpsasHHTeNs. YCJI0BHS N0 KOHUEHTPAIHH NPeicTaBAsioT Co-
Goit BRIXOJ MofieJielt 3arpA3HEHHs NMOBEPXHOCTHLIX BOJOTOKOB. K moc-
JEAHHM OTHOCATCS MOMNENH: JHCIEPCHH, CAMOOYHINEHHS H HMIYJbC-
HEIX MepexofHbIX XapaKTepHCTHK.

I. Mojean aucrmepcHH HMEIOT TakHe e XapaKTepHCTHKH, 4TO
H MOJEIH JHCnepcHi B nojaseMHblx Bogax. KosgppuineHTs Ancnepcuu

184

B e i e b, g R



371eCh BBHIBOASTCS W3 MpeacTaBjeHnii 0 TYpOyJIeHTHOCTH. Takue wmo-
feqH NPHTOAHBL TOJMBLKO AJIsi KOHCEPBAaTHBHOrO 3arpaA3HHTeId. Jans
yuera OKHCJIEeHHS, OHOJOrHYecKHX M (PU3HKO-XHMHYECKHX SABJIEHHI,
yMEHbLUAIOHX 3arpsA3HeHne BOAOTOKOB, MPHMEHAIOTCH MOJEIH Ca-
MOOYHLIEHHS .

2. Kaaccuyeckasi MoJle/lb CAMOOUMILEHHS, HCrOJAb3yeMas BO MHO-
FHX HayuHwX paboTax, OasupyeTcs Ha ypaBHeHusx Crpurepa—
Desnca. '

OGo3Hauast yepes b GHOJOTHYECKYIO MOTPEOHOCTb B KHCJIOPOJLE
(B mr/n) u uepes d AepHIET PAcTBOPEHHOro Kucjaopopa (B mr/u),
MOJMOKHM:

B — Kb, L=Kb— K, (7.3.3)

rae Ky — HOpMa BOCCTAHOB/IEHHS 32 CYTKH H K; — HOPMa OKHCJICHHS
3a CyTKH H { — Bpems, cyT. Murerpuposanue (7.3.3) naer caenyiomye

BhipakeHHss AAs d M b Kak (QYHKUMIE BpemeHH:
b = bﬂcl Hd= Kbu (Cl — Cz] —|— dﬂCg, (?.3.4]‘

rie b, u dy, — cooTBercTBeHHo 3HaueHua b u d npu (=0, C =
= exp (—Kyif), Cy = exp (—K;t),K = Ky/(Ks — Ky)-

Ypasxenue (7.3.4) onuceiBaeT CamMOOYHINEHHE B BOJLOTOKE. Ecau
CKOPOCTB BOJIB! TTOCTOSIHHAS, BPeMsi f MPONOPUHOHANbHO NPOHAEHHOMY
nyti. Toraa Beipaxkenue (7.3.4) Moxer ObiTh 3anNHCAHO A HOBOI
nepeMeHHoil, KoTopast NpejicTaBser co6oi KPHBOJHHEHHYIO abeineey
ToukH B BofloToke. CKOpPOCTh BOJbI 3aBHCHT OT pacxoja rnoToka, Tak
e Kak Ko; kpome toro, K; n K, sBasioTcst QyHKIUUAMH TEeMNepaTyphl
MOTOKA. DTO BHIHYKAA€T HEKOTOPHIX aBTOPOB pasjielisiTh BOAOTOK Ha
CeKIHH JMMHON mnopsjKka HECKOJAbKHX KHJAOMETPOB, FA€ CKOPOCTDH
NoTOKA W Temrepatypa MoryT ObiTb NPHHATHEL MNOCTOAHHBIMU.

3. Tak Kak MojleJid JHCMEpPCHH TepSIoT CBOH CMBICA VA CPaBHH-
TenbHo OOMBILHX PAacCTOAHHH, BBOAHTCSA METOAHKA WMMYJIBCHBIX ne-
pexoanbix xapakrepuetuk [135]: Ha KOHTpOJMBLHOH CTaHUMH oGHapy-
JKHBAeTcs BOJIHA 3arps3HEeHHs; MECTOHaXOXK/AeHHe HCTOYHHKA 3arpi-
aHeHHst MOMKET ObITh YCTaHOBJ/IEHO, €Cc/IH CYILeCTBYeT IlJIaH, Xapakre-
pH3YIOULHil CyMMapHbie 00BeMBbI 3arpsAstenns, cOpachBaemMble H3BECT-
HEIMH HCTOUHHMKAMH BJ0Jb BOJOTOKA.

Ipenpaputenpioe 3KCnepHMEHTaJlbHOE Onpeje/eHHe rnepeaarou-
HoOli ()YHKIHMH PEKH MO3BOJNSET YCTAHOBHTb MECTONOJOXKEHHE HCTOY-
HHKOB 3arps3HeHus nyreM oOpauleHus 3aPErHCTPHPOBAHHOH BOJIHBI
3arpsAsHeHHsi 1 CPaBHeHHs Pe3yJAbTATOB C NJIAHOM BO3MOMCHBIX o0Be-

MOB 3arpsisHeHHd.

7.4. OCHOBHBIE MNOJIO)KEHHA TEOPHH YNPABJIEHHSA

3uauntenpHass pabora B flaHHOM HanpapJ/enHu Obuia npojesiana
AmcennemomM [77—80], KoTophli CMOT' MO-HOBOMY OCBETHTb HEKOTOPHIE,
KasaslHecsl MpoCcThIMH, BONPOCHI.
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7.4.1. MecTo ynpasienus 3arpsasHeHHsMH B obuieii npobaeme
yNpasJeHHs BOJAHBLIMH pPecypcamH

Panee Bonpochl 3arpsa3HeHus BoJ, paccMaTpHBAMHCh OTAENBHO OT
JpPYyrHX SKOHOMHYECKHX AaCHEKTOB HCNOJNb30BaHHA BOJAHEIX pecyp-
COB, H OCHOBHAas Wjes CBOJAHJACH K CJeAyIOleMy: 3arpsA3HHTe]bL pac-
nJayHBaJcH 3a ee 3arpsisHeHHe, a noTpebuTesb BOALI IJIATHJ 3a €e
Hernonib3oBanne. CymMMa YKasaHHBIX fJlaTexeil Imfa Ha pasBHTHE
BOJIHOTO Xo3siiicTBa W Oopbly ¢ 3arpssHeHHeMm. Pasmep nnarexeit
ycTaHaBJAHBaJCH 110 JOTOBOPEHHOCTH ¢ YYETOM YPOBHSI PHIHOUHBIX 1(€H.

B 1964 r. Bo ®panuuu Oblii OPpraHH3oBaHel 1WeCTh 6acCeiiHOBBIX
areHTCTB, B BElA€HHE KOTOPBIX CTaJH BXOAHTb BOMPOCH MJIaHHpOBa-
HH§l HCIIOJb30BaHHS BOJAHLIX pecypcoB H Gopwba ¢ HX 3arpA3HeHHEM.
B coBer arentcTBa BXOAAT NpeCTABHTENH MECTHLIX OPraHOB ymnpaB-
JeHHs, rOCyJapCTBEHHBIE CJYXKAallHe H NPeACTABHTENH pas/HYHbLIX
CEKTOpPOB SKOHOMHKH. Kak Bunno us puc. 7.4.1, B 1970 r. cymma Boile-
YOOMAHYTHIX [JAT€XEH COCTABHJa BCEro JHIb OJHY YeTBepTyIo
9acTb OT CpejicTB, HeoOXOAMMBIX HAa JIMKBHJAIHIO CYLIECTBOBABILEro
B TO BpeMsa sarpsasHenns. [Ipuyem, eciin Gul TeMMBl pocTa 3THX niaTexeit
OCTaBaJHCb Ha HEH3MEHHOM YpOBHE, NaHHBIH pa3peB CO BpeMeHeM
npojo/mxan Obl yBeqHuHBaThesl. I[losTOMy ¢ [ENbIO MOCTENEHHOro
coKpauenuss o0pa3oBaBIIErocs pasphiBa areHTCTBO AO/MKHO OBTO
H3MEHHTb CYLIECTBOBABIUHA paHee MopsiaoK mniatexed (puc. 7.4.2).

CymHocts npobuemer (puc. 7.4.1 u 7.4.2) sakiioyaercss B TOM,
YTO B CHJY NMOJIHTHYECKHX H (PMHAHCOBLIX YCJOBHIl TOrO BpeMEHH Kak
B npejeaax oTAeJbHbIX objacteif, Tak ¥ B Macmirtabax Bcefi cTpaHbl
Goppba ¢ 3arpsasHeHHeM He ABJsJACh 3ajaueil NepBOCTeNeHHOH Bax-
nocti. Korga ycranasiuBajics pasmep nuiarexeil, (HHaHCOBHIE BO3-
MOKHOCTH JeJIOBBIX KPYTOB M XO3dHCTBeHHast AeATeNbHOCTh, NPH KO-
TOPOH HCMOMb3YETCsl HIIH 3arpsi3HAeTCHA BOJAA, HAXOAHJIHCh Ha TAKOM
YpOBHE, UTO MNepBhI€ MOCTYMJEHHA OT mJjarexeil oxasaJiuch HeoCTa-
TOYHBIMH JIIf CYUWECTBEHHOrO YMEHbIUEHHS YpPOBHA 3arpasHeHHd.
Jpyrue orpacau 3KOHOMHKH BOCHOJb30BaJHCh HEKOTOPLIMH (pHHAH-
COBLIMH BO3MOMKHOCTAIMH 3THX J€JIOBBIX KDPYroB H IPOH3BOJICTBA.
10 03HAYAET, YTo B YCJOBHAX TOrO BpeMeHH 3arpsA3HeHHe Moji3eMHBIX
BOJ €lle He Beyjensfock B obocobiieHHyio npobaemy, Tpebylouiyio
HHAHBHAYaabHOro mnojxoja. KoneuHo, BHauane MHOrue mnocjiejicTBHS
MPOEKTOB, CBA3AHHLIX C MPOIECCAMH 3arpsA3HeHusT, H X B3aHMOCBSA3b
C ApYruMH oObeKTaMH He Oblin HM3BecTHHI. JleHdcTBHTENbHO, MHOTHE
a(ipeKThl B SIKOHOMHKE BOJbl HE BCErjla M C JJOCTATOMHONH OYEBHIHOCTHIO
B3auMocBA3aHbl. [Jlja uamocTpanuy storo (paxkra paccMOTPHM IJIO-
THHY THAposJekTpocTaHuui. [TockoabKy Bee siieKTpHuecKHe pacnpe-
OeNHTeJNbHbIE CeTH B3aWMOCBM3aHBl, SCHO, YTO 3Ta NJOTHHA HMEeT
ofeHanHoHansHoe 3HayeHHe. Teneps paccMOTpHM INIOTHHY, KOTOpast
NpeAoXpaHser OT HAaBOAHEHHH HJH CJAYMKHT AJA OPOLIEHHS CeIbCKO-
X03AHCTBEHHBIX 3eMeJb: ee BJAHAHHE JoKaabHoe. Ho Obiio Gbl Hempa-
BHJIbHO BKJ/aJbIBaTh KanuTalbl B €€ COOpPYKeHHe, NPHHHMAas BO BHH-
MaHHe TOJbKO 3TH JIOKaJbHble S(xpeKTHI.
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Puc. 7.4.1. CpaBHenue CO31aBaeMoro i JHKBHAHPYEMOTO 3arpA3neHqs no AaHHBIM
EGBPEMEII}TGH} NAAHUPOBAHHA .

] — cosjaaacMOt SATPH3HEHHE NpH COBPEMCHHOM TeMNe pocTa (135 000 T/roa); 2 — co3-
AABAGMOE SarpASHCHEE MNOPH TeMnax pocTa, YYNTHBAKIHX TeXHOnoOrHuecKul nporpecc
(70 000 Tt/roA); J§ — JHKDHARPYEMOC SarpAadeHie MNpH  COBPEMEHHOM TeMD® pocTa
MIOH. T«

(35 D00 1/ron); 4 — KPHTHYECKAR CHTYALIA: OCTATOYAME 3arpasnenus s 1970 r. (I 'a_rb'r 2

5 — ocraroupoe sarpasHende s 2000 r. (2,6 man. T/rox)

Puc. 7.4.2. Tnannpyemoe yMemblienue YpoBHs sarpssuenis s sofocGopuom Gac-
ceftne x 2000 r. (1o 80%).

] — cospapaemoe  sarpaamepme (70 000 +wfrom); 2 — AMKBHAUPYCMOC  3ArpA3HeHHE
{96 000 T/roa), 3 — ocTaToMMOE 3arpAaHeHue

B xossficTBe CTpaHbl YBe/HUeHHe cTeneHn obuecTsenHoil Gesonac-
HOCTH MJIH BO3PACTAHHE Ce/b” KOX035HCTBEHHOr0 NMPOH3BOJCTEBA MOTYT
BHI3LIBATH UENbIH pAf (PHHAHCOBHIX IOCJAENCTBHH, XOTA 3TO Heo4ye-
BHJIHO.

Takum ofpasoMm, ynpasJeHHE NpPOLEcCaMH 3arpASHEHHS NOA3eM-
HBIX BOJ CJEIyeT pacCMaTpHBaTh B KauecTBe COCTaBHOMH yacTH Gouee
WHPOKOH npo6JeMbl ynpasJeHHs BOAHBIMH pecypcaMi, KOTopas cama
no cebe He MoxeT ObLITb OTJAe/NeHa OT APYTHX NOJUTHYECKHX LeJeii.
ITpuMeHsieMas MeTOAHKA YNpaBjeHHs BOAHLIMH pecypcamu A0JKHA
B CBOIO O4epellb YYHTHIBATH BCIO HMEIOULYIOCsS HH(OPMAalHio OTHOCH-
TeAbHO VIPaBACHHA MpOLecCaMH 3arpa3HeHHs.

7.4.2. JueMeHTHl ynpasjieHHs BOAHBLIMH p2CypcamH

OCHOBHLIE METOAHKH. YMpapjeHue BOJAHBIMH pPeCYpcaMH BKJIO-
yaeT npexae Bcero npobiaemy BuIGOPOB.

1. Buifop npuoputeros. Koraa oulyimaercsa HexBaTKa BOAbI, A0J-
#Ha ObITb COCTaBJeHAa KaacCHHKAUHA PasqHYHBIX TPy norpedu-
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TeJIeil H MX NPOH3BOACTBEHHON AesiTeJIbHOCTH 1o npuopureram. Cie-
JyeT Nof4YepKHYTb, YTO HAJHYHEe HUCTOYHHKA BOALI caMo no cele elge
He ONpejessieT pasBHTHe NPOH3BOACTBEHHOH AKTHBHOCTH: BOJAA SIBJA-
eTcs JIMMHTHPYIOUIHM, 2 He onpefeiarounM (akTopoM pPasBHTHSA,
no KpaHHed .Mepe B NPOMBILVIEHHO pPasBHTHIX CTpaHaXx.

2. Buibop ucTOuHHKAa (uHAHCHpOBaHuA. B Havase sToit raa-
Bbl Yye ObJIO CKa3aHO, 4YTO CTOMMOCTb CHHJKEHHsI YPOBHst 3arpsa-
HEHHS HAXOAHTCA B npefenax (HHAHCOBBIX BO3MOMHOCTEH CTpaHbl.
[IpoGiema cOCTONT B TOM, 4TOOBI pPelllNTh, KTO TOTOB IJIATHTE.

3ajgauy MOXKHO CXeMaTH3HpOBATh, pacCMaTpHBas CTPaHy Kak
YEPHBIH SUIHK, OXBATLIBAIOWNI pas/HUHBIE TPYNML HACENEHHS H MX
MPOH3BOACTBEHHYIO NI€ATENbHOCTh, H NOCTaBHB MOJHTHYECKYIO INpo-
rpaMMy pasBHTHSI B COOTBETCTBHE ¢ KJaccuduxauueii oGbEKTOB.

Hanpuwmep, rpynna A pacxoayer 5, rpynna B — 9, rpynna C —
2 u rpynna D — 13 ycnosubix eaunuiu. CnycTsi HEKOTOpoe BpeMs
Gnaropapsi eCTECTBEHHOMY MeXaHu3My sKoHomuku A, B, Cu D
COOTBETCTBEHHO moJay4aor 6, 11, 4, 10, C—B Buroste, A u B
OCTAJIHCh NOYTH HA TOM Ke YpoBHe, a D noHecaa ypoH. 91o o3Hnauaer,
4To obllee PYKOBOACTBO CTPaHHl MOOWPANO pasBuThe C, BOIMOKHO,
MOTOMY, YTO STO PA3BHTHE COOTBETCTBYET OOLIMM HHTepecaMm CTpPaHhl.
91a npoGrema nepenayd npas Ha MoOJAb30BaHHE BOJON, KoTopas
npejicTasaser coboi noauTHYECKoe cTpemaenue paspusath C u ciep-
KuBaTh passutue D, BeleT K Bonpocy: AeHCTBHTENLHO JH 3TA CHCTEMA
nepefayd npas H YBeJHYEHHLIH HAJOr HA NPOH3BOACTBEHHYIO jesd-
TENbHOCTh H Ha Tpynnsl notpebuTe/eii COBMECTHMBI ¢ TAKOH MOJHTH-
Koi. Ec/iu Her, To Haxo pemmTh, KaK H3MEHHTb IKOHOMHUECKHIl,
IOPHAHYECKHH H (PHHAHCOBLI WHCTPYMEHTHI; €CJaH A3, TOo HeobXOoiHMO
NpeAcKasaTh BO3HHKAIOUIHE TPYJAHOCTH, KaK, HanpuMep, B3aHMOOT-
HoweHusa ¢ D.

Taxkum oGpasoM, OCHOBEI METOAMKH YNpaBJeHHs BOAHBIMH pecyp-
CaMi COCTOAT B CJAEAYIOIIEM: CYUIECTBYET HECKOJbKO MOIHTHYECKHX
nporpamMm, MpPec/eAYIOHX OCYMECTBAeHHEe ONpeieqeHHBIX [eei
MyTeéM MOCJAEeIOBATENIbHO MPHHHMAEMEIX pelleHHi, 3aBHCAIHX OT
pasnHYHBIX BO3MOMKHBIX KanurtajoBjoxenuii. HeoGxomaumo wuccneno-
BaTh, OCYUIECTBHMbI JIH 3TH PEUIEHHS W MO3BOJSIOT JH HMEIOLU[HecH
CpelCTBA peanH30BaTh HX INPH COOTBETCTBYIOUHX (pHHAHCOBBIX, CO-
[{HOJIOTHYECKHX, TeXHHUECKHX H IOPHAHYECKHX BO3MOMHOCTAX H
KaK STH pelleHHA AOMAKHB ObiThb CKOppekTHpoBaHul. Torga ananus
10C/Ie0BaTeNbHOCTEN H CPECTB, XapaKTepH3YIOWHX KaxAYIO CHCTEMY
pelienii, nopoxaaer HaGop HCKYCCTBEHHHIX (hailoB, KOTOpLE NpH
CPaBHEHHH JIPYr C APYTOM MOMOraioT TeM, KTO NPHHHMAET pelleHHe,
NpeTBOPAeT HX B XH3Hb H HECeT OTBETCTBEHHOCTb 3a NPaBHJbHBIH
BEIGOP.

Chenyer noayepKHyTb, YTO Ha 3TOH CTaAHH HHKOIAA HE CTOHT
NEepPBLIM BONPOC © TOM, KaK ONTHMH3HPOBATHb KalHTaJOBJIOMKEHHA
B MPOEKTe pasBHTHA BOAHOTO Xo3diicTBa. XoOpouio nocrasjeHHad
3ajnaia BCerja nojpasymeBaer BIOOp Mexy HECKONbKHMH BapHaH-
TaMH pelleHnil; He 3KOHOMHKa BojocGopHoro GacceiiHa pasBHBaercs
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paan JydIlero HCnoJb30BaHHA BOILI, a BOJAA J0JXKHA OBITh HCNOJL-
30BaHa HAWJIYYIIHM 00pasoM mpH AAHHBIX MPEANONOMKEHHAX O pas-
BHTHH pakoHa.

daemeHTH NAaHWpoBaHus. Bcio TeppHTOpHIO CTpaHBl caenyer
pasOHTb Ha ONHOPOAHLIE B BOLOXO3AHCTBEHHOM OTHOIIEHHH CHCTEMBI
(Hanpumep, BojaocGopHuie Gaccelinbl). KoneuHo, Kamuas H3 TaKHX
CHCTEM HE NOJIKHA 1IMETHb C/MIIKOM MaJjble pasmepnl. OfiHa cHcTeMa
NpH MOJEJNHPOBAHHH B pEerHOHaNbLHOM MaciuTabe Gyaer pasGuBaThes
Ha OJIOKH, OJHOPOJIHLEIE B BOAOXO3SHCTBEHHOM, SKOHOMHUYECKOM H al-
MHHHCTPATHBHOM OTHoleHHH. CBA3b Mexay stumu Giokamu Gyer
OCYMECTB/AATLCH Yepes rHAPABIHYECKHE MONJNH H MOJAJNH 3arpss-
HeHHS. DTH MOJENH BOCIIPOH3BOAAT KAYECTEEHHHIE H KONHYECTBEHHBIE
NOTOKH M YCTAHABAHBAIOT COOTHOLUCHHSA MEKNY noTpebuTensiMH, pac-
noJIaraioHMHCA Bbille H HHiKe 1o notoky. Ha ofGpasoBanHoil cerke
[IPOCKTHPYETCHA X03sliCTBeHHa N AeATeNBHOCTE Ha Pa3jIHYHLIE MOMEHTHI
BpemeHH (Hanpumep, Ha 1980 u 2000 rr).

Ilocaie storo npoussoputcsi oueHka norpeGuocTeil pafiona B Boje
Ha MPOrHO3HBIA NEPHOA BPEMeHH, A YEro HCNOJL3VIOTCH SKOHOMMH-
HECKHE [OKasaTesH OTAeJMbHBIX notpebuteseil. Takum obpasom, Tu-
NU3aNKs NoTpeGuTeNell, BrpamenHas B NOTPeGHOCTAX MO KOJNHYECTBY
H KayecTBy, NPOBOAHTCS Ha OCHOBE peajibHBIX JAHHEIX, COOpaHHBIX
B BeIOpaHHOI reorpapuueckoii cucreme. Crenudukauna norpeGureeii,
00BeAHHEHHAs ¢ IPOTHO3aMH YPOBHEH JeATeNLHOCTH HA rpynny, naer
OUeHKY morpebHocTH B Boje rpynmel i Gaoka cerku. [Moayuaercs
MOAEJbL UHHPKYJASIHH KOJHYECTBEHHBIX M KauyeCTBeHHBIX [MOTOKOB,
KOTOpasa SBJSETCHA MNPOrHO3HOH MOJE/BIO,

Heo6xoanmMo nposect conocrasienne norpeGHocTedi pecypcos.
Taknm o6pasoM, NPOBOAMTCA THIH3ALHS CYLIECTBYIONLHX, MJaaHHpy-
EMBIX Il BO3MOMHBIX BOJIOXO3SIHCTBEHHBIX paboT AJAS OnpeneseHns ux
BAHAHHS Ha THAPaBIHuecKHe (YHKUHH NporHosHofi momean. Owuu
JAOJZHBl BKAKOYATLCA B HMHTALHOHHYIO MOJeNb BOJOXO03ANCTBEHHON
CHCTEMEI.

Haxkonen, npoekt jomkeH (QHHAHCHPOBATHCA. [Ipexpe Beero,
KOHEUHO, HeOOXOLHMO HMETh YBEPEHHOCTb, UTO NMPOEKT MOMKET GhTh
NOJMHOCTBIO peanun3oBaH. [locse storo jonxuE GLHITH HCCTAENOBaHL! BCe
HeoOXO/HMble NPABOBBIE NMpPOUEAYPHl, B COOTBETCTBHH C KOTOPBIMH
NAETEHH pPacnpeiensioTcs MeXiy HCTOYHHKaMH (HHAHCHPOBAHHS.
[Tyrem cpaBHeHHs nepefaus npaB C UEJASAMH NPHHATHIX pelleHHI
OLeHHBaeTcA HeoOGXOAHMOCTL BHECEHHS B HHX KAaKHX-JTHO0 H3MeHeHHil.
Taxkoii o6pa3 jeiicTBHii oTpamen B cocTaBJeHHOH SmcenemMoM GIOK-
cxeme (puc. 7.4.3).

l. AnbTepHATHBHLIE NOJHTHYECKHE napameTpl. OHH  ycTa-
HABJAHBAIOTCA MNOJHTHUCCKHMH JeATeNAMH, OOS3aHHOCTb KOTOPBIX
HMeTb OOLLHIT B3IJIAJ HA COCTOSHME Jie/l pailoHa u ero Gyayiiee, 3HATh
IeJH H CPEACTBa €ro pasBHTHA. IDTH NapamMeTpsl BKJIOYAIOT COLLH-
A/IbHO-SKOHOMHYECKHE INPEANOCLIIKH PasBUTHA, MNOJHTHKY pasBH-
THA H (PHHAHCOBBIE BO3MOMHOCTH. [losMTHUECKHe AesATeaH JOJKHBI
NPHHATD Ha ceGA OTBETCTBEHHOCTh 34 COOTBETCTBHE MEMKAY STHMH
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napaMeTpaMH H MPHBEJGHHOH CHCTEMOH TpeX MNOJHTHYECKHX mapa-
merpoB. KoHneuHo, HMeeTcsi MHOTO BO3MOXKHLIX pelleHHI.

2. MuetpymenThl, npejcTaBleHHbe MOAENAMH H THIIH3ALHAMH.
B HX uHCJl0 BXOAAT: MOJEJb 3aHATOCTH (mpepnojaraeMoe pasBHTHE,
BLIpAYKEHHOE B TePMHHAX 3aHATOCTH /ISl ONpeJe/eHHoil rpynnbi),
NPOrHO3HAsA MoOJejb (nmpejanojaraeMoe pasBHTHe BOJHOTO XO03sHCTBA
C 1EJbI0 V/JOBJAETBOPEHHS H3BECTHLIX moTpebHOCTeH) H MOJEJNb CTOH-
MOCTHOrO pacnpejiesienusi (y4uThIBalollas BO3MOMKHLIE H3MEHEHHS
B CTOMMOCTH OT/€JLHBIX NPOEKTOB H pacnpejesneHHe (pHHaHCHPOBa-
HHSI MeAJY OTAebHbIMH noTpeGutesnsimu). Kpome Toro, MoryTt GhiTh
BhIJIe/IEHLl JIBA BHAA THNH3AUKA: THNH3aUKA noTpebuTeNeli H THNH3a-
1iis paGoT 1o pasBHTHIO BOAHOTO XO35HCTBA.

3. Texunueckue JaHHble W Pe3yJbTaThl. IT0 BOJAHOXO35{ICTBEHHBIE
peleHns AJad JaHHOH CHCTEMBl NMOJHTHYECKHX MapameTpos.

Koneuno, Takoil nojixoJl MOXeT NpHBecTH K GecKOHeuHOMY YHCAY
pellieHnii, HANpPHMEp 3a CYeT H3MEHeHHs O00LEeMOB BOJHOXO3SHCTBEH-
HbiX pabor. Torja, uToGEl ONTHMHSHPOBATH NPOEKT BOJOX03AHCTBEH-
HOTO PasBHTHS NPH KaXIOM MOJHTHYECKOM pelleHHH, JOJXKHBL GbITh
HCMOJb30BAHEI CHCTeMBI TeXHHYECKHX MapaMerpoB, 4YTO MNO3BOJIHT
BLIOpaTh nNpHeM/IeMblil BapHaHT.

7.4.3. OcHOBHBIE NPHHUHNBI YNPABJEHHS BOJAHBIMH pecypcamu

B sakaiouenne 3Toil ryiaBbl Mbl NpejijiaraeM OCHOBHbIE NMPHHIHMKL
NOJAXO0/ia K YNPAaBJeHHI0 BOAHLIMH pecypcamMi Ha OCHOBE albTepHaTHB-
HBIX BHIGOPOB 1O AmceseMy Kak o6pas MbllUVIEHHS JJIsSi SKOHOMHCTA
BOJIHOTO XO3siicTBa, HHiKeHepa M HccaefoBatessi. KoHeuHo, 3To He
e/IHHCTBeHHbIIl BO3MOXKHBIH MOAX0I, HO OH JaeT pesyJhLTarThl, KOTOphie
MOTYT GBITh MpPSMO NPHMEHHMbI B YNpPABJEHHH 3arpssHeHHeM MOJ-
seMHBIX BOJl. Takoii moXxo/i MOMKET CJYKHTh OUYeHb XOPOIIHM paboyunm
HHCTPYMEHTOM.

OTkas ot auagusza — croumocthH — npudbian (ACI). ACII nnre-
peceH TeM, UTO BBOJAHT YHHODHUHPOBAHHYIO 1eNeBYI0 (PYHKIHIO, KOTO-
pas Moxer auasnusupoBatbess Ha IBM. Ho om umeer crmepyiomue
HeJI0CTaTKH.

1. Tpyauno onpeaesiuTe H NOJAYUYHTH NMYTEM MOJENHPOBAHHS TaKHE
pe3yJibTaThi, KOTOphI€ BMOC/JENCTBHH HE YYHTHLIBAIOTCH: Hanpumep,
HaJIOT Ha MPOMBLIILIEHHOCTb BhI3BIBAET MOBLIIEHHE 11eH Ha NPOJAYKILHIO,
BJAHSIET HA SKCIOPT M YPOBEHL JIe0BOH aKTHBHOCTH.

2. B ueasx ynpouleHHsi HEKOTOpPbLIE acmeKThl MpobjaeMbl MOTYT
ONMYCKaThCA: HanpHUMep, MOMeT paccCMaTpHBAThCHA TOJbKO 3arpssHe-
HHE, 4 Mbl YiKe BHJIeJIH, UTO TAKOH MOoJXO0J ouIHGoYeH.

3. Bpemsa — oueHb Baublii (axtop, Tak Kak OHO 3HaYHTEJbHO
BJIHSIET Ha LeHY JIeHer, a cJejoBaTe/bHO, H Ha NPEHMYIIeCTBA HH-
BECTHILIHOHHEIX 3aiiMOB.

4. B nenepoit (pyHKILIHH HE paccMaTPHBAIOTCA HH CTpecc, HH H3MEH-
YHBOCTB NpoH3pojicTsa. Crpecc MomeT ObITh CHAT, Korja H3MeHYH-
BOCTb MPOH3BOJCTBA He JOCTHraeT CBOEro MaKCHMyMa.
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i TpyaHoctH npeonotnmbi, Ho ACII paer nokasarennb, KOTOpbii
npejacrasaner coboil JIeHEKHYIO OUEHKY Pas/iHuHbIX 3JIEeMEHTOB H
NpHHHMAET BO BHHMAHHE TOJAbLKO PbIHOYHbIE napameTpul. Kowneuo,
MOMHO Obly1o Gbl JlaTh OLEHKY HAEAM HJAH HEeYHCJAEHHBIM napamerpam,
TAKHM KaK NOJHTHKA, OKPYyIKaioulas cpeja WJIH YCJIOBHS JKH3HH, HO
5TO — HeJjlerkas 3ajava.

Boaee Toro, ueabio 3TOro aHajn3a fBAACTCH ONTHMaJbHOE HC-
MoJb30BaHHE BOJEI, KOTOpas paccMaTPHBAETCH KaK €JIHHCTBEHHLIH
KOHCTPYKTHBHBI (pakTOp pocra. IT0 CnpaBeiHBO I 3aCyLIIHBBIX
30H, HO YacTo HEMPaBHJbHO VI HHAYCTPHANLHO PasBHTEIX CTpaH,
Tak Kak B GOJBIIHHCTBE cJjy4vaeB Uil HHIHBHAYaJbHBIX MOTpeGH-
Tesiell BOJII 3TO OrpaHuuHBaloliHil (akrop npou3BoJCTBa, a A
rpynn norpebuteneil BOJAAa MOMKET HCMO/AbL30BATLCA MOBTOPHO HJIH
MOXeT ObiThb 4eM-TO 3aMeHeHa.

Haxkownell, nenesas (yHKUHA JO/MMKHAE NMPELOCTABANATh Mpeanoyure-
HHE KOJJMEKTHBaM, KOTOpoe OT/aeTcs JHIIb XOPOILO BhIPaMKeHHBIM
KOJIJIEKTHBAM ¢ OHHM (PaKTOpOM, BAHAIOIWHM HA NPHHATHE PelIeHH .
Onnako, Korjila 4Mcjo Tex, KTO NpHHHMAaeT pelleHHe, YBeJH4YHBaercs
H KOTJa MHJHBHAYaJbHbIE HHTEPechl PacXojATcs, TOrJla YCTAHOBHTH
€IHHCTBEHHYIO ONTHMAJbHYIO leNeBylo (YHKIHIO OUeHb TPYAHO H
HepeasbHo. CyulecTBYeT MHOIO ONTHMaJbHBIX, HO COBEpPLIEHHO He-
OCYHIECTBHMBIX pelleHHi.

Mpuuunno. OObuHO HMEETCH He OJIHH OOBLEKT H pelleHHe [pH-
HHUMaeTcs He ejHHoAHuHO. MeTojl He Jlo/KeH onTHMH3HpoBaTh Gaaro-
nosyuyue, npHOLUIL HJAH Kakoii-aHOO JAPYrod KpHTepHH TOJBLKO JJA
oAHolt rpynnel norpeGuTENeil HAM XO3ANHCTBEHHON JIEATEJbLHOCTH.
Yero cseioBaao Gbl NOMBITATCA JOCTHIHYTh, TaK 3T0 cOajJaHCHpPOBaH-
HOTO Pa3BHTHA PasJHUHLIX Tpynn rnorpeGHTeNed H BHAOB X035 HCTBEH-
HOM /leATeJbHOCTH B COOTBETCTBHH C 3aKOHAMH, JIHCTBHEM 3KOHOMH-
YeCKHX MeXaHH3MOB H TPaJAHLHAMH.

XoTs BOjla H pacnpeleAeTcs Mexy noTpeGHTeNsAMH, OHA A0JKHA
paccmarpuBaThei Kak ofulecTBeHHAs COOCTBEHHOCTb: MOTPeGHTETH
B3aHMOCBAI3aHbl H MOJIETHpOBaHHE JOJIKHO MPOBOJAHTLCS B npejeaax
reorpaHueckoii eJHHHIlbI, BBHIEJEHHON ¢ y4YeToM 3TOH B3aHMOCBA-
sanHocTH. BojpocGopuwiii OGacceiin, Hanpumep, MOMKeT paccMatpi-
BaThCA KaK NOAXoaauLas reorpadrueckas eJlHHHLLA VIS PerHOHANLHLIX
HCCJIE/IOBAHHIA.

Bojga xapaktepuayercsi PsjOM HeYNOpsJOUEHHBIX reorpadguue-
CKHX, MeXaHHueckux, (PH3HKO-XHMHUECKHX moKasaTtejeii. Mojens
JI0JUKHA YUHTHIBATH pas/iHuHbIe 3aKOHBI, KOTOphIE YNpaBasioT 3THMH
KOJMYECTBEHHBIMH M  KauyecTBeHHBIMH mokasatensmu. JlefcTBi-
TeALHO, He JOJIMHO JleNaThCsi HHKAKOTO pPAasJHuHf MEeXJIY KoJuue-
CTBOM H KauecTBOM, TaK Kak B GOJbUIHHCTBE C/y4aes MOTPeGHOCTH
B BOJAe 3aBHCAT OT oboux (pakToOpoB, paccMaTpHBaeMbIX COB-
MEeCTHO.

KoHOMHYECKAs POJb BOJAbl 3aBHCHT OT KJ/JAHMaTa: B apHAHBIX
30HaX, HanpHMep, NPOrpaMMbl pasBHTHS MOryT GasMpoBarbest Ha
ONTHMAaNLHOM peryJHpoBaHHH IleH Ha BOJIHbIE Pecypchl HA HaUHOHAb-
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HOM YpOBHE; B CTpaHaX C yMepeHHHIM KaHmartom GyAyuihe moTpe-
HOCTH B BOJle 3aBHCAT OT PErHOHAJBHBLIX NMPOrpaMM pasBHTHA.

Ho wuuHaycTpHaJAbHBIE CTPaHBl yME CTaJH OCOSHaBaTh 3HAueHHe
9K0J0THUECKHX npoGaem. Boja MOMKeT cTarh JHMHTHPYIOULHM (aKTO-
pom paspuTHs. Bopbba c sarpssHeHHeM OObIMHO 3amMeHAET OAHY Mpo-
Gaemy 3arpasHeHHs JAPYyroi, HO Tak Kak SKOHOMHYECKHH pOCT Bbl-
3bIBAET 3TO 3arpA3HEHHE, TO KPHTEPHH POCTa JA0/KHbI OBITh JIONOJHEHBI
SKOJOIHYECKHMH KPHTepHSIMH.

BeaejcTBHe 3arpasHeHHs MHOTHE INpOMbILUJIEHHBIE CTPaHbl 3a-
SiBJASIIOT, UTO BOJbI HEJIOCTATOYHO, JaKe ecJlH OHH HMEelOT ee B OrPOMHBIX
KOJIHUEeCTBaX, HO, KOHe4Ho, sarpssHenHoii. Takol cnenupHuecKHi
THII HEJOCTATKA BOJbI HEOGXOAHMO MOAYEPKHYThH 0c000, 4TOOHI Npej-
OTBPATHTb Cepbe3Hble OHOKH.

Llenbio pasBHTHA MorJa Obl ObLITh HE TOJNBPKO ONTHMH3ALHA SKOHO-
MHYECKOr'0 pocTa, HO H ONTHMH3allHs €CTeCTBeHHBIX Pecypcos.

MuorouscJeHHble  BOJAOX03AHCTBEHHBIE  [JIAaHOBHIE  peIleHHHA
COOTBETCTBYIOT JAHHOI TEOPHH COLHAJIbLHO-IKOHOMHYECKOrO PasBHTHSA
BojlocGopHOro Gacceiina. MeToJ COCTOMT B TOM, 4TOOBI NOMOYb Cl€/1aTh
MOJUTHYECKHI BLIGOP pellleHHs nMyTeM CpPaBHEHH:A CrelHaJbHO pas-
paGoranunx ¢aitios. Kamnwifi daiin paspaGarbipaercs TOJBKO MJf
OJLHOTO [OJIHTHYECKOTO BHIGOpPA PasBHTHs CHCTEMbI IPYNIN MOTpeGHTe-
Jelt BOAB ¥ X03f{iCTBEHHOM JeATe/LHOCTH B BhIJIEIEHHBIX reorpadu-
yeCKHX eJIHHHIAX. JT0 onpenenser MOTpeGHOCTH B BOJE, KOTOpPhie
y/I0BJIETBOPAIOTCSA CHCTEMOfi BOJOXO03ANCTBEHHLIX pafoT. JTa cHCTeMa
BLIPAXK@ET 1le/IM Pa3BHTHSI B BOJOXO3AHCTBEHHLIX TePMHHAX. Bomo-
Xo3silicTBeHHBle paboThl 3aTeM MOJy4awT (HHAHCHpOBaHHE, a HX
CTOMMOCTL pacnpejie/isiercss Mexay MNiarejbliHKaMH COrVIacHO 3aKO-
HaM nepejiaud npae. ;

Ha stom ¢aiin 3akanumpaercsi. OH 3akJjouaerci B CpaBHEHHH
norpeGHOCTell H pecypcoB ¢ y4eTOM B/HSHHS 3arpA3HeHHs, pacmpe-
JleJIeHHs HAJOroB H obllell CTOMMOCTH; OH ONpejie/isieT HeBblpaKaeMble
KOJHYECTBEHHO NPEHMYIeCTBA, TaAKHe KaK COIlHa/IbHO-9KOHOMHYECKOEe
pasBMTHE, OXpPaHa OKpYKalolieit cpejbl H obuias GesonacHocTs. Ero
MOJKHO CPaBHHUTB C APYTHMH (aiilaMH Ha OCHOBE IeJed, HeoOXOJIHMBIX
cpeAcTB H mocieAcTBHiA. HHUTO He ONTHMH3HPYETCHA KaK €HHCTBEH-
HBl (DAKTOp MPHHATHA pelleHHs. JKOHOMHCTH H HHIKEHEpLI HE 3a-
MEHSIOT NMOJHTHKOB, KOTOphie JA€]al0T OKOHuaTeJabHbI BhIGOpP, CPaB-
nupas (aiiabl aJbTEpHATHBHBIX peUIeHHH.

7 X. dpup



I'JIABA 8

OBPATHASI 3AJAYA JAHUCHNEPCHH.
TEOPHSI TOYEYHOI'O PA3BABJIEHHS

Hanaraeman B 370§l raBse Teopus ABASAETCS OJHHM H3 BO3MOMKHBIX
nyTei pelneHus npoGaembl H3y4YEeHHs H MOJE/JHPOBaHHA 3arpssHeHHd
NOASEMHBLIX BOJ, @ TaKxe onpejejedHs Kos(ppuiHeHTOB AHCnepcHH.
J1a TeopHs OCHOBBIBAETCH HA PacCMOTPEHHH OJHOCKBAXKHHHOTO Me-
TOAa H OTHICKAHHA JIOKaJbHBIX KO3(XpHIIHEHTOB, Korja jejaercs
NONBITKA COKpauleHHss 4YHcjga Touek H3mepeHusi. OHa nokaseiBaer
BO3MOXKHOCTh pacuera Ko3(phHUHEHTOB onepaTtopoB AHbdy3nH nytem
MOCTAHOBKH CEPHH IKCINEPHMEHTOB B OJIHOH TOYKe cpeibl H obecrneyH-
BaeT TOYUHBIMH (popMyJaMH JJIsi HX ONpeneJeHHs .

Teopua ocHOBaHa Ha CJEAYIOMHX NPHHIHNAX: 3aJaeTCsl Haualb-
HOE pacnpejie/leiHe KOHUEHTPalHH B OKPECTHOCTAX TOYKH H3MEpeHHs
H npoBoisTcA HaOMIOJeHHs B HEH 3a H3MeHeHHWeM KOHUEeHTpalHH
Bo BpemeHH. [lo 5TOH KOHUEHTpauMH NMPOBOJHUTCS OCpe/HeHHe, B3Be-
IIEHHOE HEKOTOPBEIM 06pa3om (B cMBICJe, JaHHOM B 3TOIl TJ1aBe), H CHOBA
HAYHHAEeTCs IKCNEPHMEHT, HO yiKe C HauyaJbHLIMH YCJIOBHSIMH, GoJjee
JOKA/JH30BAaHHLIMH B OKPECTHOCTH Touku H3mepenus. [Ipemen B3se-
IEHHOTO OcpejHeHus npH GoJiee JIOKAJH30BAHHLIX HavaldbHEIX yCJI0-
BHAX JaeT KO3(HIHEHTH! JHCIIePCHH.

Hayuaiorcst nocJiefloBaTeIbHO TPH CJaydasi: H30TPONHEI onepaTop
JAHCMEPCHH € NOCTOAHHBIMH Ko3thduuHeHTaMH; H3O0TPONHLIE oneparop
JIHCTIEPCHH C H3MEHSIOUHMHCH Kos(puunenTamMu; H, HaKoHell, aHH30-
TponHulit onepaTop JHCNEPCHH C H3MEHAOHMHMH  Kos(hdHUHeH-
TaMH.

Koneuno, yuHTHIBaeTcsi H3MeHeHHe Ko>(pHIHEHTOB B mpocTpas-
CTBe, HO He BO BpemMeHH. 3JTa rjiaBa 3aBepilaeTcsi H3yueHHeM YCTOH-
YHBOCTH pelleHHil 3ajlau AHCIEPCHH 10 OTHOIICHHIO K Ko3(xpHIlHEeHTaM
JUCMepcHH, T. €. H3YuYeHHEM TMOBEAeHHA Pa3HOCTH JeHCTBHTENLHOrO
H TEOpPeTHYECKOrQ pellleHHs, pacCYHTaHHOTO ¢ KosddHiuHeHTOM AHC-
NepcHH, NOJYYEHHBIM HA OCHOBE pacCMaTpHBaeMOil TEOPHH.

8.1. BBOJAHBIE ONPEAEJIEHHA

ItH onpepenenus npusoasTcs mno AmnrtepGeprepy (266, 267 ).
[Tycts X — BeKTOpHOE NPOCTPAHCTBO pasMepHOCTH n Hajg R u (E) —
ero AyajbLHOCT, | x|* u dx sIBASIOTCS COOTBETCTBEHHO KBaZpaTHYHOM
(opmoit u mepoii JleGera no x, | E|* u d§ — cooreercreenno dopmoi
H Mepoit mo E. B 3Toft rnase Mbl OrpaHHYHBAEMCSl PacCMOTPEHHEM
cayuas, korna X = R" u E = R". R" uMeer KaHOHHYECKYIO CTPYK-
Typy I'nasGeproBa npocTpaHcTea.
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Onpeneanenne l. [lycrs S ABasiercs JeficTBHTENBLHBIM YHC-
JgoM; H® (X) — npocrpancrBo pacnpefenenuii T € & (X) Takux,

yTo H3oOpamxkenue no Pypwe (dynkuud 1T yI0BAETBOPHAET YCJAOBHIO;
f(1+18pr | T @FdE<+ .

£
3T0 NpoCTPaHCTBO 8ajaercs TOMOJOrHeH, oOnpejeaseMoil HOPMOIi:

ITh =] - |EP2T @) E,

H Ha3bBaerca npoctpancTBom CoboJieBa mopsjika s.

Onpeneanernune 2. Ilycrs m ABAAETCH NeHCTBHTENbHBIM UHC-
JaoM; (Xx E m) — npocrpaHeTBo GyHKUME @ Hajx XxE ¢ KOMIJIeKc-
HbIMH 3Ha4YE€HHSIMH H NMPHHALJICHHT C= Tak, uro:

Vp, gEN*, YMEN, AC=0;

(1 4|2 | Dola(x, ]| <C(1 - |E|H=T9DA,
rie

P=(Pre+esPn)y §=(q1,-- -1 qa)y Di= (ﬁﬁ%)ﬂ(fﬁﬁt)p

gt (61’;:*)¢:"’(E§F)q"- lgl=q1-+ ++* + qa-

Onpeaenenne 3. Ecnma € (XxE, m), o Op (a) —
ABJISI€TCA onepaTropoM, onpeaeasembiM 1o & (X) dopmyanoii:

[Op (@) ()] (x) = | a(x, & u (©) eimrdE.
=

Onpenenenne 4. 1) € (2, m) aBnsiercs npocTPaHCTBOM
tynkuuii b, C* Ha E ¢ KOMMJEKCHEIMH 3HAaUeHHAMH, NPH KOTOPHIX:

VGENIC>0: |08 (E)| < C(1|EP) ™D

2) 8™ apaserca cymmoii 6 (XxE, m) u € (B, m), TomAeCTBEHHO
(pyHKIHOHAJBHOMY NPOCTPAaHCTBY Ha XxE.

Onpenenenne 5 Mu HasblBaeM OnmepaTopoM MOpsKa <m
HeKoTophlil auHefinkdl oneparop A: 6 (X) — 6" (X), xorophiii Moxer
OLITh PaclnpoCTpaHeH Ha BCe S B KauecTBe HeNnpephHBHOrO oneparopa
oT H* (x) jo H™™ (x); oneparopom nopsijika < m AasA Bcex JeiiCTBH-
TeJIbHBIX M HAasLIBAIOT ONepaTop NOpsjKa —Cv.

8.2, ONMPEAEJIEHHE KO3¢®HUHEHTOB JH®PY3IHH
H30TPONMHOIO ONEPATOPA JIHd$¥3HH
C NOCTOAHHBIMH KO3¢PHUHEHTAMH

Hanaraemas nuxke obuwias Teopus, Gesyc/noBHO, NPHMEHHMA K Ore-
patopy ¢ nocrosHHbIMH Kos(pbunHenramd. Ho peayabratha ofuied
TEOPHH BLIBOAATCA 3SAECL AJIs CJydas oneparopa ¢ NOCTOSHHBIMH
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KUBE[IIJHU.HEHTEMH npaMelMH METONAMH TOJBKO Ha OCHOBE KJAacCCH-
YeCKHX NOJOMXKeHHH martemaTHueckKoil H3HKH B o6bLeme, COOTBETCTBY-
omeM GONLIIHHCTBY Y4eOHLIX KYPCOB AaA (PH3HKOB.

YpaBHenHe H30TPONHOH AHCNEPCHH C MOCTOAHHBIMH KO3(puuHeH-
TaMH HMeeT BHJ: :

O, aC ac
KAC — ;& = +1C =5

rjie n — MEepHOCTh NpOCTPAHCTBa, P; — KOMMOHEHTHI CpeiHell CKo-
poctu noroka. Kospduuuent y umeer passoe (pH3HYECKOE HCTOJIKOBA-
HHe, HanpuMmep, MHHYC y — BeJH4YHHA, o6paTHAS cpejHeMYy BpeMeHH
pacnaja paAHOaKTHBHOTNO HHAMKaTOpa.

fJlemma. Ilyers ¢, siBAAETCA MOAY/JHPOBaHHBLIM MO X pelleHHeM
sanaun Kouu:

aC

KAC =52,

¢ (x, 0) = exp [—a1 (x — x)%], (8.2.1)
rae ¢ u K— nefictButenblble H cyry6o MOMOMKHTENbHbIE BEJHYHHEL,

X, npunagnexur R". Ilycre s sBAsieTcss JGHCTBHTEJbHLIM YHC/IOM,
saKJ/loueHHBIM cTporo mexay —n/2 u 0. Torga ans Bcex T crnpasej-
JIHBA CJeyiolan 3aBHCHMOCTE!:

(2 -]

[ 70 (g, £ dt = 2t LB e, (8.2.2)
0

NokasateabcTBo. Jlas ynpoluleHHs NONOXKHM X, = 0,
obmHiA cayyafi HeMeWIeHHO YCTaHaBJAHBAaeTCA NEpeMeleHHeM Xp.

n

5 ] 5 ]

[Tycte g° — Y af.
i=l

[Mpunumas k cucreme (8.2.1) npeoGpasosanne Pypue no x

—antKe = L. 8 (& 0) =12 exp (—ak¥/),

NONYYHM:
bs (& £)=Tt""2exp {—n (4:|1Kt 4 +) gz] .
[Tytem o6parnoro npeoGpasopanus Pypne:

¢ (0, #) = (4nKtt - 1)~
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[TopcraBans aTo 3Hauenne oGpatHo B uurerpaa (8.2.2) u npoeoas
caenyiolye H3MEHEHHsA nepeMeHHBX O = 4nKit u v = /(o + 1),
NOJTYY HM:

£- - L= u)

[ 7 0, dt =0 [ 0 daKEr 4 1) dE =
0 0

-]

=0 j 22’315{{5{]"5'_1 (0} 1)-4?.!'? do —

]

1
=1 225115 KE [ {l - D)-—S-‘lui‘-l""."'g-l do =
0

= 2%a*K*'B (—s, s+ n/2) = 2% P[_S%i{‘nf;?_ Ll R

Teopewma. Ilyers ¢, ABAsieTcs MOAYJIHPOBAHHLIM 10 X pelles
HHeM 3ajzaun Komn:

KAC— Y B0iC +vC =35, cc(x, 0) =exp |t (x — %)),
(8.2.3)

rne 1, K, B, y — neiicreurensusie Beauunnsl; T # K — cyry6o noJo-
KHTEJIbHBIE BeJHUHHBI, X, npuHamaexur R”, TTycrs s — JeficTBHTEL-
Hasa BeJHYHHA, 3axJaiovyeHHasa crporo mexnuy —n/2 u 0. Torma aas
BceX A < —7y CIpaBeJIHBa CJAEAYIOLLasi 3aBHCHMOCTb!

oo

lim <= [ £57eMC, (o, 1 dt = 2% LEQTELWD Ko, (8.2.4
0

HokasarteasctBo ([101], crp. 47). Tonoxum x, = 0.
ITyeTs

ﬂg = Z ﬂ-?, ﬂ:b:— E aibh l'_].!' =-d.x1 i|x2 ¥ .d.xn.
f=1

=1

ITpumensis x cucreme (8.2.3) npeoGpasopanue Pypbe no x

—4n28Ke — 2inpie + v = S, G (E 0) =72 exp (—nE¥/x),

MOJTYYHM:
& (& H)=1""2exp (——JT ‘E'T) exp [(—4n’E K — 2infiE) {] e¥’.
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Hcnoasays obpatHoe npeoGpasosanue Pypbe

ce (¥, 1) = (4nKi)—"/2e¥ J exp[—at(x —n)? X
Rﬂ

X exp [—- 4.‘:.'1 (M —-[5!}“] dn,

¢ (0, 1) = (4nKty2 e¥ | exp (— ) X
? R

X exp l-_-_- _d.‘:’.'_d{n —-—fh!}“] dn.

[Mpuaumasn
p

ke 4K (m—i_-i"}f_t-)

HMeeM:

e (0, 1) = (4nKt)—"/2 e’ exp (— —E:{—f) exp [ = ( b2 | ) :l X

nt 4+ ——
X jexp [(—HTJ,— 4;“) E*:| dg,

4Kt
HJAH

- g 2
Ce (0, ) = (4nKt, 4 1)~"/2 e¥ exp ("‘%‘é) £XD ( IEK“:'E“:-{—‘!K ) :

3amenss c; (0, {) ero sHauennem B HuTerpane (8.2.4) m noaaras
6 = tr, nosyuum: 4™ | i;i

[ 07 (Ko 177 exp [ 4 3) =] exp (— L2 ol

0 a5
fi20 oo
NEED [ (16K2n0 + 4K) } do. v orstl

O6o3nauum f (0, T) Kak NOALIHTErpadbHYIO (PYHKIHIO H BO3EMEM T
Gosbwe 1. ®yuxuus f (0, v) sBAAercs OrpaHuuCHHOH HE3aBHCHMO

OT T HHTerpajabHoll (yHKIHeMH 0" (4nK0 + 1)™™* exp (B¥16K?)
TaK, uTo, KOrja T cTpemurcs K GeckoneunoctH, Qynxuusa f (0, 1)

s -n2
ctpemutcs k 07°7' (4nK0 + 1)™°. Corsacio Teopeme MaXOpHPO-
BaHHOil cxonmumocTH JleGera u npHBEJEHHOH BHILLIE JEMMe:

[ £(8, ©)d0— 257 (—$) T (s + n/2) K¥T (n/2), u. 7. &.
0
Hauanohoe ycaosue ¢, (x, 0) = exp [—aw (x — x)*] mncnois-

ayercst Aaf ynpouenus unrerpana (8.2.4). PeayibraTsl MOTYT GbITh
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pacnpocTpatedsl Ha (ynkuun R" B R, HeorpanWYeHHO HenpepelBHO
audxpepenunpyemblie H GuicTpo yOnBalonipe, no cJAe/AyIOUIHM Bhipa-
HKEHHAM:

ety 0) = (x 1/ T)s &, (5 0) =128, (%) (8.2.5)
T
Peurenne cueremsl (8.2.3) ¢ yeaoBusimu (8.2.5) umeer B

co(x, 1) = (nKn 2 e e (0 T) exp [ — g7 (x—n—Pi2| d,
3 |

ce (0, 1) = (AnKt)—n/2e¥ Jc, (n}/ ©)exp [__ 4+“{-~ 1 —ﬂt}ﬁJ dn.
R“
IToncranoBka Beipaxkenus jas c; (0, f) B unrerpan (8.2.4) naer:

{i ]

L=ri—s | ' (4mcKi) MEeTIRT 5
]

% o I o
X { Ja VD) exp {— - .l-ﬁr}-}dn]dn

R :
nonaras it =0 u 1 )/ 1 = 2, noayunm:

-I = ST 0! (4nK0) ™ exp [(? 4 A) %J X
0

0
z+ 8=
X ‘V Xr:; (2) exp ‘—- M,EVT dz}] de.,
_,-R"

Hcnons3aysi BTOpHYHO TEOpeMy May<OpHpoBaHHOM cxojuMocTH Jle-
Gera, noayunm (npu 0 + A << 0):

oo

':im.':j B"*'(fmf{ﬁ}—"fﬂ[ | e @ exp (——4%){131 o,
i

T-peo 5

npu 6 =4nK0 n z=y |} o

HMEEM.
lim ] =2%2°K° _] o "'[ jrl (y 1/ o) exp (—ay) tly] do;
folm ek 0 Rf

fim v | 5 "eMe, (10, f)dt =
T+on 0

= 225K | oot [ J (o V/8) exp (—m) dy] do.
1] fril
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Conocrasjenns ¢ usuveckum onwitom. Hannuuwe kosdupnumenta
exp (Af), koropuiii ofecneunBaeT CXOAHMOCTb HHTErpaJja, He H3MEHsAET
npenen (8.2.4). dro o3navaer, 4TO ITOT HHTErpan GLICTPO CXOAHTCA
B HavaJbHLIH NepHoj BpeMeHH; HeT HeoOXOAHMOCTH INPOBOAHTHL JJIH-
TeJbHbIE SKCHNePHMEHTH, H BIOJIHE Y/IOBJETBOPHTe/bHas TOYHOCTh
JIOCTHTA€TCsl PacueToM 3TOr0 HHTerpaja B npeaeiax JA0BOJbHO KOPOT-
KOro NpoMeKyTKa BPeMeHH.

IMpuHATEH 3/€Ch THN HAYaJbHOTO YCJIOBHS OOLIYHO MOMKHO peasiH-
30BaTh 3KCMEPHMEHTaJbHO. DKCnepHMeHTalbHAas HMNYJbCHas mnepe-
xonuas (yHKuns BOAM3H HYJs nofoGHa exp (—mtx®).

8.3. ONPEAEJNEHHE KO3®$dHUHEHTOB ONEPATOPA JH®®Y3HH
¢ H3MEHAKWHMHCA KO3¢dHUHEHTAMH

8.3.1. Hsorponubiii onepatop auddysnu

Paccmorpum oneparop Au(dysHH:

A= KA+ E By (x) %4‘?(1]-
=1

I[lpumenm, urto xosdpuumentst K, B;, y npunapnexar C°, K —
OrpaHH4YeHo, KaK M Bce ero NpoH3BOJIHBIC 0 BTOPOro nmopsiaka, f; —
OFpaHHYeHo, KaK H BCe €ro NPOH3BOjAHLIE H3MEHeHHs NEepBOro Ino-
paaka W y — orpannueHo. Takxke npumem, uro K umeer cyryGo
MOJOMHTENbHYIO HHJKHIOW rpanuiy. Torjga oneparop A sBaserca
no ONnpeieseHHio CTPOro JIHNTHYECKHM.

CornacHo Hocume [279)], umeercs aBa JeficTBHTeJbHBIX 4YHC/AA A
H |, YIOBJAETBOPAIOULHE YCJOBHIO B > A, TaK YTO JJIfl BCeX o >
oneparop A — Al siBasieTcs o6paTHMBIM H HMEET MECTO CJjefylollee
HepaBeHCTBO:

I

(A—al < =,
rae || | — xaHoHuueckan HopMa B L2,
[pumem v > p u nogoxkum ¢ = —A + % n ¢ = —A + pl,

Hopma (¢’ — al)™ cymecrpyer aas o < 0 u pasHa:

I —anl=lA—@—a) /< g < =

Cornacio Teopeme Xuiana — Hocuipl, —¢" npejcrasiaser coGoi
GecKOHEeYHO MaJiblii TFeHepaTop CTArHBAIOWleHcA NOJAYTpynmbl, T. €.

je—' | < 1,

oTCl0jla HepaBeHCTBO:
efd < e,
200



Jlemma 1. Hurerpan f (s, ¢) =

(-]
= ( j ' E"cdt) / I' (—s) cxopur-
0
ca aaa Res < 0.

VYenoeue Re s < (0 ofecneunBaer
HHTErpHpPOBaHHE B HauaJbHOH TOU-
ke. OTMeTHMm,  uTO | e-”u o=

et Em-vﬂl' E—fc’[i = E{u-—wf npH
n — v < 0. Toraa BuaHO, uTo [ (5, C)
ABJsieTCA WHTerpupyemoil u npu Gec-  Puc. 8.3.1
KOHEYHOCTH.

Corsnacio Cuaan [245] nass Re, < 0 1 npu npeabiaylmux ycJo-
BHAX mo A, oneparop ¢® MO¥KeT OLITh ONpeJeNeH Kak:

¢ = (—A4vly = 5z [#[—A4+ (v =2 [T dz,
r

rie I' — KOHTYp, NMPOXOAALLHII OT —0O MOJ JIeHCTBHTENbHOI OCbIO
BOKPYI Haya/ja KOOPAHHAT MO OKPYKHOCTH C pajHycoM & H BO3Bpa-
maouriics B —oo Hajl JeficTBHTebHOH ocblo (pue. 8.3.1).

CorJiacHO BHILIENIPHBEIEHHBIM JIONYIIEHH M, Hadaj0 KOOpAHHAT
OTHECEHO K ynopsjioueHHoMy MHOMecTBY ¢. Takum ofpasom, cyule-
creyer Takoe & >0, uro (¢ — el)"! cymecrsyer npu 0 <e <<e'.
O6biunHOe onpejeneHde In z B njaxe npoBojHTCs (e3 HCNOJAb30BaHHSA
oTpHnareabHoll modyocH. ToM/IeCTBEHHOCTh MEXIY KOMIIEKCHOH
CTeneHul0 oneparopa ¢, no onpejgeienuo Cuinu, H OnepaTopom
f (s, €) naer moKa3aTeNbCTBO CJAEAYIOUWEH TEOPEMBI.

Teopewma. Onepatop f(s, ¢) coorercrByer omepatopy C*.

[Npu sagannbix yeaosuax f (s, ¢) u C° npejcrapasior coboi roJo-
mopoubie dyukinH s s Res <0. 31o pocraTouHo A J0Ka3aTe/lb-
cTBa 3KBHBaJeHTHocTH npu Re s < 1.

Peso/ibBEHTa MOJMYLPYNNbl € 'C BhlpakaeTca Tak:
(€ —zl)~t = | etCert dt.
]

CJIeIOBATE/ILHO:

¢ = [#(] et @

~ Jlaa Toro utoGhl 3TH JiBa MHTerpaja Obl1M KOMMYTATHBHLI, JOCTa-
TOYHO, YTOOBI HHTErpas

| J1zlee
a

11

elRe2) t (f { da (2)
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cxoamicsa. (do(z) sBaserca saeMeHTOM KpHBOJHHeAHOH a6eiHccnl
Bronb I'). Arg z — orpanuuen, caegosateanno, |2°|< b|z|%%, rze
b — xoucranta. Tak kak Res < —I1, 10

J-Ilee s p(Re z) / dﬂ{i‘)
orpaHuHueH Ha GeckoHeuHocTH HesaBucumo oT f. Kpome Toro,

je— €| < eV npy A —v <0,

Taknm oGpasom, uHTerpa.

| T121e-¢|eken ¢ dt do (2)
L

cxoautcs. [lpumenserca Teopema PaGUHH M uacTHLIE HHTErpajbl
MOryT OLITh KOMMYTHPOBaHLI, CJE€10BATE/NbHO:

Ct = "i:ln'j e—1C d¢ J e dz,
0 r

Gopmyna Xankeas jpaer:
I!'-'-l

_[ j Sazl e T—
oI Pze dz = T(—9)

ChnenoBareasto, ToxaectBo mexay C* u f (s, C) ycranopseno.
Ecan @ € L* (R") n © >0, o @, onpenensierca kak @, (x) =
= 17" (tx), Tak uro:

(D =1D] 0 B @ = (L),
Jlemma 2. Ecaun k peiictButenstoe uncao u R onepatop &

B O, TaK YTO 1A KaMKIOro JIeHCTBHTEALHOTO uncaa M, R MoXeT GhiTh

pacnpocTpaHen Kak nenpepnishbiii onepatop ot H™ (R") no Hito ™ (R,).
3arem, ecan —n/2 <M <0 u a € D, To cyumecrsyer Takoe Cj,
yro YO £ O.

| Ry i < CyeM (| D s 4 [ D).

Kpowme Toro, ecnn k << —n, To A8 Kaxjaoro k ua R® cyuiecrsyer
Takoe C,, uTO:

vDED, supx| RO (x)| < Cox (| D or + [ D ]e2).
HoxkasateasbctBo. s scex @ € 6§ npu M < 0 numeem:

(Dl = [(1+181"|D (L) [ae =
RJ’I

= Japeimpr d e pdy<e [|npdmedy <
R R7
{1”.[ [ (M @y Rdy + [1®@)Rdy].
Inf<t =
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Ecan M > —n/2, 10 |0 [™ unrerpupyema. Kpome toro, nmeem:
| Dl < | D]
Cnefiosare/ibHo, HEPaBEHCTBA NPHMYT BHJL

4|'=--r|fiw=:-r”’(n*'ﬂrr';im ) I ay I-H*Tlll'fs)ﬂi
Ini<1

<CAM (10w + D),

npH C¢=sup(]. _[ |1]i**“dr|).

Im<i

Tax kak R — nenpepsipubii oneparop or HY o Hise ', To @R

TaKxe GyJeT HenpepeiBHEIM ONEpaTopoM OT HM no HM*. Cnenosa-
TEJIBHO,

|t RDg [p—k < C | D st < CioM (| D s + [ D s).

Bonee Toro, monycrHM, uto kR < —n, torpa M — k& }—El-n. Has

l
§>5n H* prmouaercss B NpoCTPaHCTBO OrPAHHYEHHBIX HENpephiB-

HBIX (PYHKIHHA C HenpepbiBHBIM BBOJIOM.
ChnenosaTeibHO,

| RD: | 0 < Cav™ (| D1 4 [P],2),

H JIOKa3aTeJbCTBOM BTOPOI YaCTH JIeMMbl SIBJISIETCS :
supk | R0 (x) | < Cot™ ([ D s + [D]2),
ecyid & BeibHpaerca paBHbiM 1 B okpecTHocTAX K.

Sameuanue. Hcnomeayem npemnoxenHuii AnrepGeprepom
[266] peaysbrar: sagaem 4 € H° npu s > n/2. Toraa (1 + | E[?)-5~

H (1 4 |E)s u E npunagaexar L? (R"). CorsacHo HepaBeHCTBY
Illsapua, umeewm:
Jla®1de= [(1 (&R0 + 122 | 2 @) dE < C|8]ulk,
R“ Rﬂ
CJIeI0BaTeJILHO,
n”i,[,w""-:"ﬁnf.’ EC:"”",-

Jlemma 3. Ilycts B siBnsiercs onepatopoM BHJA:
m

=0
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rae aas Kaxaoro j, &, € 87 npu 0 = e, <oy < ..o, (@] (x, §)
OJIHOPOHOCTh Mopsiaka 25 — a; aas [E| >1) n R saBsercs onepa-
TopoMm (mcesnoau(depeHHaIbHEIM HAH HET) nopaaka < — R o
IMpexnonoxum —nf2 <s < 0. Ilycte k£ sBJsAETCH HAaHOOJI LI HM
LeJbM </m, TaK uTo 25 — @; > —n A | < k U oneparop B; onpe-
JeasierTcs Tak:

(Bu) () = [ a;(x, & 0 (®) extde, ues,

rje a; CoBnajaer ¢ &; jas |E| = 1 u aABasgerca OAHOPOAHOCTLIO CTe-
newn 2s —a; aaa |E|==0. Hcnonpsyem dynkunn - O (x) =
= /2D [t (x — x,)]. Torpa, ana xaxporo M > —n/2 U A Kax-
joro x, € R" cymecrsyer Takas nocroannas C > 0, uro ajs JII06Goro
pacnpenenenuss A" (R") | L' cr > 0ur > n/2 + 2s Jio6oro unca
T > | umeem:

k
BO, (xg) = X v TB, () (50) + Re (D) ()

rae
| Re (D) (x0) | < CTM(|D - + [ D[Ls).
NokasateJbcTBo. Jlagum I0KasaTeJbCTBO NPH X = 0.

Ouo cnpaBeyiHBO AJs JI0GOH TOUKH X, Grarojapa CMEIEHHIO @.
[IpuBenem TpH 3aMedaHus.

1. Ecan @ (raxxe u ®,) € H" cr > n/2 + 2s, 1o ;BO, (0) onpe-
neasercsi. B — oneparop mnopsjka 12s. Jlas Kaxaoro 3HaueHHS
a € D.(R") cymectsyer Takoe C > 0, 4TO JIst KAXKIO0TO 4 € & (R™)
CrpaBeiIHBo:

leeBut [y—as << C| .
Bosee Toro, Tak Kak r — 2s > n/2, To:
|eBu |, = << C |aBu|,_,

u Bu — nenpepriBHasA (PyHKIHA. '

B Mozer GbiTh PACIHPOCTPAHEH KaK HernpephiBHBIN onepaTop OT H"
B NPOCTPAHCTBO HenpephiBHBIX (QYHKILHIL.

2. Ecan j <k, To 25 —a; > —n M, CIEJOBaTEIbHO, @ (%6
apaserca uaTerpupyemoit no dg B obaacr, MpHJIeraomes K IE = 0.
70 MO3BOJAET ONpeAeHTh omeparop B, ‘XoTd €ro CHMBOJ HMEET
ocofenHocTb B HauaJabHOl Touke. Bosee toro, B; — B; jeiicTByer

or H~° no C” xak ee L@HTP:
Kx 4)= _‘lﬁ (x, &) —a(x, §)ex™ (=1 & dE

npunajaexur seiogy C~.

* T.e. geiicreyiomnm ot H' (R") no Hr"'"{R"} ANA KamAoro JelicTBnTedb

Joe
Hora [.
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3ameuanne | mnokaswiBaer, uro B, (0) Takxke xopowio ompe-
nened, korga @ € H ¢ r > n/2 + 2s.
3. B, (0) obbiuno 3ajaercsa (opmyIoii:

B,® (0) = [q, (0, & D (&) d,

rae O — pacnpenesenne H* (R") | L' ¢ r > n/2 + 25 — a;.
Onpejiesienne ¢ nmoMouikLo 3Toit (opMyJasl npasomepHo, kKorjpa @
NMpHHALIEXRHT O H ofe 4acTH STOTO pPaBeHCTBA HENpPEepLIBHO 3aBHCHAT
or @ ans nopmut AT [ L'. Jlns ;1eBoil CTOPOHLI paBeHCTBAa 3TO Bbl-
TeKaer H3 sameyanuit 1 u 2. Jlna npasoii cTOPOHBI, NpPHHHMAs BO

BHHMaHue, uto a; (0, &) npunapaexur C= pas |§|5= 0 n uto @ us-
MEpPHMO, 3arnHilieM:

[0, 00@dcE= | o0 5dEdcE+
1El<1

+ | 40 9@

1§l >1

‘ ) a0, ac’i}mdz[~¢||flr|!uﬁj |a; (0, & dE
1El<1 1El<1

H HHTerpaji _[ |a; (0, £)| d§ cxonurca:
1EI<1

E'-'EEF.IrE

} |' a;[ﬂ,%ifﬁ[’é)dﬁ‘éﬂj{l +IER T D) dE <

1Ei=>1
< C [+ 1ER 420 4+ 18D V2(1 | ERV2 | B @) | de.

Coraacuo HepapeHctBy lllBapua, mmeem

]‘ aj; ({}1 E]&}{E){]E {C‘ J(l '["|§|2)?s_“f_ﬁd§
1§l >1

Ja+iemY o @ra|

1/2
b

1/2

< Cl( 454242 o Dy

x

3anaeasi N Takum o6pasom, uto n + 2s —a; < N <r
(18R € L? u Oy < | D,
Orciofa HepaBeHCTBO:

| Ja; 0, ® D@ dE| < ClIDY + [ Dfes |-
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Tenepp noKameMm JeMmy 3.
B— E‘B,- MpOBEPAETCS YCAOBHAME JeMMbl 1:
i<

B—Y B;=} B;+

i
sk <k =k~

Fl i<k

L.’é; +R.

i
_T;r*j 3

-} (B,—B)+
j=k i

CoraacHo 3aveuanmio 2, 3 (B, — B)) neficteyer or H~ ™ no C™,

m

: Y B, siBifercs onepaTopoM NOpsAKa < —n OnpejeeHHen no g, R
=k--1

NpHMeM 32 oneparop nopsjka <—i.
Takum 06pa3omM, B COOTBETCTBHH C JIeMMO# 2, HMeeM:

|B¢= (0) — ; B,D, (0}| < CytM (O et 4+ D es).
; _

B, D, (0) MOKHO BHUHCAHTE MO (hopMmy.e:
Bi®(0) = [ a; (0, D, B d& = [0, Hr—r2® (L) ds~

3
— " a0, Tn) D () dn =712 [ 4, (0, ) D () dn=
el Tr:fif‘-l-ﬂs-r:fBj[D (0,

KOTOpasi 3aBepluaeT JI0KasaTeqbCTBO JeMMbl J.

Ha stom stane ocoGoe 3HaueHHe npHoGperaer ciaelyiollee sameya-
HHE, ONpEeleJAlouiee CBfA3hb C 3JKCNEePHMEHTaJbHOH JAHCnepcHe: no
R, nenaloTcsi TOALKO JOKaJbHble OLEHKH (HJH Jaxe TOUEUHLIE).
Takum o6pa3oM, Beerjia Bo3MOXKHO 3aMeHnTh R 3navennem aR Ca €D
M NpPHPaBHATH K 1 B OKpecTHOCTH X,. Her HeoOxoJguMOCTH npen-
nosaraTh Kakoe-a1H60 yMeHblIeHHe No X B CHMBOJax. EciaH y4YHTHI-
BalOTCA TOJIbKO HauaJbHbie JaHuble (. ¢ KOMIAKTHHEIM TOKPBHITHEM
(r1s T > 1), To ocratok RM, (x,) ouenuBaercs Tak:

t RO, (xo) I = CTMH D "sz

JInsi HeKOTOpOro KOMIAKTHOTO MHOXKecTBa K cyliecTByer Takas
koHcranta C, uto aas JioGoit Gpyrkuny u ot L* u ¢ ee nokpuitHem B K
HMeeM:

|.|H i,[,: < || i ||;_:,

* Kparko wanommnm: Hi, = | Hj,. = C*.
1) Hge CC™: fC Hig,y 2 CD, af C C™ = [C C™ (npunnmas o = 1)

loc loc?

9 C*CHp [:CC™, yaGCD, afCDCHCH*=[CHy,.
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T. €. COrJaCHO HepaBeHCTBY H.IB-EPU.H:

jud_r. - _[udx-:; de)m (jzﬁdx]ma; Cllules,
3 K _

Rn K

Baaropapa stomy mnosiB/sieTcsi BO3MOXKHOCTbL NPHHHMATh B pacuer
HauaJbHbIE CTyneHuaTele (DYHKUHH, HMEOWHEe onpeieseHHbll (u3n-
YEeCKHH CMBIC.

[Tpumenum jgemmy 3 K onepatopy B = (—A 4+ vl)* ¢ —n/2 <
<8< 0, wHcnone3ysa  caAeAyIOUlHE  pe3yabTaThl, MOJYueHHEIE
Cuanu [245).

[Tyere uMmeercs AefiCTBHTeJNLHESA noc.rle,unﬁa're.rlbﬂac'rh (2,); = 0,
BO3pacTaiolmas K oo, Tak uto Y, a; (x, &) asasercs {tJyHKuHeﬁ C=
oT x u §, C OIHOPOIHOCTLIO MOPSIAKA és — a; aad | §| = 1 u xapakre-
PH3YeTCA CJENYIOUHMH CBOIHCTBAMH:

1) xaa Bcex N cywecTByer Takoe n, uTo onepatop B --2.,0[} (a))

NpHMEHHM AJs Kaxaoro aeficteutensroro tor H' (R") no Hln N (R");

2) ansa | §| > 1, ay (x, §) = [K (x)5/(4n*| EP)*.

Pasauunbie npe,ﬁaapHTeﬂthle pe3yJibTaThl JlaeT caejiyioulas Teo-
pema, KOTOPYIO C LeJbI0 YNPOUIEHHs NPHBEAEeM JUIA CaAy4yas H30TpPOm-
HOro oneparopa, T. e. ¢ a'l (x) = k (x) §;;.

Teopewma. Ilycrs oneparop auddysnn HMeeT BHA:

A=K®A+ Y ﬁ,{x}%-w{x),
J=l

[Tpumem, uto kosdpuumentu K, p;, y npunagaexar C=; K u ero
NpOH3BOJAHEIE (nopsjaka <2) orpaHuyedsl; f; W ero neppasi NpoM3-
BOJHAs OTpaHHueHb! M y Tak:e orpanuyeno. Kpome toro, K orpauu-
YeHO cyryGo noJOKHTeNbHBIM YHCJIOM.

A sABJsieTCA TaKHM JIEHCTBHTENbHBIM YHCJIOM, YTO JJIfi KaJAOro
a >un, (A — ol) o6paTHMBEI H HEpaBeHCTBO

(A —al)|<(@—A)"

HMEeT CHJY, rjie HOpMa fBJseTCs KaHoHHYeckoit B L?. BriGepem
¥V > B M S TAKHM JIeHCTBHTENBHBIM YHCJOM, uTO —n/2 <5 < 0.

C}’[[LE{:TBYET nesoe uncao k > 0, Bospacramiomas nocJefoBaTeNb-
HOCTb (@)); < j < k NONOMKHTENLHBIX YHCEN M MOCJEJOBATEJBHOCTh
(B))y < | < k, Tax uro:

1) ansa gaxporo r >'n/2'+4 2s, B; — ABJISIETCS JMHHEHAHbIM (TiceB-
Jomnddeperuunanbubiv) oneparopom no H (R"),” Np HHHMAIONIHM CBOH
3HAaYeHHA B MPOCTPAHCTBE HenpephIBHLIX QyHKUMi; 2) aiaa kaxaoro' M
Takoro, uto —n/2 < M < 0, ana Kaxnoro x, 'R" H 148 KamIoro
Komnakra K cymecteyer Takasa KoHcTaHTa C > 0, uto AJsA Kaioro
pacnpezenenus O ¢ ero NOKpHITHEM, 3aKAIOYEHHEIM B K H OTHOCHMBIM
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K H (npur > 0wur >n/2 -+ 25), u 1as Kaxaoro AeHCTBHTENLHOrO
T > 1, umeem (npunumasn @ (x) = 120 [t (x — x,1):

1 m“_i—-r tA
T{:HDJ-t Y (E mt)(xu]m:

e ankas [ (K (r)]f (42 | £ ) D (8) dE +
-

k
+ Y TE B (@) (1) + Re (D) (x0),
j=l1
rae
| Re (@) () | < CTM| D .

3TO NPHBOAMT K cJaepylouiel opmy.e:

E e—ni2=2s a ST e A
iTl'TWJ eV (e AD,) () di =
0

= K (x| (4n2 |EP) D () d, |
RH‘
KOTOpas BechbMa HeoOXoAHMa [AJas onpejenenusa Kos(pduiHeHTOB
BRICIIHX NopsAnKOB.

Yenosusa nemMmbl 3, KOHeYHO, MOTYT GBITL [PHMEHeHbH K ypaBHe-
HHSIM C MOCTOAHHBIMH Kos(puuuentamn. Tak, Hanpumep, TOuHad

opmyna jaa K B Hauaje KOOPAMHAT BLIBOAMTCA Ha OCHOBAHHH
HayaasHoro ycaosus @, (x, 0) = exp (—nat|x[%):

=N
lim -rﬁ JiEteat (e"'D,) (0) dt =
0

= [K (O)F (4)* [ | £ exp (—= | &) dE =
= (K (O)) (4n2)* | wp exp (—ar?) rista=1 dr,
]

rae @, = 2a"7/I'(n/2) npejicrasasier coGoit cepuueckyio mMosepx-
HOoCTh B R", Torpa nocnejnee BhipakeHHe NpPHMET BHA!

(K (0))F (4ad)s % I (s-} n/2).
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INocnepoparensuoit 3amenoit r* = R u mR = y, HaXoJUM 3aBHCH-
MOCTE:

L]

lim+~* j eV (e ,) (0) di =

T*oo
0

e s 9255 L (—S) T (s n/2)

KOTOpas aHajgoruyHa opmyJe, noayuyeHHoi B pasjgene 8.2.

8.3.2. Anmsorponuniii oneparop auddysun

Paccmorpum oneparop:

A= 2 K (x) ?f;x_f =4 ?2 B (x) ':?'1"?(«1’}-
i

[Tpenifynie pesy bTaThl H TEOPEMbI HMEIOT CHJIY H B 3TOM Cjyuae
NPH CJAEAYIOMHX JAONYIIeHHAX.

IIpeanonoxkum, uro K¢ (x) sBasiorcst AeHCTBHTENBLHBLIMH, MpPH-
Hajnexar C 1 orpaniyeHbl TaK e, KaK HX [IPOH3BOJIHBIE JIO BTOPOrO
nopsijka, B; (x) npumagnexkatr C* H OrpaHuueHbl TaK »Ke, KaK X
MPOH3BOJIHLIE MEPBOro MOpPAAKa; § NpHHaMIeKHT C* U orpaHuueHa.

[Tpeanooxkerne CTPOroi 3AAMNTHIHOCTH MOATBepKAaeTcs a'l (x),
T. €. CYUIeCTBYIOT Takue JBe IOJIOXKHTEeJbHbIE KOHCTAHTEl Ay H M,
uTO A5 BCeX X € R" u ana Beex & = (§; ... E,) cnpaeemauso:

n " o n
o X & >a ()& > :5. &

-|=

Bonee Ttoro, ¢manueckue coobpaskenusn, nojobHbe B3aHMO3aBHCH-
MoctsiM OHnsarepa, nokaseiaioT, uto K sBASIIOTCS CHMMETPHYHBIMH
H, C/IE[0BaTeIbHO, MOT'YT ObITh JHATOHAJTHSHPOBAHHI

I. TIpeanooxum, uTo rjaBHEIe HANPaBAEHHA AHCHEPCHOHHO-AHD-
(pysHoHHOrO TeHaopa HensBecTHH. MOJKHO HenmocpejCTBEHHO HCMOJb-
30BaTh pesyabratel Mocuasl 1 CHIVIH npH JaHHBIX JONYLIEHHSX H
NONYYUTH TAKHE Ke JIeMMbl H Teopembl, KaK B H30TPOMHOM cJjyuae,
Hast yuera anH3oTpomuH Jo/KHA GhiTh BhIOpaHa HauyaidbHasd npoBe-
pounas ¢ynkuua @ :

D, (x) = (det a)'/? 72D (Tax),

Tle @ — npaBHJIbHAsA MaTpHUa (a;;) C TOCTOAHHBIMA KO3(HIIHEHTaMH.
3nece @, GyjaeT KOHUEHTPHPOBATHCHA B Hauage KOODJAHHAT MNyTeMm
H3MEHEHHS TOJLKO OJIHOTO nmapamerpa T.

[Ipeapinymas moc/eloBaTENLHOCTL JeMM OOHApPYKHBAGTCH, €CJH
HMEIT MEeCTO:
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npeoGpasopanne ®ypwe @, (x)

{d:t_:;:” fB( a:E )

H ofo3HaueHHe YJIeHA BHICIIHMX CcTeneHeH

ay (%, E) = (4n%)° [K () E, EI',

rjie

(K(0E, &= f’-; K7 (x) e,

u By, (0) momer GLITh pacCUHTAHO TaK JKe, KaK 3TO JieJ1a/ioch pauee,
T.. €.

—n /2

By, (0) = [ (4 LK (08, 8 i B (553 ) e =

— (4a) (det @)!/2 /242 (K (0) am, an* @ (n) d,

(rze [K (0) an, an] = Kl a;, kn"a;m' ¢ yuerom npasuna diinmreiina.
Ilns onpepenenns xoadpuunentor n (n + 1) 2KY MomKHO BHI-
YHCJAHTB HHTErpan aas n (n -+ 1)/2 marpuun a. He cymecTByer Tou-
Hoit (hopMyJiHpoBKH KosppuunenTo. Meroa jaaeT sHaueHue Ko3(pdu-
IIHEHTOB JIHCIIEPCHH H [VIaBHbIE HaNpaBJeHHs TeH3opa JAHCNepCHH.
2. ['naBHBIe HampapieHHsi TEH30pa JHCNIEPCHH H3BeCTHHI (Hanpu-
Mep, ¢ (HaHUeCKHM CO0OpaKeHHEeM).
IMpeasiiyiiie pe3yasTarTsl MOIYT ObITh NPHMEHEHB! JIJIf HauaJbHbIX
YCJOBHH:
[ n 12
Q. (x) = (J__[ af-] 724D (Tax),
vi=1
rie a = (a;) ¥ fABASETCA NPABHILHONH MaTpHilel, AHAroHaJH3Hpo-
BaHHOH B coGcTBeHHOfl cHereme TeH3opa jucrnepcHd. Dopmydsl sB-
JIAIOTCSA TeMH JKe, uTO H JJisA ofuiero ciayuyas, HO pacueT ynpoutaercs,
ecan D, KOHIEHTPHPYETCs ¢ T B IIABHOM HanpasJeHHH, COOTBETCTBY-
jouteM paccuuThiBaeMbiM Kos(duunentam.” MaTpuupl a GyAyT HMeTb
JIOMHHAHTHYIO KOMMOHEHTY B 3TOM HalpaBJeHHH.

8.4. MATEMATHYECKASA MOJAEJb H ONBIT

8.4.1. CooTBeTCTBHE MEKAY MOAEAbI0 H ONbITOM

KosdduuHeHTs THCTIEPCHH ONPeLesioTes H3 IKCIep HMEHTOB C Ma-
TeMaTHUeCKOi MOJeNpio, a TeOpHs YyCTaHABJAHBaeTCsl MPH YCJAOBHAX
mojiesinpoBanns. OcHOBHOE JONYIEHHe NpH 3TOM COCTOUT B TOM, HTO
9KCNepUMEHTANbHEE Pe3yJbTaThl MPeACTaBiAloT co00i pesyJbTaThl |
MOjie/IHpOBaHuA. :
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IlpepnosoxumM, 4to . HauaspHoe yciaopHe (D, 3afaercs IKCnepH-
MEHTaNbHO ¢ GOJbIIOH TOUHOCTBIO. OHO COOTBETCTBYET SKCmepHMeH-
Ta/lbHOMY pacrnpeje/ieHuio KOHUeHTpauuu ¢, (x, f) u obbuno &, (x, f)
He ABJACTCS pellleHHeM YPaBHEHHA AH(DDY3HH, T. . Mbl HE NOJyuaeM

dé; =
_df_ == AC‘..

3ajaua cocTonT B onenke Kos(pHuHenTOB Jicnepenn K KaKk GyHK-
LLHH SKCINEPHMEHTAILHLIX KOHUEHTpAaUHH €., KOTOpLIe He YJ/IOBJEeTBO-
PAIOT YPaBHEHHIO JHCHEPCHH. JTa OLEHKA SIBJASETCS OTUACTH TPOM3-
BOJLHOH, HO TaK KaK OHa mpejcrasjder coboil Bcero JHIIEL Crocob

onpenenenns K., Mb JOJKHBE 3a1aBath onpejeNeHHLie yC/JAOBHS
C 11e/bI0 OrpaHHYeHHs [IPOH3BOJILHOIO XapaKTepa OUEHKH HACTOJLKO,
HaCKOJbKO 35TO BO3MOXHO. [lofofuan oueHKa NPHBOAHT K TOMY,

yTo K mnpejacraBiasier coGoi npuGausurenbuoe 3uauenne K npH Bbl-
NOJIHEHHH CJIENYIOULHX YCAOBHIIL: :

1) byskunn ¢, (x, {) npeacrasasior coboii TouHbe peuleHus, T. &
At, = de/dt, rne

Az;ﬁ”ﬁ—}—(gﬁ; E:‘i" 'i"ﬂ')f K = KY,

Sameuanus [lpouerypa OueHKH HeH3GEKHO BKJIOUAET Yce-
yeHHe, H 3TO PaBEHCTBO BEINOJIHAGTCA, HO C [IOTPEIIHOCTAMH Yyceye-
HHS;

2) K noarBepxjaer cBOHCTBO cTaGHABLHOCTH. IIpumem HexkoTOpYIO
HAaYaJbHYIO (YHKIHIO H MHOXKECTBO ¢ TEOPeTHYECKHX pelIeHHil,

coorBeTcTByOWHX K, a ¢ — TouHoe pemenue. Ecin maremaTHuecKas
MOZeJib ABMSAETCA COBMECTHMOH, TO HEBA3KA MEXKIY € H ¢, OnpejeseH-
Hafl B COOTBETCTBYIOLLEH HOpME, NOJIZKHA ObiTh CPaBHHMA C IKCMEpPH-
MEHTAJIbHBIMH MOTPeIlHOCTAMH.

Ouenka K'Y/ nocpeicTBoM TeOpHH TOUEUHOTO pasGaBjeHHsA MPO-
BepsieTcsi yciaoswem l. B janbueiiiueM mnpoanaaMsHpyem MeToibl
BEIYHC/ICHHS TOTPeIIHOCTH OnpeeieHHs Ko3(HIHEHTa AHCIEPCHH.
OTH 5JeMeHTH NPHMEHHMBl K (OPMYJaM, NOJYYaeMbIM Ha OCHOBE
TEOPHH TOYEYHOro pasbapjeHHsi, HO, KOHEYHO, TAKOH aHAJJH3 MOKET
GuITh NMPHMEHEH K JI0GbIM MeTofiaM onpejeierus K Ha OCHOBe JPYrHX
TEOpHil. 3areM H3yuaercsi ycJoBne 2,

8.4.2. JnemenThi pacueTa MOrPelIHOCTEH ONpefeSeHHs
Ko3(hpHUHEHTOB AHCHIEPCHH

[orpemnocts onpenenennst K o6ycaosaena norpemHocTsiMi H3Me-
PEHHH, MOTPElIHOCTAMH YCeueHHs BPEMEHHOTO HHTerpajia M Morpei-
HOCTAIMH yCeueHMs M0 T NpH BLIYHCJAEHHH npejaedos. JlokasaTeabcTBa
AQIOTCH ]I/ H30TPOMHOrO OfepaTopa ¢ MOCTOAHHBIMH Kos(hdHuHeH-
TaMH npu HavajabHOM ycaosBHn Mt = exp (—ntx?), HO MOryT GbHITh
0600LIEeHB HA JIpyrHe OmepaTophl.
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Ecau:

s '(—s)T (54 n/2)

25
? (S] = 2 T T ("Il,rz} ]

To K sapaerca copmynoii (8.2.4):

K =]y [ limt | "¢, (0, t) dt.
T 0

Kak npoBojiuTCsi SKCnepHMEHT? BriGHpaeTcsi 3HaueHwe T H pe-
rucTpupyerca Kouuentpauua ¢ (0, ) (anGo HenpepbiBHLIM, JIHOO
JHCKPEeTHEIM MeToflamMH) B TeueHHe nepuoja Bpemenu (0, f;). Koneu-
HOE YHCJIO TAKHX SKCNEepHMEHTOB MPOBOJMTCH IS BO3PACTAIONIero T,
06A3aTeIbHO OrPaHHYEHHOTO HEKOTOPLIM Tp.

SdbdexTHBHBIH Koahduuuent aHcnepcHd K yAOBJIeTBOPseT ypas-
HEHHIO:

ty

R =1y |0, ndt.

0

ITorpemHocts no K Bo3HHKaeT H3: 1) mOrpeuiHoCTeH H3MepeHHH
¢ (0, ?) wau §,; 2) norpewiHOCTH anmMpoKCHMAalUHH NO T, T. €. rnorpei-
HOCTH, MOJy4yaeMoil myTeMm 3aMeHbl OeckoHeuyHoro f-npejiena 3Haue-
HHEeM

o

v w* [ 20, fdt.

0

(9ra norpewHocTs HasbiBaeTcs T-olHOKOi U oGosnauaerca O.); 3) no-
IPEIIHOCTh YyceueHHsl Ha KoHeuHoil rpanune f,. (Ona HasbiBaercs
{-omn6GKoit); 4) MOrpelIHOCTH YHCJICHHOTO HHTErpHpPOBAHMS, KOTOpHIE
3jlecb He paccMaTpHBalOTCH. :

3amerum, uto ¢ (x, {) Gbictpo ymenbinaercs jo 0, korjga ¢ crpe-
MHTCSE K GecKOHeuHOCTH. f, He Gyler cJHHUIKOM OOJLLIMM, TaK Kak
o HCcTeyeHHH HeGOJIBIIOTO MepHojla BPEMeHH ¢ MeHblue, YeM omHbKa
usmepernit. OTciofa paccYHThIBAaeTCs ONTHMajbHOE 3HaueHHe f.

[TorpewHocTH H3MepeHMil He 3aBHCAT OT MOJEJH. T-OWHOKH H
f-omH6KH aHaAH3UPYIOTCH ¥ MHHHMYMH3HDPYIOTCA.

[Tycrs 8 — norpemsocts B K*, Toriaa:

() 8 =8, 6, 4.

Hayunm 6, n §,, npeneGperas O, H HCNOJNL3YS aHAJHTHYECKOE pelle-
HHe:

ot [ e —tima [ 070, Dt
0 Litd... 0
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[Tpunumas ©f = 0 u 1,fy = 0,, nonyunm BHpameHHe:

o

v(s) b= j 05" (1 4 4nK0) " exp (-—- f—i) X
0

= -]

b0 ] d0 — [ 0771 - 4xK0) ™" do
0

25 EXP [ T(AK -+ 167K20)

B

—s—1 .1 4 —nf2 p20 p0
J 07" (1 4 4nKB)™" [E"P{_qfﬁn + AR 15.-:.&:251]_ ]]+
{0

oo

+ 0+ [ 07" (1 4xK0) " exp (— ﬂi ) +

By

a0

f2a ] —n/2
% eXp [1.,{4f~:+mnx=e1 } do — [ 077" (1 + 4xK0) ™" do

=

L]

By
< je—‘—‘(l + 4nK0) ™ x

0

< [exe (_‘71%) “p{ T {4K~E—i?6nf€’ﬂ} }_ 11d5|+

ok 4Kty

Ta“a“(l + 47K0) ™" exp (— 4 ) X
8o

3

j 0~ (1 - 4nK0)~™* db
(M

p0

Al [ o (4K - 167K%0) +

'Jd{}

KOTOpOe 3amiiieM B BHJE:
V()8 < Ry + Ry + Ry,

rie R, v Ry oueHkH ans [-omuGoK.
Henoaw3ya opmyay

le%® — 1| <|b—ale® < (@+ b)e’,
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SamMHLIeM:

6
e —r L & 2
Ry < [077 (1 4 dmKO)™"” (4%‘{: + TRy ) X
0

0
X exp ( lEd‘l‘.K"T )dﬂgm[s);‘(' f‘K: e

b e o (i)

R, < T[MK}‘""”H"' I=n/2 exp (-— %) exp (TE:%H) do <

B
p—s n/2
nf2 1]
< (4nK) "exp ( lﬁnK‘tn) s-tn/2?

T —s—1— —ny2 b
R < [ (4nK)=™"07*=""d0 < (4nK) """ e«
B,

H okonuarensHO:

7(5)8 < 7(s) K° (4,!(1“ ' lﬁ:r:lizbr., ) SxP (Tﬁtﬁ%}o—) t

—S5—n /2

+ (4nK)™? E;'Jr—nﬂ [1 -+ exp (.mf—’%u)} :

[Mposepum Tenepb BJAHsAHHE NorpemHocTel uamepenuit Ha ¢ (0, f),
§,, KOTOpbLIe He 3aBHCAT OT MaTeMaTHUYECKHX MPOLELYp H SBJAAIOTCHA
MOCTOAHHBIMH:

te g

B
v()b<1p” j (85 df = =8,
0

INorpeusocts 6, o6ycaosnentan uamepenwnenm ¢ (0, f), Bospacraer
c yBeanuenneM 6y O6LUHO T, 3ala0T YCJAOBHAMH SKCNEPHMEHTa,
a I, usmensoT. ONTHMaAbHYIO MOTPEUIHOCTL MOJYYaem, Koraa sHa-
yeHHe:

el By
5+ nf2 :_

SBJSETCA MHHHMAaJbHBIM, a Ty JIOCTATOUHO GOJbLIHM, YTOOH Muxmn'
Gui10 npeHeGpeus BedanunHoi f* (16/%nTy). ITOT MHHHMYM MOAYY
H3 ypaBHEHHs:

R’ Gop) = 1) K* Lo — 2 (4K) 20,72~ - 0.~ (8) =0
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KOTOpOE MOMHO peminThb rpadryeckH, npuuumas T = 0;°"' u pac-
CUMTLIBAA TOUKY nepeceyeHHs Ty KPHBHIX:

et a2
Y =3 K 4=+ T,

Y =2(4aK)"T 5,
Bupl s ?-ll:'—lﬂ.s—[—”'

R <y K 8 Dot g gy Jmi T Yot
7( S P Y s e

3ameuanue. [lTonarasn, 4TO NOrpemIHOCTL H3MEPEHHS paBHa
HYJI0, MOXKHO MOJYYHTH H3 NPEIbJIYIIHX PACUETOB HEKOTOpbIE 3Jie-
MEeHTHl cXoAHMOocTH no t. Torja norpemHocTs B K* 11 Z0CTATOUHO
GoNbIIHX T, pPaBHA:
—3—nf2

s—1 B2 0 —np2 9
V()8 <y () K 242 (4nK) ™ 2

[Monoxkum:
—nfd—z a

B, " = # -
Toraa

By = .‘:11:”{5'{'""2'!'*‘,

y(s)8 <

(54 W s41-4n/2) o 12 c-‘i‘—n,-".!
— (s-Fn/2Y (s 1-Fn 2 s—1 p* —n/
< Tg ["F{S]K 4= ¢ -} 2 (4nK) i—_l-ﬂf-l.f'_] ;

JlBa ujena B CcKOGKaxX H3MeHsIOTCH B3AHMHO IPOTHBONOJIOXKHO
H HX cymma GyneT MHHUMaJMbHOH, KOIJla OHH paBHBl MexIy coboit,
3TO Jiaer ¢y
1
|' 2(4:1}{}—-1'1,.’! 4K 1 ] s4nf24-1
i 4
: s+ nf2 Y (s)

e ————

1

a2 : 7z
; S-T-HI-:!H \ s—1 B [o (dmi)"2 4K+ g :
YO TP ST X ep

p(s)d < Tu_

—5—1/2
2 (4nK)~"* {9{4::!(}—“” 4K H _3+ﬂ.-'2+l“
TS stz = TMﬁ‘} j

M3 3Toro BLIpa)eHHs NOABAAETCH BO3MOMXKHOCTE BLIYHCIHTE T
TaKoe, UTO JUIA BeexX T < 7, (8/K*) < & jas 3alaHHOr0 NOJOXKHTE/Nb-

HOTr'o E.
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an,uumbc'rb Mo T ABJAAETCA OUeHb MeJJIeHHOMH: npHHHMas n = 1,
K=1, p=10"% s= —0,1, moxuHo HaiiTh, uto npu & = 107*
T, = 10, a npu & = 107% 1, = 20 000.

8.4.3. YcTOHYHBOCTD TEOPHH ToueuHoro pasbasieHus

Paccemorpum kosdiputinent aucnepcHn K, noay4yeHHbll sKcnepH-

MEHTAJBLHO HA OCHOBE TEOPHHM TOYeuyHoro pasGasieHus. K BBOAHTCH
B YpaBHEHHe JHCNEepCHH, KOTOpoe 3aTeM pellaercs npH JioGblX Ha-
yanibHBIX ycaoBuax. Ilpumem € (0, f) 3a BhuHMC/IEHHOE pelleHue,
ac (0, f) 3a TouHoe pelleHHe, T. €. 3a pellieHHe YPaBHEHHSA JHCMepPCHH
nas BrnoaHe Touynoro K. KoHeuHo, 5TO OuUeHb CHJALHOE JONYLIEHHE,
T. €. NPH OTCYTCTBHH MOJEBOH 3SKCNEpPHMEHTAJbHOH IOrpeuIHOCTH
pellieHHe CTPOro YjOBJeTBOpPsSieT ypaBHEHHIO JAHCMEPCHH.

OTmeyanoch, 4TO TEOPHSI TOUEUHOro pasbaBiieHHA ABJAETCS yCTOMH-
unBoit, ecnu HeBsska mexny ¢ (0, ) u € (0, f) consmepnma ¢ norpeiu-
HOCTBIO 3KcmepumeHTa. HauGosnee npuememMoii HOPMOH fBJISETCHA
HOpMA paBHOMEpHOH CXOJHMOCTH:

||c[|=51;p|s(x1 1) |.

[Mpumenss npeobpasosanne Pypwe & (§, {) oT ¢ mo x, NOJAYUHM

letx, Dl < [12G HdE,
||¢i|*€51:Pj|f?(E, t)| k. (8.4.1)

3ajaua onpejensercda CHCTEMOI:

n
dc dc
K““;ﬁa*ﬁr
=]

c {JC, U] == 'cl.'l (x]:

rje ¢, (x) npuHagaekut & (R").
Penienne B n3oGpaxeHHaX Pypne 3anuCHBaeTCA:

¢ (€, 1) = &o(E) exp [— (4n*KE* + 2infE) 7).

[Tonoxum Er, ¢ = ¢ — ¢ u onpenenum ee u3 (8.4.1):

| Ercf < sup JfErE(E, t) | dE.
i

-

[Mpunumas 8 3a norpemwnocts B K, AaHHYyl0 B pasjene 8.4.2, umeem: |
| Eré| = 4n*8% | 0[] & (8) | exp [— (4n°KE? - 2infE) 1], :
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HAH
| Ere| < sup _[ 4% | 6 || é0(E) | exp [— (4n2KE® - 2infE) 1] dE <
i

< 4n*| 8 |sup A,
t

rape

A= [ 8] (8)| exp [— (4n2KE - 2inpE) ] dE.
YCTOHUHBOCTL 3aBHCHT OT mMoBefeHHsT A BO BpeMeHH:

A< [8t]6(8)] exp [—4nKE) dE.

CunenosarensHO, coryacHo HepasencTsy LlBapua

A< 4| [8%)6 @® P dt|” [ | £ exp (—82’KEY) dE]
[lpunumas § = n/t'*, noayuum:

jtzﬁq_m exp (—8a°K&%%) dt = ¢~ "2 Iexp (—8a*Kn?) n***dn.

10T HHTErpa; fABJAAETCH KOHeUHBIM, ecaH o = n/2. Ias a = n/2
nojaydaem:

| Ere| <<4a®| 8] coflue-

3T0 03HAuaeT, YTO YCTOHYHBOCTL HMeeT MecTo, H MOTpelHocTh Mo
MOJIe/ILHOMY pellleHnio JJIs 3KcnepumeHrassHoro K npeacrapasier
cofoli MorpelHocTs TOro e nopajka no K, ecan HauanbHas QyHk-
uua C, M ee NpoM3BOAHLIE NoOpsika n/2 spaswTca GYHKUHAMH, HH-
TerpupyemeiMu B KBajaparte (C, npuHapiexur apoctrpanctsy CoGo-
nesa f"7?),



FJTIABA 9
YUCNEHHBIA AHAJIM3 3AJIAY 3ATPASHEHWS
MOA3EMHbBIX BOJ

B sToit raape H3JarailTcs OCHOBHLIE CBEAEHHSA N0 annpoKCcHMalHH,
METOJIbl H TeopeMbl, HeOOXOAMMbLIE CTYJIEHTaM JiJIA CaMOCTOATEILHOro
YHCJAEHHOrO pelieHHsa 3ajay sarpAsHeHHs NOoJA3eMHbIX BOJ.

Oco6oe 3HaueHHe NpHJlaerTcs OuYeHb TECHOH B3aHMOCBS3H MY
(pH3NUECKOll CYIHOCTBIO SIBJEHHS M YHCJACHHBIM aHAJH30M 3aiauu:
NpOIEeCC AHCKPETH3ALHH JOJIKEH COXPaHATh (H3IHUECKHE 3aKOHI
n (pU3HIECKHe MpEJICTAB/JCHHS KaKk OCHOBY Jo6OTO yaydllueHHs 4uc-
JIeHHOro aHaJiu3a 3ajaun. Pacemorpum npumep.

Mgl BHIEMH, UTO KOHBEKTHBHAS YacTh YPaBHEHHS JHCIEPCHH 3a-
nucwBaerca B BHae — div (uc), uc — noTok BeuecTsa, onpene-
jomufics CKOpoCTLI0 nojzeMHbiX Boj. Ilpouecc AMCKpeTH3alUHH CO-
CTOHT B pa3BHBKe MOJeMHpyeMoli ofnacth Ha GaokH ¢ uentpamu (/)
M 3aMHCH H3MEHeHHH NoToKa Mexmay AByMsa GJOKaMH B BH/e:

(ue)(I) — (ue)(I) 14,

rae [J — paccroanue mexay uentpamu [ u J (puc. 9.0.1).

Sta AUCKpeTH3allHsi MPHHHMAeT BO BHHMaHue (Qu3nueckoe sHavye-
HHE uC KAK NepeHoca Macchl 3arpA3HHTeNs uepes eJHHHILY MJIOmIanH
B €HHHILY BPEeMEHH.

Tenepb npejcrasum ceGe MareMaTHKa, KOTOPLIH COBEepUIEHHO He
npefcTaBaser (PH3HYECKOro CMBICIA MOJe]H, HO, HEeCMOTPsi Ha 37O,
HamepeH peunts 3agauy. Jlas Hero div (uc) MOXKeT ObiTh 3amHcaHa
kak wgrad ¢ + cdivu W oH BHMOMHHT AHCKpernsauwio div (uc),
HanpHMep, CJAeyIolHM 00pasom:

u(Dle (J) —ec DV +c(Nlu () —u )V,

4To HEe HMeeT (DH3HHEeCKOro CMBICAd; XOTA ¢ MaTeMaTHYeCKoil TOUKH
spenua 06a MpEJCTABJEHHA SKBHBAJIEHTHbI, YHC/IEHHO H (HIHYECKH
pasAHYaloTCs M JOJAKHBI MPHBECTH K PA3JIHYHBIM pe3yJsTaTaM.
Bmecte ¢ Tem, Korja (pHauueckas CYUIHOCTL SAIBJEHHA MPHHATA
BO BHHMAHHe, Bech MaTeMaTHYeCKHii anmnapar mnomoraer (HSHKY
pemuTh 3agauy. Msl” paccmaTpuBaeM o6a acneKkTa MOJEAHPOBAHHA
B JBYX pasfiesax: B 9.4 majaraercsl TEOpHs annpoKCHMAUHH ypaBHe-
nus auddysnu-aHcnepcun (NpHMEHHMas Kak TakoBas, KOHEUHO,
K OCHOBHOMY ypaBHeHHI0 (UILTPallWH), OCHOBAHHAsi Ha MaTeMaTH-
YecKHX CooOpaKeHHAX; B HEM MOKa3aHO, KaK MOXeT ObiThb HCIOJb-
30BaH MaTeMaTHueckWil anmapar; B 9.5 paccMaTpHBaeTcsi OCHOBHOE
ypapHeHie (uAbTpauWH Ha Gase TeopHH GanaHca NOTOKOB H NOKa-
3aHO, KaK (H3HUecKHe coo6paXKeHHs ONPenensioT TeXHHKY HAHCKPeTH=
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e

sauHd. B paspenax 9.1 u 9.2 ot il
cofpaH MOJIe3HEIH MaTemaTHue-
CKHi annapar (MTepauHOHHbIE
METO/bl H TEeOopeMHl).

e N i
]

Mbl HajeeMcsi, 4TO MaTeMaTH- e
KH He OyayT OOMIKEHHI, €c/lH CKa- : s o B T S ¢
#eMm, uto (u3HK, oOJjajaollHi ok
Xopouel IKCHepUMEHTAJILHOH H 2 Z

L=

(hu3HuecKkofl HHTYHIHEH H HMEIO-  pye 9,01

IHA JIHIIb OCHOBbI MaTeMaruie-

CKHMX 3HaHuil, Gyjaer Gojee XOpPOUIHM CHEIlHATUCTOM MO MaTeMarhye-
CKOMY MOJIe/IHPOBAHHIO, YeM XOpOUIHii maremMaTHk Ge3 3HAHHH (u-
sukH. Jlyuwe, KoHeuHO, KOrjia Xopouwil (pH3HK o6Jajaer XopouleH
MATeMaTHYeCKOH MOATOTOBKOH.

9.1. HMTEPALUMOHHBIE TPOLECCHI.
OCHOBHBIE NPHHUHNBI H TEOPEMBI

Stor pasjpen nojpasjienserca Ha Ape uacth: or 9.1.1 no 9.1.3
H3J1araloTcA OCHOBHBEIE NPHHILHNB HTEPalMOHHLIX MpPONEccoB, OCHO-
BAHHbLIE HA NMPOCTHIX reomerpuueckux npuMepax. Hauumas c 9.1.4
paccMaTpMBAIOTCSl MTEPalHOHHBIE MPOLeCCHl JJIsi CHCTEeM JIHHEHHBIX
ypaBHeHHii H NMPHBOJSATCA OCHOBHbLIE H TOJIESHbIE TEOPEMEI, HCMOJb-
3yemMHle B MaTeMaTHYeCKHX MOJIe/fiX 3arpssHeHHs IOJ3EMHBIX BOJ.

9.1.1. OcHoBHON TMPHHIHI

Paccmorpum nipsamyio aunnio L u kpusyio C, XxoTopas nepecexaer
L B Touke H B niockoctu xOy, npeacrasiennofi na puc. 9.1.1. Koop-
nunatamu H sBnsiores (x,, y;). Ha xpusoit C 3anaerca Touka H, (x,,
yg). 3ajaua COCTOMT B TOM, 4TOGHI, sHas ypasHenus C u L, nepeiiTy
or H, x H.'Ha puc.'9.1.1 nokasan npocToii HTepalHOHHBIH npouecc,
no3poJsOK nepeiiti ot My kK H ¢ noMonisio Moc/e0BaTeLHOCTH
NPOCTHIX TOPH3OHTANBHEIX M BePTHKAJIbHHIX NepeMeleHHi.

DTH nepemelleHus OTHICKHBAIOTCA, HCXO/s H3 CJCAYIOULHX coobpa-
wennii: ecnn Hy (xp, Yo) H3BECTHA, TO JIETKO ONPEJENHTh aGCUHCCY Xy
toukn H,, Koropaa sBaserca aGcuuccofi Touku K" Ha aAMHHH L.
Ypapueuus C u L npeacrasasioTcs COOTBETCTEEHHO B BHJE!

y=f(x) ny=ax+b.
AGcunccoit x; Toukn K, ® opnuHato# y; ToukH f, COOTBETCTBEHHO
HBJAKOTCH:

g — b
= na » th=[(x)).

3atem Nnpoilecc NoBTOPHETCH.
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Puc. 9.1.1. IlpuHumn mrepaunonHoro npolecca

Pue. 9.1.2. YcopepmencreoBauubiii Hepamionnsii nponece

31ech cjenyer OTMETHTb, YTO €CJH Mbl HAMEPEHbI PelIHTh ypas-
HenHe F (x) = 0 * ¢ nomoupio HTEPAUHOHHOrO mpolecca, To Heob-
XOJHMO MOCTPOHTHL KPHBYIO (HaH mosepxHocTs) C u npamyo L Tak,
uTo6bl TOuka nepecedenus H npsmoit L n xpusofi C Gbuia Gbl peue-
HueMm F (x) = 0 (r. e. KoopauHaThl X; TOUKH H JOJKHBI YIOBJAETBO-
paTe ypaBHenuio F (x;) = 0).

Ha maTtemarnueckoM si3biKe — 3TO 3ajjaua IOCTPOEHHS MOJE3HBIX
aJIeKBATHBIX KpPHBBIX. KOHEUHO, HACKONBKO 3TO BO3MOXKHO, CJelyer
CTPEMHTBCST YNPOCTHTL noctpoenHe. OGLIUHO MOXKeT GbiTh BhIGpaHa
npsimas y = x. Hrepaumonnwii npouecc Torga G6yaeT HMeThb
Bu (puc. 9.1.2):

Yo = [ (xo),
X1 = Yo»
th = [ (x),
Xg=[(x, ;).
UTO MOXHO TaK¥e 3anHcarte B BHJE:
xy = [ (%),
Xy = [ (x1), (9.1.1)
Xn = [ (%5.1).

OTOT npouecc MOXKeT CXOAHTBCA K X; MpH n — oo, Jlanee, ecau [ —
HenpepbiBHAs (YHKILHA, HMEEM PaBEHCTBO:

X = f (%),
KOTOpO€ MOKa3klBaeT, YTo X; ecTh pelueHHe ypaBHeHH:u x = [ (x),
onpejensiomiee nepeceyenve C u L.

* Koneuno, x npejcrapiser KOOPAHHATH BEKTOPA (¥;, Xa, ..., Xp) B fi-MEPHOM
npoctpancTee, B nawem npoctom npumepe (cMm. pHC. E,I.Il] Mul HMeeM X = (x7, ).
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Puc. 9.1.3. CxoauMoctb M PacXoAHMOCTh HTEPALHOHHOIO lpolecca
a — NpOIECC CXOANTCA; 6 — NpOIUeCC pPACXOMITCH

9.1.2. CxopumocTsb

CxoaumocTe He Beerjia cymecrsyer. Ha pue. 9.1.3 nokasausn jia
BO3MOJKHEIX CJiyuasi, KOTOPHIE NMOMOraioT MOHAThL, MPH KAKHX YCJO-
BHAX MOXHO OMKHJATh CXOJHMOCTh.

ITepennimem (9.1.1) caenyonium oGpasoM: -

x1 = [ (o),

X3 — % = [ (%) — [ (%),

Xy — Xa = [ (x2) — [ (%),

Xnyp — Xp = ”xn:' .71 f[xn_l}- (9. 1.2}
Kpome Toro, x,,; YAOBJETBOPSAET CACAYIOUEMY YPaBHEHHIO:

Xns1 = (Xns1 — Xn) + (Xn — X))+ <= - + (2 — x7) +

-+ (x; — x0) -+ xq. (9.1.3)

Ecan [ pocratouHo peryasipHa B OKPECTHOCTH TOUKH IlepecedeHHsi
H (x.), To (coraacHo KJaccHUecKoii Teopeme) HMeeM:

Xg— X1 = [ (x1) — [ (%) = (1 — %) ' (81) == (x; — %) [ (%),
Xg— Xa = [ (%) — [ (x)) = (o — 21) '8 == (o — 23) [’ (x;) =

=2 (X — Xo) 2 (%), (9.1.4)
Xnin — Xn = [ (Xn) — [ (Xn_1) = (Xn — Xn_y) ' (B,) =

== (Xp — Xa) [ (x1) == (5 — x0) '™ (%),

rje 0, — jgeHcTBHTeNLHOE UHCJIO B HHTepBajde (X; 5, x,). O6benunss
ypaBHenusa (9.1.3) u (9.1.4), nmoayumum:

Xnin = Yo+ [f (Xo) — Xol [1 4+ F (x2) +-F (x) + - - +F" (x)]-

CXOAHMOCTE X,y M X, NMPH A — o0 3aBHCHT OT CXOJHMOCTH reo-
merpuueckoro psga [f" (x.)], a Mbl sHaeM, uto Takoil paj cXoaHTCH
npu | [ (x)] <1 u pacxogutes npu | (x)| = 1.
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Hrak, cxofHMOCTE HMTepallHOHHOTO Mpollecca 3KBHBAJEHTHA CXO-
JAHMOCTH TeOMeTpHYECKOoro psjla. KpurepHu cXofiHMOCTH OIHH H Te XKe.
B npuBejieHHOM MpHMEpe CXOJHMOCTh MOMeT GLITh ofecrneueHa, ecJH
sHaveHus [’ (x;) nmo aGcomorHoii BeiuuHHe GYAYT MEHbIIE eIHHHILEI.

3ameuanne. [lo3inee Gyner nokasaHo, uTo B HalleM cJyvae
3TH BeJHYHHLI NPeJCTaBJAIT co00ll COOCTBEHHLIE 3HAYEHHH HEKOTO-
PLIX MaTpHLl, Ha3bIBAEMBIX «HTEPAIlHOHHBEIMH MATpPHUAMHS.

CKOpoCTb CXOAHMOCTH MOMKeT ObiTh mnoBuileHa. HrepanHoHHBIe
METOJibl, pacCcMaTpHBaeMble B HACTOAIIEH KHHTe, NPeAcTaBaAoT coboi
HE UTO HHOE, KaK pasjiHyHble yJAyulleHHs OCHOBHOIO MEeToja B OTHO-
IEHHH CKOPOCTH CXOJHMOCTH.

% Hanpumep, npHBeIeHHbII HTEPALHOHHbII METOX MOMET OLITh
yayumed. EciaH annpokcumanus

f{xa:...t) = .'F (xs) =2 (Xne1 — Xn) IP (x..)
CYHTAeTCs JOCTATOYHO XOpOLIeH, MOXKHO HANHCaTh:
XL =Xn -+ (Xnsa — Xn) + (Xnee — Xnia) + ++- +
+ (Xnsmer — Xnam) + ++ +,
Xp =Xy - (Xnt — Xn) [1 4 F () + [ (%) +
oo P ) oo o] =t (an — X (1] — F ()

X[ — YJAyqmeHHoe npuGaMMKEHHEe X, N0 CPABHEHMIO C X,+1, H Mpo-
Hecc MoBTOpfAETCA OT X1, a He OT Xp4i.

9.1.3. TNocTpoenne HTEPALHOHHOrO Mpouecca

JlauHnas sajiaua sakJiodyaercsi B pPelleHHH ypaBHEHH::
f(x) =0. (9.1.5)
[Ipeanonaraercsi, 4TO peleHHe SABJASETCH EJHHCTBEHHBIM s a <
< x < b. YUro6ul BOCNOAB30BATHCA HTEPALLHOHHBIM MET10/0M, Heol-
XOJIHMO MOJYYHTL KpHBYI0 C H npsaMyio JHHHIO L, nepeceyenne KoTo-

puix jasago Gu pewenue [9.5].
Ypasuenne [9.1.5] skBuBanenTHO

flx)x =2 (9.1.6)

IloacranoBkoit | (x) 4 x = g (x) 3ajaya CBOAHTCH K pellIeHHI0 IKBH-
BaJIEHTHOrO YpaBHEHHA:

g (x) = x,

T. €. K OTHICKaHHIO TOYKH nepeceyenuss Kpusoi C u npsamoii auuuu L,
COOTBETCTBEHHO BbLIPaXKAIOWUMHCS CJeAYIOMHMHE  VPaBHeHHAMH:

y=g(x) ny=ux
Ilpouece GyleT CXONMTBLCHA, ECJH:

—1 <g'(x) <1 (npu a < x < b)
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HJIH
—2 < (x) <O.

KoneuHo, umeloTest  Apyrue cnocoGul NOCTPOEHHS HTEpallHOHHBIX

Nnpoueccos, KOTOPhIe Mbl GyAeM HCCAel0BaTh, NPHUMEHHTEJBHO K CH-
CTeMaM JIHHEeHHBIX ypaBHEHHIl.

9.1.4. IlpumenenHe K cHCTeMaM JHHEHHBIX YPaBHEHHH

3ajaua 3aKJI049aeTcs B PElIeHHH CHCTeMBb:
AX = B,

rae X — marpuua-croabenl HeH3BecTHbIX, A — KBajparHas MaTpuua
cucreMbl H B — marpuma-croaGeu.

X by
Xs A = (ay) I
7 S R A et R | =
. Y i T
e S b

[Nonoxum, utro A™! cyuiecTByer, T. €. CHCTEMa HMEET OJHO H TOJBLKO
OJIHO pelleHHe B BHJE

X=A7B.

Bynem uckarb sTo pemwenne nytem urepaunn. Henomesys (9.1.6),
NOJ YU HM:

AKX =B X,

X=(—A)X-+B.
I — E@IHHHYHAan KBaJjpaTHaa MaTpHila:
i gt 11 et s RIS | S
e e e R

SN0 I

Peuienne npejxcrapnser coGoi nepeceuenne KpHBLIX;
Y=(1—A)X-+4B, (0

=X (L)
Torpa moXHO opranuszoBaTh CHEAYIOWHE HTEpalHOHHBIN npoiuecc:
Xu:‘“ _A] XH-I—I_B‘- (le?}
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Ecain nponecc (9.1.7) cxonutes, oH GyjieT CXOAHTbCA K nepeceyenuio C
H L NpH OYEBHAHOM YCJIOBHH HENpPepLIBHOCTH YPaBHEHHS.

C nomoumipio nMpocToro npHMepa NPOHIOCTPHPYEM ITO MOCTPO-
eHue. PaccMOTpHM cHeTeMy:

{—x— 1,by =2 X B
_l,5x—y=[l} e .
rie
—1 —1,5 2 b
St —IL B:hy K=Ly

Zis [20IE]+E1= ]+ ()

HAH

npH
2 1,57
1,5 2
Ypasueunne (9.1.7) Toraa npumer Bua:
X 2 1,6 ] [%as 2
[y,,]__[l,-‘i 2 J .yn-lJ r{-[ﬂJ’
HJTH

{x., = 2x,4+ 1,504+ 2
yﬂ — l-lﬁxﬂ,_l + 2yﬂ-l'

.

Haxoaum HauaabHblli BeKTOp X5 = 0,6, y, = —1,4.
Ha6monaercs cXxojiHMOCTE HTepalHOHHOrO npouecca K x = 1,6 H
y = —2,4. KoneuHo, 4TOObl MOBLICHTL TOYHOCTH MeETOjla, YHCJO

HTepauui Jo/KHO GbiTh Gosbiie. TouHoe peleHHe MoxeT GHITH NOJaY-
YeHo npsiMbiM o0paulennem A, paccMarpuBaemsiM B pasjene 9.3, Yacro
npsimoe obGpalleHHe He JaeT NPaKTHUECKHX Pe3y/bTaToB H JIOJKHBLI
HCNOJIL30BATHLCH HTEPAUlHOHHBIE METOMIb.

TaGanma 3
= Hosmepa wTepaumm
il | g 3 4 5 6
X 1,10 1,356 1,475 1,538 1,569 1,585
y —1,9 2,16 | —2,275 —2,338 —2,369 —2,385
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9.1.5, Jinneiinsle cHcTembl, OCHOBHBIE TeOpeMbl

B npeapiaymem paspese nokasaHo, Kak CTpoHTb KpuBbie C u L
HTepaunHonHoro mnpouecca. IIpu 5TOM HYXKHO BHIOpaTh HauaJbHEIN
BeKTOp. UTOOH ciesiaTh BuIGOp GoJiee JJerkHM, MOXKHO BOCNOJb30BaThCH
caeyIoluled TeopeMoi.

Teopema 1. Hrepauuonuwii npouecc X,, = MX, ,+ B
CXOAMTCH A J1060ro HayajJbHOro BekTopa X;, €cJH H TOJbLKO €CJH
Bce coOcTBeHHble 3HaueHHA maTpuubl M_crporo mensiue 1 no a6co-
JIIOTHOH BeJHYHHE.

31[&(‘.1: NPpHBOIHTCH JOKA43dTEJLCTBO TOJBKO JJid CJaYyuas MaTpHIB
M, xotopas MoxeT GLITh NPHBEJEHa K JuaroHaidbHoMy BHAY. Teopema
OXBaThIBaeT Tak:ke JApyrHe marpHubl. I[logpoGHoe MnokasaresbCTBO
naercs Popcaiitom u Basosreim 192, c. 215] *, koropeie, kpome Toro,
MOKasLIBAIOT, YTO TeopeMa | MoxKeT ObITB pacnpocTpaHeHa Ha CJAyuaH,
KOrjia HeKoTophle cOOCTBeHHbe 3HAYeHHA paBHH efHHHIe no a6co-
JIOTHOH BeJHYHHe. Mul He paccMaTpHBaeM 3THX CJydaes.

HJoxasarteabcTBo. M moxer GHThL NpHBeJeHA K JAHaro-
HanbHoMY BHAY. Cymecrsyer 6asHc coGCTBeHHBIX BeKTOpoB Vi, ..., V,
n-MepHoro mnpocrpaHcrsa BekTopoB X,,. B Hamux oGo3HaueHHAX
M sipaiaerca marpuueit (I — A) (eMm. paspen 9.1.4). Hasosem X pemre-
Huem ypasHenus AX = B. X npejacrasaser co6oii npeiea nocJejo-
BaTeJbHOCTH X, ecaH Takoil mnpenesn cyuiecrsyer. Heo6xogumoe
ycaosue: npeaen X cyuecTByer.

Xy = MX, |- B,

X-z _ M:ﬁ + B,

xmu = Mxm + B,

X=MX-|B,

X — X =M(X — Xp) = M (X — X, ;) = M"H (X — X)).
ITycrb Ay, Agy «..y Ay, p < n— coGeTBenHble 3HaueHHs M. [Todomum,
YTO CYIIECTBYeT Takoe R, IIPH KOTOpOM

|Ap| = 1.

BuiGop X, npouspoamrcsa Tak, uro6ul X — X, npHHamjgexano cob-
CTBEHHOMY MOANPOCTPAHCTBY, COOTBETCTBYIOILEMY Ay

P, P T L e § o

K — cHcrema HMHAEKCOB COGCTBEHHBIX BEKTOPOB, COOTBETCTBYIOULAS

cobcTeeHHOMY 3HaueHuio A, CorjacHo npaBuay DiHIuTefiHa CyM-
MHpYeM Mo i:

x — Xﬂ'l—i—l — Mﬂ'l‘i‘]le‘ — }IrET+1fo|'+

* B. Basos, I'. ®opcafir. PasnocTine MeTOAN A5 pelesnst ypasHeHnil B vacr-
HEIX npouspofunX. M., HMap-po muocrp. amr., 1963 r. — Hpum. ped.
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rje x; — (PHKCHpOBaHHBIE laHHble yHcsaa. Takum ob6pasom:
|2 || x| — 00 mpr m— oo

[TocaenoBarenbHOCTL He cxoautTca K X; sHavenue X, He Momer OHITh
Boli6paHo Hayrap.

JlocraTouHoe ycJOBHE: MYCTh H3BECTHO, YTO X CYLLECTBYeT H yJ0-
Baerpopser AX = B uau X = MX -+ B. Cxoaurcs JH nochenosa-
TelbHOCTh X, Korja Bce coGcTBeHHble 3HaueHHsl N0 aGCoNIOTHOH
BeJIHYUHHE MeHble 17

X — .xm+| = Mm+] (X — -xu} . ?"-T-l-'lx?tvui:

rae { =1, ..., p H 0; — HHJEKCH COGCTBEHHHIX BEKTOPOB, COOTBET-
CTBYIOIHX COOCTBEHHBIM 3HAUeHHAM A;. CyMMHpOBaHHe NPOH3BOJHTCS
no i u «;. Beoas HOpMYy, onpejlesieHHyil0 B npuiaoxenuu III, nmeem:

| X — Xmaall < 126 |™ | 2 || Vs |-

Sra KOHeYHas cyMMa CTPeMHTCA K HYJIO npu m — oo, ecau |4, | < 1.
Torzpa nocaenoBareasHocTh X, CTpeMHTCH K X.

3navenne Teopembl 1. 3HaueHue 3TOH TeOpeMbl 3aK/OYAETCH
B ToM, uT0 X, MoxkeT GuTb BeOpaHo Hayraj. TeopeTHYeCKH CXOJH-
MOCTB MOKeT OklTh noJiyyeHa BuGopom X — X, (B cOGCTBEHHOM MOJ-
NPOCTPAHCTBE), COOTBETCTBYIOMHX COOCTBEHHBIM 3HAYEHHAM MeHblue |
no abco/ioTHoN BennunHe. IlpakTHuecKH Takoil BbIGOp HEBO3MOXKEH
no ABYM npHuHHaMm: 1) o6bIMHO HHYEro He H3BECTHO O pelleHHH X,
KOTOpOe OTLICKHBaeTcs; 2) NpH MallHHHOM CYeTe BO BCeX COGCTBEeHHbIX
BEKTOpaX B BHAE MAaJbIX KOMMNOHEHT MNPHCYTCTBYIOT MNOrpelIHOCTH
OKPYTJIeHHs, BCJEICTBHE Yero MocjefloBaTesqbHOCTh MOMET MOTepsATh
CXOJIHMOCTb.

3ameuanue. Ilpocroii pacuer as npumepa B pasgeae 9.1.4
naer 3Hauenuss 1— A, A, = 0,5 u Ay = 3,5. Hauanwuuiii Bexkrop X,
6bl1 BeIGpaH Tak, uro X — X, NPHHAANEKAI0 MNOANPOCTPAHCTBY,
cootBercrBytomemy Ay = 0,5 (X — Bexrop pemenns x = 1,6 u y =
= —2,4). Uuraresbr MOMKeT Jerko npoBepHTh, YTO NpoOLEecc pacxo-
autcs, ecau Xy — X MMeer KOMIIOHEHTH! B COGCTBEHHOM MOJANPOCTPaH=
cTBe, cooTBercTByloune Ay = 3,5. (Hanpumep ana x5 = 0, yp = 0).

Inasuasn TPYAHOCTE HTEPAUHOHHOIO mpouecca 3aKJ/JI4YacTcH
B OlleHKe COOCTBEHHLIX 3HAUEHHH, KOTOpble OOBIYHO He MOryT ObiTh
BBIYHC/IEHE HENOCPEICTBEHHO. CJIE,EI’,}’EUI!I.HE TEopeMbl AONYCKAawT BHI-
YyHCJAeHHe rpanHl cofCTBEeHHBIX 3HA4YeHHH.

Onpepnenenne Marpuua M = (af) aBnsierca aAnaroHaaLHO

AOMHHHDYIOIIEH, eCc/iH
|ai|> ¥ |ajl, (9.1.8)
i

MPH CTPOTOM HEpaBEHCTBE MO KpaiiHel Mepe a8 ofHOro i (i — HHAeKe
CTPOKH).
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Onpenenenne Marpuna M HaseiBaercsi npHBOAHMOMH, €CJIH
CYLIECTBYIOT NEPEecTaHOBKH CTPOK M CTONOHOB (OOHMHO pasiHuYHbIE)
TaKHe, 4TO pe3yabTHpYyiollee moctpoeHne M npuHuMaer Qopmy:

A O
B: C )
rae A, B, C — kpajparHbie MATPHIbI MEHBILIEr0 NopsiaKka 1 0 — HyJe-
Basfi Marpuua. B npoTuBHOM ciayuyae M HasbiBaeTcsi HenpHBOJHMOI
MAaTp HIIeH.
Teo'pema 2. JIuaronajbHO ZOMHHHPYIOULAS HENPHBOAHMAsN
MmaTpuua M]peryasipHa. 31echk NPHBOAHTCS KPAaTKOE JOKA3aTeJbCTBO

Aas cayuas, korja M siBisiercsi cTporo AHaroHajabHO JOMHHHP yiouLed
MaTpHuued, T. e.

Iﬂflbfgrlﬂfl‘v‘h 9.1.9)

TDI‘,ELEI HEeT HEGGKD,[I,HMDCTH npeanoaarate HENnpHBOJHMOCThE MaTpHLE
M. OGee nokasareabcTBO cM. y Dopcaiita u Basopa (92 ).

HokasartenbcTso. Ilpeanonoxum, uro M HeperyaspHa.
Ee BekToph-cTONGUL He ABJASIOTCA HE3aBHCHMBIMH:

X a4 o oo L alx® =0 aas Beex i.

IMonoxcum:

.tj = sup I.‘-'L'i J
Hucno x! xoneuno, TakuMm o6pasom X, — oHo H3 x'. U3 BeIpakenus

ﬂrxla-l_---—!—ﬂtxk—}- --a-{-ﬂﬁ,k'ﬂ:ﬂ
MOJYYHM:

b 2 | Ak b k
|akxk|"5-:§ |a|'||xk|? |akl‘£} |ﬂ|']1n
ik ik

uto nporusopedut (9.1.9). Caenosarensrno, M peryasipua, uto TpeGo-
BaJIOCh J10Ka3aTk.
Teopema 3 (reopema Iepumwropusa). CoGersen-

Hble 3HaueHns MaTpuus M = (a}) sakmouenn B npesesax o6aactu D,

KOTOpas onpejieifnercs: KaKk ofbejHHeHHEe BCeX KPYroB ¢ LeHTPaMH @)

H COOTBETCTBEHHO ¢ pajuycamu ). | af |. 9ra Teopema apasercs npaMbM
foi

caeacTerHem Teopemul 2: M — Al aBasercs ocoGoit MmarpHuei, Korja
A — coGerBenHoe sHaueHHe M. Takum o6pasom, Ji:

lai—2|< 3 |aj]
i
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| Mpumep (puc. 9.1.4):

2 1 0
M=(|1 —3 1
0 1 —1

Yro6sl 3aBeplIHTL 0630p

1 3 OCHOBHBIX TeopeM, JalHM

oueHKy Hauboabluero coo-

CTBEHHOTO 3HAYEHHA MaTpH-

ust M. Xors oneHka jxaercs

TOJIBKO JiJ1l 9PMHTOBOH MaT-

j pHILEI, 'OHa cnpa.ej/HBa

Puc. 9.1.4, [pumesenne teopemst Tepmroprma A% JII000H MaTpHUb C OlI-

HHM H TOJBKO OIHHM Jei-

CTBHTEJBHEIM AOMHHHpYOWHUM coGeTBeHHbIM 3Hauenuem [225] u ser-
KO Mojjaercsa nporpammupoBanuio ana SBM.

M — spmuroBa marpuna. Ona Hmeer OpPTOHOPMHPOBaHHBIH OasHc
co6erpernbx BekTopoB (Vy, Va, ..., V), COOTBETCTBYIOUHX J€HCTBH-
TeJbHBIM COGCTBEHHLIM 3HAYEHMAM Ay, ..., Ay, KOTOpHIE MOTYT ObITh
PaBHLIMH HJIH OT/IHYAThCA APYr OT Apyra. JlioGoit BEeKTOp Xy MOxKer
OLITL 3alMHCaH B BHJE:

Xu=xlv1']'x?]“’z+ voo 4 2"Vp,

MX, ="MV + AV -« o + X"ApVie

PaccMOTpHM HTepalHOHHBIA mpouecc, HaYHHAaA C Xo:
Xﬂ"l = MXM_'.I.II

Xm=M"X,= xlibinvl -} x:’lg"x'g g L o XM Vi

INpunumasi, uro A; HauGoJbilee COOCTBEHHOE 3HAUEHWE, 3anHileM:
Ly M Ay yym
X =7 [#V1 42 (42) Vot oo 46 (32) " Va |-

Korga m — oo, X,, CTPEMHTCH CTaTh NapajyebHbIM JOMHHHPY-
joiemy coberBenoMy BekTopy Vi, @ Ay MOXeT GhITh NOJNYYEHO Bbi-
YHC/EHHEM Tpejesa OTHOWEHHS CKalAaPHBIX npousBefenuit (X1,
Xm) B (Xpy Xin)

(Xmerr Xm) _
(Xm» Xm)

(x1)% 4 (x2)* (?u_i:):!m-l—l i (%)ﬂm.{-}

IS ()" 4w+ (32) " m oo
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9.2. HTEPALLHOHHBIE
MPOLECCH NS JIMHEAHBIX
CHCTEM. 2

METO/Ibl W

3neck onuckiBaloTes HanGosee
YacTo BCTpeualonlHecs uTepa- i-1,f £} i+,
LIHOHHEIE METOJEl, CHayaja JJida
O4YeHb MPOCTOro NpHMepa, a 3aTem
Il OOIIHX JIHHEeHHBIX CHCTeM. ij+ | lay

9.2.1. Ilpocroii npumep meTofa
Axobu e =
ax=4yY

PaccmMOTpHM  CTAUHOHAPHBIA  py. 9.2,1. Koxeusopasnoctaas ABymep-
ABYMEDHBIH MNOTOK B NOPHCTOH mam cerka

cpefie C OJHOPOJHOH NPOBOLH-
mocTeio T = 1. 310t NOTOK OnHckBaercs (cM. pasjen 9.5) ypaprenHem:

arH d*H
55 + 35 =0. (9.2.1)

Huckperusupya (9.2.1) no ksaaparuoii cerke (puc. 9.2.1) u o6o-
sHauas uyepes H,; sHayeHWe Hanopa B y3je i, j, MOJYYHM KJIacCH-
YECKYI0 NATHTOYEUHYIO CXEMY:

—4H, i + Hyy, B Hi, TEN + Hys, i -+ H;, j¥1 = 0. (9.2.2)

Pemasn (9.2.2) orHocuTennHo H; ;, moayumum:

Hioq, j+Hi, 11 + Hipa, j+ Hi, ja
3 .

H;_';' — (9.2.3]

Ypasnenue (9.2.3) nopoxaaer ecTeCcTBEHHBIH HTEpPaLMOHHBIH MpPoO-
lecc, HasbiBaeMulit MeTogaoM $S1koOu:

( } {m) i
HS  +H L+ HE A+ H™ L
4 -

HH"}]'” sl (9.2.4)

HPGLIEEC Ha4YHHaeTCcHd C JaHHOI'O NMPOH3BOJILHOIO 3HAYEHHSA H B Kax-
JA0OM Y3Je.

9.2.2. Mpoctoit npumep metona Maycca—3efigean

dopmyaa (9.2.4) nokassipaer, uto A B KaxaoM yaje MOxeT ObiTh
BHIUHCJIEHO B TeueHHe oJiHOro mara. YroOw yBeJHYHTh CKOPOCTh
CXOMHMOCTH, BHITOJHO HCNOJB30BaTh HOBHIE 3HauYeHHs H HeMmeneHHO.

ITocsie Toro Kax cjesian mar no NPOCTPAHCTBY JUIS VBeJHUHBAKOUIHXCH

i u j, xorga paccuntesaercst H(™;™", snavenns H{™{" un H{"

IMPHHHMAIOTCH Yiie H3BeCTHEIMH. 310 3ameyaHue NPpHEENO K YAYULIeH-
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Puc. 9.2.2, Tlocaegoparenbiad BEpXHAS peJaKcalHdA

HOMY HTepalHOHHOMY MeToly — MeTony ['aycca — 3eiifens, KOTOpPbIH
onpejensercsa caeyiomel GopMmynoi:

H{T'IE'I:II_E_H[_HH—_I'{ __!_ HET.‘,{ '+HE"”+1
HE".H]H}= =1, | Syl : Ax ! 2 (9.2.5)

9.2.3. MpocToil NnpuMep MeTOAA MOCJENOBATEILHOH
BepXHel pejakcalHH

Moxer GHITh noJydeHo eile Gojee 3HAYHTENLHOE YJyUlleHHe CKO-
IJCICTH CXOJIHMOCTH. BEPHEMCH K OCHOBHHIM NOJIOMEHHAM HTEpaLHOH-

HBHIX METOJIOB.

OfHHM H3 OMHCAHHBLIX METOA0B Mel moaydaeM Xpmyi. YToGhl
npHOJIH3HTLCS K MNepeceueHnio, YMHOMKHM BeKTOp Xpmii — Xm
Ha COOTBETCTBYIOMHIT KO3hPUIHEHT @, B pe3ysbraTe MoAyYHM Xpmti
(puc. 9.2.2). IlosTopsieM mpouecc, KOTOPbIA MOMXKHO 3amucarh Cleny-
IOmMUM 006pasom:

x:n+‘.|. e f[xm}-
x""'H = Xm+ o (X;J'I-H = Xm)'
BosBpamasick K Hamemy NpocTOMy NpHMepY, HaXopum, uto: 1) mpo-

mexytounoe snauenne Hi 7" prumcasercs, Hanpumep, 1o ¢op-
myJsie aycca — 3eiinens:

HHD, 4 BEED, B HE
4 .

H, (m+D

2) H{™™" nonyyaercs sareMm H3 BhIPameHHS:
H™MY = Hi™ + o [H T — HM). (9.2.6)

OueBH/iHAsl TPYAHOCTH COCTOHT, KOHEYHO, B TOM, KaK BHOpaTh o.
Ono goaxHO GuITE A0CTATOYHO 60AbIINM, YTOOE O6ecneuyHTh XOpOLIYio
CKOPOCTb CXOAMMOCTH, H JIOCTATOYHO MaJbiM, 4TOObI HE NPONMYCTHTH
nepeceyenue. B pasgene 9.2.5 O6yayT AaHbl NpaKkTHYECKHE PEKOMEH-
JallHH OTHOCHTEJABbHO @.
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9.2.4. 06mue opmyasi

Paccmorpum cucremy AX = B. YroOw opraHnsoBaTh HTepallHOH-
HEIH mpouecc, MaTpuua A npeacrabisercss oOLIYHO B BHAE CYMMbl
AuaroHaJpHOH Matpuusl D, ctporo HumHerpeyrodbHofi maTpHus L
H cTporo BepxHerpeyroiapHoii marpuusl U. Hanpumep:

L 23 L o P=r=1] Qb e e 8
4 5 6]=|4 O ﬂ] + [0 b 014]0 O 6
s 9 7 -85 AR 1 050 )
A = L + D e u
HJTH ‘
(L4 D+ U)X =B. (9.2.7)

Ypasuenue (9.2.7) npuBOAHT K PasNHUHLIM HTEpPAUHOHHBIM (op-
MyJaaMm AJisi METOJOB:

Arobu

x{m_H; =y D—‘l [(L "E" U] x['"} e B]' [9.2.8]
I'aycca — 3eiifens

X o (b ) UX'™ (D LB, (9.2.9)

nocJaenoBaTeNbHON BepXHell penaKkcauuH

DX pii=—0 Xai1—UXa-EB,

Xmi = Xn+ o (—DLX,,; — DWUX,, 4+ DB — X,;), (9.2.10)
Xna=(@DL+D*(l —ol —eoD)X, +

+ (@D™'L + I)* @D'B.

I1H GopMYabl MOryT ObiTh BbIPpAXKE€HHl B BEJHUHHAX PasJHYHBIX
KOMIIOHEHT MaTpul, 4tobbl npucnocobuth X Aas 3BM; cucrema
AX = B Torma sanuceiBaeTcs Tak:

Yiaga=b, =1, c051
]

H (9.2.7) npuUBOOHTCS K BHAY:

—1 n

>—-ﬁ'n X; + aX; - pX apyX;==b;, i=1,...,n
J=i+1
Tormga nasa MeToJoB:
S kobu
|—1 i
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laycca — 3eiiens

= n :

1 1 -1 i ()

g L[S gy 3o —b], 0212
i j=1 j=i41

NoC/IelOBaTe/IbHON BepXHell peflakcalluH

i—1
(m+1) (m—+1) 1 (m41)

+ 3 am v —am]. 0.2.13)
=il

9.2.5. CxopumMoCcTh METOJ0B

O6mee ofcyxaeHHe CXOAHMOCTH MOXKHO HaliTh y Popcaiita u Ba-
sopa [92], Pemcona u ap. [225]. 3necs Ges nokasaTenbCTBa JalOTCH
HEKOTOpbIE NPaKTHYECKHE Pe3yJbTaThl, KOTOPLIE HCNOJb3YIOTCH B MO-
JIeJIHPOBAHHH 3arpsisHeHHs] MOA3EMHLIX BOJ.

1. A — marpuna cucremst AX = B; eciin A — JHaroHaJbHO J0-
MHHHPYIONLAs HENpHBOAMMAs MaTpHLa, To MeToAbl A Kobu u I'aycca —
Jefipens cxomATcs.

3ameuanune Koneuno, ecim A — CTPOro AHaroHajJlbHO JAO-
MHHHPYIOUIAst MATPHIA, YCJIOBHE HENPHBOAUMOCTH He TpeGyercs.

Caenytolne onpeiejenns aaiorcs no Pemcony u ap. [225].

2. KBajgpatnas maTpuua A nopsinika n HaspiBaeTcsi obsajarome
cBoiicTBoM A, €c/u CYIEeCTBYeT nepecTaHoBoyHasi matpuua P, Takas,
yto PAP siBasiercss AMaroHaabHo-GJOYHONH TpexJAHAaroHaJbHOM MaTpH-
neit (puc. 9.2.3), 1. e. Kaxnas D — puaroHanbHas MaTpHIA.

3. B cucreme suHeiiHEX ypaBHenuii AX = B KOMINOHEHTHl X;
H X; HasLBAIOTCS CBsA3aHHBIMK, ecau JuGo a; 7 0, qmbo a;; # 0.

4, Ilopsnok pewenus ypasHenuit AX = B corjaacyercs C STHM
TpeXJHaroHaJgbHbBIM MNPEACTABJEHHEM, ecad, paccMaTpHBas CeETKY,
MPOHYMEPOBAHHYIO € HCIOJL30BAHHEM CHMBOJA i, CAeJNaTh Clepy-
IOLLYI0 MEepecTaHoBKY: NepBhlil y3en ocraercs 06e3 H3MEHEHHs; ApyTHe
TOYKH CETKH HYMEpPYIOTCS C HCMOAb30BaHHEM CHMBOJIA g (i) Tak, 4TO

gp)=g @)+ 1 npu p>i,
gp) =g (@) —1 mpu p <l

IS Kax[Ioil TOYKH p H BCeX TOYEK {, C KOTOPLIMH CBsi3aHa p
(puc. 9.2.4).

Chopmyaupyem oueHb MOJE3HYIO TEOpeMYy.

Teopema, Ecaun marpuua A cucremst AX = B sasisercs
JHATOHAJIBIO JIOMHHHPYIOLLEH, COrJIaCOBAHHO ynopsijoueHHod u obaa-
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D . Fg 0 0 T

Bt Dg Fp o —— 0o o o
PAP=

N Enz Do Fra

e Bt 0 EpyDp
Pae. 9.2.3

Puc. 9.2.4. locaenosarencuaa nymepanus [225]

Jaloueii ceofictBoM A, To METOJ MocJae0BaTebHON BepXHel pesakca-
mHH cxomuTes s 0 << o < 2 u coOcTBeHHBIe 3HAUeHHA A HTepPalHOH-
Hoit matpuusl (oD™'L + 1"}l — ol — @D~'U) cBsisansl ¢ ® H W
3aBHCHMOCTBIO:

A+ o — 1) = o,

rae g;-cnﬁcrneuuoe 3HaYeHHe HTepauHOHHOH MaTpuusl SIKRo6H —
Dt )
Hawnnyuiiee sHavenne kosdpuunenTa BepxHeii penakcaiuu Oyaer:

2
Wopr == ———— ¥
L+ ]/ 1= s

TO€ Mmgr — CIEKTPaNbHBI paauyc MaTpuusl $Slkobu. [Has storo
Kos(xpuiMenTa uucNO HTEpauuii MHHHMANbHO. 3ajada CBOAMTCSH
K onpeieieHuio ,,,. Hexkoroprwie nmoaxoast obecyzkiaores B pabore
Pemcona u ap. [225, c. 199], nanpumep meron Kappe, KoTophiit Jierko
MOeT ObITh 3anporpaMMHpOBaH.

Mur Taxike pexomenjyem npsiMoe BeIYHC/IEHHe HaubGoabuiero cob-
CTBEHHOIO 3HAYEHHs MO OTHOIIEHHIO CKAMSIPHLIX NPOH3BENEHHH, KaK
3TO mokasaHo B pasjiene 9.1.5. Moxer GuITh MOJE3HBIM TaKXKe JApYTroi
pe3yAbLTaT: B Clyyae NpsAMOYTrOJbHON CeTKH N3 n BHYTPEHHHX CTONG-
HOB H M BHYTPEHHHX CTpoK HaunboJbuiee coOCTBEHHOE 3HAYECHHE
MaTpuiel  SIKOGH, COOTBeTCTBYIOLlee JHCKpeTHsauun O°H/0x* +
-+ 0°H/dy*, TouHo paBHO:

1 [e08 (e )+ €05 (r )]

JTtoT cJyyail COOTBETCTBYET OJHOPOJAHOMY JBYMEPHOMY BOJIOHOC-
HOMY TopH30HTY. OH MOMKeT GHTh SMIMPHYECKH pPACMpocTpaHeH Ha
KBasHMpSAMOYTOMbHYIO obaacte (puc. 9.2.5), ecnin npHHATH cpelHHe
EC/THYHHE YHCJA CTPOK H CcTOJAOIO0B.
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1 % 3
it 8 9
10: 1-H |
13 | W |16
- 5 6

Puc. 9.2.5. Kpaau-npamMoyroibuas o0JacThb
Pnec. 9.2.6.

9.2.6. Metoas OJ0UHOH HTEpPALMH

Huxe chopMyJHpPOBAHO HECKOJbKO OCHOBHBIX MPHHILHIOB 3THX
METOOB OCOGEeHHO B CBA3M C NpPHMEHEHHeM MeToja mnepeMEHHBIX
HanpaBJAeHMil, KOTOpblH OyAeT paccMOTpeH AA Caydas ypaBHEeHHI,
3aBHCAIMX OT BpemeHH, B pasaene 9.6.

CyuocTs MeTOJA0B OJOuHOfi HTEpaluH 3aKJI04aeTcs B TOM, UTO
pemnenne cucreMst AX = B 3avensercs pelleHneM mNoc/el0BaTe/ b
HOCTH TpexaHaroHanpHbIX cHcrem. Ha Kaxaom iuare urepauui Hc-
nonp3yeTcss MeToj NCKJoueHHst ['aycca # CKOPOCTb CXOAHMOCTH
yBeJHYHBAETCH .

STOT METOJ MOMKET ObITh JIy4lle MOHAT Ha NpoCTOM npHMepe OAHO-
POJIHOTO BOAOHOCHOTO TOPH30HTa C NPOBOAMMOCTBIO 1, JNHCKPETH3H-
POBAHHOTO, KK NoKasaHo Ha puc. 9.2.6; Gnoku | —6 umeloT NocToAH-
HEIl MOTEHIHAaJ; BOCTOUHAsA W 3anajHas rpaHuibl BOAOHOCHOIO ropu-
30HTa HenpoHuuaemsl. Pexum ycranopupuiiics. CyMMapHbie pacXxoas!
OTKAYKH H WHOWILTPALNH B KaA0M OJ0Ke pasinyHbl H H3MEHHIOTCH
or Q; no Q5. Hcnoaways Meroji, ONHCaHHLIH B pasiene 9.5, noay-
YHM CJAEAVIOLLYIO CHCTEMY YpaBHEHHM:

=3 1 o) | R o 8 [ ) T § [t i T
1 —4 LS I 0| 0 0 0 Hg
0 =3 B v () TR 1 S H;
| 0 0 |—3 l 0 1 0 0 Hyg
0 l 0| 1 —4 ) I 0 Hy | =
T Gl N | T3 S R R Hy,
0 0 0.1 0 0 |-—-3 1 0 He
0 0 50 1 o I —4 I Hy,
0 0 3 ) 0 | 0 1 —3 Hys
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Q —Hy
Q —Ha
Q — H,
Qlll
— | Uu . (9.2.14)
OF
Qs — H,
QM“‘HE
_QIE_HG_
Hmeerca Tpu Onoka X = (H.HgH;), Y = (HyglHyHy) 1 2 =
= (H13H 14Hy5).
[lonaras
—3 1 0 R A 4 A 0 )=
A=] 1 —4 1}, 1=|0 1 0}, 0=]0 0 O],
0 | —3. 2 1 | 0 R I
Q‘J'_’Hl_ QIUI Ql:l-_“!f-i
Qi=|Q—H:|, Q =|Qul|, Q;=|Qu—H;|,
Qn—Ha_ Q:z QI{-"_Hﬁ

sanuweM (9.2.14) B Bupe:

A 1 OVEXET 10
I A I Y = Q_}* *
Q- L oAllz]l Yo

METO,EI peleHH Telnepb CTAHOBHTCS1 SKBHBAJIEHTHBIM TOYEYHOMY Me-

TONY peileHHs, KosdduuueHtamu cra”HoBaTcs marpuusl. Hanpumep,
GouHBIH MeTon S1KOOH 3anumercs Tak:

Axiﬂ-ﬂ = Qx — IXp,
"&YM-l-l — u'r' —1Xn —1Z,,
IAZ.l1'.|:-i-f| = az e !Ym-

Takum xe ob6pasom mMoryT ObiTh onpejeneHs 6JouHbl MeTop ['aycca —
3eiigens u merop BepxHeil penakcanuu. MuBepeuio A Jlerko noay4yuThb
meTofoM Hekmoyenus [ayeca (em. 9.3).

Sameuaunue Moryr GuTh OnNpejeNeHb, KOHEYHO, JApYrHe
6/10KH. B nmpumepe Mol Jaji eCcTeCTBEHHOE pasjiolkeHHe Ha GJOKH IO
cToablaM H CTPOKaM, KOTOpPOE HCMOJb3YeTcsi B METOAe MepeMeHHBIX
HanpasJIEHHH.
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9.3. NPSAMBIE NMPOLEAYPbI

3neck npuBOAMTCH OGMMAA NPsAMOMl MeTO], HCKJIOUEHHS Iaycca
H €ero ynpoulenHnas opma AJa TpexaHaroHaJbHEIX MaTpPHIL.

9.3.1. O6wwmit meton mckaouenns laycca

Paccmotpum siuHefiHylo cHCTeMY ypaBHEHHI:
AXy + AyaXy =+« + - QX = by,
Xy | GoaXy |+ + + - GapXy = by,
Ay Xy + QpaXe - + + » + AppXp = Dy,

Cuauajia e/IHM NepPBYIO CTPOKY Ha @y, 3aTeM YMHOMKAaeM Ha @y W BHI-
YHTAeM H3 BTOPOH CTPOKH:

9y g1
(921 iy ﬂu) X -+ (522 — =Ry | X+
ayy 011

Qg ) gy
LR I, — =—— v =1 —
+ oo+ (@ — 2L ay, ) X0 = by 2L by,

Kospdmunent npu x; ucuesaer. [losropseM onepamnuio, YMHOMXKan
NepPBYI0 CTPOKY Ha ayy. [losnydaem HOBYIO cHCTeMy:

Xy +(are/ay) X3+ + + + 4= (ara/ay) X, = by/ay,,

0 + basXa -+ + » -+ bapXn = ba — (an/ay) by,

0+ bpsxa + » + + -+ bypXa = b, — (an/ay) by,
TAe by = Gpp — (Ay/ay) Apy-

[Tpononikas 3TH onepauuu AJas BTOPOH HOBOH CTPOKH H MOBTOPAS
npouecc TakuM o6pasom, TMOJYYHM CHCTEMY:

Xy CraXa 4 oo o F Xy =y,
Xgt o oo+ CopXy =dy,
Xn=d,.

Ilocnepnee ypaBHeHHe faeT X,, MOACTABHE KOTOpPOE B MNpeAbylyliee
ypaBHeHHe, NMOJAYYHM X, ; H TaK jajee.

U b e am o a

9.3.2. TpexanaroHaiabHblii mMeTo] HCKaouenus [aycca

PaceMoTpuM TpexiHaroHaJbHYIO CHCTEMY:
b Xy +aX.=d,,
@ X140 X e Xin=d;.
X, 1+ 0, X, =d,, (9.3.1)
Ipe =2 ...n—1,
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HIH

b]. ] G D 0 X].
ag bg fﬂ ® & & 0 0 X2
0% Qe =t ve ol SO WK
3anuceiBas
Xi=0a; — B Xi
K==,
meft=1, ...n—1

H Hckmouas X; 4, X; u X,,; U3 Tpex ypaBHeHHui:

Xiy=0a,_1—BiaX;,
X, 1+ 0 X+ Xy =d,,
XI — ai e f—lll'xhh

rpe f=2, ....n—1,
NOJYYHM:

a0;_y — aip;_yo; + ab; = d,,

aBi by —0p: +¢; =0,

H
o L — 8104
. by —aPiy
! €
Py =

by —a;Pi-y ’

e =2 ..n—1.
IIna i=1:

blxl + If-']_Xg == dl’
Xy = a; — Py X,,

OTKY/Jla

d
al_"_b':_l

¢
|31‘—‘-'-!"

1

Haa i = n:

a’nxn-t = bnxn - dm
X.q Rl e ﬁnulxm
Xn == Gy
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OTKY/la

_ dp—aptny_4 ,

A
" by — pPn_y

Pewenne tpexauaronanbroit cucrembl (9.3.1) HaxoauMm BHIUHC/IE-
HHeM o; H ; oT i = | 10 { = n H NOJACTAHOBKOI 3aTeM HX 3HAYEHHA
B (9.3.2). 3rOT METOJ XOpOILIO NMPOrpaMMHpyerc.

9.4, TEOPHA ANNPOKCHMAUHH YPABHEHHS JAMCNEPCHH
9.4.1. AnnpokcHMalUHs NPOH3BOAHBIX

ITpH HeKOTOpBLIX YCJOBHAX PeryJspHOCTH (IJsi HAILIKX 3aja4 Jo-
CTaTOYHO CYHTATE, HTO ¢ HMeeT HelnpepLIBHBIE NMPOH3BOJAHEIE 10 4HeT”
BEpTOro nopsjika) GyHKUHA ¢ MoxeT GuiTh pasjoxkeHa B psaj Teinopa
B OKPECTHOCTSX X, Y, 2, [ ABJAIOTCH MOCTOSIHHBIMH:

cix+h y 2, t)=c(x, y, 2, f}+h%{x, y, z, )+

h* g2 hs
e o O A B e O A B
K- 0% i
—i" LR 'I" n D" (I, iy 2, t:l-i—-O(h )" (9'4'1}

Ocrarounsiii uied psna pasen O (h"). ®ynkuns f pasua O (A7),
ec/iH CYIIECTBYET MOJOXKHTENbHOE NOCTOAHHOE YHCAO R, Takoe, uTO

|f] < &|h*|. Taxum obpasom, |A"| — 0, |f| — O nmo meHseit mepe
OJiHHAKOBO GHICTPO.
IMpunumana h = Ax u h = —Ax, cooTBercTBeHHO HaiijieM:
v -t-_i_ ﬂx, Y, 2, ” =i:(x’ Y, 2, !) —i" ﬂx%(l’, I %, f) +
Ax? 02
+ 5 5 (% 4 2, )+ O(AY), (9.4.2)

clx—Ax, y, 2z, t)y=c(x, y, 2, f)-—:&x%{r, y, z, 1)+

Ax? @?
+ 55 (% 4 2, 1)+ 0 (A, (9.4.3)
STH ypaBHEHHS MOTYT GhITh pelieHsl OTHOCHTeJNLHO Oc/dx:

de  c(x+Ax, y, 2z, I)—c(x—Ax, y, 2, 1) s
Ez DAx —]_O[M]i

YTO NPHBOJAHT K anmnpoOKCHMALHH HpﬁHEBUﬂHUﬁ l.IEHTPEIJIhHDﬁ pas-
HOCTLID.

—

e 2Ax
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Mgpl oT6pOCHJIN OCTATOUHBIT uJen psijia, HashbiBaeMblil «oIHOKOH yce-
yenns», u pasaniit O (Ax®). TIpekpamian pasnoxenne psajga npu n = 1
(nonaraem n = 1 B (9.4.1)), u3 (9.4.2) u (9.4.3) nonyunm:

ac oy c(x+Ax, y, 2, H—cix, Y, 2, 1) + 0 (Ax)

ax Ax

dc __c(x 4 2, D) —c(x—Ax, y, 2, 1)
= = - 4+ O (Ax).

ATo jJaeT annpoKCHMAIHIO NMPOH3BOJAHOH PAasHOCTLIO Brepej:

a "'I'f'l--| ¥ ,f- Il ] I't
'a'%("'- g, 2, f) ~ c(x—+Ax, y zm: c(X: 4, 2, 1)

H pasHOCTBIO Hasamu:

c(x, iy 2, I) —c(x—Ax, 1, 2, 1)
Ax X

T 0 7 )=

OGe annpoKcHMAalHK HMEIOT OMWHOKY yceuenusi nopsiaka Ax. UroGul
MOJAYYHTh ANNPOKCHMAIHIO MPOH3BOAHON BTOPOro MOpAJAKa, KOMGHHH-
pyem (9.4.2) u (9.4.3), pacnpocTpanenusie Ha n = 4:

d%c

T (x;, U, =2, t)ex

o e(x+Ax y 2 H—2c(x, 4 2, 1) Fc(x+Ax, y, 2, 1)
35 (Ax)? :

KOTOpas MMeeT OWHOKY yceuenus nopaaka (Ax)®.

Takum "Jke cambiM 0GpPasoM MoOJyuaeM anmnpokcHMauuu dc/dy,
deldz, 0%c/dy®, 0%c/02*. B sanayax AHCNEPCHH HCMO/B3YETCA AMMpPOKCH-
Maius dc/df pasHOCTBIO BHepe.

9.4.2. AnnpokcHMalHsA YpaBHEHHA

,H..l'lﬂ NpoOCTOTHI OrpaHH4YHMCH H3yuyeHHeM OJHOMEDHOTO YpaBHEHHHA
AMCIEpPCHH ¢ MOCTOAHHBIMH Kos(xpunuentamu. Meroibl, KOTOpLIE Ml
pa3BHBAEM H4 3TOM NPOCTOM NpHMepe, BJASIOTCA OGUIHMH H MOTYT
OLiTh JIEFKO PacnpocTpaHeHsl CaAMHMH CTYJ@HTaMH Ha Jpyrue ypas-
Hennsa Aucnepcun. Heo6XoauMo annmpoKCHMHPOBATh

dc dc . 0%

Haiinem annpokcumanuio dc/dx (Bnepej, Hasaj HJIH LEHTPANbHYIO)
H annpokcuMHpyeMm  0%/dx®.  Anmpokcumauus —u (dc/0x) -+
+ K (0%c/0x®) B Touke x H B MoMeHT f sanuceiBaercsi B pujie I' (x, 1);
H TOrja:

o, =T (x, 1), (9.4.5)
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/ cﬁ}fgj / Q”f&; t;—f‘}
::gfr,a‘,j' Eﬁr&d"/

>

it

e+]
o+

& ts
Puc. 9.4.1. fBras annpoKcHmaius
Pue. 9.4.2. Heasnas annpoxcuMmamus

F4

ABJAAETCA NEPBOIl annpoKCHMAaNHeH ypaBHeHHA qucnepcud. JIHCKpeTH-
sauusa dc/df ocnopana Ha ToM takrte, 4TO Mbl 3HaeMm ¢ (x, f;) H Hulem
¢ (xd,) mpu £y > {;, uTO naer

oc _ c(x, 1) —c(x 1)

Mur moxkem Tenepb uckarts ' (x, {) B MOMEHTHl BpemeHH f; H fy HJIH
MY HHMH. DTO NPHBOJHT K TPeM annpoKCHMaiHaM YpaBHEHHS

JHCTIePCHH.
. dBnas annpokxkcumanuusn DBepem I' B moment

BpeMeHH f:
c(x, fy) —e(x, 1)
=7 =1I'(x, ). (9.4.6)
Ypasuenne (9.4.5) nmeer reomerpHueckyio HHTepnperauuio (9.4.6):
T (x, {;) npencraBasier cofGoif TaHreHC YIJa HakJoHa KacareJbHOH
K KpuBOH ypaBHeHusa { — ¢ (¥, f) B Touke f;. Ecaum ¢ (x, t;) — noji-
cCYHTaHHOe 3HaueHune u y (x, f,) — TOuHOe 3HAUeHHe, HMMmeeM pHC. 9.4.1.
2. HessBHasn annpoKcuMal usi. Dbepem I' B MOMeHT
BpeMeHH f,:

c(x ty) —e(x ty) T (x, t,). (9.4.7)

fi__tl'.

lFeomeTpHuecKas HHTepNpeTauHs npejcraBjeHa Ha puc. 9.4.2,
I’ (x, {) npencraBasier coGoH TaHreHC YyIJla HAKJOHA KacaTeJbHOM
B TOuKe fy M npamoli auHuu ¢ (x, fy) — ¢ (¥, ), napanensHoi 3Tof
KacaTeJbHO.

3. AnnpokcumMmanna Kpaunka—HuxoacoHa.
[Mpuunumaem, uto I (x, f) nunefina B uuTepsane (f,, f,), 4 3anHChHIBaeM:

et t)) —c(x ty) _ A2 B =N, f): (9.4.8)

ty—1iy

Haspauue cannpokcumauun Kpanka—Huxkonconas naHo cxewme,
korja A = 0,5, uro coorBercTBYeT pHC. 9.4.3.
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9.4.3. ¥YcroliuHBOCTL H
CXOAHMOCTb anmpPoOKCHMAUHI

Ileas annpokcHMalHH — TIO-
JYYHTL OUEHKY KOHIEeHTPAalHH B
MOMEHT BpeMeHH {, 10 H3BeCTHOH
KOHIIEHTPALLHH B MOMEHT Bpeme-
Hu ;. Heo6xonumo, utoGml s5Ta
oleHKa Gulia GAH3KOM B HEKOTO-
poM cMbicsie ¥ K TOUHOMY pelile-
HHIO  ypaBHEHHA  JHCMNEpPCHH, £y t2 t
(9.4.4) uanpumep, uTO TpeGyer Pyc. 9.4.3. Amnpokcumanua Kpanka—
cobmoieHnst ABYX YycjoBHH npu  Hukoacona
HCMOJIb30BAHHH AannpoKCHMAallHii:
ycTOHYHBOCTH H cxoaumoctH. Kak u pawpiue, HasoBeMm ¢ (X, {)—
BLIYHCJICHHEIM peleHHeM H y (X, {) — TOUHBLIM pelleHHeM ypaBHeHHS
nucnepcuu. Ilonaraem #; — #; =

Onpenenenne cxoxumocTH. KoHeuHo-pasHoCTHasI
anMmpoKCHMANHA CXOJHTCA, €caH pasHocTb Mexay v (x, ) u ¢ (x, {)
CTPEMHTCSl K HYymo, Korfia Ax u Af cTpemaTcs K HYJMIO NPH JaHHBIX
X ui -

Onpenenenne ycroffuunsoctu Korja spems us-
MeHdAercs, Boumucasercs ¢ (x, { + Af) no ¢ (x, {). Sror. uTepauHOH-
HBIH TIPOLECC UMEeT CMEIC, eC/IH pasHocTh Mexay v (x, f) u ¢ (x, 1)
OrpaHHuYeHa B HEKOTOPOM CMbicjie, nNpH § — oo AAA JaHHBIX
Ax u Af. Ecau sto ycaosue cofimiofiaeTcs, annpoKCHMAamHus YCToli-
4yHBa.

JlonycTHMm, YTO pacCMOTPEHHBIE BHILE ANNPOKCHMAIHH CXOIATCH,
H HCCHIeyeM HX YCTOHYHBOCTh. HeolGXojHMO OTMETHTB, YTO YCTOMHYH-
BOCTB H CXOJHMOCTb B3@HMOCBS3aHbl H (3TO MOMKHO 0KA34Th) NPH HAJl-
JIeKAUHX YCJOBHAX SKBHBAJEHTHHI.

BEIBO/IB 1O YCTOIYHBOCTH NPHBOAATCA HA OCHOBE KPATKHX rpyObIx
JI0Ka3aTeJNbCTB, TIaBHOH 1LeJbl0 KOTOPHLIX fABAsieTcA o0OGBACHEHHE TOro,
KaK MoJIb30BaTbCSl OCHOBHBIMH TeopemMaMH pasjena 9.1 B npakTuue-
CKHX 3ajayax.

l.ienaa annpokcumanus Ypasueune (9.4.6) 3a-
ITHCHIBAETCA /ISl NPOMEXKYTKA BpeMeHH mMexay f, u f,,,, npu pasGuBKe

* «Bansocty» ApyX dyurunii 3aBHCHT OT BHAA HOPMHI, npuHATOl AR dyHK-
. ILHOHANLHOTO NPOCTPAHCTRA, K KOTOPOMY STH hyHKILHN npuHaAtexar. B naunolt kuure
ITa 3afaua JeTanbHO He PacCMATPHDAercs; HAMOMHHM TOJLKO, 4UTO caMmule o6HYHLE

HOPME B mHawem cayuae nmeior Bip | fl,, = Sup | f(x) [[[]. = U P (%) dx] " i
R

Ifls= | If (x)] dx. Bausocts f u g Tora onpefedserca jAefiCTBHTENbLHHM TMOJO-

HuTensaeM dncaom |[f — g|l.
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mpocTpaHcTBa no KBajparHoi cetke (Ax, 2Ax, ..., LAY gl DX
H PasHOCTH Hasaj AJf KOHBEKTHBHOIO 4JeHa:

C(fn :J"H*l]_c{i' fﬂ," e U cli1 t:;}_'ﬂ [I__I-I !II.] Ll
tnsr— In Ax :

. Kﬂl::-‘- | rn}_‘g-G(i.. !”1 +ﬂ'(£“ I-rl‘-,r;]
' Ax? d

HJ/H
el tu) =i — 1, 1) (53 + 5 ) +

L UAL KAty . ) KAt
‘-]‘E{I', f")(l AR —=2 5x2)hipﬂ(l_|_ Iltn)'mi

rae i, — 6, = Al (9.4.9)

Sra cucTema ypaBHeHHII MokeT ObITh 3amucaHa B MaTpHuHOll (opme
C (trs1) = MC (f,). '

rne

KAt |, UAt,

UAt KAfL | KAt
“=3a T Bz’ e i

Ax A’ BT Ra

ay =1

C (f.) — BexTop ¢ KoMmoHentamu ¢ (i, ).

Cornacno Teopeme I'epuiropusa (pasgea 9.1) cobGeTseHHbIE 3Ha-
uyerns M aexar B untepsane [1 — 2 (U At/Ax) — 4 (K At/Ax?), 11.
Ws ofuweit Teopembr cxoamMocTd (cM. paszgen 9.1) wHTepanHOHHbIA
nponecc, onpeienenusii ypanenuem (9.4.9), pacxoaurcs, ecau co0-
CTBEHHBIE 3HAYEHHA WTePaUHOHHON MaTpHubl Goabwe 1 rno aGeomior-
Hoit BesnunHe. TakuM 0GpasoM, sIBHAA anmNPOKCHMalUWs YCTOIYHBA,

eCcJIH

UAL KAt
=2 —dgg >—1,

HJIH _
At < AL, (9.4.10)
rie

Ax
Aty =—p—
Ya Y
Af, HasblBaeTCsi KPHTHUECKHM BpeMEeHHbIM IIaroM, W anmnpoKCHMALHA
HaskBaercsa ycroiiunpoit ycaosHo npu (9.4.10).
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3ameuanune. Ilpy HCMONB30BaHHH pasHOCTEH Bhepen HJH
LeHTpaJbHBIX pasHocteit Af, koHeuHo pasanuHbl. Pacuer Af, oueBHzen
BO BCeX cayuasX.

2. Hesasunasn annpokcumanmusa  JHCKperusupys
KakK paHblle, MoJy4HM

(=1 ty) (— 52— 280) el ta) (1 + 5 +25) +
telit1, far) (— K5 ) =i L), 9.4.11)

WJIH B MaTpHuUHOi (opme
NC (f541) = C (%),
rae N — Tpeyronbnas Marpuua;

0
w-(33)

e KAt UM, e UAt KAt = KAt
U=—Tm  m: B TR T2 =%

MmpH

HrepaunonHoii maTtpuueidl toraa sisasercss N1

CorsacHo Teopeme ['epmiropuna (cm. pasgen 9.1) cobGeTBeHHEIE
3HaueHHs Jexar B uHTepBane [1, 1 + 2 (U At/Ax) 4 4 (K At/Ax?)],
H3 uyero cJjenyer, urto oHH Goabwe 1. Takum oGpasom, coGeTBeHHbIE
sHauennss N'! no aGecomotHol Bennunne menbwe 1. CorsacHo oGumiei
TeopeMe CXOAHMOCTH (cM. 9.1) urepanmonnslii npouecc (9.4.11) cxo-
JIHTCS.

Taxum o6pasoM, MOXKHO YTBepIKIAaTh, YTO HeABHAS annpoKCHMAIHS
GeaycJOBHO YCTOHUHBA.

3. Annpokcumanuusas Kpanka—HHKoaACOHa.
Henonbays Ty e JHCKpeTH3aIHIo, 4TO H PaHblIe, HMeeM:

- 1 (KAt UAt
eli—ltw) [—5 (Tt )] +
- 1 s UA¢ At
—|--|‘.L'(l, t:|+l) [] _I_T( Ax _I_ 2 lfxz )] '"f"
; 1 KAt : I EKAL = DARTN
—|—ﬂ{£+ by 'rn-l-l) [_TEJ =C(I — l,fn:l [T F—I_ H)} T
e 1 [ UAt KAt : 1 KAt
+elhta) [| — 5 (G +23a) ] +eC+ 1Lt [ 557
B marpuunoii dopme 310 ypaBHeHHe NMPHMET BHI:
MC (f,,1) = NC(t,),
rae M 1 N — TpexpuaroHassHEe MaTpHIL; Ko3(hHIHEHTH B CTPOKe

ABJASAIOTCS COOTBeTCTBEHHO koadduunentamu npu ¢ (i — 1), ¢ (i),
el 1)
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O6Gosnauas uepe3 P TpexauaroHajJbHyio MaTpHily, CTPOKH KOTOpOH
o6pasoBaHbl KO3(pHUHEHTAMH

KAt | UAL UM o KAt KAt
Ax® Frl o Ax A2’ Ax2?

orMeuyaem, uto P, M =1 — —; PuN=1+ —3,!- P umeloT OJIHH

H Te e COGCTBEHHLIE BEKTOpH, H3 uero caexyer, uro (I — P/2)™
1 M~IN umeloT Te e coGcTBeHHbIe BeKTOphI, 4T0 H P. [lockoabky p —
cooTBeTcTBYloIee cofcTBeHHOe 3Hauenne Marpuubl P, 1 — pl2 n
1 4+ p/2 — cooTBercTByIONHE COOGCTBEHHbIC 3HAYGHHSA MaTPHIL M u N,
TO COOTBETCTBYIOULHM COGCTBEHHBLIM 3HAUCHHWEM a WTepanHOHHOM Ma-
Tpuubl MTIN Gyner:

__14-p/2

Rl T

CorsiacHo Teopeme [epiuropuaa, co6¢TBeHHEIE 3HAUGHHST MaTpPHLLI
P sakmiouensi B HutepBane [—2 {(U At/Ax) + 2 (K At/Ax*)}, 0]
H $BJSIOTCA OTPHIATE/NbLHBIMHM, W3 UEro BHIHO, 4TO |a| MeHbule l.
Annpokcumanus Kpanka—Hukoncona Ge3yc/oBHO YCTOluHBA.

9.4.4. HesiBubiii MeTon mepemennbix Hanpasaennii (HMITH)

Korpa mozenupyemas ABymepHas 06/1acTb NpsMOYroJibHa HJH 110
MeHbllefi Mepe NpaBHAbHAs (BHIMYKJas, HanpuMep), pelieHHe 4acTo
MoKeT GhiTh nosyueHo ¢ nomoumpio HMITH, BBesernoro [TucmaHoM H
Psmigopom. 3ToT MeTol HMeeT GOMbLIOe MPEHMYIIECTBO: BMECTO pac-
yera 0OpaTHOl oGiefi MaTPHILI PACUHTHIBAIOTCs JiBe oOparHbie TPeX-
aAnaroHagpibie MaTpuubl. Pacemorpum HMITH Ha npocTom npHmepe.
3anuuleM ypaBHeHHE AHCNEPCHH: :

d2¢ a2 de de
KigatKrgp— U=

AnnpokcHMauHs 3TOro ypagHeHHs HA O/|HOM BPEMEHHOM Iiare COCTOHT
B pa3sjie/leHHH 3TOT0 BPEMEHHOro illara Ha /isa H B BhIpaXKEHHH IPOM3-
BO/HBIX 1O X HeSIBHO, a POM3BOHOM 110 i 5IBHO /15 NIEPBOH MOJOBHHBI
BpeMeHHoro mara. [lasi BTOpO# MOJIOBHHHI BpPEMEHHOro llara npomus-
BOJIHBIE MO X Bbipa)XaloTCH $BHO, 8 MPOH3BOAHASA MO § HEABHO:

i+ L) =2t (D=1 D) et —ei—1i)

1) Ky Ax? Ax
et )—elis ) K ey (i, 4 1) —2e4 (i ) Feo (i J—1)
Atf2 Tt Ay? d
calls i+ 1)—2e(l NAcalinj—1) Gl )—c" (i )
Dby Ayt Z Alj2 o
ct(i4 1) =2+ (i, et E—1 ) |, et p—ct(i—=1])
— K. Ax? b= Ax ’
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rae ¢; (i, j) u ¢ (i, ) — KOHLEHTPaUHH B MOMEHTH BpeMeHH f; M
ty (fs — t; = Af) B Toukax (i, f), a ¢* (i, j) — npomexyTouHOE 3Ha-
HeHHe, KOTopoe He HMeeT (u3HYecKoro cMbicia. [las yekopenus pele-
HHsl BBIYHC/AAEM €' JUISl BCeX CTPOK [ METOAOM TPeX/IHaroHaJjLHOro
Hekaiovenust ["aycca. Ilpu stom npeanosaraercsi, 4To ¢; M3BECTHO,
a (g PACCUHTLIBACTCA J/I51 KaXI0ro cTo/161a j TaKiKe MeTOIOM Tpex/iHa-
roHanbHOro Hekaiouenus I'aycca. Moxuo nokasats, yto HMITH cxo-
JAHTCSE H Ge3yCcJIOBHO YCTOHYMB.

9.4.5. HekoTopnie TPYAHOCTH KOHEYHO-Pa3HOCTHBIX
annpoKcHManmi

KoHeuHo-pasHOCTHEIC METOJE! JIerKH B O0pallieH i, HHOT/a GHICTPHI
W OObIuHO Xopowo H3BecTHEl. Ho npu umcienHom pewennn sagau
AHCNEPCHH BOSHHKAIOT JBa 3aTPYAHEHHS, KOTOPbE HE NPeoJoJIeHkl 0
CHX mop. 3TO «BCMJIECK» M YHC/JEHHAs JHCIEPCHS.

I. «B cmaeck». PacemoTpum 3anyck sarpssHutens npH ckau-
KOOOPa3HOM H3MEHEHHH eJHHHYHON KOHLEHTPALHH HA BXOJAE B OJHO-
MEPHBIA NMOTOK, ONHCHLIBaeMblil ypaBHEeHHeM:

Pe_ Lo _ o
i i o7, T T

CpaBHeHHe aHaAHTHYECKOTO H YHCJAGHHOTO PelIeHHI H4 MOMEHT Bpe-
MeHH { NpHBOAHTCA Ha puc. 9.4.4.

QOuenk 4acTo OKaswIBAETCSH, YTO BBIYHCAEHHAA METOAOM KOHEUHBIX
pasHocTell KOHUEHTPAlHsl NpEBEILIAET TOYHYIO BEJIHYHHY BOJIH3H OCH
¢. JTOT OTCKOK H3BecTeH 10jl HasBaHHeM «BCIIecKay. OH MOXKeT OhiTh
OGBJACHEH TeM, YTO BPeMeHHEHIe WArH H IPOCTpaHCTBEHHLIE pasMepsl
JIOXO COrJIdaCOBAHLI H BOJOHOCHBIH TOPH3OHT HE MOMKeT YHCJEHHO
«abcopOHPOBATLY 3anyLUIEHHYIO Maccy sarpasHuTtens. Bpemennsle
IIaru cjaejyer nojGHpaTh OCTOPOXHO H NMpHCnocaGauBaTh K 3ajiave.
Yacro, npunuMas NpHpaiieHHe BO BPeMEHH PaBHBIM oblemMy yjaeny
reomerpuueckoli nporpeccun (Al, = a Af, ; npu 1 < a < 2), MOXKHO
MOGHTBCA CTVIaXKHBaHHs «Benieckas. Hanpumep, Ilamup Xapue-
men [247] B HeKOTOpHIX CBOMX 3ajauax HCHOAbL3OBATH @ = 1,3.

PexoMeH/yeTcs1 Hecae10BaTh HEKOTOPYIO MOJie/b NMPH CKauKooG-
Pa3sHOM H3MEHEHHH eJIHHHYHOH KOHLEHTpauHH Ha BXoje, uTOOHl CO-
IJ1acOBaThL LIAar" no BPpeMeHH H NMPOCTPAHCTBY Mpeae YeM HCMoJb30-
BaTb ee NMpH OOBIYHLIX FPAaHHYHEIX YCJOBHAX.

2. UncnenHass JHCOEpCH s, PaccmoTpuM  s3anyck
3arpA3HUTENs] NPH CKauKooOpasHOM H3MEHeHHH eHHHYHON KOHIEeH-
TPalHH HA BXOJI€ B OJHOMEPHEIT MOTOK:

K % ﬂ dc

ﬂ_xi_” ax o

[Tpumem K = 0. Anasnntnueckoe n uic/ieHHoe pelienHs A MOMEHTA
BpemeHH { gaHo Ha puc. 9.4.5.
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=
Puc. 9.4.4. Benaeck

I — yHcnennoe pPelrenHe; 2 — pHaAHTHYECKO® pelcHne

Puc. 9.4.5. Yucnennan aucnepcus.
I — anaauriueckoe pewenne; 2 — wiNCAEHHOE peuicHe

dopma paccuHTaHHOIl KPHBOIT OOBLACHSIET, [IOUEMY STOMY $BJIEHHIO
JAAaHO HasBaHHe «YHCJEHHaA JHCNEepcH#A»: OHO Beger cela Tak,
KaKk OyATO KOHEYHO-pPasHOCTHAasi AaninpoOKCHMAIHA VPaBHEHHS —
u (0c/dx) = 0cloc/dt Gura Ha camom Jiese anmpoxcHmalineli HeKoTo-
poro ypaBHeHHA JHCHEpPCHH:

P
Dﬂ_"_”a_cz ﬂi:

dx? 05 ot
Kosdpuunent D ne umeer ¢usuueckoro cmbicia. Hekotopnie oGbac-
HeHHsi Oblau fansl Jlsnuem [164, 165]. Uucnennas pucnepcus npej-
cTaBJder coboil OWHOKY yceyeHHs; KOHEYHO-PasSHOCTHbIE annpOKCH-
MAlHH NMPOH3BOAHLIX NEPBOro Mopsjka (Kak BpeMeHHLIX, TAK H npo-
CTPAHCTBEHHBIX) JAIOT POCT OWHGOYHLIX YJIGHOB MPONOPLHOHANLHO
MPOH3BOJIHBIM BTOpOro mopsjka (cm. pasgea 9.4.1), xosdpuuHEHTH
MpONOPUHOHAJBHOCTH 3ABHCAT KAK OT NpPOCTPAHCTBEHHEIX, TAK H OT
BPEMEHHBLIX TpHpalleHHil.

Bosbmem Haw npocToit npHMep; nepBasi NPOCTPAHCTBEHHAA MPOH3-
BOJ/IHAsl anMnpoKCHMHPYeTCsl pasHOCThIO Ha3al:

I c(x) —c (x— Ax) ) ﬂ.xfﬁ:

dx Ax 2 gx’

Takum oGpasom, BBopuTCA KOI(pHUHEHT UYHCIACHHON JAHCIEPCHH
—u Ax/2, KoTopblii MOXET HMeThb MOPSAOK Koadxpuumenta «pusnye-
CKOH» aucnepcun K. Ira HCKyccTBeHHas JHcnepcHsa HMeeT GoJibiloe
3HaueHne B 06acTH JAWHAMH4YecKOH aucnepcuu (korga K = ou) ans
aHaveHHit nopaaka Ax/2. Hukakoro peajsbHOro pemenust gas sToil
AHOMAJIHH ellle He HaitaeHo, Kpome onpobGoBanusa cpeaHero Kosddu-
IHeHTa NPOJOJALHOR JHCNepcHH Bula (wu — u Ax/2), no3BoJAIONIETO
HECKOJIbKO CIJajHTE YHCJEHHYIO AHCNEPCHIO.
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Koneuno, B sagauax kKpynHomaciutTaGHOl JHCNEPCHH YHCJAEHHAR
JAHCNepCHsT MOZeT GuITh npeHeGpeKHMo MaJjoil NMPH COOTBETCTBYIOUIHX

pasmepax CeTKH.
9.4.6. Meroj XapakTepHCTHK

,HJ'IH TOro 4ToOh! YMEHBUIHTE HJAH HCKJIWYHTH BbILLIEYTIOMAHYTHIC
TpyAHocTH, 'apauep w ap. [121] BBean skenepuMenTasnHOe yJyu-
HIeHHe CXeM KJAaCCHYECKOro KOHEYHO-pa3HOCTHOTO pelleHHs, KOTopoe
OHH HA3BaJIH METOJIOM XapaKTepHCTHK. 3aj1aua Nno-npexHemMy annpox-
CHMHPYeTCS KOHEYHLIMH PAa3HOCTAMH, HO (DH3HUECKHE cooGpaiKeHHd
O PA3BHTHH JIHCOEPCHH NMPHBOJAAT K YPABHEHHID B YACTHHIX NMPOH3BOI-
HEIX TIEpBOro nopsjika, KOTopoe SKBHBAJEHTHO YPaBHEHHIO JHCNIEPCHH
H K ONnpeJiejieHHio ero XapakTepHCTHUYeCKHX JHHHI.

3anaua onpejensercs ypaBHEHHEM JHCIEPCHH:

oc , ., C aC ac  ac

Kgat & gp—Usgz — Uy =51

rae
kE t dp ah k { dp dh
Ue=—m5 (o +08 %) Vo=—a (55 +eegy), O412)

Cunran, uto gucnepcHeii MOMHO npeneGpedb MO CPABHEHHIO C KOHBEK-
THBHBLIM IT€PEHOCOM, OHH NPHPABHHBAIOT 3TO YpABHEHHE K YpaBHEHHIO
B YACTHLIX NMPOH3BOJHLIX NEPBOro MOPsHAKA M HULYT €ro XapakTepH-
CTHKH, pemiasi oObIMHYIO CHCTEMY:

dx/dt = U,, dyldt = U,, (9.4.13a)
dC . BC d*C
ek LY BT e KTE;;*E {94143}

Xapakrepuctuku [120] onpegeasior pemenue. JIBukymasncs Touka
(Xpy Yp) CBA3BIBAETCSA ¢ KayKA0il XapaKTepPHCTHKOM p, KOTOpas 3afaercs
ee rnapaMmeTpHuYecKHM ypapHenHeMm X, (f), y, (f), rae t — Bpems.

IKcrnepumentTaabian 06/1acTh, KOTOPAfd MpPeANoJaraercs mpsaMo-
VroJbHOH, pas0uBaercsi oOLIMHON CTAILHOHAPHON CETKOH Ha mpAMO-
yronbHHku pasmepom Ax u Ay. Kampaa touka (i, j) pacnonaraercs
B LUEHTpe npAMOyroJbHHKA R, . [lepronayaibHO ABHIKYIIHECH TOUKH
pacnpenensiioTesi NpoM3BOJNLHO NPH HauyalbHBIX KoopauHarax X, (0)
i i, (0) n nauansnoii konuentpaunu C, (0). JIBYX ABHKYIHXCA TOYEK
Ha HHTEpBa/J CETKM JOCTATOUHO (6OJbIlLee YHCJAO He YBeJNHYHBAET TOY-
HOCTH MeToja).

C;, j,n B TOUKAX CETKH H3BECTHbl, BA3KOCTb H MJIOTHOCTh B Kax-
JIoit TOUKe H3BECTHbI, a lap/ieHne onpeje/sercs u3 ypasuenus (O npu-
HHMaercs IMOCTOAHHOI): ;

div [(k/p) (grad p -} pg grad h) ] = 0.
10 ypapHenue peuraercs Merojom [ucemana n Pamdopaa. C nomoupsio

cictemel (9.4.12) cnocoGom GHANHENHON HHTEPIOJSILHE ONpeeaAIOTCS
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KOMIOHEHTE CKOPOCTH B IEHTPaX MHTEPBaJOB CETKH H B Jio6oil Touke.

Hogoe nonoxkenue Touku (x,, y,) onpenensiercs us (9.4.13a) caenyio-
mumM obpasom:

KXo, ns1 =Xp, - ﬁfrxuﬁ: [xp. ny Yp, n}:
Ypy n1 = yﬂl n + ﬂf“Uﬁf (xﬂ'! n: yﬂ'. ﬂ}'

3areM NpOBEPAIOTCA BCE TOUKH, 4TOOL ONpPENeqHTh NMPAMOYTOJbBHHK
R;, ;, B KoTopoM onH Jexar. Kamauh npsaMoyroibHuk R, ; Xapakre-
pH3yeTcsi KOHLEHTpallHeH Cff;i,,, paBHOfi cpenHeMy H3 KOHUEHTpa-
uuit C, , BcéX TOUeK B HX HOBHIX MO3HIHAX B R,-”,. Hamenenune xou-
LeHTpanHn, o6yC/JOBIEHHOE JIHCIIepCHel, B KaMKIAOM NPAMOYTrOJbHHKe
onpejeaserca H3 ypasHenus (9.4.14a):

‘ﬂC;I:ﬁ’- n= [‘ﬂtuffm} (KL*&E'C;!‘ fom —!— Krﬂgfﬁ fs n)- (94.145)

rae A; u A; — annpoxcumaunn 92C/dx® n 0°C/oy>.
Kaxnas ABMMKYILAACA TOYMKA XapaKTepHsyeTcsl 3aTeéM HOBOH KOH-
IIeHTpallHei:

Ill:p. n4-1 = Gﬁ- n —I— &C;I: j.ne

MameneHHe KOHIEHTpalHH, 0GYCJOBJEHHOE JHCMepcHeil, OAHHAKOBO
JUIsT BCeX TOYeK, IMONajalomHX B OJHH H TOT ¥e NPAMOYTrOJbHHK.

KoHuentpanug B TOUKax cTauHoOHApHOIN CeTKH NMPH HOBOM BpeMeH-
HOM Llare TOrJa ONPeNensloTcs BbiparKeHHEM:

Ci, Joakl =L, j.n 4 ﬁcﬁt fen®

Jra npoueaypa saTeM NMOBTOpsAeTcA AJsd KaxI0ro moc/enylwoiiero spe-
MeHHoro mara. OnuchbiBaeMblil MeTOJl MpejoTBpallaeT YHCJACHHYIO JHC-
nepcHio: ecan aucnepcus papua nyao (K; = Ky = 0), HeT HUKaKHX
uaMeHeHHit koHuentpaunii C, ,. Takum obGpasom, moGoi paspbiB
B KOHIEHTpalHH COXPAHAETCA H [MEPEHOCHTCH.

HecmoTps Ha To uTO UHC/IeHHAA AHCTIEPCHS YCTPaHsercs, «BCIJIeCKs
octaerca [223]. Sror MeTo MOMKET MpejCcTaBIATL HHTEpecC JJs OueHb
yacTHBIX 3ajau [228 ], Ho nmoxo ofobiiaercsi. MeToa BecbMa TpyAOeM-
KAt u Tpebyer GOJBINHX 3aTpaT MaUIHHHOrO BPEMeHH.

(9.4.136)

9.4.7. AnnpoxcHMAUHA KOHEYHLIMH 3JIEeMEHTAMH.
Meton lanepkuna

KoHeuHo-pasHOCTHEIE CXeMbl BBOAAT JHCKPETH3alHI0 MOJeHpYe-
Moil o6/1acTH KBajpaTamH, NPAMOYroJbHHKAaMH, JHOO napaJiesent-
nenamiu. Takoe npeacrapienne Heyno6HO, KOTAAa TPAHMILLI HMEIOT KPH-
BOJIMHEHHEIE OUEPTAHHA MJIH KOTJIA MePeHoc NPOHCXOHT He MO NP AMBIM
JuHHsAM. OyeBHIHO, UTO KOHEYHO-PAa3HOCTHAA annpoKCHMallHs BCerja
BO3MOJKHA, HO OHAa MOXKET BHOCHTH MOTPENIHOCTH yceueHusi GOJblue,
yeMm oObMHBIE 3KCMEpHMeHTanbHbe norpenrHoctH. Heobxoaumo yayd-

IIHTE MpejAcTaB/ieHne o6JacTH, UTO JIOCTHIaeTcs annpoKCHMAIHeH KO-
HEUHBIMH 3JeMEeHTaMH.
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OcHoBY annpoKCHMalHH KOHeu-
HbIMH 9/€MEHTAaMH COCTaBJfeT pas-
JleleHHe MozeaHpyeMoH obJaacTH Ha
nofo6/acTH HJAH KOHEYHLle S/eMeH- 2
THl, 00LIYHO O/lHHaKOoBO#H (popmel. He-
u3BecTHas (PYHKUHA ¢ annpoOKCHMH- 7
pyercsa npHOHKEHHBIM pelleHHeM ¢
JHHEHHOH (POpPMBL:

n

Puc. 9.4.6. OGaacrs, pasgenennanjna

% 1 KOHeuHsle saementsl |201 ).
S f;t a,U;, I — o6nacts,D; 2 — ofmacrs D § —
& Yadiul

rae U; — jiHHeHHO He3aBHCHMEIe

nojioGpanHble (PYHKLHH, KOTOPHIE Onpeje/NeHEl Ha Beell MojeaHpye-
MO 00JacTH W Ha e€e rpaHHlax, @; — HeH3BeCTHhIe napamerpsl,
NojIIeKallHe MOC/Ie/0BaTe/IbHOMY ONpejeennio. B aHCKpeTHsHpo-
BaHHOH oGsacti (puc. 9.4.6), o6bMHO B BepLIHHAX 5/JIEMEHTOB H B Xa-
PaKTEepPHBIX reOMETPHYECKHX TOUYKax, Bbilessercs n yaaos. [Tpubau-
HMEHHOEC DELICHHE INpPeNCcTaB/JHeTCd Mo YacTaM, OT 3JIeMeHTAa K SJIEMEHTY
no Bceii o6MAacTH B BHAE NPOCTPAHCTBEHHLIX MEPEMEHHBIX, Y3JI0BLIX
3HaueHHN QYHKILHH H ee NPOH3BOAHLIX.

HMwmeercs, raasubivM o6pasoM, ABa THIMA METOJOB, 4 HMEHHO: METOJ
HEBfI3OK H BapHALHOHHBIH METOJ, HCHOJAbL3YIOUHe npoGHbe QYHKINH,
TaKkHe Kak C.

l. Ecan ¢ ynosnersopsier HekotopoMmy ypasenuio L (¢) = 0, To
NPHOJIHXKEHHOE pellieHHe ¢ YAOBJIETBOPSieT HEKOTOPOMY YPaBHEHHIO
L () R, rpe R — HeBs3ka. 3ajaua COCTOMT B MHHHMH3aLHH R HeKo-
TOpbiM 0Opasom. OOLIYHO 3TO OCYLIECTBJSIETCS MYTEM MHHHMH3aLHH
BECOBOH (PyHKIHH OT R B XOPOLIO BHIOPAHHOM BEKTOPHOM ITPOCTpPaHCTBe,
Merox I'anepkuua, noApoOHO paccmaTpHBaeMblii B 5TOM maparpade,
SIBJISIETCA METO/OM HEBA30K. YCJIOBHSI MHHHMH3ALHH NOPOXKAAeT CH-
cremy aJqrefpaHyecKHX YpaBHeHHiH, KOTopas MOXeT OHITh penreHa
KJAacCHUECKHMH MeToJaMH JHHEeHHBIX CHCTeM.

2. B BapHauHOHHOM MeTOJe pelIeHHe ¢ JiaeT SKCnepHMEeHTaJIbHoe
3HaueHHe HeKoToporo (yHKuHOHana F (¢). Meroa sakJalouaercs Torna
B nojicraHoBke ¢ B F u Mmuuumusaunuu F (£), koropas IIPHBOJHT K CH-
cTeMe anreGpaHyecKHX ypaBHeHHH, a pelleHHe 3TOH cHeTeMsl (KJaaccH-
YECKHMH METOJlaMH JIHHEHHBIX cHcTeM) jaeT KosdpuuuenTs a; [201 ]

Bo3moKHOCTE NPHMEHEHHS METO/la HEBSI30K, HA3BAHHOIO METOLOM
l'anepkuna, K pelieHuIo 3ajay aucnepcHH Guuia obocHoBana ITunpe-
pom [214]. On npumennsn ero K sajaue 3arpsisHEHHS BOJOHOCHOTO
FOPH30HTa XPOMOM. :

JlucrepcHOHHAA CXeMa OMNpeAeasercd VpaBHEHHAMH:

L, (c) = div (K grad ¢) — div (uc) — %E. F 0 =0,
Ly (h) = div (T grad h) — %ii Q= 0.
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OGosHauenis cM. B 1. 3. Q — byHKuUus npHToKa, o0BLEJHHSIOULAs
ZIeGHT CKBAXKHHLI M IEpeTeKaHHe B HAIOPHEIE CNOH, a ¢' — KOHIeH-
TpalHs 3arpsASHEHHS B XKHJIKOCTH HCTOYHHKA.

[MpuGaukeHHbIE PEelIEeHHs HMEIOT BHJL:

o= 2 COU@, =Y H o )

rje x o3Haugaer (X, Y, 2, ...).

U uw (i=1, .. n)— Gasucuoie QPyHKUHH, YJI0BJETBOPAIOULHE
rpaHHYHEIM YCJAOBHAM VIl KaXIOr0 ypaBHeHusi. OTH GasHCHbIe (hyHK-
LLHH JHHEHO He3ABHCHMLI H NPEACTAB/SIOT nepesie 7 QYHKUMA noJ-
HOM CHCTeMBI B MOJIe/IHpYeMoii o6aacTH. 3ajaua COCTOHT B TOM, 4TOOHI
onpeaenuts Kospduuuentel Gynkumit C; (f) u H; ({), xoropbie MHHH-
MH3HpYIOT JHHeliHbie Gopmbl L, (€) u Ly (h).

Munumusanua L, (€) ocyuiecTeasieTcss npHPaBHHBaHHEM HYIIO n
HHTErpajioB OT B3BeLIEHHHIX HeBAsoK L, (€):

[Le@UdD=0 (i=1,2, ..., n). (9.4.15)
D

BecoBbiMH QyHKIHAMH fBagioTes GasucHuie gynkunu U;. Takum xe
o6pasom mnojayuaem:

| Li®oidD=0 (=1,2,..,n). (9.4.16)
D

3ameyanue [NeoMerpHUeCKH 3TH 3aBHCHMOCTH BEIPAXKAIOT TOT
(pakT, UTO ec/ii NMPOEKUHH BEKTOpa Ha TPH OOLIYHBIX KOOPAHHATHBIX
ocH B nmpocTpancTBe R* paBHBI HYJIIO, TO H BEKTOP ABJSIETCH HYJIEBLIM.
1o CBOHCTBO pacnpocTpansiercs Ha GoJee obuiHe (PYHKIHOHAJILHEIE
NpOCTPAHCTBA, CBA3aHHBIE ¢ MOJAHBIMH Gasucamu. Cucrema (QyHKUHH
U, uaseiBaercs MOJaHOM, ecaH Jo6as NpPOH3BOJIbHAA (DYHKIHA fs
npHemsaemas s paccMaTpPHBAeMOH 3ajaud, MOKeT OhITh anmnpokKcH-
MHpOBaHa JHHEHHOH KoMOuHalHEeH

N ——

n

El a,U; (%),

¢ mo6oil 3ananHoil TOUHOCTLIO MyTeM noabopa AOCTaTouHO GOJBLIOrO
n. Korga n crpemurcsi K GeCKOHEUHOCTH, P

n

> aU (%),

i=1
cxonuTea (B Hekotopoii Hopme) K f. ITomnpiit 6asuc B obuIeM (yHKIHO-
HaJbLHOM NPOCTPAHCTBE BEIMOJHAET POJib, UTO M OOLIUHLIH Gasue B f=
MEpHOM BEKTOPHOM MPOCTPAHCTBE, MOJ0GHOM, HanmpHMmep, R®, Tlpu-
rogHocTs Meroia lamepkuna jjisa npuMmesenus 9BM saBucHT OT BB~
Gopa GasucHbIX (yHKIMi H s71emenToB. ITHHAED HCMONBL30BaT KPHBO-
NHHejiHble H30MapaMeTpHuECKHe uernlpexyroabHuks (pue. 9.4.7).
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Puc. 9.4.7. HedopMmuposarisie cMellaHHble H3ONapaMEeTPHYECKHE HeTHIpeXyTro/bHLle
sneMenTH B ofuweil (x) W nokaasnoil (E) chcreMax Koopaumuar [214].

Undpu B wkpymrax: | — KyOudeckan cropona; 2 — aunefinan cropona; & — KpagpaTHNe-
CKas  cTopoua; 4 — HOMED Yy3fn

JIuneiineie, KBajpaTHuyHbie, KyOHYeCKHE MHOrouJeHHLe Ga3HCHLIE
(DVHKIHH MOTYT GBITh ONpeIeeHkl Ha TpaHaiX SJeMEeHTOB H Ha Ka)aoi
rpaHH HCNOJIL30BAHBEI (DYHKILHH PasHLIX MOPAAKOB, 4TOOBI MPHCHIOCO-
OHTLCA K TeOMETPHH TpaHHL, HJAH oX(HJaemoil (opMe HEH3BEeCTHOro
pemierusn. Ilna oGseryenns HHTErpHpOBaHHs BBOJAUTCA Oe3pasMepHasn
KPHBOMMHEiHAs cHCTeMa JoKanbHLIX (&) KoopauHar, B KOTOpoO# 3Jje-
MEHTHl NpeACTaBasaioT co00H KBajpaThl ¢ Y3JIOBHIMH TOYKAaMH, pacmno-
JIOJKEHHBIMH 110 CepejiHHe cTopoHbl (KBajpaTHuyecKas CTOpPOHA) HJAH Ha
KOHLIAX OTPe3KOB, PaBHHIX OJIHOH TpPeTH CTOpoHHl (KyOHueckas CTo-
pona) (puc. 9.4.7 (201, c. 86]). ®dyukuun U, (x) v ©; (x) sanuck-
BAIOTCA B NepeMeHHHIX H noufHpaioTcsa TakHM ofpasoMm, 4ToOH OHH
YJIOBJIETBOP A1JH OCHOBHEIM TPeOOBaHHAM JI/18 6a3HCHBIX DYHKIHI H CBS-
3LIBaJIH OOlIHEe H JIOKAJbHBIE CHCTEMBl KOOpJHHAT [280].

Ha nucnepcuonnoit cxemst # cdopmya (9.4.15) u (9.41.16) moxkno
MOJYYHTh JIBE CHCTeMBl ajrefpaHuyecKHX ypaBHEHHI:

[N] {C} 4 [M] {dC/dt} + {F} =0, (9.4.17)
[P]{M} 4 [R] {dH/dt} +- {U} =0, (9.4.18)

rne N, M, P, R — marpuust (n — m) X (n — m) (m — uucao nac-
CHBHBIX Y3/10B, OGYCJHOBJEHHLIX TPAHHYHBLIMH YCJIOBHAMH 3ajaun
IHupuxne), C, H, d/dt u dH/dt — BekTopH, cojiepiKallHe Heomnpese-
JleHHble KO3(pHI HEHTHl H HX BpeMeHnsle npou3soanee. Kospduunents
KO3(xpHILHeHTHBIX MATPHIL BhIPAXKAlOTCA B BeJHUHHAX HHTErpajyoB No
o6JyiacTH GasuCHLIX (PYHKLUHII H HX TNPOH3BOAHHIX. Bhiuncienue sTux
HHTErpaJoB [POH3BOAKTCS (JAyullie B JOKaNbLHOI, yeM B oflel chcreme
KOOPAHHAT) B npejenax uuterpuposanns or —1 po 1 ¢ nenossaoba-
HHeM kBajipatTypn ['aycca. B cooTBercTBHH € ONBITOM € MOMOIIBIO
ITHX HHTErpajoB MOTyT ObLITh MoJiyueHul TouHEle pemeHHsa. Kosdipu-
LLHEHTBl SaBHCAT OT IPaHHYHBIX YCJAOBHII.

Cucremsr (9.4.17) u (9.4.18) pewalorca myTeM anmpoKCHMAalHH
BPeMEHHBbIX NPOH3BOJHBLIX OT KOHIEHTPalHH H THAPaBJIHYECKOro Ha-
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nopa no KOHeYHO-pasHOCTHON CXeMe ¢ PA3HOCTHIO Ha3ajl B ypaBHEHHH
JHCIIEDPCHH?

IN]{Clesar + IM] (§C}ypa — {Ch)/AL - {F} =0,
[P]{H}epar -+ [RI({H }ppae — 1Y) Af - {U} = 0.

ITH ypaBHeHHs PelaloTesi NocAeloBATeNbHO IS KaXIloro BpeMeHHOro
miara, A8 JaHHBIX HAYaNbHBIX H FPaHHYHBLIX YCJIOBHIL.

9.5. TEOPHA BAJIAHCA NOTOKOB YPABHEHHA ®HJIbTPAUHH

OnaHHM M3 OCHOBHBIX NapaMeTpoB 3arps3HeHHs MOJ3eMHLIX BOJ
ABAAETCH EKGPDCTI: Nnoa3eMHEIX BOJT. MH Ve HCCNenoBaJH noJeBLie
METOJIbl, € MOMOILbIO KOTOPHIX onpeaeaserca 37oT dakrop. Koneuno
TAKHe MeTOoOhl He MOTYT GBITE HCITOJIL30BAHEl B H]]DFHUEHI:II MOOeasax
H B MOJIJIAX YNpaBJeHHs, KOrja BOJoOT60pP H BOCMOJIHEHHe H3Me-
HSIOTCA, KOrja MPOEKTHPYIOTCA HOBLIE CKBaXKHHBI H TNPEANPHATHA,
H BooGlle BCerja, KOrja peHM 3arpsisHeHHOro BOJIOHOCHOTO TOpH-
S0HTA H3MeHseTcss BO BpemeHH. Takum o6pasoM, HeoGXOJHMO Npo-
Be/leHHE MaTeMaTHUYeCKOro MOJIe/IHPOBAHHSA JABHIKEHHS MOJ3EMHEIX BOJL,

OcnoBHoe ypaBHeHHe (DHABTPALHH HMEET BHI:

div(T grad H) =S %2 1 g, (9.5.1)

rie T = Ke — npoBOJAHMOCTh BOJAOHOCHOTO TOpPH30HTA (CM. TNpH-
aox. 1), S — kospuunent sogoornauu, H — Hanopwel, Q — HHTEH-
CHBHOCTE MCTOUYHHKOB (HAnmpHMep, HCIapeHHe HWJH CKBAXKHHBI).

OT0 ypaBHEHHe MOMKHO anmpoKCHMHPOBAaTh, HCMOJB3YS MaTeMaTH-
gyecKHe pesyJabTaThl pasuena 9.4. Ho B stom naparpade paccmarpH-
BaeTcsl MeToj NUCKPeTH3anuH, KoTOophift OauxKe oTBeuaeT (H3HUeCKOH
CYIIHOCTH fBJAEHHA H HJJMIOCTPHPYET NPHHIHNBE MOAEJHpOBaHH,
KPaTKO H3JIOMEHHEIE BO BBEICHHH. ITH METO/B! IONOJHSAIOT JIPYT ApYyra
H B mo6oil peanLHO# 3ajaue MOTYT OHITE HCIIOJNE30BAHE! COBMECTHO.

Panu npocToThl paccMOTpHM ABYMEPHEI B nJaHe HanopHLI BOJO-
HOCHBIH FOpH30HT, TPEThE H3IMEDPEHHE BKJ/IIOYAETCA B 3HAYEHHE BONO-
nposoaumocTH. Hamu pesyneratel MOTYT GEITE JIETKO PacnpoCTpaHeHH
Ha GoJiee ofliHe BOJOHOCHEIE TOPH3OHTH! M MBI NMPEJACTABAAEM 3TO YH-
TaTreJ aM.

|
|
[
I
i
L

9.5.1. Bananc snemeHTapHbIX OJOKOB

OcHOBHO# NMPHHIMN 3aKAIOYAETCA B MEICIEHHOM BhIeNeHHH 6loka
TFPYHTA; BOJia BXOJIHT B HErO Uepe3 HeKOTOPYIO NMOBEPXHOCThL H BHIXOAHT
yepes Jpyryio; KpoMe TOro, HeKOTOpPOoe KOJHYECTBO BOJAEI HaKaniH-
BaeTcAa B nopax. HPHMEHHM 3aKOH cOXpaHeHHA Maccnl, noJarad, 4To
ec/TH 60K MOJyYaer BOAY, TO MOJNYUEHHOE KOJHYECTBO ABJAETCS MOJ0-
HKHTEbHBIM, @ €CJIH OH TepseT BOAY, TO NMOTepPSAHHOE KOJHYeCTBO fB-
JIfAeTCcA oTpHuaTenwHeIM. Bajanc maccel Torjna samHIIeTCs:

Hakonnennas mona = noayvennas Boja — noTepAHHAA Boja
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Puec. 9.5.1 Pre. 9.5.2

Teneps npoaHanu3HpyeMm pasjiHuHbIE KOMIOHEHTHl 3TOro GajaHca.
Baoku rpyHTa npejcrapasioTes B BHje KyOHUECKHX 3JIEMEHTOB ¢ JIJIH-
Hoi peGpa Ax. BoJloHOCHLIH TOPH3OHT JHCKPETH3HpYeTCs, KaK IoKa-
saHo Ha pHc. 9.5.1.

3aMeuaHHe. 3ra TeOPHS CrpaBejjIHBa H NpH mo6oii Apyroi
JUCKPETH3allHH BOJOHOCHOro ropusoHrta. [IpocThie reomerpuuecKHe
YCJIOBHS B IPHMEpE He PEANoJIaraloT Kakoro-JH60 ynpouieHus TeOpHH.

LlenTpom sniemenrapHoro Gaoka sapaserca C; N, S, E, W — coor-
BETCTBEHHO LEHTPEl 6JIOKOB CEBEpHOro, 103KHOr0, BOCTOYHOTO H 3amaj-
Horo no orHowenuio K C (puc. 9.5.2).

Pacnpenenenus Hanopoe H (HALTPAaUHOHHEIE NTapaMeTpPhl Onpeje-
AAIOTCA NYTEM OTHECEHHs CPelHero 3aHaueHHs paccMaTpHBaeMofi BesH-
YHHBl B 3TOM OJIOKE K ero UeHTpY M BhuHCJIeHHs Gananca Gioka C
B [IPOMEXYTKe BpeMeHH oT £, no f,. [InoTHOCTE BOJH NpHHHMAETCH MO-
CTOSIHHOH; TakHM o06pasoM, pacCMaTPHBAeTcsi TOJNBKO YpaBHeHHe
coxpaHeHHsi oObema.

Haxonaennas soga. Mexy MOMeHTAMH BpeMeHH f; W [, Nbe3oMert-
pHYecKHit ypoBeHb MeHseTcs oT H, o H;. Ilo onpenenennio kosdpdu-
L HEHTA BOJOOT/la4uH, HAKOMJIEHHbIH 06beM BOJL ajreGpaHyeckH paBeH:
(Hakonnennasi Boga mexny 4 u i) = S, (H; — H.) Ax®,
— €CJIH YPOBEHb [MOJHHMAaercsi, HAKOMJEHHe MNOJOXKHTeILHoe,

— €cJIH YpOoBeHb OMyCKaeTcsd, HaKONJIeHHe OTpHLUAaTe/lbLHOe,

; Moayuennas uaum rtepsiemass soga. Ona HMeeT JBa IPOHCXO¥K]e-
HuA: 1) Boja, KoTopas Tewer uepe3 GjoK Gnarojapsa oOMeHY C cocefl-
HHMH OJloKamMH, HashHBaeTcsl TPaHSHTHOH H 2) Boja, HaJHBaeMas
B CKBa)KMHBI HJIH OTKayHBaemas M3 HHX, HcnapeHHe, HHQHILTpauus,
Ha3bIBaeTcsl MPHBHOCHMOI.

1. TpansutHas Bona. [Totok Boawl ot Giaoka W k Gaoky C pasen:

Qo =T ﬂxﬁm Hc

Twe — CpelHsiAa NPOBOJAHMOCTh IOBEPXHOCTH pasjena GJjokos. Camas
rpy6as annpokcHmanis (OCHOBAHHAsA Ha PeryJispHOCTH CBOMCTB BOJIO-
HOCHOTO T'OpPH30HTA) HMEeT BH]:

! i
Tm = T{Tm ZIK Tr]-
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B coorsercTBHH C 3TON annpokcHMauueii:
Qoo =5 (To+ T (Hy — Ho).

Onpezensist NOTOKH H3 APYruX GJAOKOB, MOMYYHM OGIUIHA TOTOK Quom.
Quos = 5 (T +T) (Hy — H) + - (Ts + Te) (Hs — Ho) +
+ 5 (Te+T0) (Hp — Ho) + 5 (T + Te) (Hyw — Ho).

2. [NpusHocuman Bona. Ilputok stoit Boaw Q. pasen:

Q. = + (cymma pacxofioB HalHBa B CKBaKHHBI) — (Cymma je-
GHTOB OTKAYHBAIOWIHX CKBaXKHH) -+ HHUABTpaUHA — Henapenue. 3a
BpeMs OT # o {, KOJHYECTBA TPAH3HTHON M NMPHBHOCHMOIT BOJbI COOT-
BETCTBEHHO paBHbl: Q ({, — 4) u Q, (&, — 1)).

DBananc notokos Torja sanuuiercs B BHjE:

Sﬂ (H: e Hc} Ax® = anml (f.t e Ifl} '!' Qc (EE - = fl}l

H, monaras Af= f, — f;, nonyynM JIHCKPETH3HPOBaHHYI0 (opMy
YpaBHeHHSI (HALTPALHH:

H.—H I
Sc( cal C} = Ax? [;_{TN + Tﬂ){HN e Hﬂ)+
+ 5 (Ts+ To) (Hs — H) + o (Te + Te) (He — Ho) +
+ 5 T+ To) (Hy — Ho) | + 2. 9.5.2)
Bameuanue l. (H: — H)/At npencrasaser co6ofi cpeanion

CKOPOCTb H3MEHEHHsI NMbe30MeTPHYECKOro YPOBHS 3a NepHOJ BPeMeHH
mexny b u &,

Sameuanue 2. Q/Ax* — ocpenHeHHBI NPHTOK Yepes eHHAY-
HYI0 MJIOIA/lb MOBEPXHOCTH 6J0Ka. DTO 3HAYMT, yTO O6MEH MOoBepX-
.HOCTBIO (HHQHABTPALHA H HCapeHHe) H TOYeYHble HCTOYHHKH (CKBa-
AKHHBI) OCPEJHAIOTCA B npenenax 6J0Ka.

YpasHenue (9.5.2) asnserca annpoxcumauneii ypasnenua (9.5.1),
KOTOpad OCHOBaHa TOJMLKO Ha 3aKOoHe COXpaHeHHH MAaCChl H OTpaaer
dbusHueckyio cyunocts ypasrenns (9.5.1). Ha camom nene nekoropae
aBTophl [83] BrBOsAIT (9.5.1) M3 (9.5.2), onpenensisnt npeneas pasauy-
HBIX 4/1eHOB, npu Ax u Af, cTpemsimuxcs K Hy.Ti0.

9.5.2. I'paHMyHBIe YCJIOBHSA

BojionocHblfi rOpH3OHT OrpaHHueH H oGMeHb! BOJOf ¢ BHewHeil 06-
JAcThI0 YNPaB/AKTCS TPAHHYHLIMH YCJOBHSAMH, KOTOphie OHIBAIOT
JABYX THNOB:

l. T'pannuHble yCJNOBHSI BHELIHHE [0 OTHOLIEHHIO K YpaBHEHHIO,
HauGonee oGbIYHBIMH ABJAAIOTCA:
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— NOCTOSIHHBIE NMOTEHIIHAJbl; OHH BO3HHKAaIOT 6Jarojiapsi HaJaHUYHIO
NpyA0B, 03€p, NOBEPXHOCTHHIX BOJIOTOKOB, NPOPe3alouiHX BOJOHOCHbIH
FOPH3OHT.

— HYJIEBOH MOTOK; OH 00YcJ/OBJIEH HeNpOHHLAEMOil rpaHuLei;

— NOTEHIHaJbi, H3MEHSIOMHEeC BO BpeMeHH, TaKHe KaK ypOBEHb
MOpPsi B NPHOpeKHBIX BOJAOHOCHBIX FOPH3OHTAaX.

2. I'pannuHbie yC/IOBHA BHYTPEHHHE 10 OTHOLIEHHIO K YPaBHEHHIO.
Pacemorpum ckBaxuny. Eciin ee pasmep Mas o cpaBHeHHIO ¢ BeJTHYH-
HOH SIYEHKH CeTKH, ee pacXoji MOMKET paccMaTpHBaThCH KaK NPHTOK
B 3TOT OJIOK H BKJIIOYAThCA B YpaBHEHHe KaK HeKoTopuiil Q.. Takum xe
00pasoM HcnapeHHe H HHOHJABTPALHA MOLYT pacCMaTpHBAaThCs JIHGO
KaK YCJIOBHSI C MepeMeHHLIM pacxojioM, JH60 Kak NpPHTOK, BKJlOYae-
MBIl B ypaBHeHHe. B saBucHMocTH OT 3ajau Hmeer JIHOO rpaHHYHBIE

yC/I0BHs, JIHOO OCOOEHHOCTH, MOJS BKJ/IOYaeMble B ypaBHeHHEe Kak
uied Q..

9.5.3. Mpocroii npumep

PaccmoTpHM BOJIOHOCHBIH TOPH3OHT, IHCKPETH3HPOBAHHLI B COOT-
BercTBHH ¢ puc. 9.5.3. Ha puc. 9.5.3 nokasaubi 3Hauenusi npoBoju-
MOCTe#H, TPaHHYHBIX YCJIOBHI H OCOGEHHOCTH nojs. PeuMm ycraHo-
BHBUIMHCSA, T. €. He3aBHCANHN OT BpeMeHH.

( Mcmg;:- HanHcaTb YpaBHEHHs MOTOKOB /1A KamKAoH SUelKH CeTKH
Taba. 4).

Pacnonoxum kosdpuumentot Hy, Hy 0 H; Aaa Kamkaoro ypaeHe-
HHA B Ta6a. 5.

Tabaunna 4
I::;':Ef MoTok nocrynaomuf ua sueftin
K KOTo-
PHM no- Pacxon
i N s E W
4 8(T—H)| +8(11—Hy) | +8 (H—H) | +0 0
5 5 (8—Hg)| +7(13—Hg) | +4 (He—Hy) | 48 (He—Hg) | —7
B 2 (9—Hg)| +4 (13—Hy) =+0 —+4 (Hy—Hy) 0
TaGauua 5
Howmepa Kosphuumenti
AUSEK H. H, Il H.,
4 —24 8 0
b 8 —24 4
6 0 4 —10
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I-If/
Pue, 9.5.3.

a — HyMepauus sueex; 6 — pacnpefenenne’nporoguMoctit (M%e-107Y); 8 — rpaHuuHEe yeno-
BHE: | — NOCTOMHHEE NOTeHOHAAW, 2 — HENpOHHIAEMBE TPAHNHIE; & — pacnofoMeHne. §
pacxog (M%e:107%) nyckomoft cHBamHNN

Kosthduunenrsl 06bMHO 3anHcLBAIOTCA TaK:

VSR O B — 144
8 —24 4 ||H,|=]|-138]
0o 4 —10]]H, 10

Kospuunentst matpuuns Hy, Hy, Hy Ha3uiBaloTCs CHADABIHYECKOM
MaTpHUedl HAH MaTpHueid npoBogumocTH T.

9.5.4. Hekoropbie cBONCTBA MATPHILBI MPOBOAHMOCTH

B npeasiytymem npumepe Mbl HaG/IOAAJH, YTO MATPHILA TIPOBOLHMO-
CTH ABJISIETCHA MaTpPHIeli JIHArOHANbLHO JOMHHHPYIOWEH H CHMMETpHY-
HOJi. 310 ee IJIaBHBIE CBOHCTBA.

1. CummeTpHs. i H j HOMepa ABYX COCEJHHX GJOKOB, IIOTOK OT i K J
paBeH no aGCcoOTHOH BeTHUHHE NOTOKY OT j K i. Kosdduuuent npu H,
pasen xos(puumenty npu H;.

2. Jlomunuposanue auaronann. PaccmoTpum ypasHeHHe Gajanca
NOTOKOB B TOUKE ¢ [PH YCTAHOBHBLIEMCS peXHMe:

Tye(Hy — H.) + Tse(Hs — He) + Twe(Hy — He) +

+ Tec(Hp— He) = Qcs
TaG6aunuma 6

.ﬂg; Hosmepa aveex ['Lpﬂ:;:n

s ypan-

uenh i g I 3 A 2 - 5 B E Tpan
e +H :
3 A :
4 |+8Hy 24H | +-8H, +8H, 0
5 +5H, 8H, |—24,Hs|4-4H +7H, 7
5 T2H, +‘”‘15 —10H, +4H, 0
g +H, 1]
g +Hy 12
? +H, | 18
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[PEJICTABHM 5TOT 6aNaHc B Buue:
TyeHy + TscHs + TweHw + TecHe —

s {Tﬁ.'{: ‘i‘ TSC + TWC ']“ TEC‘] Hr.‘ = (s

Oxasnipaercs, uto Kosdpuunent npu Ho MexNT Ha raaBHOI AHArO-
HaJqH H GOJIblIe HWJIH paBeH CyMMe APYrHX KOs(XDHILHEHTOB, KOTOpHIE
MOJIOMUTEJLHEI.

Crporoe HepaBeHCTBO MOXET GbITh B CAyyae, Korja 60K, cKameM
N, umeer 3ajlanHbIi NOCTOAHHLIN MOTEHIHAJ Ha rpanuie. H y H3BECTHO
H ypaBHeHHe GajaHca NMOTOKOB TOIJIAa MOMKHO 3anHCATh:

TscHs + Twellw + TecHg—(Tne + Tse + Twe+ Tee) He =
= Q¢ — TwcHy,

COXpaHfAfAd HEH3BeCTHbie TONbKO B JeBoi uvactu. HepaseHcTBo oue-
BHJIHO.

Sameuanue PaccmorpuMm npeisiayuuii npumep. MoxHo
sanHcaTh MOJIHYIO CHCTEMY YpaBHeHHil jas Bcex Oaokos (taGa. 6).
Jro, ofiHaKo, Hea(xpeKTHBHO, TaK Kak ypasuenus 1, 2, 3, 7, 8, 9 Gec-
MOJIe3HBI. 3amuiueM MAaTPHYHYIO CHCTeMY:

100 0 0 000O0Q|H,| [T 77 Hasnenue
010 0 0 000O0]| H, 8 »
0.-0-1 0 0 0000O0(|H, 9 »
800 —24 8 0800||H, 0 | Pacxon
050 8§ —24 4. 0720 s —7 »
002 0 4 —100 0 4 || Hy 0 »
000 0 0 0100]|| H; 11 | daBnenue
000 0 0 001 0| Hg 12 »
000 0 0 0001([Hs i »

Jra MaTpHIla OCTaeTcA ellle JAHArOHaJbHO JAOMHHHPYIOULEi, HO OHa
OTepsiJyia CBOI0 CHMMETPHIO, TaK KaK B OJIHO H TO e BPeMsl COJepPHKHT
VYPaBHEHHs JaBJieHHs W YpPaBHEHHs NOTOKOB. ITO KaK pas To, uero
He CJIefyeT nenaTh. '

9.6. MPAKTHYECKOE HMCINOJIb30BAHHE METO/J0B
MOJAEJIHPOBAHHA W NPOrPAMMHPOBAHHA

Mgl nokasanu JiBa THNa MeTOJIOB:

1) annpokcumauusa: apHas, HespHas, Kpanka—Hukoncona man
HMIIH, koropuie nator ouenky C (f{ + Af) no C (f);

2) npouenyphi: TOYeUHON HJIH GJIOUHOI NOC/e/l0BaTeILHOM BepXHeil
penakcauus, [aycca—3eiilenss uam §IkoGu JJad pelIeHHs CHCTeM
JHHEHHBIX YPaBHEHHH ¢ MOMOLIBI0 HTepauui. MeToXOM HCK/IIOYEHHS
[aycca cHcTeMbl JIMHEHHBIX YPABHEHHIl peILAlOTCs NpsAMbIM ofparie-
HHEM MaTpHUbl KO3(XPHIHEHTOB CHCTEMH.
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MeTo/ MOJIHOrO pellieHHs COCTOHT TOTAa B OTHICKAHHH armnpoKCH-
MauHH HecTaiuoHapHoH 3agaud. Ecam annpoxkcHMaunus sBHas, TO
C (1 + Af) BoluHC/IACTCA NMPOCTBIM CJAOMKEHHEM H VMHOMEHHAMH; ecIH
annpokcumauus HesBHasi (uanm Kpanka—Hukosacona), 1o utolul
PeLIHTs CHCTeMY JHHEeHHbLIX YPABHEHHH HAa KaXKJIOM BpPEMEHHOM LIare
HeoGX0lHMO BbIOpaTh COOTBETCTBYIONLYIO npoienypy. Ecam annpok-
cumauus coorserctsyer HMITH, To na kaxuom Bpemennom ware ¢ no-
MOLLBIO MeTo/a HeKmoueHus [aycca. B cayuae craunonapHoit 3aaaus,
KOHEUHO, JO/MKHA HCMOJBb30BATHCA Kakafi-1nG0 onpeledeHHas Mpo-
ueaypa. :

Brifop annpoKcHMauHH H MPOUEAYPHl JOMKEeH 3aBHCEThL OT reo-
metpuH o6aactu; HMITH joaken GuiTh 3apesepsuposan jis abco-
JIIOTHO NMPAMOYTOJbHBIX HJIH BBIMYKJALIX o6GaacTeil; ToueuHas noc/aejo-
BaTe/ibHas BEPXHss pejakcallHs MOeT GhITh HCIIOJBL30BaHA B cayuae
c/JI0KHOMH reomerpuH. biounasn nocnefoBareLHas pesakcalis MOMKer
ObIThH HCIO/b30BAHA B C/1Y4ae, KOrja reoMeTpHs CJA0XHas B OJHOM Ha-
npaBJeHHH H MpocTas B JAPYroM.

Korja Heo6xX0lHMO YTOUHHTH CBE/IeHHS O YacTH 06/1acTH, BBOAHTCA
MeHsAouasncsa cerka (puc. 9.6.1) u npumensierca ToueuHas nocJeioBa-
TeJqbHas BePXHAA pejakcauus. Takas cuTyallHA BOSHHKAeT, HanpHMep,
KOrjla H3yuaercs 3arps3HeHHe BOJH3H BOJOOTOGOPHON CKBaXKHHHL.

B kauecTBe MAMIOCTPALHH 3/1€Ch NPHBOAATCA TPH OCHOBHBLIE NPO-
rpaMMbl, @ HMEHHO: JIBe POUEYPHl H TPeXAHATOHAJbHOE HCKJIOYEHHEe
['aycca. XoTa OHH, BepOATHO, He ABJAAIOTCA ONTHMAJbLHBIMH BapHaH-
TamMH 3anHcH 3ajgayd Ha QoprpaHe, HO MOTYT GbIThb HCIOJb30BAHE
B KauecTBe KOHTPOJS YNpaKHEeHHH CTYIeHTaMH.

[Tponenypsl npeanasnauenst JJisi pelleHHs CJepyiouled 3agaum.
['opH3oHTa/NLHBI BOJOHOCHBI FOPH3OHT NMpPEACTABIEH AHCKPETHIHPO-
BaHHOI obaacteio (puc. 9.6.2). HyxHo onpeneauTs noTeHIHAb,
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W3BECTHO, YTO TOTeHnHasa Ha rpaHuue paseH 100 m. ITpoBogumoOCTh
nocrosnna u pasHa 107® m*/c. Mimeercs ckBaXHHA B LIEHTPE, H3 KOTO-
poii TIPOK3BOJIHTCH OTKauKa, ¢ feGuTom 0,05 m%/c.

PesxuM yCTAHOBHBLIMACH, H MOJeJib ONpeesisieTcsi ypaBHeHHeM
(9.5.2) ¢ He = He.

1. Tlpoueaypa Taycca—3eiinens:

PROGRAM GAS(INPUT, OUTPUT)
METHOD OF GAUSS SEIDEL
DIMENSION T(21, 11), Q(21, 11), H1{21, 11)
#* DATA INPUT #
READ 100, IMIN, IMAX, JMIN, JMAX
100 FORMAT (413)
DO | I=MIN, IMAX
DO 1 J=MIN, JMAX
T(1, J)=0.001
Q(1, J)y=0.
1 CONTINUE
Q(11, 6)=0.05
DO 2 I=IMIN, IMAX
DO 2 J=JMIN, JMAX
HI(1, J)=0
2 CONTINUE

DO 3 I=IMIN, IMAX
HI(l, JMIN)=100.
H1{I, JMAX)=100,

3 CONTINUE
DO 4 J=JMIN, JMAX
HI(IMIN, J)=100.
HI(IMAX), J)=100.

4 CONTINUE
DO 5 L=1, 150
U=0.
IMI=IMIN- 1
IMA=IMAX—I
IMI=JMIN--1
ITMA=JMAX—I
DO 6 I=IMI, IMA
DO 6 J=JIMI, JMA
TN=05% (T(I, ))+T(I—1, J))
TS=0.5% (T(1, ))4-T(+1, J))
TE=0.5# (T(I, ))-+T(1, J+1)
TW=0.5% (T(I, )+ T(I, J—1)
TTOT=TN-+TS+TW--TE
Z=TN % HI(I—1, ))--TS # HI(I+-1, J)+TE % HI(I, J4+ 1)+
+TW # HI(I, J—1)

Z =Z/TTOT
# COMPUTATIOH OF THE RESIDUE #
U=U+(Z—HI1(1, J)) % Z—HI1(1, 1))
HI(I, J)=2
% CONTINUE
IF(U—0.001)8, 8, 7
7 CONTINUE
PRINT 1000, L, U
5 CONTINUE

#* INITIAL CONDITIONS =

% BOUNDARY CONDITIONS %

* RESULTS #
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8 PRINT 1001
DO 10 I=IMIN, IMAX
PRINT 1002, 1 (HI(I, J), J=JMIN, JMAX)
10 CONTINUE
1000 FORMAT(5X, #ITERATION %, 13, * RESIDUE %, EI5.8)
1001 FORMAT(1H1, 5X, % POTENTIAL MAP % j)
1002 FORMAT(1H, 12, 3X, 11(E10.3, 1X)/)
STOP
END

2. MocaepopaTenbHan BEPXHAN peaKCALIMA

PROGRAM S0R(INPUT, OUTPUT)
: METHOD OF FRANKEL—YOUNG
DIMENSION T(21, 11), Q(21,11), HI1 (21, 11)
#* DATA INPUT %
R=19

READ 100, IMIN, IMAX, JMIH, JMAX
100 FORMAT(413)
DO 1 1=IMIN, IMAX
DO 1 J=JMIN, JMAX
T(1, J)=0.001
(I, N)=0.
I CONTINUE
Q(11,6)=0.05

DO 2 I=IMIN, IMAX
DO 2 J=JMIN, JMAX
H1(1, J)=D0.

2 CONTINUE

DO 3 I=IMIN, IMAX
HI(I, JMIN)= 100,
HI(I, JMAX)=100.

3 CONTINUE
DO 4 J=JMIN, JMAX
HI(IMIN, J)= 100.
HI(IMAX, J)=100.

4 CONTINUE
DO 5 L=1, 150
U=0.
IMI=IMIN-1
IMA=IMAX—1
JMI=JMIN-+1
IMA=IMAX—I
DO 6 I=IMI, IMA

DO 6 J=JMI, JMA
TN=0.5=(T(I, H+T{—I1, J)
TS=0.5% (T(1,N)--T(-+1, J)
TE=0.5= (T, H)+4-T(, J+1)
TW=0.5%(T(I, J)4T(I, J—1))
TTOT=TN--TS-- TW--TE
Z=TN % HI(1—1, J)4+TS*HI(I+4-1, H+TE*HI({1, J4+1)+TW

#* INITIAL CONDITIONS =#

% BOUNDARY C BONDITIONS #

*HI(I, J—1)
=7 TTOT
ey + COMPUTATION OF THE RESIDUE #
I=Z—HI1(, J)
U=U+V=*V
HI(I, J)=HU(I, J)--R«V

6 CONTINUE

1IF(U—0.001)8, &, 7




7 CONTINUE
PRINT 1000, L, U
5 CONTINUE

8 PRINT 1001
DO 10 I=IMIN, IMAX
PRINT 1002, I, (H1(1, J), J=IJMIN, JMAX)
10 CONTINUE
1000 FORMAT(5X,#* ITERATION %, 13, * RESIDUE *, E15.8)
1001 FORMAT(1H1, 5X, # POTENTIAL MAP= 11)
1002 FORMAT(1H, I2, 3X, 11(E10.3, 1X)11)
STOP
END
3. TpexauaroHanabHulii meron vekmovenws [Maycca. Pewenwe cucrems (9.3.1)
DIMENSION ALF(N), BETA(N), B(N), C(N), D(N), X(N)
ALF(1)=D(1)/B(1)
BETA(1)=C(1)/B(1)
D@ll=2, N
ALF(I)= (D(I)—A(1) # ALF(I—=1)/(B(I)—A(I) * BETA(I—1))
BETA(I)=C(1)/B(1)—A(I} * BETA(I—1))
1 CONTINUE
X(N)=ALF(N)
II=N—I
D@?21ll=1, 11
[=N—III
X(1)=ALF(I)—BETA(I) # X(I4-1)
CONTINUE
STOP
END

# RESULTS #



MPHJOXEHHME 1

OCHOBHBIE CBEJAEHHS O JABWXEHHH
NOA3EMHBIX BOJ

Adannoe npuaoxenne npeiHasHaueHo AAs Toro, 4tolH AaTh JHIIb OCHOBHME
OnpejefeHns, CBA3AHHLE C NPAKTHYECKHMH ACNeKTaMH JBHKEHHS BOAM B NOpoAe
i ero namepernaMi. Hanpumep, MBl MOAXOMHM K MOHATHIO CHANODPS, TOJALKO B3aHMO-
CBA3LIBAT €ro C YPOBHEM BOJHW B CKBaXXHHE, KOTOPHIA B AefiCTBHTENBHOCTH ABJASETCS
AHIb NPAKTHYECKHM MEPHJAOM Hanopa B BofoHocHoM ropndonte. Ecaw uutarenn
NMEET HaMeperHe ry6iKe BHHKHYTH B TEOPHIO ABHAKEHHS MOAIEMHLX BOA, TO IIMEeTCH
MHOTO y9eGHHKOB Ha 3Ty Temy, Takux Kak JI. Bspa [17], II. Toaaa [263], Jdu Bucra
[65], B wacTHOCTH, B HHX MOXHO HafiTH OMHCAHHE CAYYas HENOTEHIHAIbHOTO TEYEHHS
(KoTOpuIli Mbl 37ech He paccMaTpHBaeM) M oGmuX acnekToB sakona dapcir.

M.1.1, MpuuKEa ABHAXEHHA MOA3EMHBIX BOJ

Mpuunnol ABUAKEHHA NOAIEMHHX BOA SBJISETCH THAPABAHYECKHA NOTeHIHAs
HAW Hanop. 3TOT MOTEHUHaN NpPeACTaBNeH YPOBHEM BOAH B GYPOBHX CKBAMKHHAX.
Passocrs manopos Mmemay ABYMS TOMKAMH DaBHa PasHOCTH YPOBHeil BOAH B JABYX
CKBaXHHaX, NpoOypeHHHX B STHX ToMKaX. PakTHYECKH, NpHYHHOA ABHMEHHA BOJILI
ABAAETCH PasHOCTh MOTEHIIHANOB:

— @CJIH XHAKOCTb HMeeT OfHH H TOT e Hanop NoBCeMecTHO, TO ABHKEHHE OTCYT-
CTBYeT;

— CCJH HMEET MECTO PasHOCTb HanopoB B MPOCTPAHCTEE, TO BOAA ABHMETCA B Ha-
NnpaBJeHHH YMeHblllawlinxca Hanopos (puc. [1.1.1).

Kpatknit skckypc B Teopuio ruapasamku. M3 ruapocratiki u3secrio, 4To =
= pg (hy — ;a), P — RaBfeHHe, p — NAOTHOCTb, € — CHJa TAXKeECTH, h H 2 0603HaYeH
Ha puc.h.l. .

hy= py/pg+ 2z,

hiy — Hanop B Touke |. PakTHYECKH Hamop 3aflaeTcA 3aBHCHMOCTBIO:
h = p,pg+ v*2g+ 2,

rie v — CKOPOCTh JBHMeHHA poaw. B mopucrofi cpefe seanunnoit v? MomHO npene-
Gpeub, BRoas anumn Toka, cornacHo Bepuyann, umeewm:

PP+ 2y = palpg+ 2+ An,

rae Ah — noreps Hanopa (noHmXKeHHe) 3a cier HeOGPATHMOTO PaccesHiA SHEPTHi,
06yCI0BJEHHOTO BA3KOCTLIO.

CaejoBatebno, PasHOCTb Hanopa ONpefesieTcA PasHOCTBIO ypoBiell BOAW
hy—he.

I.1.2, Hanopuwii u Gesnanopuuiii BOROHOCHBIE
FOPH3OHTH

Cxpasuna GypuTCH Ha BOJOHOCHMWIA rOpH3OHT, GypeHHe OCTAHABINBALTCH, Kak
TOJALKO B CKBaXKHHE MOABJAAETCA BOJA:

— ECAH NPH 5TOM YpOBeHb BOJIb B CKBaMHHe YCTAHABJAHBAeTCH Bhille 32008 CKBa-
HHHEl, TO BOJOHOCHLIH MOPH3OHT ABAAETCH HANOPHLIM;

= ECJH YPOBEHE BOJIL B CKBAXHHE He MOAHHMMAETCH, TO BOJAOHOCHH I TOPHIOHT
ABAAeTca GeaHanopHLIM. 3
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Puc. [1.1.2. Hamocrpauus K NOHATHIO Hanopa

Puc. I1.1.3. Hanopuuit n GeananopHuiili BOJOHOCHHE TOPHIOHTHI.

I — 3epKad0o TrpyYHTOBHX BOg; 2 — OesHanopHHA BOAOHOCHWA ropH3oHT; § — HanmopHBfR
BOJOHOCHMA ropHsoHT; 4 — BOmOYNOpHHA nAacT; § — apTesHaHCHKa® CHBAXHHA

OnuH K TOT e BOAOHOCHKIA FOPH3OHT MOMET GBITE HANOPHHM B HEKOTOPWIX pafio-
Hax # GesHanopusiM B Apyrux. Hanophocts nian Ge3HanopHOCTL ABJAIOTCH JOKadb-
HEM €CBORCTBOM® BOJOHOCHOTO TOPH3OHTA. 3/I6Ch MBI HMEEM JeNo ¢ NpocTeRuInM npi-
MEHEHHeM NpHHUHNA coobwaommxes cocyaos (pue. IT.1.3).

Bopa B GypoBofl cKBaHHe CTa0HJH3HPYETCA Ha YPOBHE, Ha3bIBAEMOM Nbe3o-
merpudeckum. [Nosepxuocts, Koropas o6belHHsAET BCe YPOBHH BOAL BO BCEX TOUKAX,
npeacrasaser coboit nbesoMETPHYECKYI0 NOBEPXHOCTH, Ecan nbesomerpuyeckas no-
BEPXHOCTH HASHTHYHA 3€PKaay rpYHTOBHIX BOJ, TO OHA ABAAETCA cpobofHOl noBepx-
HOCTBIO H BOJOHOCHHIH ropuzoHT — Geananopuuiii. B npoTuBHOM cayuyae nbesomerpu-
YecKas NOBEPXHOCTh BCerja BhuIlle 3epKana TPYHTOBEIX BOJ.

M.1.3. TuapaBnHuecKHii TPAJHEHT M CKOPOCTH

wapasanveckuit rpaanent. Pacemorpum ase Toukn A 0 B BAOJL ropH3OHTaAbHOM
JHHHH TOKA W COOTBETCTBYIOLLHE HM HAMopel (HAH nbesoMerpHyeckue yposuu) H 4
n Hp. Paccroanne mexay A u B sgone aunun toka L (puc. I1.1.4).
Fugpasandecknil rpagnent B nanpasienns or A K B

7 Hg—Hz
== T S
Ou sapnserca aareGpandeckofi peanuntofi. Ecan rugpapandecknfi rpaauent Geperca

no HanmpaBJAeHHIO NMOTOKAa, TO OH OTPHHTEﬂhHHﬁ. TadK KaK Mbl OTMEYadAH, HTO MOTOK
ABHMETCH B HANpapJeHNH YMeHbINAWWHXCA HAaNOpPOB.
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A

Puec. I1.1.4 Puec. T1.1.5

Beanununy Hp—H 4 Ha3sbBaloT PasHOCTBIO HANOPOB MEHKAY TOYKAMH An B.
Cxopocti. Paaanualor ckopocti: |) Kamymywcd — CKOPOCTE CYMMapHoro no-
TOKa Yepe3 NOPHCTYIO Cpeay; 2) HCTHHRYID — CKOPOCTb MHKPOCKOMHYECKOM KanjiH BOAE!
B NMOPHCTOR cpene.
accmotpum npumep (pue. I1.1.5). Tlyers Toukn A n B nexar Ha JHHHH TOKa;
BEOANM GOJLLIOE KOMHYECTBO pagHoakTHBHOTO Tpaccepa B cks. 1. ITo ucreuenun He-
kKoToporo nepuofa ppemenn T npoGa B CKB. | 3aperncTpupyeT Haanine pannoakTHBHOMN
poasl. JleficTBHTEIbHAA CKOPOCTh:

V=LIT,

rie L — ropH3oHTanbHOE pPACCTOSHUE MERY CKBAMKHHAMH.
Ha camowm fene, B NOPHCTON CpeAe MOJEKYJIL He NPHASMHHBAOTCA NPAMOTH Heit-
HHIX TPaeKTOpHil, CKOPOCTH KX Bhilie JeficTBHTEbHOR CKOPOCTH, TAK KAK H3-3a BJIHA-

Hust  Teepioil (assl JgauHa (akTideckoll TPAEKTOPHH MOJEKYJLI Goabwe L
(pue. I1.1.6).

Kamymanaca cKopocTh Ha3LIBaeTcs MAKPOCKOMHYECKOH HAH cpefiHell CKOPOCTBIO
duastpauny V.. Jlederuteabnan CKOpOCTh QHALTPaILHH V,, nAenTHOIIHPYETCA

€ MHKPOCKONHYECKofl CKOpOCTbIO,

M.1.4 3axon Hdapcu

Bﬂﬂﬂb JHHHH TOKa HMEEeM:

rae K, — xospduunenr, HMelonii pa3MepHOCTb CKOPOCTH. 3HaK MHHYC MOABASETCH

13-38 YMEHbIIEHHS HANopa B HanpaBaeHHH JABHKEHHS,
3akon Jlapch KoHcTaTHpyer, YTO CKOPOCTb NOJ3EMHLIX BOJA NPONOPUHOHAIbHA
riIAPaBAHYECKOMY TPaiienTy.

M.1.5. PHALTPAUHOHHBIH PAcXop NOTOKA

PaccmoTpiM  (pHALTpPAaUMOHHBIA pacXof 4Wepe3 rmnonepeuHoe cedeHHe nAacTa
(puc. I1.1.7).

[lycTh Bojfa TedeT uepes nonepedHoe cedeHHe BLICOTOH ¢ i wHpuHoil [, nepnexmn-
KyaspHoe JAMHKAM Toka. PaccMoTpHM CHavana CHABHO YMpOllEHHOE ABAEHHE —
cnacwsod Gaona Ges Teepjioit Gasui. 3a nepHoj BpeMern oOT fy 10 Iy yepes nonepeuHoe
ceuerie NPoxoAnT ofnem duiionia g, uTo onpefenseT AAHHY L 3aBHCHMOCTBIO:

g=lelL.

L momer GbiTh NpejcTanaeHo Kak AeficTBHTeNbHOE paccTosilHe, NpoifenHoe nonepeu-
HEIM CedeHHeM NMOTOKa 3a TMepHof BpeMeHn fy—I.
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Puc. I1.1.6. [eficranrensnan (Lg) n ocpeanensan (L) tpaexropun

Puc. I1.1.7. 3aementapunifi GA0K nopois

Cpeanas ckopoets Vy memay f; u f, onpefeaserca torfa (opmyaoii:
Vm = Li{ta— 1)),
a pacxoj notoka Q Hepes nonepeyHoe CeuEHHE BLIPAMACTCA Kak:
Q= gl{ta— 1)) = Vp-le.
AnajioTiuno pacXoj NMOTOKA 4Yepe3 rnonepedyHoe ceueHue nmopuctoll cpems
Q= Vpl-e, (I1.1.1.)

rae Vp — ckopocts dmabtpaunn. Ma storo caeayer, uro ckopocts PuasTpamun He
HCTHHHAA CKOPOCTh, a aGeTpakTHoe noHatTHe. YpaBHenue (I1.1.1) onpegenser Vp
yepes mwamepsemsie BeanunHsl Q, [ H e.

1.1.6. Onpepeaenne nopucroctu no Japeu

Pacxoa notoka MomeT GuTh TaKXKe BHpaXeH B 3aBHCHMOCTH OT MaKpOCKOMHYec-
CROH cxopocTH Vg

Q= VuS.

e S — naolaas nop B NONepevHOM CedMeHHH.
Mopueroets no Hapew onpefensiercst hopmy.Ioi:

Dp = V!V M
Tak uro, nojcrapasas Kp = OpKyy, noayunm apyryio dopmy sanucH 3akoHa dapcu:

Vp =— Kpi,
rie Kp — Kos(puuuenT npoHHILaeMOCTH.

Chenyer noguepkuyTh, 4T0 nopucrocts no [lapcn nMeeT rHApaBARYeCKHH CMBICT,
TaKk Kak oHa npejctapaser coboil yactk nopHcTolt cpeas, npoBoAAuieil BOAY NOA AaB-
JienneM notoka. 3to — spdextnsaan nopucrocth. ONEHKH MPOUEHTHOrO CoAEpMKaHnA
nop B nopucroil cpefe Aal0T HeTHHHYO nopueroets D, 6oavmyio, uem @p, uro obnac-
HAETCH NPHCYTCTBHEM TYNHKOBHX nop H aficopGuposanHoll soasl uaH, B Gonee oGuem

CMBICae, BOJB, CBA3aHHON ¢ TBepaoil (a3zoll, KoTopas He NPHHHMAET YYacTHA B (DHIb-
Tpaltu.

I1.1.7. TlporoanumoCTE
haxkTHyeckHil pacxoj BoOkl
3anncwiBaeTcs Kak: Q = — (Kpe) li = —TIi,
rae T = Kpe — nposogumocts, uamepsemas B L2771,

Hanpumep, nposogumocts | M* npn ganue notoxa { = 1 m u rpaguente i = —I1
Jdaer pacxon | m¥/c.
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[ousTne npoBofuMOCTH OOWYHO HCMOAb3VETCS A8 HANOPHHIX BOAOHOCHHIX
TOPH3OHTOB, KOTfla e npeacrasaser co6ofl MOUIKOCTE TOPH3OHTa. 3T0 NO3BOARET pac-
CMaTPHBATL TPEXMEPHBIE CJAYYaH C MOMOWbIO JABYMEPHBIX mojenelf, ocobeHHo NpH
OleHKe BOJAHKX pecypcos. Takue MoJenH He CTOAb afleKBATHE NPH AHAAH3E HEKOTOPHIX
Hxayllaen ABHAKEHHR NOJA3IEMHBIX BOJ, Korja tpebGyerca obobwennan (opma 3aKona

pcH.

M.1.8. Koapduunent BopooTnaun

Besnanoprsie BoponocHsie ropusonTel, TepmuH «koshhHUHEHT BOACOTAAUHD
NPHMEHSIOT 118 Ge3HANOPHHX BOAOHOCHHX TOPH3OHTOB He BIOJIHE NPaBoOMEpHO, OA-
HaKO, TaK WJH HHaYe, Mb JlaeM ero obuwenpuHATOe ONpeenerite it A8 STOro caydas.

Ilpu oTKauke BOAL H3 BOXOHOCHOTO FOPH3OHTA NBEIOMETPHYUECKHIT YPOBEHD YMEHb-
waercs ot H 4 a0 Hp (puc. T1.1.8). O6vem Boanl Vi ot6upaerca ¢ naoutagn A. Ofhen
NOPHCTOro NJacTa, OTPaHHYCHHBIT 3ePKANOM NOJSEMHBX BOJ, PaBen:

F.ﬁ‘: (Ha—Hpg)- A,
Torna
Viwe=Qp-Vp=0p (Hq— Hp)-A,

atTak Kak Dp < |, 1o Vg < Vp.

Hrax, xosfpuumenr sogootaaun comnafaer ¢ sddexTishoil NOPHCTOCTLIO.

Hanoprwie cononochsie ropuzontsl. Tepmun ekosddbuunent pogooTaauns B aedl-
CTBHTEABHOCTH TpPHEMAEM TOJAbKO A HaNOPHWX BOAOHOCHEX ropusontos. M xors
B 06OMX CayuasiX CXeMaTHYeCKHe NPEACTABJCHHA aHANOrHuHb, (JHIHYECKHEe Mexa-
HH3MLl B KOpHE pPasiH4HLI.

Ecan Vi — dakruueckuit o6bem Bosl, n3piaekaemuii 113 o6vema nopoAsl npi Hs-
meHennn addexTupnoro aaprenns (puc. I1.1.9), To koshdunnent BogooTAaH onpese-
JAETCH 3aBHCHMOCTHIO:

Vw=SVp '

npuiem S — GeapasMmepHas BeaHYNHA,
OGuscHenue cooTpercTByomlero Mexaniava takoso *. Koraa nbesomerputeckid
POBEHB CHHIKAeTCH, BOAA CHHMAETCH MeHbLle, H STO JaeT nepesle nopiun soas V.
can B — xosdduument cKHMaeMOCTH BOAM, OnpefeaseMHil Kak:

A
*Z_TF/""""*
TO
|AV = B | Ap | V.

3neck V@ — o6venm BoAwl, s3akaiodennnil B o6bene nopoas V = Ae, rae e — moul-
HOCTb BOJOHOCHOTO TOPH3OHTA, A — NJOWaAL paccCMaTPHBAEMOro YvacTKa (CM.
puc. I1.1.8).

Takum o6pasowm,

rae @ — nopucrocth BofoHOCHOTO ropusonta, Aed — obnem nop. [lo mepe nagenns
Aan/1eHH# BO/IW TBEpPAan (pa3a paciinpAeTcs H «BLITATKHBAET? HEKOTOPYIO YacTh BoAL Vy
Vea=a [(Hp— Ha) pgl Ae (1 — D),

rie o — KoshduiHenT cxumaemocTn TBepaoft dasu, Ae (1 — @) — obvem Tteeproft
Gdasut. TNonunit o6vem V orkaroil Bosu:

V=Vy+Vy=A|Hp—Ha| [DPp + (1 — ) apg] e.

* Ilpusoaumoe ofnsicHeHHe Henoano, HGO OHO He VUHTLIBAET H3IMEPEHHS MOPH-
CTOCTH MOPOA Npu H3meHeHHH S(peKTHBHOrO AaBnenus. — /Tpum. ped.
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bil PR A A
Pue. I1.1.9. K onpegenennio Kosd- 6
(uunenta BogoOTAAYH. 2 LA s 1
a — Hanopuuft BomoHocHEA ropu- R . LIy I
30HT, § — OGesHanopHui BORNOWOCHWIA i ;
rOpPHIOHT. "--—'-_1._: a7 B
| — eguEWYHAR NACWAAKE; 2 — Mbe- + . LS. . =1

SOMETDHYECKAN  MNOBEPXHOCTL) § —
sofoynopaufl cnofl; 4 — mofgoHocHEH

"
s
®

|
|
4

FOpH3CHT; § — YPOBCHb TPYHTOBHX O ; 3
BOA: 6§ — eQHHHYHOE MOHMMKEHHE Nbe- e . sl +~
soMeTpHYecKoff NOBEpXHOCTH, 7 — - . [F iy [ . %
EAHHHYHOE MOHUMeNNE SEPKaa rpyn- P L

TOBWX BOJA: & — NOAOMBA BOAOHOC- . * L o : &

HOr0 TOpPH3OHTA SR R RRRER A N G RAR

Toraa kosddmupenT BofooTAAYN:
8 = [®fpg + (1 — D) apg] e.
Jlpyroe noneanoe onpefenense S: Kosduuiient BojooTaaun npeacrapaser coboi obbem:
BOJb, KOTOPHH BOJOHOCHHA TOPH3OHT OTAaeT HAH NMPHHHMAET HAa eIHHHLY MO aaH
naacTa NpH €AHHHYHOM H3MEHEHHMH Hanopa BAOMAb HOPMAJH K HaNJacTOBAHHIO.
.19, O6ob6wenne sakona Jlapcu

Iwapasamueckuit rpapuent. PaccMOTpHM nbe3OMeTpHuYecKuil yposens hix y z)
B TO4Ke (x, y, Z) W JIHHHIO TOKA, MPOXOAALLYIO Yepe3 TOYKH A W B, COOTBETCTBYIOULIX
KOOPAHHATAM (ay, Qa, ag), (by, be, bg) B HeKOTOPOH cHeTeMe. THAPaBAHYECKHH rpafienT
mexay toukamn A u B npeacraeaser coGoit BekTop, onpeeasemuiii caeaylomum ob-

pasom:
[A (b1, by, by) — h (a1, @ys as)]/(b; — a,)
f,qg [h (Bys by, bg) — h (ay, ay, ag)]/(by — ay)

1 (by, bys bs) — b (a1, Gy G3))/(bs — ag)s

310 onpejeienne rpajHeHTa HeMOCPEACTREHHO BrITeKaeT 13 npuaoxenns 1.3, Ecan B
cTpeMuTca K A, 1O { 45 CTPEMHTCH K BEKTODPY e

( dh
l? (@1, @2, a3)

- dh
Ly o (ay, a3, ag)

dh
La—z(ﬂi ap, ag)-

H i, Mbl GyJem HasbiBaTb THAPABJHYECKHM rpajuenToM B Touke A (grad h).
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3axon Jlapew. IMycrs Ky sBasieTcA KOS(pHIHEATOM MAKPOCKOMIYECKON CKOPOCTH
# K — xospduunentom duabrpanun; Toraa sakom Hapcn oGofuiaetca Ha nepeom
‘3Tane B BHJIE:

VM= —Kpgrad i,
Vp= —Kp grad i,

Tle Kounoueuts sektopoB Vy m Vp takosw:

oh [ ol

Mty K Vor=—Ko—5-

oh dh
VM‘VMyz'—Hm—aH— VD{VDFZ—‘KD?

dh dh
it TR 3 T e Tk

Ecan nopucras cpega apaserca anunsorponuoil n veognopoauoii, To 3akon dapc
Jaaee ofobuiaercs B BHJE:

dh oh dh
VD,r=—Kxx ox _pr?—xxzw
dh dh dh
1 Voy =—Kye o gy K7
oh dh dh
| VD= —Kex g — Ky 5 — K7

3 ameuanne Boneeofias Gopma sakona Tapen (Mo cpasenuio ¢ HCNoabao-
‘BaiHol 10 CHX NOP) NpHMeHNeTCA AJs HEMOTEHINANBHOIO TEUEHHS MHUAKOCTH:

V= — - (grad p + pggrad 2).

Jra (opma sakona Jlapcu A0KHA HCMOABIOBATLCA, KOTAa MJIOTHOCTh HENMOCTOAHHA,
STO HMEET MECTO B HeKOTOPWX npoGJemax 3arpsAsHeHust (Mbl Ha3Baam 3TOT cayuail
1o0uHM cayvaems» 1 NPHBOAHAH NpHMep ¢ codsHoOll HHTpY3mell n3 coxeoTpa’tos).

B npusenennoil (opmyae k — kosbduuuent npoHHLaeMocTi, W — AHHAMHYE-
‘cKkas BA3KocTk. Ecam p Kowcranra, To noayuaem oGeiuuyio dopmy sakona [lapeu:

= e o s —
Vp = S grad( o7 —I-:e)— Kp gradh,

rae

kpg B
Kp= h=— :
D m H o8 + 2

Mpescrasaenne ypasHenws ¢uAbTPaUMK B rHApasanyeckoid dopme (meron
-Imceanema). Y papHeniie, ONHCHBAILEE ABHAKEHHE MOAZEMHBIX BOA B HAMOPHBIX i Gea-
HANOPHLIX BOJOHOCHHX FOPHIOHTAX, BHIBOAHTCA H3 YPaBHEHHA HepPa3PLIBHOCTH M 3a-
kona Mapen [65, 17]. /las npumepa faercs BRIBOJA MHAPaBIHYECKOrO YPaBHeHNHA LIS
HANOPHOTO BOJOHOCHOrO TOPH3OHTA coraacHo Aucemnemy [76].
papienne (9.5.2) sanumem B Buje:

He — He

§ ETE — o (T + To) (Hy — He) +(T's -+ To) (Hs— Ho) +

+(Te+Tc) (He— He) + (Tw + Tc) (Hw — Hc)l + Q/Ax2.
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Puc.
Puc.

'I

| t
|
|
a : b = |
| ¢ I
! |
|
|
: |
: |
i |
L '| |
H
I1.1.10. Heveranosuswniics (a) u CTauHOHAPHLIH (6) peRnMb
[1.1.11. Heycrauosuswmniica (a) n KBAa3HCTAUHOHAPHLIA (6) pesmuMbl
i

“ H
Puc. T1.1.12. Hukanuecknii pexns c aeduuntom.
I — wenapenne; 2 — unduasTpaus
Puc. T1.1.13. Iukanueckufi pexum ¢ nurammem
Ilpu Af n Ax, cTpemammnxcs x nymo:
L ]
He—He oh
TR L
Hy —He
Ax [C}'
H | H H
S (Tu+1o-2te Lo pg e tls
Ax
A
Tle g — VjeabHuil pacxofl JOKaJAbHHX HCTOYHHKOB.
¥Ypasnenue (9.5.2) npnunmaer Buj;
dh d
Sdrhﬁx( .‘:)'ﬁj( ﬂz;)+q’
HAH

S e div (T grad h) + g.
ot
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MM.1.10. Hexoropsie 3amesaHMs O peMHMax noToKa

Paccmorpum #30MHpoBanibifl BOAOHOCHHIA TOPHIOHT, T. €. TOPH3OHT, B KOTOPOM
OTCYTCTBYIOT HCTOYHHKH MOCTYNJEHHA BOJAH; NMYCTh H3 STOr0 BOMOHOCHOIO FOPH3OHTa
NPOBOANTCS! OTKAYKA BOJALI C MOCTOAHHLIM pacxofoM, Gylem QUKCHPOBATE H3MeHeHHe
VPOBHS BOJH BO BPEMeHH.

[lepeonavanbHo YPOBEHb CHHMKAETCH COTJACHO XapakTepHoil KpuBoil meyerano-
BHBIIErOCH pexXiMa (peMnM pacnpoctpaHenns possmyuiedns). Ilo screvenun Hekoro-
poOro BpeMelH MOXKHO BHAETD, 1T0 opMa MbesoMeTpHYECKOfl MOBEPXHOCTH NPAKTHYECKH
He namensercd. CHIMEHHE YPOBHA BOJOHOCHOTO TOPH3OHTA HJET PABHOMEPHO, €ro
#3MeHene B KaKol-1160 TOUKe CHHXPOHHO € HIMEHEHHAMH BO BeeX APYrHX Toukax *
# CKOPOCTh CHHMKEHHS OJAHHAKOBa. STOT PEXHM Ha3hBAETCH OJHOPOAHLIM **,

Ilpeanonoxum Tenepb, 4T0 A0KAH NPHBHOCAT B BOJAOHOCHHWI rOPH3OHT onpefe-
JIeHHDEe KOMHYECTBO BOAL (COTVIACHO TOAOBOMY IHKAY) H 4TO 3TO KOJHYECTBO MeHblle,
4em ofuuit Bofoor6op. PaBHomepHoe cHuKenNe, Bh3BaHHOE OTKaukofl, Gyaer Hapy-
LIATHCH HAJNHYHEM PAacXOfOB HCMapeHHs — HHOHABLTPALNHE; HO TAK KaK B HeJoM BOAL
aTtmocdepHbIX OCAIKOB HE NOKPHIBAIOT BO0OTGOPA, TO MBl HMEeM IHKIHYECKHA peXxHM
< UHTOM (B MPOTHBHOM CJAYy4Yae — UHKJA C NOANHTKOM).

a3JIHYHBIE PeMHMLI oTpamenst wa puc. I1.1.10—I1.1.13.

NMPHJOXEHHE 1l

3JIEMEHTBI TEO®H3HKH,
METOJbI HASEMHOH 3JIEKTPOPA3BEAKH

MeTtoas! BEpPTHKAJNBHOTO SJEKTPOSOHAHPOBAHHA WIHPOKO HCMOALIYIOTCH AR
Onpefiesennss CTPORHHA BOJAOHOCHBIX TOPH3OHTOB, B OCOOCHHOCTH JAJAs aNJIOBHAb-
HHX BOAOHOCHHX TOPH3OHTOB, KOTOPWE MO CBOHM 3JeKTPH4eCKHM cpoflcTBam 4acto
BeCbMa PEIKO OTVIHYAOTCA OT KOHTAKTHPYIOUWIHX ¢ HHMH c10eB. ITH METOAB ONMHCaHB
o crnennaabunx kaurax [162, 263 ], oGoGuenst Yuremaxom [265].

Maes naydesnsi eCTECTBEHHHIX SJAEKTPHUECKHX nojell ¢ nosepxHocTH Guina BH-
cKazana eme p 19 gexe. Cefiuac nofolusle MeToqbl H3BECTHH NMoJ oOWIHM HaSBAHHEM
MEeTONOB ecTecTBeHHOro saextpuueckoro nons (EIT). IToaanee IIlmomGepme [241],
NponycKas SAeKTPpHYeCKHN TOK 4depes rpyHthi u HabMofan HECOOTBETCTBHE ONEITHHIX
JAHHBX HAEaJbHBIM CXeMaM OJIHOPOAHKX H H3OTPOMHLEIX FPYHTOB, MOAYYHJ faHibie 0
coCTaBe H CTPYKTYpe MOACTHAAOMHX ropHuX nopoA. /lajiee paccmoTpuM pasanvnbie
METOMI SJMEKTPOPAIDEKH, JUIS Uero BCIOMHHM, UTO B MoJayorpannyentoii ognopoanoi
cpeae, o6najalomedl yAeAbHEIM SMEKTPHYECKHM CONPOTHBJICHIEM P, 3HAYEHHE SJeKTPH-
YECKOr0 TOTEHIHANA OT TOYeYHOTro MCTOYHHKA COCTABMT:

U (r) = pl/2n,

A€ r — PaccTOAHHE OT HeTOUHHKa, [ — ciia Toka. Kospduunent annsorponun umeer
BHJL:
A= VPIJ’. Pry

riie pp — nonepeuHoe, a py — NPOAOALHOE YAETbHOE SJEKTPHUYECKOe CONMPOTHBCHHE,

MM.2.1. Meroas notesuuanos (MIT)

B rouke M (npu AM = MB = qa; puc. I1.2.1) snexrpuueckoe mode npuGan3ks
“TeAbHO NOCTOAHHO, NapanienbHo AB H BHpaXaercd 3aBHCHMOCTBIO: e

Ei= ?Pﬂ’?/ (14 r2ja?)®?,

a Ha TMOBEPXHOCTH 3EMITH
Ey = plima®.

* «Bo Bcex» — B JaHHOM caydae He Brnoaue crporo. — [Mpum. ped.
** [Mo npunsitoit 8 CCCP TepMunonorss — KBasuctannoHapusiM. — [MTpus.

270



s
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I1.2.3. Hamepenns conporusiennit

I1.2.4. 3nexrponpoduanposanme

IKBHNOTEHIHANBHEIE JHHHH AJS OAHOPOAHOrO TPYHTA, KOTOpHE YyCTaHaBJii-
BalOTCH N0 H3MEDEHHAM B Pas/HYHBIX TOUKaX, GyayT Wweth GopMy oOKpyMKHOCTEil.
JlioGoe nosbiIeH e WK CHIJKCHHE YASNBHOTO Y1EKTPHYECKOrO COMPOTHBJEHHSA TOAHKHO
MPHBECTH K HIMEHEHHIO CeTKH IKBHNOTEHIHANel. STH HIMEHEHHS, B HACATLHOM CAYYae
NPOCTOH reoMeTpuyeckoil CTPYKTYpul (ciepsl, WHAHHADPH, KPYIbie MAACTHHE) MOTYT
GuiTh_ONpefenersl ¢ NOMOUBI0 TOYHBIX AHATHTHUECKHX dopuya.

BosmoxHOe nprJoMKenne STOr0 METofa K H3VUeHMHIO NMpPOIECCOB 3arpA3HeHus noj-
3EMHBIX BOJl COCTOHT B CAedylomleM: OXHH H3 MHTAKOMHX SJMeKTPOAOB TNOMELaeTcs
B BOJOHOCHBIH ropuaonT, a Apyrofl — veTaHapAHBaeTcs B <OECKOHEYHOCTH® (. e
ia o9eHb GoJIbIIOM PACCTORHIM OT NEPBOro) M Yepes HHX NPonycKaeTcs SJMeKTpHYecKHil
Tok. IlycTh Ha nepsom s/ieKTpolle co3faeTcst SAeKTPHYECKHIT MOTeHIHAT, pasautit 100,
a4 Ha BropoM — pasuuil 0 (puc. [1.2.2),

[orenuuanm pHpPaxaloTca B 104X PasHOCTH MOTEHIHAIOB MEXY MHTAOWHMH
sdaextposiamn Ug—Up 1 Moryt GuiTh uamepennt Ha 3aextpofax MN AByms NyTAMH:
I) nonoxenne 3IKBHMOTEHLHANBHON JHHHH YCTaHaBAHBaeTcs NyTeM mnepeMelesus
H3MEPNTEILHOrO S/JEKTPOAA B SMEKTPHUYECKOM NMoe 0 HaXoXKAeHHs TpeGyemoll Bedn-
qHHBI NOTeHUHaA], 2) noTennian Uy BLPakKaeTCs Mo OTHOLIEHHIO K BEJTHUYHHE, HIMEPEeH-
HOH Ha HeNoJABHAKHOM 3JeKTpoe (Hanpiumep N), 06.1aJal0Wes NocTos HHBIM NoTeHUHa-
JI0M (T. €. PacnoJoKeHHOM 3a MpeaeaaMi 30Hb BoaMymenns). Takas npoiesypa nos-
BOJIRET YCNEUHO KOHTPOIHPOBATD AHHAMIKY AOCTATOMHO 3MEKTPHUECKH KOHTPACTHBIX
BO3MYLIeHHI,
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1.2.2. Hamepenune conporusieHnH

PaccumoTpiim cxemy, npupefennyio na puc. [1.2.3. 3jeck AB apaserca nuraio-
welt aunnelt, a MN — uamepurenbroii. Beanunna xamyulerocs ConpoTHBACHHR Pg,
COOTBETCTBYIOULAA HHTErpaibHOl XapaKTepHCTHKE HCCAeAyeMeX CJ0eB AAA AaHHON
LauHe A B, onperenserca H3 COOTHOLIEHNA:

o= [( =) (ot =) | 22 = s

rie K npegcraniser coboil reoMerpHyeckuil XapaxkrepucTHueckud xosdduument
cxembl namepennii. Beanunna pg Moxer GuTh BupaMeHa H Kak dYHKUHA OTHOIIEHHA
NOTEHIHAA0B B NATHMEKTPOAHON cXeme, KOrfa saektpoa B nepemeulaercs Tak, Kak
nokasauo na puc. [1.2.3:

pa=KR, R =AUpmp/AUpy, K= (AN — AP)/(AP — AM).

Metoaml Onpene el NIEKTPHYECKHX CﬂI:I].'JﬂTHH.!IEHHl-l HCCJAELYIOTCH NPH SJACKTpPONpo=
¢HJ’IH[.'IOHEHHH H NpH H3IMEPeHHAX B NpPAMOYTOJIbHHKAX.

M.2.3. 3aekrponpoduanpopanme

Bnekrpoas AB u MN ojHoBpemeHHO nepesenialoTes B1oab Kakoro-anGo subpan-
Horo mnpoduas. PaccTosnne MeMAY SAEKTPOJAMH BHIICPHKHBAETCH MOCTOHHHBIM,
nosTOMY HCCAefyeMmasn TayOuHa paspesa, (Kotopas sapucut ot pacctoannn AB)
(puc. I1.2.4), Takke ocTaercA NOCTOAHHOM.

M1.2.4. Hamepenus Kamymmuxcss CONPOTHBJIEHHHA
B NPAMOYTOJALHHKE

Hamepenne BeJHuIH KaMyLIErocs CONPOTHBJACHHA NPOBOAMTCA NpH faHHom AB
no npsaMoyroabHoit cetke saektpodos MN, pacnogomeHHsX B NpAMOYroabHHKaX,
PEHHEPH Hﬂ'r{:lpol.'ﬂ Nno OTHOILEHHID K nu-rammeﬁ JHHHH ABAAOTCA TAKHMH, HUTO EJ'IEHTPH-
YEeCKOEe MOJe MOXKET NPHHHMATBCA NOCTOAHHMM 33 HCKJAKYEHHeM HEeMHOTHX 30H He-
oanopoaunoctu (puc. I1.2.5).

ako#t cnoco6 namepexnit Xopoiuo npucnocolaed a8 HAYHEHHS NOBEACHHA OYEHb
Nokanbuex 3oH. [lpu sTom TpeGyercs NPoM3BOANTL BhiunCAeHHe Kodpduumenta K
AAA Kamaol H3MepHTeAbHON TOYKH C TeM, 4TO0LE BBOAWTE NMONpaBKH Ha rayGHHY He-
caeposannn ans aannoro AB, Hecaeayemasn rayGuna B TakoMm caydae GyJeT MakcH-
MaNbHON B LEHTPE NPAMOYIOJLHHKA H MHHHMAaJAbHOM Ha ero Kpasx.

Inas Toro uroGul craainTk aekTpoiusie stihberTh, KOTOPHE MOrYT BO3HHKATB Ha
rpasHIe NpAMOYToJdbHHKA, NPH ero mepemeutenin Tpelyercs nepekpeiBaTh H3IMepe-
HHS.

1.2,5. Beprukaasnoe snekTpozonpuposanue (B33)

BepruKansHOe SJEKTPHUECKOE 30HAHPOBAHHE Npeicrasaser coGoi Merol pepri-
KaabHON paspeikn caouctoll Toamu nyTeM MPOrpecCHBHONO YBEAHYEHHA PacCTOAHNSA
MEXLY MUTARNULAMI ATCKTPOIaMH AB npu coxpanedni j],[)'_ETEITD'IH{} MaJ0oro paccTos-
HUS MEHAY nsMepureabumimpn saektpotamun MN (MN < AB/5). Ilpun usmepenunx
no uerhipexsextpoanoil cxeme HlmomGepxe (puc. I1.2.6) orknonenns, oGyciaonaen-
HBe KOHTAKTOM 3EKTPOJIOB ¢ HEOAHOPOMHEIM z}{lgﬂmm. KOHTPOJIHPYIOTCS NepexpuiTHeM
BaMepenuii nyTtem H3IMEHEHHA PACCTORHHH (puc. I1.2.7).

Mamepenns AU u [ BeayTcs KOMOCHCAIHOHHBIM METOJOM C MOMOIIbIO MOTEHWHO-
MeTpa, 4 BEJHMHHL KaMVULIXCA CONPOTHRJAEHHH Pg HAHOCATCA Ha OHAorapupmute-
ckylo Gymary 8 sife dynkuwnn or AB/2. B takom npeacrasaeHnn YMHOKEHHE BEAHYHN
COnpOTHREACHIA WA MOWHOCTER CJ0S NPOROANTCA NyTeM nepemeutenns Kpusoil,
napajfensHol ocH X HAK Y.

Takum o6pasom, 3AeKTPHYECKOe 30HAHPOBAHHE faeT JHCKPETHYIO Noc/eloBaTelb-
HOCTB 3HAYCHHN KaMVILNXCA MEKTPHYECKHX CONPOTHBACHHH KakK (YHKIHIO paccTon-
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I1.2.5. Hamepenne KaMympuxcs conporunjednfi B NpAMOYroJbHHKe

I[1.2.6. SaekTpuieckoe 30HAHPOBAHHE YETHIPEXMICKTPOAHEM METOLOM

lLLgP a

[1.2.7. Kpusme saexrpudeckoro 3sou- AB
AMpOBAHIS -19 [T

HHS MEHAY SJAeKTpofamit H ucrounnkoM. Hurepnperauus pesyastatop namepenuit
Asadgercs Tunuunoit oGpatHoll safaveil HaXoMJAeHHA BePpTHKAAbHOIO pacnpeiene-
HEA P (2), COOTBETCTBYIOULEro noayuenioll nocaenoBaTeLROCTH Py (r). Onmuem, B 06-
ILHX YepTax, MOPANOK HHTePNpPETallHH.

I1peanonomum, 9To noayorpanniennan cpeaa, NpeacTasaena oHOPOAHLIMH TOPH-
30HTaNbHLIMH caoAMi, Bansune cnon § na peayabraThl H3Mepenns Onpefeasercs ero
;nnepequuhl conporusiaennes Ry n saekTponposognoctbio Cpy, OnpejenAeMEIMH NO

OpMyJaam:

Ry =peiers Ciyp = eylpss

Tjie P; H € — COOTBETCTBEHHO YAEIbHOE CONPOTHBJAeHHE (MONEpevHOe HAH NPogoib-
Hoe) i MoutHocTh caod i. IIpuunMan Bo BHUMaHHE NPHCYTCTBHE B NOPOJE BOJbI, MOMKHO
BRECTH elne oA napamerp (naswsaeuuit popmanpnonuss dakropom F), pasuuil otro-
WEHHIO JeACTBHTEIBHONO YAeAbHOrO COMPOTHBACHNA BOAOHACKHILEHHOMO CA0R NOPOAL
{Exe.'m'ra H BOJH) K COMPOTHBJAEHHIO BOAL Py. F fiBAseTcH GyHKUMENl NOPHCTOCTH CAOM.

HPOKO HCNOAb3YeTCH NPeACcTaRJACHHE 9TOH (YHKUHN B BHJAe COOTHOWIGHHA Apun:

F=plpy =D,

rae @ — sdepexruBnan nopucroctb, m — Koxpduiient, saBHCAKI OT CTENEHH KOH-
conHAauKl BogoHocHoro ropusonta (1 < m< 2).

Kpusas snexrpuueckoro sonanposasns npejcrasaser cofoil cymmaptoe nposn-
JenHe Hecaeayemunx caoep. Jlna HaXOMAEHHS NPOCTPAHCTBEHHOrO CHEKTPa ITHX
c/10eB HeoOXOAHMO BECTH Criellianbibie BLUUHCANTCABHEE MeTOAL. THNHIaNNA KPHBEIX
H noayasroMarudeckas o6paboTka HX NPOBOANTCH B COOTEETCTBHH CO CJELYIOULHME
NPHHIHNAME .,

[Tpn craunonapHoM pemume AJas H3OTPONHON cpexsl (ps = p;) pacnpefenenne
noreniHanos orsedaer AndpepenunanbHOMY YpaBHEHHIO:

a*U 1 ou a/
bt (4
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peurerie KOTOPOrO HMeeT BiJL:
Ui(r, 2) = [ 14, 0 e 4 B, ) €1 1, () di, (1.2.2)
0

riae i — nomep caon (1 < i< N), r — paccrosune OT HCTOMHNKA, Z — BEPTHKaAbHaA
KOOPANHATA, HanpapJenias BHH3, A — nponspoabHas HHTErpipoBaHHas MOCTOAH-
nad, Jy () — Qpynkuna Becceas nepsoro pofa, Hyaesoro nopsika, A; u B, — no-
cTOAHHNLE, OnpejenseMsle H3 FpaHHYHBIX ycaosuil.

[pannuubie YCAOBHA CAGAYIOULHE:
— Ha KOHTaKTe MeXAy caoampm — nocrosnctso notenmnana (U;= Upy)

HOpMadbiofl coctapasiontell Toka du;/on = dugy,/on;

— Ha NOBEPXHOCTH 3eMll HOPMaJbHas COCTABJMIONLAA TOKA BE3je PaBHa Hyao,
KpOMe HCTOMHHKA;

— aas caos N neorpaHnvenHoil MOULHOCTH MOTEHUHAA PaBeH HYIO.

Koaddprunentst A; u B; onpejeaniotes peuennem cueremsl 13 2N auneiinbix ypap-
Hennit ¢ 2N HenspecTHBIMM,

Gyukuua A; (M) eM -+ B; (M) e ™ pocur massanme dQynkuun Credanecko
S [A, p (2)]. Notenusan Ha NOBEPXHOCTH 3EMAH PaBei:

Ur, 0)=C _: 4 jsn, p(2)) Jo (Ar) d1 | - (11.2.3)
0

Ol maeT 3HaueHHe NPHBEACHHOrO KaKYHErocf CONpOTHBAEHHH, ONpejeisemMoro Kak
OTHOLIEHHE H3MEPEHHOr0 Ha NOBEPXHOCTH 3eMN SJAEKTPHYECKOro N0aM K ero TeoperH-
HEeCKOMY SHaueHuio, nponopiioHaibHOMY

ol

——*f‘? [r, D}

H.TH

pa(r) =1 + 2r2 [S[k. p (2)] hdy (A7) dA. (11.2.4)
0

GyHKIWH S CKanauBaer Beio HHGopMAalHio 0 cTpaTH(puKallHi i NO3BOJAAET OCYULECTBHTD
andwbepentuaumio kpusux «N=caolinoro» Tuna. Hanpuwep, dernipexcioiitsie Kpusble
MOTYT OMThL Noayuenn nyTem pasaoxenns Bupaxemisn ([1.2.4) B pan by HKumi. ‘i

Takas THNHIAWAA KPHBLIX MOMXET HCTOJBIOBATHCH AAA WAGNTHQHKALHKH peanb-
HWX TPYHTOB, YUHTLBAS HEKOTOPLIE OTpaHutieHHs MeToAa:

1) npuniMn SKUBANEHTHOCTH; €CJH SJACKTPOnN OBOANBIN ca0fi 3aneraer MeXAY
JABYMS H30JHPYIOUHMH CA0AMH (HAH H30JHPYIOLWH cJ0il { HAXOAUTCA MEKAY ABYMA
SMCKTPONPOBOAKEIMIY), KPHBHE MEKTPO3OHARPOBaHNA He npeolpasyloTcs nyTeM yM-
HOMeHns €; n p; Ha haktop K (Han aabTepHaTHBHO NYTEM OJIHOBPEMEHHOTO YMHORME:
HuA €; n jAedenus p; ua dakrop K);

2) npHHIAN NOAABJIEHHSA; H3OJHPYIOULNI COM, 3aj1eraerT MeXy BLICOKOIEKTPO=
NPOBOANKIM ¥ CNaf03AeKTPONPOBOAHLIM CJAOAMH, MOUTH He BANAET Ha SAEKTPIecKoe
SOHANpOBaHNE.

Crekrpanbioe npejacTaBieniie SMEKTPHYCCKOro 30HANPOBANNA MOKET OuTh oMY
YEHO NYTEM Pacyera CyMMapHOTO CONPOTHBJACHUSA H 3MEKTPONPOBOAHOCTH, ONpeeIne:
MOI'O MYTEM HYMEpalHH CJA0eB BHH3:

p.
Rip=) piey (p=1,...n),

P
Ciip)= Y eilpir
i=1
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I1.2.8. Kpusbie snexrpuueckoro sonauposanns (B33) n Kpusue cymmapHoro conpo-

Tusaenns (DZ).
Ha recanekTpuyeckMX paspesax JA8HE IHANEHMS YACALHEX COMpOTHEAeHHll B OM.M

H NOCTPOEHHE TPHIIJ'HHDB JaBHCHMOCTH

VR (0/C; () =FIVRe(p) Cy (p)]

Ha Guaoraphgmunveckoil Gymare.

Has onpenenenus BeAnuuH ¢ H P; JOAKHL NPHBIEKATHCH TaKMKe LOTOJHHTETb-
Hble JlaHHEIE: ONOPHBIE CKBAMKHHEI C reoJOrHYecKHM PaspesoM MJAH napaMerpuueckie
CKBaXXHHBI, NO3BOJIAIOUIHE IPOBOAKTE H3MePeHHS AeficTBITENLHOTO VAL HOTO SAEKTPH-
YECKOro CONPOTHBAEHHS CJ0EB.

[1pn nuTepnperaiiy KanibiX MOTYT BCTPeTHTBCH ABa caydaq: |) Kpupas nojeeoro
SEKTPOIOHAHPOBAHNA COOTBETCTBY T CYUIECTBYIOMIEMY THIY KPHBLIX; 2) He CYLecTBYeT
HHKaKoro coorsercreng, B nocieanem caydae HeoGXOZHMO NPOBECTH CraaHBaine
Kpnpoil,

Ha puc. I1.2.8 npusoautcs npuMep KPHBLX BEPTHKAALHOTO 3MeKTPO3OHANPOBA-
HHS H KPHBEIX CYMMaPHOTO CONMPOTHBAEHHS SJEKTPONPOBOLHOCTH.

Hutepnperaiind IKCNePHMEHTAILHBIX KPHBEIX Teneps MoMeT GHTh obJeruena ny-
TEM HCNOAB30BANHA METONOB HX aBTOMaTHYecKoit o6paGotku [162]. TTpu sToM, ogHako,
HeoBX0AHMO NOJUEPKHYTh, YTO ONPENEAEHHE CONPOTHBACHHT 10 IEKTPHYECKOMY MO0
ABAAeTCA BecbMa HeycroHumpolt 3afgaueii. Manoe namenenue p Jaer HeaHauuTeJbHOE
H3MEHEeHHE 3JeKTplYecKoro noas. OGparHoe yTBepajeHHe HeBepHO H (eC/H TOMABKO
Mbl He nmeeM aGCoMIOTHO TOYHBIX H3MepeHHi, KOTOPHE NOAYUHTH NPAKTHUECKH He-
BO3MOXHO) €INHCTBEHHOCTh He MOKer OGhTb JOCTHTHYTA.
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B ceazm c stum HeoOxoaumo: )

1) BuiuHCAHTL QyHKUHIO sapa ¢ (A, p), SKBHBAJEHTHYIO S NYTEeM PEUWICHHA HH-
TErPaJLHOTO YPABHEHHH, BTOPOH WieH KOTOPOro ONpejeisercs HenocpeacTBeHHBIMH
HaMepenusaMn (3o ajpo npeacrasaser cofoll npeoGpasosaune no Gypbe nocaenopa-
TENBHOCTH MEKTPHUECKHX HCTOUHHKOB, OTPAMKEHHHX OT Ipanull pasjena sJeMeHTap-
HEX CJ0eB);

2) onpefielHTh NOCAENOBATEAbHOCTD Y/GAbHBIX SACKTPHYECKHX CONPOTHRACHHI!
(HaunHas OT MOBEPXHOCTH), HCXOAA H3 QYHKUHH (.

Takaa npoueaypa, BHNOJHEHHAR AJA OJHOTO CAYHAS MEKTPHUECKOTO 30H/HPO-
BaHHA, A46T BO3MONKHOCTB MPOBECTH KOPPEIAUHIO MEMAY AaHHBIMH HIEKTPO30HAHPO=
pauuil (Npy ZONYLIEHHH PeryJspHOCTH H HeNpephLIBHOCTH copaTH(pHKalHH).

MPHJIOXEHHE 111
HEKOTOPBIE 3JIEMEHTBI AJITEBPBI MATPHLU

1.3.1. Bexropuoe npocrpancTeo RN

PaccMoTpiM NnpsAMOYrodbHYIo cHeremy kKoopaunar oxyz (puc. [1.3.1). Ha xaxnpoit
OCH 3ajlajiM BEKTOD eIHHNYHON [AJHHLI: €; Ha OCH 0X, € HA OCH Oy H €3 Ha OCH 0Z.
Ecan M ssaserca toukoil npocrpancrsa, T0 JoGoit sekrop OM moxer Guth 3anuca
B BHje:

OM = 1189 "{'- daly + TgCq,

rae cicrema AeficTBHTENbHLIX YHCed (@, s, @3) ABAACTCA cHCTEMONl KOMIIOHEHT BeK-
Topa OM Ha Gazuce (e, e, €y).
TeoMeTpHUECKAM NOCTPOEHHEM BEKTOPOB @18y, fyfy, Ozfy YCTAHABJIHBAEM, MTO

ayey+ agee- azes =0,

OTKYAa
a;=a;= ag= 0.

F'oBopAT, UTO &y, & H €5 HE3aPHCHMEL. JIErKO NPOBEPHTD, YTO TPH BEKTOPa € OOILHM Ha-
yajoM 0, KOTOpHE He NPHHANLIEKAT OAHOH 1 TOH e NJIOCKOCTH, ABAAIOTCA He3aBHCH-
MBIMH.
Paccmorpum fiea sektopa OV 1 OW cootBercTBeHHO € KoMmMnoHentamu (ag,
ay, ag) n (by, by, by). Crannpuoe nponanenenne OV na OW, koropoe sanuchiBaercs
0OV, OW), onpenenserca CJAeAyiOUHM o0pa3om:

(OV, OW) = a1b; 4 asby + asbs.

T'osopat, yto OV u OW oproronaisnu, ecan (OV, OW) = 0.
nia pexktopa OV ects uncao L (OV) rakoe, uro:

L(0V) = (a+ a2+ )V =[{ov, ow)]'?.

OHa TaKXe HasmBaerca mopmoil pextopa OV n sanncwsaerca kak | OV ||

Cucrema sektopos OM aas scex M ofuwunoro npoctpancTea o0pasyer BEKTOpHOE
npoctpakcteo R® ¢ navanom 8 0.

Bee npeauifiyiune onpefefeHHs MOTYT GHTh pacnpocTpaHeHt! Ha CHCTEMbl BEKTO-
POB ¢ TEM JKE CaMbIM HavaJoM, HO HMEIOMHX N KOMMOHEHT, T. e. OnpejeJAeMEX Cis
creMoil feficTBHTeILHBIX "Hcea (ay, dg, ..., dy). OHH 06pasyloT BEKTOPHOE NpOCTPal-
creo R®, onpenenennoe cAGAYIOMHMH ONePalHAMH:

1) eymma nyx mektropos OM (ay, ..., ap) n ON (b, ..., bad;

GM—i" ON = 0P [al"{-blf ﬂg+ﬁa]1 SR | ﬂ.l‘r_+£i,i|}1

2) mynesoit mektop 00 (0, ..., 0).
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Has Beex AeficTBHTEALHBIX YHCEA A M |L HMeeM:
LOM=0M (J"n-ﬂfj_. hﬂ: (R | ?la".}'l
(A< p) OM = LOM |- nOM,
A (OM - ON) = LOM - LON,
A{pnOM) = (Ap) OM,

1-OM = OM.
Bektopul ey, ..., €, SBJARIOTCH HE3aBHCHMLIMH, €CAH
ﬂ_lfll-i—.... —i‘ﬂnfn:n—"ﬂl_:.bi =an=n1

Basuc 370 cucTeMa n He3aBHCHMLIX BEKTOPOB i JoGofl BeKTop npocTpaHcta R
MOReT GLTh BuipaxkeH eAnHCTBenHOM Junelinofl KomGuHanmeit sTux sekropos. Ckansp-

n n 1/2
noe nponasesenne: (OV, OW) = ¥\ a,b;. lanna OV: {0V, ovy!P= ¥ a?) =

=] i=]
= | OV |.

1.3.2. Marpuuw
PacemoTpuM AnHeliHYI0 CHCTEMY YpaBHeHHii:

u:x' - a:'_,x + - ..+ d.j-x” = bl-
2 2,2 g 2
ajx' a4 . @ =0
1 2 | '
a'i"x a4 .. ahx" = [/ (I1.3.1)

Marpnua — sro Tabanila, COCTOAWANA M3 N CTOAGLOB U P CTPOK:

at a, a,
A= IR w2t
P
afay ... oy
IMonaras, uro aeficTBiTenbHBIE YHCAA .r‘, v X b, L., B° sBaAMIOTCA KOMIOHEH-

tamp Bektopor X n B w3 R™ w RP, mul rosopum, uTO npuMeHenine Matpuus A
k X naer sextop B i mui numen cueremy (I1.3.1) kax:

rie AX =21,

@ e B B ale! 4 -ev 4 alx"

i I P e pnl’

Gy oGy | | *n ayx SRS a,x
A o6pamaer R" s RP,

B srofi KWure paccMaTpHBAIOTCH TOJILKO KBajpaTHble MaTpulel, T. . npeanoaa-
raetest, uto n= p, Kpaapatsas Matpuua nopajka n (r. e. ¢ # cToabuaMu 1 n cTpo-
Kami) ofpamaer R™ B R™, 1. e. ofpasyer BeKTOp ¢ N KOMNOHEHTaMH B BEKTOp C A
KOMIOHEHTaMH

Heenesyem Teneps cMBICA PasAHUNLEX CTOAGIOB MATPHIL NOpAAKa . PaccMoTpHM
0GLIUHOE NPOCTPAHCTBO I OPTOTOHAABHYIO CHCTEMY 0Xy2, KaK nokasaxo Ha puc. 11.3.1.
Mut ye onpepennan 6asuc U3 TPEX OPTOHOPMANbHBIX BEKTOPOB (€y, g, €3) H B OTHOCH-
TeAbHON clcTeMe, KOMMOHEHTH €y, € 1 &y cooTsercrBenno pasun (1, 0, 0), (0, 1, 0)
n (0, 0, 1).

PaccmoTpum MaTpuny A nopaska n ¢ koxphuinentamn a{ (i=123uj=
= |, 2, 3). Tlpumennm A K 2; 0 ONpeaeauM peayasTupyiownii sektop B
ﬁfl = B.
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Puc. I1.3.1. OGmunan cucrema KoopAnuar

Puc. 11.3.2. Mosopor na yroa 0

Coraacno (I1.3.1), nmeem cucremy:
al X 14a}x0+aj x0=0,
@ X 1-+a X 04 a5 X 0="0°,
a} X 14 a3 X 0+a3 X 0="0" |

Kotopas paer B = a}, b* = afn b* = a.
akuM ofpasom, npeoOpasoBaHHEM BEKTOpPa €y matpuielt A sBaserca nepsuiil
eroaben, marpuil A. Yurareab MOMKET Jerko npoBEpHTh, HTO npeofpasoBaHia e
H eg SBJAAIOTCH COOTBETCTBEHHO BTOPHLIM H TPETBHM croabuamn A.
S1H pesyAbTATH MOTYT OHTh JIEFKO PACMpOCTPAHEHHl HA BEKTOPHOE NPOCTPAHCT=
po R™. CroaGiusl MaTPHUE A, paccMaTpHBaeMble Kak BEKTODH, SBASIOTCA npeoGpaso-
BanusiMi Matpuuelt A Gaauca (g, ..., €n), DBHIPAMKEHHBIMII B TOM e CaMOM Gasnce:

Ag, = a}el -+ ufﬂz + --- +aje, = E ﬂ{-f;- (1.3.2)
: j=1

MpuaokenHe K HIMEHEHHIO CHCTEM Koopauwar. [lycth Tpefyercs NOBepHYTh CH-
cTeMy Oxy BOKPYT ee Hauaia Ha yroa 0, uro6ul noayunts X0V, BasucubiMu BEKTOPaMI
(eAMHHYHBIMH BEKTOPAMH) COOTBETCTBEHNHO ABAAIOTCH (ey, e3) u (Ey, E;). Buipasum
pextop OM B oGenx cnctemax. Ero Komnonentamii COOTBETCTBEHHO spasores (x, ¥)
u (X, ¥). Ha puc. [1.3.2 nmeen:

OM = xe, -+ ye, = XE, + YEy;

E, = cos Be, -- sin Be,, 4

E; = — sin Be; - cos Oe;, (1.3.3)

OM = (X cos @ —Y sin 8) e; - (X sin 64 Y cos ) e, :
YTO JaeT CHCTeMY:

Xcos® —Y sinb= x,

Xsin0+4 Y cos 0=y,
KOTOPYIO MOMHO 3anHcaTth B mMaTpituoi thopme:

[cns 8@ —sin H] [X] ¥ [x] s (I1.3.4)
sin 0 cos O v y 4
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Orciofa BHANO, YTO H3MEHEHIE CHCTEMb KOOPARNAT MOIKET GLITh ONPEAETCHO C TOMOILLID
MaTpHUHON cueremul, nojoGnoit (I1.3.4). Tlpu sToM CTOAGIL MATPHIE SBAAIOTCH npe-
00pa3oBalHAMH BEKTOPOB cTaporo Gasnca (sneck E; it E,), BUpamenubiMi B ToM ke
crapos Gasnce (e, €g). ITOT peayabTaT MoMKeT GbITh 0GOGIIEH Ha HIMEHEHHS HEOPTOHOP-

mupoBanHoro Gaanca B R".

ITosiesnocth MaTpuHOil Teopun TenepL CramoBNTCH OueBHAHON: OHA ABASETCH
CHCTEMATHYECKHM NPEACTapAeHHeM CHCTEMb JHHeHHBIX YpaBHennil H fAaer npaspaa u
- TEOPEMHl, KOTOPLIE MOTYT GWTh HCNOJB3OBaHBI 51 PEIUEHHSl CHCTeMBI. YTayGHmcs
B TEOPHIO KBAIPATHLIX MaTpPHIL BBEJCHHEM CYMMEl, TNpOH3BeAeHHA N obOpaulenns Ma-
TPHIL.

E B manbnefimem Mul moabayemcs npasniom Siinmreiina: b cAy4ae NpoHsBeleHHd
HHACKCHPOBAHHLIX BEJHYHH, KOTAa BepXHHH M HIDKHHA NHIEKCH ABJAAIOTCH ofHoll n
ToH e Gykeoll, cymMMHpOBaHHe COOTBETCTBYIOULHX NPOH3BEIEHNH JOJXKHO NPOH3BO-
Authes Mo oSWeMY HHAEKCY:

n

y! a{.e;j =af.bj{f= 57500,

{==]

n p :

¥ al o il o s
.Ll(fzix!ﬂ‘::)ej_‘tﬂ{ﬁj“ 'I"'*lpr_f—l,---,ﬂj.
e e J

Paccsorpim matpuny A nopsjka n, sajanuyio ee Kospduunentamu (aﬂ, H CKa
asp A; onpegeaum nponssefenne AA Kax MaTpHIy ¢ KosphuunenTami (lﬂD
[Mpumep:

95 [l 2]__ 232 2] 2 4]
3 4] |2x3 2x4|" |6 8]
Paccmotpim aApe matpuust A i B nopaaka n, sagannsie nx KoxphuunenTamu {n“

i (b{) u Bextop X n3 R", sagaunnii ero komnownenramn (x*) na Gasnce (ey, ..., e,.

[lpumernnm A n B x X, uro saer asa pexropa X; u X, n3 R™, n paccmoTpum reome-
Tpuueckylo cymmy Z n3 X; u X, Cymma A n B ects marpuua C = A -~ B no-
paika n, ONPele/cHHad 3aBHIHMOCTHMMN

Xi=AX. X, i=BX:
Z=X,+X,=AX 4 BX = (A4 B)X =CX,

4TO AaeT KohdHILIeHTL (cﬂ} matpuust € na Gasiuce (e, ..., e,). Menoasays onpesede-
HHE TIPONSBEACHHA MaTPHUBLl Ha cKaaap u ypasnenne (I1.3.2), moayumm:
i i i inf
x=x£{-. xl '—_MIE‘I =X ﬂ:rfj‘ XEZI b'rvfr-‘

= x'ale. -1 xlble, — (ol 4= plye, — xfip!
Z=xage, xb'.e]._a_{af—f-br}ef_x Ciliy

IMpumep:
[ 2 5 6 I+5 2186 6 8]
[3 4]' {? 3]‘ F [3+? 4-;-3] {m 12"

Paccmorpnm ciosa marpuist A i B 1 sextop X; npusenum A k X, uro naer X,
it B & X, uro paer ¥. Ilpousseaenne B na A ecrb matpuua D = BA nopsijika n,
onpejeaenHas CoOTHOWEHNAMH:

X, = AX, ¥ =BX, =BAX =DX,
279



970 Jlaer Kos(duuments (d{) matpuust D na Gasuce (ey, ..., £5).

X=x'ej X =x‘a£ej, = x‘a{ﬂ[ef} = x’afbfﬂk,

ik k f
Y = x'dje,, npn dl-ubjﬂ‘;,

Kosqwpuunent d’f €CTh CYMMa NpoHsBefexuil siementoB crTpoku & marpuus B

Ha 3JeMeHTHl ctonlia { Matpuus A.
[Mpuwmep:

1 2] [5 6] _[1x5+2x7 l:{ﬁ-;—ﬂxﬂ_[lﬂ 221
3 4] 7 S]_[3x5-|‘4x? 3x6--4x8| |43 50)°

CymMa MaTpHll accoOUHaTHBHA I KOMMYTAaTHBHA:
(A+B)+-C=A+(B+C)=A+BC,
A+B=B-A.

HPDHBBMEHHE MATPHL, ACCONHATHBHO, HO HEKOMMYTATHBHO:
A (BC) = (AB) C = ABC,

AB - BA

Marpuua I nopsaaka n ¢ eAUHALAMH HA JIHATOHANAH M HYJAMH NO BCEX JAPYIHX
MecTaX HaswBaercs efHHHuHON Matpuuedl (Wi marpuilefi TOMIECTBEHHOrO Nepexoja)

10...0

01-..0
E=N e e a .

Ol sl

I XA=AX1=A paa mcGoit A nopsaka n.
Ecan cyutectsyer matpuna B Taxas, uro pas jannoil A

BA = AB =1,
rosopsit, 4to B ectb oGpamenne marpuust A, Torja
B=A"

PaccmoTrpum Juueiinylo cucremy ypabHeHni:
AX = B. .

Ecan cymecteyer AL, nmeem
A71AX = A71B =1X.

Cucrema MoXer GLITh pemena i ee pewenne ectb X = A7'B. Meroau, npnsejenuse
B paspene 9.3 npejicrapasior coGoil uicaenHsle npuesy puuncaenns A™. B raase 9
BCE peayabraThl GasHPYIOTCA Ha TEOpeMe: ecJH CHCTEMA H3 N JANHEHNLIX ypaBHennitcn
HEH3BeCTHHIMH TaKOBa, MTO MaTpHila ofpaTHMa, TO OHA HMEeT ONO il TOABKO OJHO pe-

WeHKe, T. e, CYULECTBYET OfiHa H TOJIbKO OfHa cHereMa uncen (xf) Takas, uto
gt =0l (i=1,...,n 0 [=1,...,n).

[Tpeanonaraercsi, ¥To MatTpHila oGpatiiMa TOTAa H TOABKO TOTja, KOF/la BEKTOPh-
croabusl HezapucHmul, O6GpaTHMas MaTpHIA HASHBACTCH HERBIPOAICHHOM.
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Ecan matpuna finaronanbras (T. e. nee ee KoSQHIHEHTH, 32 HCKAIOUEHEM pac-
NOOMKEHHBX Na JHATOHATH, PaBHEl HYJI0), ee oOpallenHe Jerko paccuHTHBAETCA:

1

“_l- Ll " [}
a
a} ) 0 1
3 l
o s . —i
s VS e B :
0 ; ol . .
= i 1
0 o
aﬂ

Matpuua A nasuiBaeTcst cHMMeTpHuUHOM, ecan
i
‘I'ul
Marpuua A naseiBaercs anTHCHMMETPHUHORN, ecan

¢ I i
ﬂf_ _Hf'

T
a: =a

3710 BJICUET af = 0. Jlnaronanbusie xos(pduuentsl pasnst nymo. CuMMerpHYHbe Ma-
TPHUB — OYeHb BaxHOe cemelicTBO ¢ MHTepecHEIMN cBoficTBaMi. OHN YacTo BCTpeda-
I0TCA B MOJSIAX MOTOKOB MON3EMHLIX BOJT.

M.3.3. Jlerepmunants

Paccmorpum cucremy:
ax - by = o, I
Ea=p, L LI
ex-+dy=§, ¢ dJ \y p
Bohitneanm x, ymuomas nepeoe ypasienne na d i BTopoe na b n CKIaAbBas n0ay-
UHBLIHECH YpaBHEHIA:
— (otd — Pb)/(ad — be).
Takum e ofpasoM moayupm:

y = (ap — ae)/(ad — be).

OtmeTHM, YTO SHAMEHATEb B BHPAMENNAX 144 X H y npejcrasaser coboit pasnocTb
NEPEKPECTHHX TNpon3pefennil KophHIUHEHTOB MATPHILI CHCTEMH

< )

OHa Ha3HBACTCH JETEPMHHANTOM CHCTEMH.
Ecan gerepmitnant paben HyJio, cucteMa lie MoXker OwTh peliena.

B taxom cayuae
a c

Ecin alb = eld = a/p, 10 ypasmennst nponopuHOHANBHE, CHCTEMA COKpa-
ILACTCA /10 OJIHOTO YPaBHEHHA H umeeTcs GecKoHeyHOe MHOMECTRBO pemenufl, 3afanHoe
BEpamenneM x = (x — by)la ana moGoro anauenmns y. Ecau a/b = cld =+ a/p, To
He cymecTryer pewenns. Cucrema necomecta. Heo6xofumo oTmeTnTh, YTO feTep-
MHHAHT paBeH HyJi0 TOrJa H TOABKO TOrja, KOTjla BeKTOPLI-CTONGUE MATPHIL! CH-
CTeMbl SIBIAIOTCA NPONOPHHOHANLHLIME (T. €. €CAH MaTpHlla BHIPOMKAenHan).

HdetepMuHanT 3anuCLBaeTcs :

a b
e d
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Kak # A1s matpui, Ha JeTepMHHanTax Moryr GuTh onpefeneHsl aiareGpanueckue

OnepaiHH.
Ecnn npa DEKTGPH‘CTDJlﬁII.H MOMEHATE MECTAMN, TO JETCPMHHAHT MPHMET NPOTHBO-

NoJOXHEIN 3HAK:

a b b a
—gd —be = — (be — ad) = —
R | { ) d el
Sto, OMEBHAHO, BJACYET:
a al .
or g

Ecan pektop-crondel apasercs cyMMoil 1BYX BEKTOPOB, AeTePMHHAHT MOMKET ObITh
HPEJ[ETHBJ]EII B BHAC CYMMEI ABYX IeTEDMH HAHTOB:

ate b a b e b

¢+ d c d I d

4TO JErKo MOACUHTHIBACTCH M3 TNEPEKPecTHHX Npon3BeieHuil
(a<- e)d — b (c+ [).

Bektop-cToafer Mozer GuiTh CA0MKEH C APYTHM BEKTOPOM-CTOAGLOM Ge3 n3vMeHeHia
JeTepMHHAHTA

@b o} la b |b b| |a b
ct+d d| |e d d-d| {4l
Ecan croa6ell YMHOMHTE HA CKaJsD A, JETEPMHHAHT YMHOMACTCA HA A:
Ae=a b a b
= ) ({ad —bc) =A%
AR (a ) ¢ df

JletepMunants obobuiaiores HA JHHEHHBIE CHCTCML! 1 YPABHEHUI C 1 HEN3BECTHLIMH
caenyiouyM ofpasom: ferepMunant A

1 1

dys =0y
det(A)=|: -

ﬂ’lt a_*,: :

ecTh MHCJI0, KOTOPOE NoJyuaeTcs caelyloutum oGpasom: -
1) cocraBaeniem BCeX BOIMOKILIX TTPON3BeIeH Tl “411.“&, veo iy 113 1 KOFGHILITEH-
)

TOB TaKHX, B KOTODBIX €, Ca, ... (y €CTh NEPECTAHOBKN uncea 1, 2, ..., n; npy 3ToM
HH ONHO Cf; He NOBTOPHAETCH;

2) noCHeTOM YHC/A epPecTaHOBOK ty...Cy, T. €. UHCJIA NepeMen ABYX H/EKCOB &},
HeoGXOAHMEX AMA noayuenus nepecranoskn 1, 2, ..., n. Ecan 370 uncao Yernoe, nepei
NPOHIBE/ICHAEM CTABHTCH 3HAK «-1-», €CJAH 9TO MHCI0 HEMEeTHOe, — 3HaK &—W

3) caomeHueM BCeX NpoH3BefeHnift ¢ HX 3HAKaMH.

Tlpnmep:

1 2 3
4 5 6|=x5X9+ 4X3x8+ 7X2x6 — I1X8X6 —4X2XI—7X3X5.
T84

Bee caefetaus, noayuenuse 18 JeTepMHHANTOR BTOPOTO NMOPAJAKA CnpaBeianshl
ANA AeTepMuHanTos nopsiaka n. HanGosee BaHuIM CAJCTBHEM IS HaUINX 3ajaY fB-
JAAETCHA TO, UTO MaTpPHlA HEeRHIPOMAEHA TOTAA H TOAbKO TOTAA, KOrja ee AETCpMHHAHT
e paser Hy.0. TOrAa Mbl 3HAEM, YTO COOTBETCTBYIOUIAA CHCTEMa JiHEHHLIX ypaBHe-
Hitii HMEeT OAHO H TOABKO OAHO peinenie. B nporueHoM cayuae ona Momer OuTh JHGO
HecoBmMecTHON, GO HMeTh GecKoHeunoe uncao pewennil. Taknu obGpasoM, Aid 1po-
BEPKH BO3MOKHOCTH CYULECTBOBAHNSA PEUlenisl MOKeT MoTpeGoBaThcs pacuer ACTepMil=

282




nanta. JIpyroit Bamuol ocoOEHHOCTHIO JETEePMIHANTOR ARAACTCH TO, UTO OHH HeolGXo
JAUMB JA8 pacuera cOOCTBEHHLIX 3HaueHnil i cofCTBEHHLIX BEKTOPOB MaTpHIL, KOTo-
puie onpefenensl B [1.3.4.

3ameuanue B HekoTopuX oueHb NPoCTRX cayuanX (ABa YpaBHEHNS ¢ ABYMSA
HEH3BECTHBIMH, KaK NOKA3ano) AETEPMHHAHT MOMKeT OhTh NPAMO HCMNONL3OBAH AAHA
BLIYHCEHHS pelielns. 1o MoUTH He HMEET MECTO B HallMX 3ajayax 3arpasHeHus .

IM.3.4. Cobcreernbie anavenus U colcTReHHBe
BEKTOPH! MATPHULI MOPAAKA 1

Jlns moGoit marpiais M eyuiectsyer Bextop V (oramunnii ot nysnesoro pexropa)
H uHeao A Takne, 4TO

MV; = AV, (11.3.5)

rae V; — coGerennslii Bektop M, coortsercTBYlOUHil coGCTBEHHOMY 3Hadenmio A,.
JlioGomy cobGersennomy Bextopy V; coOTBeTCTBYET €HHCTBEHHOE 3HauYeHHe A;.
Jlio6bim coBCTBEHHBIM 3HAMEHIAM A; COOTBETCTBYIOT OIHH HAN HECKOJbKO COGCTBEHHBIX
BEKTOPOB, KOTOpHe 06pasyiorT BeKTOpHOe noanpocrpancteo 8 R™, naameaemoe cober-
BCHHABIM TOANPOCTPAHCTEOM, COOTBETCTBYIOLLIHM jl-".
Marpuna nopsaaka n nmeer camoe Goabliee i1 pasanuibix coGCcTReNNBIX 3nadenni,
Vpaenenne ([1.3.5) momer Gtk 3anncano Tak:

Komnosentamu V; ssasmores (x', ..., x"), a KoMmnolentamn BeKTOpoB-cTOAGLOB
mMatpuuat M — A1 Gyayr (4,4, ..., A,). Ha ([1.3.6)
BA 4 1A, =0,

H3 uero caepyer, uro Ay, ..., Ap 3asucambel, Taknm ofpasom, matpunma M—Al
BHpOXKIeHHAS H He nmeer oGpaTHOI.

Orciona caenyer, uro aerepmiunant M—A;1 pasen nymo; coGerBeHEble 3Hadve-
HHA MATPHIL M SBARIOTCA KOPHAMH NOJHHOMHHAILHOTO YPABHEHHS OTHOCHTEALHO A:

a}—?.. a’.'_, . n:;
‘ 2 _ 2
det (M — A1) = 0 nan = N :
ay ay ap — h
[Mpumenp:
4 9 4 — 3 2
M= y M—Al=
|2 4I | '1_':1"‘1

CoGerpennbie auauenns papnn 6 n 2, Komnonentsr coGeTpeHNBIX BEKTOPOB YAOBAETBO-
PAIOT CHCTeMaM:
a~ﬁ{“"']‘2£‘_"3-“ o {4x+2y=2x
o lext =6y " Tlaxtay=2.

CooteercTBYIOUHMI COBCTREHHLIMI BEKTOPAMH SBJSIOTCA BCE BEKTOPH!, NPONOpLHO-
1 1
HaAbHblE, cooTBercTBENHD V) = Aas cofierBennoro anavennn 6 n V, = '

Jas coferpennoro suavenns 2. Mul ypocropepiict, uto o6e CHCTEMB HMEIOT GecKo-
HeuHoe wHeao pemennii, Tak Kak M—Al Bupomuennas marpuna.

Ilas nawedi 3ajaun no/ib3a NOHATHI COGCTBEHHEIX 3HaYennil 1 coBCTBEHHMX BeK-
TOPOB 3aK/to4yaercs: 1) B BOIMOMHOCTH YNPOLIEHHS CHCTEM JHHEIHLIX Y paBHenuil, 2) po
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BBEfleHHH TeOpPeM CXOAHMOCTH A HTEPAUHOHNLX NPOUeccoB, KOTOPLIE YeTaAHABANBAIOT
NPOCTHIE KPHTEPHH CXOAHMOCTH NocAefoBaTelbHOCTEl M PALOB MaTpHLL.

Cucrema MHHEARBIX YpaBHenuil Jerko peluaeTcs, eciii ee MaTpHila AHATONaTbHaN.
B I1.3.2 mut Buzenn, 4ro BekTOpP-CTOAGRI MATPHILW ABASCTCA NpeolpasoBaHHeM BeK-
Topa-Gasuca, BUpaXennbM B ToM e Gaance. Ecan, nanpumep e, asasercs Takme cob-
c'ruer:num nf:mpnm, COOTBETCTBYIOWHM COGCTBEHHOMY 3HaYEHIo A, MB HMeeM:

2 a1
H Komnonentw Ae; B Gasiuce (g, e, ..., &q) ¢yth (A, 0, ..., 0).

ITpn srom paccmorpennn yunthsaerca teopema: Marpuua A u3 R™ moxer Guith
NpHBejieHa K AWaroHalbHOMY BHAY TOTAa H TOABKO TOTA4, KOrja cyuiectayer Gasic
B R", noctpoennuilt Ha coGCTREHHLIX BEKTOpax MaTpHibl A.

Koneuno, npuseaenne K AnaronajbHOMY DHAY He BCET/a BO3MOMKHO, HO MaTPHILA
BCerjia MoXet GuTh npHBejeHa K TpeyrobHoll Jopae, T. €. TOABKO ¢ HYAAMH BEILIE JHA-
TOHaAH, HAH TOALKO C HYJAMH HHMKe AHarOHaTH.

B tpeyroaenoii opme cucrema pemaercst ouenb npocto: 1) ecan nee co6CTBEHHBE
JHAYeHHA MATPHULI A Pa3antnE, TO OHa MOXeT OHTh NPHBEACHA K AHATOHAJALHOMY
BHAY; 2) ecqn AeficTBHTEAbHAR MATPHILA CHMMETPHYHA, OHA BCErAa Moer GHITL nmpH-
BejieHa K AHaroHaJbHOMY BHAY, Aase Korja coGCTBeible 3HAYCHNSA HE OTJANYaIoTCA APYT
or ra. Kpome toro, ee cofcTeennsie BeKTOPH OPTOrOHaNLHE.

PHTEPHH CXOAHMOCTH H3JAraloTcs B CJACLYIONEM pasfede.

M.3.5. Hopmel BekTOpoB M MaTpHi

B I1.3.1 sseaena nopma sexropa V (¢!, ..., &%) kax [ V| = (1" + ...+ "),
Bnpouewm, 3to sskannona vopma sektopa V' n ona, nanGonee ectecTsento, npsaMo BuiTe-
Kaer 13 Teopemst [Tngaropa. Jlpyrue HopMu MOryT GuiTh BBELCHE CACAVIOULHM 06DPAIOM:

|Vﬂ1=‘EJ-"i]*
=1
IV, = sup|s].

Bee nopmbt y10BACTBOPSIOT COOTHOWIEHHAM:
[¥Vi>0, [V]=0{=)V=0, .
1AV ] = |AM VI ana Bcex ckaanpos A, (11.3.7)
V4 Wi<|V]|--I| W] (uepasencrso tpeyroasumuka).
Takim e o6pasom Hopma MaTpuUE A ONpeAeaseTcs COOTHOUCHMAMI:
I1A[>0, JA]l=0{(=)A=0
[AAl=|A||A] nas Bcex ckanspom A,
IA+Bj<|A]+[B], (I.3.8)
[AB<|A[|B].

Tenepy paccmorpum matpnuy A nopagka n. Onpegeansm Asa tiana uopm A.
1. Hasoeem nopmy matpuust A (noguunentofl sextopuoit nopwme | V [) noaomun-
TeabHoe uneno | A ||, onpefenennoe BLpameHHeMm:

lA]=sup |AV|.
Y20V

I A | yaosaersopser coornomennsn (I1.3.8). Ouesnano, v nneen: | AV | < | AJIVI
(nepasencrpo Illpapua). Matpuunas § BEKTOpHaA HOPMH, IS KOTOPHX CNpaBel-
Juso nepapencteo llsapua, apagwores cornacosannsmi, Marpuunas wopma, nogun-
HeHHaR IBKAMAOBON BEKTOPHOH HOpME, MasuBaeTcd crnektpaisuofl Hopmoil. '
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2. pyran nopma matpuun A, corjiacosaliias ¢ SBKAnA0R0A Hopmoil BexTopa V,
eCTh SBKJMJI0BA HOPMA MaTpuun A, onpejlefieHHasi CAeLYIOUHM 06pasoM:

IAle= (3| aff)™.
i
Omia ne momer GuTh NofYHHeHa KaKoil-1u6o pexkropuoll HOpMe, TaK KaK

Mg =a'Z 1] =1.

JBKJAHAOBA HOpPMa MaTpHub A yioGua TeM, 4TO OHa MOMKeT ObTh Jerko BHMHCJAEHA.
3amedanne |. Eciu V — coberpennniit BekTop Matpiiist A, COOTBETCTRYIO-
ugit cobereennomy anauennio A u3 wepapencrsa Ulsapua, nmeen:

AV I=IAVIi<|A[I V] |Al<]A]

HanGoabiee coGerpentioe anauenye Matpuust A no aGcomoTnoil sendnue (namw
CHERTPAILHLWE paauyc p) Torfia yiosiergopser nepasenctsy p < A .

Sameuanne 2, Ecan A — geficTBurebHan CHMMETPHUHAS MaTpHLA, TO
ee ClekTpanbubill panuyc pasen ee cnexktpadsnoil nopme. B I1.3.4 mu rosopuan, uro

COGCTBEHHbIE BEKTOPH MaTpHil A ABARIOTCH oproroHaibiniy Oasmcom B R™. Toraa
MGoit Bekrop ¥V moxer GuTh Bhipamen uepes coGerpennnie BekTopst By, Kak:

V=xi£n
AV = x'AE, = ixiE;,
- 972y 1/9 i 1/
IAl sgp(z.ai.xf)f /(Ex ) " <P

Yauroisan sameuanne | nmeem: p= A. :
. Teneps npumem Ha Bepy HekoTOpHe KpHTEPi CXOANMOCTH TOCAE0BATEAbHOCTET
I PAAOB MaTPHU Nopsaka n:

1) lim A? =0,
n> o
ecin A< I;
2) limA? =0
P

TOMJia H TOALKO TOrfa, Korja p<< I;
3) pan 14 A+ AP +-... cxoantes Torga m ToabKo TOTAA,
Korja AP — 0; on cxomures x (I — AL

4) ecau kakan-miGo nopma | A || mensie expnunns, o 14 A -+ A*-|- .. cxoantesn:
STO He ABAAeTCA HeoGXOAHMbIM YCIOBHEM.

NPHIIOKEHHE 1V

KAYECTBO BOJ/lbl. HOPMBI M KPHUTEPHH

Mexaynapoanste wopmb Kavecrsa YCTAHOBJACHE! TOJALKO NS MHTHEBLIX BOJ
(BO3, 1972); onn npeacrapasior co6oit MIHHMATbHLE HOPMBI, KOTOpPLIE MOTYT OHITh
AOCTHTHYTH BCeMu crpasami. Tak Kak Te nan nuwe CTpaHsl MOTYT JOCTHTHYTH GoJsee
BEICOKHX MOKa3aTenell Mo SKOHOMHYECKHM H TEXIHYECKHM NpHYHHaM, To BO npeaio-
#na Esponeiickine HopMu Gosee BHCOKHX crangapron (1971), Heolxonumo nomuep-
KHYTD, 4TO STHl HOPME RBASIOTCH JAHIIL PEKOMEHJAllNAMH, a BONPOC O NPHHATHH HX
pemlaerca Kaxuoi crpanoil. BO3 maer nats xaaccos napaMeTpoB KadectBa: GHOJOTH-
HECKHE 3arpsisHHTe/]H, PaJHOAKTHBHLIE 3arPA3HHTENN, TOKCHUHLIC COCIHHEHHS, XH-

MHYECKHEe coelHHeHnH, KOTODRIE MOTYT ObiTh OnacHut A1 300DOBBA, H JOMYCTHMbIR
npeneTs 3ATPA3HEHHA NNTheBLIX BOJ.
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1. Bakrepnonornyeckne HOpMbB GHONOrHYECKOTO 3arpasHeHis OCHOBAHM Ha
06GHAPYXKEHHH HENaTOreHHYHHX MHKPOOPTAHH3MOB. 3TH HOpPMajibHble Mukpoln! de-
KaJLHEIX 3arpasHennit 60Jee MHOTOUHCACHHE, YeM NATOreHHbe GAKTEPHH, I OHH MO-
Tyt GbiTh XOPOUIMMH JIETKO ONpefe/eHHBIMI HHANKATOPaMit 3arpA3HeHNs; 3T0 06LYHO
Escherichia coli (E. coli) n xoandopmsi.

Jlobsie 100 ma xaopuposanuoll pojbl, NonajaouiHe B BOIOPACHPEAETHTEABHYIO
CeTh, He ROAMHB COAePKaTh ITH MiKpooopranusmet. JlioGuie 100 ma nexaopnposannoi
BOJL A0/uKHE GuTh cRoGoann ot E. coli, n ecan 3ro yeaosne cobmoaeno, 1o B HHX MO-
HET coaepiKaThen camoe Goabiuee TPr Koandopmel. Bee npoGi, BasTeie 3 Bofopacnpe-

TaGaunwua 7
Toxkcuunsie komnonenTe (no nannwm BO3, 1972 r.)
OGuan
Coeanienne Muwuwak | Kagunh | Wnawngm PTYTH Cnunen Cesen
Maxkcumansnasn 0,05 0,01 0,05 0,001 0,1 0,01
KOH' enTpaumns, Mr/
.llnn}'mnlue npejeiasl 3arpa3HeHun
LiseT
Koumnonent nan (naaTuno- 3amyT- OGuiue
Y P rabanbTonan Janax wennoers | TBepAMe, pH
nneTonan Mrfa
wWKaaa)
Magecnmansias Kouuex-| 5 eaunnn Bes orpaun- 5 equ- 500 7—8.5
Tpauna npepnaracMan HEeHHa HHL
Makcumansian Kouuen-| 50 exmnnn | Bea orpaun- | 25 ean- 1500 6,5—9,2
Tpauua JonycTHMmasn HEHHA HHLL




ASAHTEALHON CeTH, JOJKHB GbITh CBOGOAHLIMH OT KOJH(POPM, 4TO HE BCET1a BOIMOAHO;
MOSTOMY B OTASIbHBX CKBAMHHAX 1l HCTOYHHKAX BEPXHHM NMPeeJoM 1A NPHIHAHNA
BOJR nFluru,unaF: AR nuThA asaserca npucyrcrsue 10 xoandopm.

2. [lpeanaraempie YPOBHH PajHOAKTHBHOTO 3arpaAsHeHus caeiyioulne: o0 an
anba-paiHOaKTHBHOCTL-3, ofilas Gera-paanoaktusiocTh—30. St YpoBHH NpHNME-
HAIOTCHA K CpeiHeMy H3 Bcex HamepeHnii pafHOAKTHBHOCTH 3a MEPHOA B TPH MECAILA.

3. Tokcuunme coeanHenna. MakcumaibHas KOHIEHTpaUHus onpejenaerHa HCXOAH
M3 TOTO, UTO ‘ejonex cpejneil maccs B 70 Kr norpeGasger 2,5 /1 ROALI B JIeHb. Peayan-
TaThl AONYCTHMOTO COAGPMKaHHA TOKCHUHHIX cOeAnHeHnft B nuThepofl poje npeacTas-
nenst B taba. 7.

4, XuMu4ecKue BeUlecTBA, KOTOPHIE MOTYT NPeiCTABJIfTh ONAcHOCTE LIS 310-
poBbsi. Bepxuuift u HHAKHHI npejeisl KOHUSATPAIHK A58 (PTOPHAOB 3aBHCAT OT TeM-
neparypsl u nanensiorest ot 0,6 1o 0,9 Mr/a A nwKHero npejena i or 0,8 20 1,7 pas
pepxuero. Hurparu, Buipamenusie kak NOg, He J0JHB NpeBLILATh 45 mr/a. Tloan-
UHKAHYECKIe apoMaTHUeCKHE YTJCBONOPO/bl KAHUEPOTEHHE H HX KOHLEHTPalldd He
noaxua npessitiats 0,0002 vr/a. Jlas necTHUHAOB NOKa He NPELIOKEHO KaKnx-an6o
udp. :

5. Jonycrumble npeieasl 3arpA3HEHHA MHTLEBLIX BOA ONpPEAE/ICHbl HCXOAA N3
OOBMHBIX (DI3HKO-XHMHUECKHX AHAJAH30B BOAL!, OHH CyMMHpoBaHbl B Ta6a. 8.

TaGauua 8

nuThessix Eod (no pawnwm BO3., 1972 r,)

R E
u o =
g = o 5 RopE 5 5 e
bele 8| s |8 %bal & 5 z 2
2 o5 | A = - s = : = “FE]
S lag | axt 4 LR A s g £ | Go | *
J = = 5 = = . a = | o -
e os- | 28 g a = 4 o = i =
g5 | 28 | B2 - 3 2 i 5 5 B [ g
o | <E |=3| € i S R aE = i (8B
100 | 0,2 |0,01 (0,001 75| 200)0,05]| 0,1 <30, ecan 0,05 | 200 | 5,0
KOHIEHTPaLH S
cyanpara
=250,
B APYruaX
cnyuanx
<150
500 | 1,0 0,3 |0,002| 200 | 600 | 1,5 1,0 150 0,5 | 400 | 15
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¥u.-nan. a. 19,51, npam 4000 sks. 3auna 425}30.3-1-1 L[L"Hﬂ 3 p. 30 K.

HanateancTno «sHegpar, 103633, Mockna, K-12, TPeTLAKOBCKNA npoest, 1719

Jlenuurpagckan Tunorpagua Ne 6 opAena TpyAcnoro KpacHoro SnaMenn
Jdennnrpagckoro o0beanHenun sTexHndeckana kunras ue. Enrenun Coxoaosoll
Cowanoaurpagnpoma npi FocyaapeTesendom kommTere CCCP

o AenaM H3LATEABCTH, NOJARTpadiE n Kuumuofl Topromam.

193144, r. Jeuunrpag, ya. Mouceenko, 10.







