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MOAOEJINMPOBAHIE ITPOITECCOB MACCOIIEPEHOCA
IMPY11 IIOASEMHOM 3AXOPOHEHINN OTXO/10B

9. M. Xpamuenkos, M. I'. XpaMueHKOB
(HIN maremaruku u Mexanuku um. H. I. HeGorapesa KI'V, r. Kazaun)

PaccvarpuBaeTca mMaremMaTudeckasi MOJETh TTPOIECCOB MacCCOMEPEHOCa B XOJe 3aKadKU
PaCTBOPA, COAEPIKAIIETO 3ATPAIHSIONTNE KOMIIOHEHTHI, B IJIACT, IEPEKPBITHINA CJIa00MPOHIIIA~
eMbIM [JIMHUCTBIM CJI0eM ([0/3eMHOe 3aX0POHeHre KuAKuX orxoa08). HoBusna nocranoBku
3a/la4y 3aKJII0YAETCs B ydere HEeJUHEHHOrO BO3JeHCcTBus 3arps3HeHus Ha OydepHbe (3a-
[IUTHBIE) CBOMCTBA MEPEKPHIBAIOIIErO MIACT HAOYXAOIIEr0 TIIMHUCTOrO CJIOS.

Karouesoie caosa: Habyxarolne MINHBI, BOJOHOCHBIH TIJIACT, 3arpsi3HEHNe, MUTPAIUsT, BO-
noymop, oydepHbIe CBOMCTBA, MOA3EMHOE 3aXOPOHEHHE,

BBenenune

B cBs13u co Bce Gostee BO3PACTAIONMM KOJTMIECTBOM TPOMBIIIIEHHBIX OTXOZ0B (B TOM YHC/IE DAHOAKTUB-
HBIX ), TEXHOJIOTUYM YTUJU3ANNU U MEPEePabOTKM KOTOPBIX HA HACTOAMIMI MOMEHT BPEMEHHU OTCYTCTBYIOT,
OCTPO CTOUT BOIMPOC 00 UX JJINTETHHOM W OTHOCHATEJIHLHO 0e30TmacHOM XpaHeHWu. B 4acTHOCTH, OJHUM U3
CIoCcO0OB KOHCEPBAIMKA TAKUX OTXOJ0B SIBISIETCA WX MOJA3EMHOE 3aXOpOHeHWe. [Ipu 3TOM, KakK MPaBUIIO,
BEITIECTBO MEPEBOIUTCS B PACTBOPEHHOE COCTOSHNME W 3aKAUMBAECTCS B XOPOIIO M30JMPOBAHHBIE OT B3AW-
MOJIEIiCTBHIS ¢ 30HAME WHTEHCUBHON (uibTpamnun (BomoobMena) yduacTku jurocdepsl. V3omamnusa takux
YUYACTKOB JIOCTUTAETCS 33 CUET CYIIECTBEHHO OrPAHMIMBAIONIINX MACCOOOMEH MOPHBIX MOPOJL, OTHOCAIIIAXCS
K TaK HA3BIBAEMBIM BOJIOYTIOpaM (ronmoymopam), OKpyKarOIMX BHIOPAHHBII MO/ 3aXOPOHEHNE YIaCTOK.
Nsomupyromue (6ydepHble) CBOWCTBA BOJOYMOPOB MPUXOIUTCS 0COOO YUWTHIBATH TIPH pPacueTax Xapak-
TEePUCTUK (B TOM 4YucCJIe TeXHOJIOFI/I‘{eCKI/IX) TMOA3EMHOT'O 3aXOPOHEHUA KUIKUX OTXOI0B (BanHSHeHHbIX
pPacTBOPOB).

Ka.K MPpaBUJIO, B COCTAB IMMOPOJ, C/IaralOMnX BOJAOYIIOPHI, BXOAAT B SHAYUTEJIBbHOM KOJIMYECTBE TVIMHUCTHIE
MUHEPAJIbI, T03TOMY CaMU MOPOJbI OTHOCITCS K TJIMHUCTBIM MOPojaM. [JIMHUCTBIE MOPOABI XapaKTepu-
3YIOTCS HU3KUMU 3HAUYeHusiMu KoddurmenTa (GuabTpaIu, BEICOKO COPOIIMOHHON CIIOCOOHOCTBIO, UTO
JIeMaeT UX TMOAXONAIINMA I 3D HEKTUBHON MBOMANNN KUAKWX 3arpsi3aenuit. Ho atm mopogsl xapaxk-
TEPU3YIOTCS TaKyKe U 3aBUCUMOCTBIO Koaddunmenta dbuabrpaium 0T KOHIEHTPAIUU PacTBoOpa (PocToM
ko3 dunmenta GUIBTPAINKE ¢ POCTOM KOHIIEHTPAINHN), CIOCOOHOCTHIO HAOyXaTh U MOTEpeii 3TOi Crocos-
HOCTH C POCTOM KOHIIEHTpAIuu (pUIbTPYIOMErocs pacrsopa. IIpu 3ToM 0CHOBHBIM TPeOOBAHWEM K TJIMHU-
CTBIM TIOPOJIAM C TOUYKHU 3peHust 3P HEKTUBHOTO MOJ3EeMHOTO 3aXOPOHEHNST OTXOI0B ABJISOTCA UCK/IIOUCHIE
MOMTATAHNS 3aTPA3HSIONINX BEIECTB W3 TIJIACTA, BHIOPAHHOTO TIOJ 3aXOPOHEHWE, B CMEXKHBIE BOJOHOCHBIE
IIACTHI I8 MPEIOTBPAIIEHNS TOC/IEIYIONell MUTpaluy 3arpsa3uenuil B uux. fcHo, o TpeboBanue abco-
JIIOTHOMN M30/ISIIIUN K BOJOYIIOPY SIBJISIETCS HEBBITIOJHUMBIM. [109TOMY TPUXOINTCS PACCUUTHIBATE MTPOTIECC
TPOHUKHOBEHUA MMPUMECHU 3aKa9NBaCMOTI'O PaCTBOPa Yepe3 TJIMHUCTBIN C.HOf/i—BOL[OYHOp B CMEXKHbIIT C HUM
BOJIOHOCHBII ITLJIACT /i MPOTHO33a, 3P DHEKTUBHON M30aAIUN 3arPsi3HEHUSI.

CaMBbIM TPOCTBIM TIOJXO/IOM K ONMUCAHWIO Oy(EepHBIX CBONUCTB IIMHUCTOIO BOJOYTIOPA SIBJISETCS IMPE/I-
CTaBJIEHWE O HEM KaK O OWMOPHUCTON cpeme — cpene, B KOTOPOi ONHA CHCTEMA TIOP, OOBITHO HA3BIBAEMBIX
TPEIIMHAMHY, SIBJISIETCST XOPOIIIO TTPOHUIAEMON ¢ TTOPUCTOCTHIO My, & BTOpas, 0OBIYHO Ha3bIBaeMas 0JI0Ka-
MU, — CIADOMPOHUIIAEMO ¢ MOPUCTOCTHIO Mo. [IpW 3TOM ypaBHEHHE TepeHOCa MPUMECH B TaKOil cpeje
6e3 yuera quddysun (ruIpoauciepcni) onuchBaeTCs ypaBHeHusmu [1]
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oC
mla—tl—i—qVC’l +')’(Cl_02):0; mQ—:’)’(Cl—Cg). (1)

3nech | — KOHIEHTpalust puMech B TpermuHax; C — KOHIEHTPAIUs TPUMECH B BJIOKAX; Y — KOHCTAHTA
MacCcOOOMeHa, MeXK Ty TPeIuHaMU U OJI0KaMU;  — CKOpOCTh duabTparuu. OUYeBUIHO, UTO MPE/INTOT0KEHTE
0 GBICTPOM MACCOOOMEHE MEXKJly TPEIIMHAMU U OJOKAMU (3TOMY OTBEYAeT yCJOBUE Y — 00) NPUBOIAUT K
pasenctBy C1 = Cs. Torpa nepsoe ypasnenue cucrembl (1) CBOAUTCS K yPaBHEHHUIO

o0,
ot

KOTOPOE OTMCHIBAET PACIPOCTPAHEHNE 3Aa3/IbIBAIONIEr0 (DPOHTA MPUMECH (3arPS3HEHNs) B TIOPUCTOIi Cpe-
ne (addexr 3amepKKu 3arps3Henuss GUITOPUCTON CPeoit).

B caydgae, korma mpumech copbupyercst TBepaoil (pazoil, A1 paBHOBECHON COpOIUM, OTBEYAOIeil n30-
tepme [erpu ¢ kKoaddurmertom pacrupeneienus: {2, nMeeM ypaBHEHUE

m2C L qve+ 0% . 3)
ot ot
OHO MaTeMaTUYeCKn SKBUBAJIEHTHO yPABHEHUIO (2), TI03TOMY YaCTO B MMIPOTEO3KOIOrMH KOIMDMDUIIMEHTHI
paBHOBECHOI ajcopbrmn (KoahOUIMEHTHI pacpe/e/IeHns ) 1 TOTJIONEHIs MPIUMECH MUKPOIOPAMU CJia-
BonpoHUIAaeMBIX 610KOB "OTOXKIECTBAAIOT" W BBOAAT TakK Ha3biBaeMblil (akTop 3a1epxkku (retardation
factor) R, = my + mg wm R,, = Q + m. Unorma dhaxrop 3aJepKKu BBOAAT Tak: Mi + Mo =
=myi (L+R'), R =my/my (wm R = Q/m).

Ha npakrtuke ObiBaeT TPYAHO Pa3aeauTh CAydail MCTUHHONW aJICOPOIMHU U ITOTJIOMIEHUS] TPUMECH MU-
KpormopaMu C/1abonpoHUIaeMbix 010KOB wian arperaroB. Hambosee TUNMWYHBIM TPUMEPOM TaKOH CPe.Ibl
SIBJIAFOTCS TJIMHUCTBIE TTOPOJIBI, XapaKTepu3yeMble 0COOEHHO OOJIBINOi yaeabHo# goseit Mukporop. Jlpy-
MU CJIOBaMU, JJId TJIMH 7719 > ma. ﬂaﬂee 6yﬂeM NCXOOUTh M3 TOr'0, 9TO B IVNIMHAX MMEET MeCTO TOJIBKO
MOTJIOIIEHNE TIPUMECH (3arpsi3HeHNs ) MEKPOIOPAMH U 33 CIeT 3T0ro 3(hdeKTuBHOE 33 /1eprKaHne TPOHUKHO-
BEHUsI IPUMECH Yepe3 TJIMHUCTBII ol (m3omupyommuii, uin 0y depubiii 3¢ dEKT NIHHUCTBIX BOJOYIIOPOB).
OnHaKo B OTJIMYHME OT IIPOCTOH OUIIOPUCTOI CPEebl MOTJIOIIEHNE TPUMECH CAADOIPOHUIIAEMbIMU OJIOKAMMU
DJIMHUCTOl MOPOJIBI TIOTIMHSETCS HEeJTMHEHOMY ypaBHEHUIO 2|, mosromy npumenerne (opmys tuma, (2)
umm (3) npuBeseT K CcymecTBennoil ommbke. st pacuera KOAMUYECTBa 3a/€prKaHHOM OJ0KaMu mpuMe-
CH WCIIOIb3yeM COOTBeTCTBYIolme coorHouienusi u3 [2]. Ouu dakruvyeckn SKBUBAIEHTHBI YDaBHEHUIO
HesmHeiHoN ajcopbruu. [locmenuss, kKak w3BecTHO |1], IPUBOAUT K pasMa3bIBAHUIO KOHIIEHTPAITMOHHBIX
dponToB, Kak u Auddy3us Wi rUApPoancCIepcus. B cuiy 3TOro, YTO0BI M3y4YWTh BKJIAJ, HEJIMHEHHOTO
MTOTJIOIIEHUsT TIPUMECH MUKPOIOpaMu OJIOKOB TVIMHUCTOH TOpPOIbl B OydepHbie CBOWCTBA BOIOYIIOPa BHE
3aBUCUMOCTH OT BeIUYIUHBI MudDy3MOHHOTO pa3Ma3biBaHus, OY/IeM KCIIO/Ib30BATh TAK Ha3bIBaeMoe 0e3-
muddy3nonHOE NPUbIMIKEHNE, T. €. CYuTaTh, 9o Ko3dbdunuent muddysnn (rugpoaucnepcun) B ypaBHe-
HESIX MACCOMEPEHOCa PaBeH HyJo. [IpUHINNIMAIBLHO BaXKHBIM IIPU OMUCAHUN H30UPYOmuX (OydhepHbIx)
CBOYCTB TJIMHUCTBHIX BOJIOYTIOPOB SIBJISIETCS IPUMEHEHNE TEeOPUH, MO3BOJISIONIEH OMepUPOBATH KAK MEXaHU-
9eCKUMU, TaK U (DUBNKO-XUMUIECKUMU TapaMerpaMu riauHbl. Kpome Toro, HeoOXOMuMO IOMOJTHATEILHO
YUIUTHIBATH BiausgHue 3G @ekToB HaOyXaHus TJIMHUCTHIX MUHEPAJIOB Ha CIIOCOOHOCTH PACTBOPA MPOHUKATH
Tepes3 TOPOJTY.

[Ipemraraembie MoaeIu O3BOISIOT 3(DPEKTUBHO pean30BaTh CHOPMYyIUPOBAHHBIE BRIl 3aa4uu. Cie-
JIyeT, OMTHAKO, 3aMETUTh, YTO B JJAHHOM CJIyYUae BO3HUKAIOT JIBe HOBbIE HEM3BECTHBIE BEJUUUHBI — KOHIIEH-
Tpalud TPUMECH 3arPASHAIONIET0 KOMIIOHEHTa B BOJHOM ILIaCTe M KOHIOEHTPAIUA ITPUMECH 3TOTr0 KOMIIO-
HEHTa B TVIMHUCTOM cjioe. Takum oOpazoMm, Tpebyercs MOMOJHUTH CUCTEMY yPaBHEHWi, OMUCHIBAIOIILYIO
TJIMHUCTBIA CJIOW W BOJHBIN ILJIACT, C T€M YTOOBI BAMKHYTH ee Jjis OOJBIIEero KOJUYIECTBA HEU3BECTHHIX.
OueBnIHO, HY>KHO BBECTH YDPaBHEHUsI JIJIsT HAXOXKIEHUsI KOHIEHTPAIWii MPUMECH B BOSHOM ILJIaCTe W B
DJIMHUCTOM CJIO€.

(m1 + mg) +qVC(C; =0, (2)

1. YpaBHeHusi pU3NKO-XNUMUIECKOU MEXAaHUKHN HADYXarOIuX CpPe

SanuiieM OCHOBHBIE ypaBHEHUS MEXAHUKU JJis yKa3aHHBIX cucreM. HauneM c ypaBHeHusi OaJianca
MaCCHI.
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st Macceh! KuAKoi (a3bl mmeeMm

0
% + div (mp;Vy) + 45 =0, py = const. (4)

34ech m — MOPHUCTOCTD; V§ — CKOPOCTH (pIioK/la B TPAHCIOPTHLIX HOPaX; pf — IJIOTHOCTE (BIOUAa; j —
O0OMEHHBII TOTOK MEXKIY CKeAECMOM U TPAHCIOPTHBIMU TOPaMu; ¢ — BPEMH.
Jl1s1 Macchl BelllecTBa CKeJjleTa MMeeM COOTBETCTBEHHO

W +div[(1—m)psVy] —j =0,  ps# const. (5)

311ech ps — MIOTHOCTH TBEPIOH (ha3bl; Vi — CKOPOCTH TBEPIOi (ha3bl.
Macca mpeacTaBUTeIbHOTO 3eMeHTa 00beMa Vy MOpucToil cpebl ecTh

My = p2Vy +pp [(1 —m) Vo — Vi), Vs = const, p? = const.

Bnecs M, — macca TBepoit dazer; Vi — 06beM TBepoii dhassr; p) — IIOTHOCTL TBepoit (haskl B HAYADL-
HBIFT MOMEHT BpeMeHu. Tormga st TJIOTHOCTH BEIECTBA CKEeIeTa NMeeM
pe = M _ eV
g = =
1-mV, (1-m)W

+pp,  e=p)—py (6)

Jenum ypasrenns (4) u (5) Ha py u cKaagpBaeM pesyiabratel. C yuerom (6) momydaem

. K/Vs . . 3 K
d1v70+dlvq+d1VVs+§ <70> = 0. (7)
Buy ypasuenns (7) HememaeHHo caeayer m3 onpeienenuii ycaakm Vo = VO(O) (1+0) (VO(O) — HauaJlb-

HOe 3HAUEHNe MPeJCTaBUTENIBHOTO 00beMa cpespl), ckopoctu dunsrpamun q = m (Vi — V) n BBegenns
oboznavenus eV /ps = k. Ypasuenue (7) Jerko npeobpasyercs K BUJLY
_908 _ 1

0, a=—-=. (8)

divq + ka (1 — 0) (—VsVEO + div Vi) + div 'V — ake =
ot v

OueBnzno, uro V,VO — 0 Kak BesimvmrHa BTOPOTO MOpsiika Majoctu. Torga us (8) ciaemxyer

00
divq + div V5 + ka (1 — 6) <diVVs—E> =0. 9)
0
Omnpenemum div Vg = Te Torma u3 (9) OKOHYATETHHO MOTYINM
% +divg = 0. (10)

[Tepeitmem Tenepsh K ypaBHEHHUIO DajIaHCa KOJIMIECTBA JBUKEHUs. 3aIUIIEM ero B (hopMme ypaBHEHUsI
paBHOBecus Bcex a3

Gij = (1 —m)of; —mpdij = (1 —m) (of; + pdi;) — pdij, (11)

rae G — TeH30p BHEIIHeil HArpy3Ku; O'Z-sj — TEH30p WCTUHHBIX HAMPSKEHWH cKelera; 0 — CIeJ TeH30Pa
HCTUHHBIX HaIIPsXKeHIil CKejeTa; p — JaBaeHne B XKUIKoil daze; d;; — meabra-cuMmBosr Kponexepa. Ilocre
BBEJICHUsI 0003HAYEHMS

(1—m) (o5 + pdiy) = o,

ypasuenue (11) npuMer TpaaunuoHHbI JAjist Teopun (DUILTPAIMOHHON KOHCOMMIAIN BT

Gij = szj — pdij. (12)
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Paccmorpum Temeps mportecc nabyxanus noapobduee. B paccykmenusax Oymem onuparbCa HA KOHIIETIIIIO
OCMOTHYECKON SUeiiKi, PA3BUTYIO B [2], B COOTBETCTBUE C KOTOPOil B PABHOBECHBIX YCJIOBUAX OCMOTHYE-
CKOe JTaBJ/IeHre HAXOAUTCSI W3 PABEHCTBA XMMUYECKUX TOTEHITNAJIOB MOHOB PACTBOPA BHYTPU CKeJleTa W B
TPAHCIOPTHBIX OPAaX:

Mk = g, k=1,2.

Baech i — XUMUYECKWi MOTEHIA HOHA, B PACTBOPE (MHAEKC 1 OTHOCHTCS K KATHOHY, MHIEKC 2 — K aHH-
ony). Beibupas B KadecTBe mpumepa Jyist pacdera 1—1-smekTponnT (KATHOHBI M AHHOHBI UMEOT 3apsaf 1
B eIMHUIAX 3JEMEHTAPHOrO 3apsjia COOTBETCTBYIONIErO 3HAKA) U WCIIOAB3Ys CTAHIAPTHOE MPEICTaB/Ie-
HUE JId BUJd XUMWYIECKOr'O MOTEHINAJId, TTOJAydaeM [dJId KOHL[eHTpa.L[I/Iﬁ MOHOB TaK Ha3bIBatMO€ YyCJIOBUE
JOHHAHOBCKOTO paBHOBeCH |3

C1Cy = C? =C,C.. (13)

3nech C — KOHIIEHTPAIUsT 3JEKTPOJNTA B TPAHCIOPTHBIX Nopax; C] — KOHIEHTPaIldsl KATHOHOB B Pac-
TBOpE; C9 — KOHIIEHTPAIIUsI AaHUOHOB B PACTBOPE.
OpnHako cucremMa ypaBHEHUI OCTaeTCd He 3aMKHYTOi. lcmonab3yem /i ee 3aMbIKaHUS yCJIOBUE 3JIEK-
TPUIECKON HEHTPATBLHOCTH CUCTEMbl meepdada Pasa ckenema — noposvili pacmeop:
, e

(61—62)[(1—m)V0—Vs]:e, 62(1_m)V0_VS, (14)

rae e — obMeHHas eMKOCTh minHbl. Pusnmueckn ypasmenue (14) o3HavaeT, ITO TBEp/IbIe JACTHUIIBI CKEIETA
HecyT n30bITOUHBI (J1J151 ONPE/IeJIEHHOCTH OTPUIATEBHbI) 3JIeKTPUYeCKUil 3apsii. DTOT 3apsi)| KOMIIEH-
CHpYeTCsi KATHOHAMHU TIOPOBOIO PACTBOPA, TAK UTO MMEEeTCsl U30bITOK KATHOHOB 110 CDABHEHHIO C AHHOHAMMI
IIOPOBOT'O PACTBOPA, MIPUBOISIIHI K MOSBICHHIO OCMOTHIeCKNX cuil. ONHUCAHHBIH CIEHAPHIl IIEJTHKOM OT-
HOCHTCSI K TAKMM HabyXalolMM CHCTeMaM, KaK IJIMHbBI, & TAKyXKe sy APYIuX.

Pemenne ypasuenus (13) ¢ yuerom (14) ecrn

e o2 o o o2
- c 2. —_c & 2 1
Cq 2—1— 4+C, Ca 2+ 4+C’ (15)

Torga u3 (15) aJ1st OCMOTHYECKOTO [IABIEHUST T UMEeM

- % (\/6'2 402 — 20) . (16)

IMpu C =0
1 I RTe
— _RT¢ = = . 1
A e Yy s . o

Ha gacture ckesera geiiCTByIOT JBE CUJIBI — OCMOTHUYECKOE TaBJIEHIUE B TOPOBOM PacTBOPE u 3 PeKTuB-
HOE HAIPs2KeHne, MpendaTcTryionee nHabyxauuo. Vcmonb3ys onpenenenns 3OMEKTUBHOTO HAIPIKEHUT U
OCMOTHYECKOTO [TaBJIEHUS, TOJyIaeM OUYeBUIHOE COOTHOIIEHTE

of =(1—m)m. (18)

Takum obpaszom, ypasuenus (17) u (18) 3ambIkaioT 00NLYI0 CHCTEMY yPABHEHHIT MEXaHUKH ITPOIECCA
HabyxaHus.

Peosiornio Habyxarommx cucreM MCCIeayeM Ha MpUMepe OJHOMEPHON 3a1a4du HabyxaHus/ycajku Haby-
XAIOIIEro CJI0g IO/ JefiCTBUeM MPHUJIOKEHHO K CJI0I0 TOCTOAHHON HAarpy3ku. IlocTaHoBKa 3aadn CIeayeT
u3 ypasuennit (10), (12), (17), (18), monossenubix 3akoroM lapcu it cKopocTu (hUIBTPAIMHA U OIIpe/ie-
JleHneM HabyXaHust/yCa/IKu:

I =of +p, I' = const; (19)
09  Oq

Z 1221 9. 2
ot + 0z 0 (20)
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q= —E@, k = ko + Bm, ko = const, B = const; (21)
n 0z
Vo=W" (1+0); (22)
(1—m)m =o', (23)
0,5eRT
= ’ . 24
oMWV (29)

3neck [' — Momyib BHemiHell HArpy3ku; k — TPOHUIIAEMOCTb CPEJbl; 1) — BS3KOCTH BOJBI; ¢ — MOJIYJIb
CKOPOCTH (DUIHTPALIHA (.
TakuM 06pa30M, MCKOMBIME (DYHKIHSIMA JAHHOH CHCTeMBI ypapHemwmii spismiorcs of | p, ¥, m, k, q,
0
Vo, m. TlocTosHHBIME BeIMUnHAMA MOmeu apjaiorcs [, n, ko, A, VO( ), Puw, Ps, €, &, R, T. ['panmambie
YC/IOBUS UMEIOT BuJI, (IPAHUTHOE yCIOBHE MEPBOTO POJA)

p|z:0 = F? p|z:zo = Po (25)

b0 (rpaHUYHOE yCIOBHE BTOPOTO POJA)

Op
a 0 - 07 p|z:z0 _pU' (26)

HauasibHoe ycioBHe eCTh yCJI0BUE PDABEHCTBA HYJIF0 HAYAIBHOM yCaIKu:
0(z,0) =0.

Cxema mpotiecca ycajaku HabyXaroIero IMHUCTOrO CI0s IIpUBeeHa Ha puc. 1.

Boobiiie roBopst, Bu/ PEOJIOIMYECKOr0 COOTHOIIEHNS B JIAHHOM CJIyYae Hen3BeCTeH, MMOCKOJIbKY IPeJIo-
JIO’KeHUe 00 yIpyroM XapakKTepe PeakIuu Ha MPUIOKEHHYI0 HATPY3KY CIIPABEIINBO TOTHKO JIJIsT MaJIbIX
nedopmanmii cpeapt. Ilocrynum cienytomum obpazom. IIpearonokum, 4T0 TPaHCIOPTHAS TOPUCTOCTH
CpeJbl Majia, TaK 9TO MOXKHO cuuTarh m ~ 0 (3TO npeamonokenue CrpaBeJMBO BO MHOTUX CIydasx,
HAPUMep, I TAKUX MPUPOIHBIX HAOYXAIONMX CUCTEM, Kak TauHbI). [IOCKONbKY OfHA TepeMeHHas B
cucreme (19)—(24) onpenenena, TO cucTeMa CTAHOBUTCS 3AMKHY TOT.

Bceerma ya006HO mpoOBOAWTL BBIYUC/ICHWS W JAJbHEHINNN aHAIN3 PE3yJIbTATOB, MPUBEIS IOy ICHHYIO
CUCTEMY ypaBHeHuil K Oe3pazmepHoMy Buay. /Jlyist 3Toro BBejem xapakTepHblit macinTab Bpemenu T,
xapakrepHblii Macrab qymubl L, 6e3pasmeproe Bpemsi 7 = t/Tp, a Tak:ke 6e3pa3MepHbIii KOMILIEKC § =

RT
= oy Toraa, oboswas p = p/T, @ = of [0, 7 = w/T y = /L, s = ViV, 0 = Vo/V;”),
0
TokT
= ,',;)L_z , IIOJIy4UM U3 CUCTEMBI (19)7(24)
pto=1 (27)
)
= 28
T e — s (28)
v =1+0 (29)
2_ [
@ = X@ (30) A*::ZO::Z ::20::202:&.:’:"
67 ayZ ’
o =T. (31)
W3 (27)(29) u (31) merko momyuurs XXX BRI
o 5 op
— = (32)
or  (1-p)*or
Torga u3 (30) ¢ yuerom (32) ciemyer Puc. 1. Cxema mpomecca KOHCOMUAANAN TIIAHACTOTO CJIOST
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E:X(l—p) ek X=7%- (33)

Ypasuenne (33) XOpOIIo U3BECTHO B IMTEPATYPE KAK HEJIMHEHHOE yPAaBHEHUE TEILIONPOBOAHOCTH. B pac-
CMaTPUBAEMOM CJIy4ae OHO OTUCHIBAET MPOIECC (DUIBLTPAIMU BOABI (OTKATHE BOJBI M3 CJIOS MO JeHCTBIEM
MOCTOSTHHOMN HArPY3K¥) B arperupoOBAaHHOI MOPUCTOil cpeje ¢ HabyXaloIMuM CKeJIeTOM. XapaKTepHBIH pa3-
Mep arperaToB NopucToii Marpuibl ecth V. VI3BecTHbl ero Tounbie u apromoaesnbHble pertenns [4]. Tasee
MOJTyYEeHHOe YPABHEHUE PEIaIoCh YUCIEHHO MO CXeMe, MPeJJIoKeHHOi B [5].

Urak, momyveno ypasuenue (33), OMUCHIBaOIee paclpe/ie/ieHne JaBieHns B caoe TiauHbl. [IpoBemem
3aMeHy

p=1-¢. (34)

Tenepr MOXKHO TIEpenucaTh ypasuenue (33) B Buje

dp __ o 9*p —_ X

ar  XP g X7y

Op 2
YUuThiBasg, 9TO /IS IJIMH XapaKTePHO Iy — 0, MOXKHO 3amucarhb
Yy
dp 0 2 0 X

Takum 006pazoM, TOMYUEHO OJHOMEpHOe KBasmanHeiinoe ypasuenme. Cormacuo [5]| misg Hero MOKHO
3aMncaTh HEABHYIO PA3HOCTHYIO CXEMY BUIA

Gy 1 T
2 (a0 T ) BRI, (36)

e a; (y) = 0,5 (k (y;—1) + k (y;)). B paccmarpusaemom ciryqae k () = xp?.

Cxema (36) smueitna ornocurensuo dyakmunu . CiaemoBarenbHo, HA KazxK/J0M BPEMEHHOM CJI0€ BBIYHC-
JISIETCST MICKOMasT (DYHKITHS Yepe3 3HAUEHWS y Ha MpeJbIIyIeM BpeMeHHOM cioe. M3BecTHO, 9To morperr-
HocTs anmnpokcnvarun cxemst (36) cocrasnster O (1 + h?) [5]. Cxema siBsiercst aGCOMIOTHO YCTOIMUBOIL,
IIO3TOMY IIAryd BBIOMPAIOTCS U3 COODpAYKEHUI TOUHOCTH.

Beezewm cerky, onpezenenuyio B mpaMoyroibiuke D = (0 <y < 1; 0 <t < 1). Ilycrs

. 1 1
Y

Bozbmem uncio y3108B A5 pa3duenus mo ocu y paBHbiM 100, 9ucio y3/10B /1/1st pa3dbueHust o 0Cu ¢ paBHBIM
10000. Taxum o6pa3oM, MOTPEITHOCTH AIMMPOKCUMAIINNA CXeMbI cocTaBisger O (7’ + h2) = 0 (0,0001).
Banummem cxemy (36) gust ypasaenns (35):

0 () P17 = Bi(ais (9) 7+ 705 () + 2) + i1 () TPig1 = — il

a; (¢) = 0,5 (xp?_1 +X¥?) (37)
i = (Yi) -

s paspemennst OJIyY€HHON CUCTEMBI NCTIOIB30BAJICA METOJI TPEXANArOHAIBHON TTPOTOHKN:
Aific1 —Cifi + Bifiy1 = —F;.

Barmmmrem s3navenus koapdunnentos A, B, C', F a1 paccMaTpuBaeMoil 3a1a49u, y9uThIBas 9To f; = §;.
U3 (37) j1erko HaxoAsTCst COOTBETCTBYIOIIME COOTHOMeHns. OUeBnIHO, 9TO

A =ai(p) T Bi = aiy1(p) 73 Ci = aiy1 (9) T+ Ta; (9) + hy; F; = gih;.
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Kak wsBectno, nis naxoxaenns ko3 dunuenTos nporouku cucremy (37) ciemyer JOMOJHUTD TPAHIY-
HBIMH YCIOBHAME. |'paHUYHBIE YCIOBHUS IIEPBOTO POIa /Il MCXOMHON 33aa49n ObLIN OMpEeIe/IeHbI COOTHO-
merusivu (25). Tlepeiiis Kk TepMuHam 6e3pa3MepHOll 3a1a9M, 3ATUIIEM

rJle COOTBETCTBYIOIIME KOHCTAHTHI JIjisi PACYeToB ObLIN ONPeieseHbl caeaytommm obpasom: ¢ = ['/T' =1,
Co2 = Do / '=0.
[Tpungas Bo BHuManue (34), 3amuimeM yCIOBHS Ha TPAHUIE I MCKOMON (bYHKIUH

Ply—1 =1—ply=y =N, =1; @ly—o =1 — ply—o = o0 = 0.

Jlajiee TpUMEHSICST CTAHIAPTHBIN BAPUAHT METO/1a, POTOHKH, T. €. TOCTPOEHUE MPOrOHOYHBIX KO3 dm-
[UEHTOB BH/IA
Qi1 = B ; Bi+1 = Aifi ¥ £y Fl-
CooTrBeTcTBeHHO MepBhIe KOADMUIMEHTHI TPOTOHKN BRIYUC/ISIIUCEH Y€pe3 MPaHIHbIE YCIOBUSA. B mporecce
O6paTHOFO XO0Oa IMPOTOHKW BBIYUC/IAJINCH 3HAYCHUA JaBJIC€HUA B TVIMHUCTOM CJIO€. yCH.ﬂ;Ka. BBIYHNC/IAIACH
nocste HaxokaeHns masienus. 113 (28), (29), (31) crexyer

0=v,—1+ L_
1-p
Orcrofia HaXOIUTCS BEJININHA, YCATKH.

[TockoIbKY 9KCIIepUMEHTAJIbHBIE JAHHBIE O PACIPeIeIeHNN TaBJIeHIsI U YCAIKNA B 1ePOPMIPYEMOM CJIOE
1 TaHHBIE [0 UX (DUBUKO-XUMIYIECKIM CBOMCTBAM, KOTOPBIE TOIXKHBI OIIPeIeIIThC MapaAIIeIbHO B PEOJIO-
PUYECKUX OTBITaX, 3a9aCTYI0 OTCYTCTBYIOT, 3HAUEHNST MapaMeTPOB MOJE/N BhIOUPAINCH U3 COOOparKeHuit
ymobcTBa pacderoB. [109TOMY BBIBOIBI TAHHOTO Pa3e/ia HOCAT B OOJBIIEH CTEIeHN Ka1eCTBEHHbBIN XapaK-
Tep. Bapuarust 3naveHunit napaMeTpoB He MEHsIeT BUJIA, IOy YaeMbIX 3aBUCHMOCTEN.

Pacuersr moarBepauin oxXujgaHus (PUBNIECKOTO XapaKTepa, MpeIbsaBseMble K MOAEIN. Tak, OUeHb
MHTEPECHBIM, Ha, B3IJIAM aBTOPOB, ABJSIETCS IPOMUIL JABICHU I/ CIydas UCIOAb30BAHAA IPAHNIHOIO
yenosusg (25). BugHo, 9To pacnpejesenne JIaBIeHns no CJI0K0 3aBUCAT OT BEJMYUHBLL X (puc. 2).

[IpuBenennsiil rpaduK IOCTPOEH J/IsI HEKOTOPOI'O IPOMEXKYTOYHOTO MOMEHTa BpeMeHn. MoKHO HabIi0-
IaTh, 9TO C POCTOM X pacIpeieseHne TaBIeHUs MPUOINKAECTCA K CTAIMOHAPHOMY, IPUYEM BUI KPUBOI
CTAI[MOHAPHOTO PACIpee/IeHns] TABJIEHUsT BO BCEX CIydasX OJWH W TOT K€, BHE 3aBUCHUMOCTH OT 3aJaH-
Hoil Bemmuuubl . Ciemayer oTMeTUTh, 9TO Hambosee OIM3KOM K KPUBOM CTAIMOHAPHOTO pPACIPEeIeIeHnsT
JaBJIeHNs siB/sieTcss KpuBasi 1 (cM. puc. 2).

Croeobpasnbrit Bua uveror rpadbuku pacnpeenenns ycagaku (puc. 3). Bumno, uTo 30Ha BXOga NOTOKA
COOTBETCTBYeT 30He HabyxaHus (MOJOKUTETbHBIE 3HAadYeHHs ), a 30HA OTBOJA TOTOKA — 30HE YCAJIKN
(orpunarensubie ), Tak uTo gedopMalsa OKa3bIBAETCS HEOAHOPOAHOH 1mo npodwumo. WuTepecHo, uro
rpaduKu yCagKu sl ABYX BUIOB MPAHUYHBIX YCJAOBHI MPaKTHYECKH COBMaaor. [lemo B ToM, 4To mjist
BTOpOro ciydas (ycaosue (26)), BoJa HAYMHAET BBIXKMMATHCA U3 CI0dA. ECau HA JI€BOil rpaHuUIle eii ecTs,
KY/JIa BBITEKATH, U 00pa3yercst 30Ha YCAJIKU, TO Ha TPaBOil rPaHUIlE BOJEe BHITEKATH HEKYAa U (POPMUPYETCsT
30Ha HAOYXaHUI.

I'pacdukm Ha pHCYHKE IOCTPOEHBI [JIA PA3JIHMIHLIX MOMEHTOB BpPEMEHH. BHIHO, YTO B TedeHMe BCEero
MPOIIECCa XapPaKTEePHBIN Bl KPUBOI HE MEHSIETCsT, MEHSIETCS JIUITh 00JIaCTh MOJIOKUTEHLHBIX YCaI0K. Ha
OOIBIINX BpeMeHax O0/IbInas YaCTh 3HAYEHU YCAIKN CTAHOBUTCA OTPHUIIATENILHOM, ITO COOTBETCTBYET JIO-
ruKe rporecca. [Ipu 3ToM BayKHO OTMETUTH, UTO PACIPEIeIeHNe YCAIKHU 0 CJIOK0 3HAYUTEILHO 3aBUCUHT OT
mapamerpa 6. Ha puc. 4 npuBener rpaduk 3aBUCHMOCTH PACIIPENE/TIEHUs] YCAIKHU M0 CJIOK0 OT BEJTUIUHBI §
LIS HEKOTOPOIr'O IIPOMEXKYTOYHOTO MOMEHTA BPEMEHH.

Ha puc. 5 npuseensl coOOTBETCTBYIOIINE rpahuKu 3aBUCHMOCTH CPEIHE 110 CI0I0 CKOpocTH IedopMa-
KA OT BpEMEHH IS PA3JIMYHBIX 3HaUeHui §. B Xo/e YiCIeHHbIX S9KCIEPUMEHTOB OBLIO YCTAHOBJIEHO, YTO
BEJIMYMHA, XapaKTEePHOr0 MMHKA HAIPIMYIO 3aBHUCHT OT 0: 4YeM MeHbIIe 0, TeM MeHBIIEe UK. MOXKHO oTMe-
TUTH XOPOIIIee KAYeCTBEHHOE COBIIa/IeHNe [OBEIeHNsI IPUBEIEHHBIX KPUBbIX C JAHHBIMU SKCrepuMenTa, [6].
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0,1 -

0,2 -

0,3 -

T T T T — ¥ -04 T I I T —=> Y

0 20 40 60 80 100 0 20 40 60 80 100
Puc. 2. Bug xpuBoit pacupenenenns nasieHus B ciaoe:  Puc. 3. Pacnpenenenue ycagku mo cioi0 B pa3IudHbIE
1—x=10;2—x=5;3 —x=1 MOMEHTHI Bpemenu: 1 — B HaYaJbHOU (ba3e mporecca;
2 — B cepenuHe IPOIECCa; 3 — B 3aBePIIAONIEN CTa NN

(2]
0,6 ﬁ‘\
1 2]
0,4 - N
0,2 - 1
0 - 2
2
3
-0,2 -
N 0 ——= ===
0,4 T T T T —> T T T T —> 7
0 20 40 60 80 100 0 20 40 60 80 100

Puc. 4. Pacupenenenne ycaakuy o CI0I0 B 3aBUCUMOCTH ~ Puc. 5. 3aBHCHMOCTH CpeIHE IO CI0I0 CKOPOCTH Ie-
ord: 1—6=0,082—06=0,053—9=0,02 dopMamy OT BpeMEHH IS Pa3JINYHbIX 3HadeHuii : 1 —
§=1-1072,2—-§=7-10"3%3 —-§=2-10"3

Yrobbl TPOBEPUTH TOYHOCTH BBIYUCAEHUN, OCYIIECTBAEHHBIX C MTOMOIIBI0 PACCMOTPEHHON YMCIEHHOM
CXeMbI, OBbLIN TTPOBEIEHBI CPDABHEHUSI C TOYHBIM PEIIeHUEeM JIJisd HeJTMHEeWHBIX HeCTAIMOHAPHBIX YPaBHEHUT

O _ 0 (T
ot _aaw oz )’

Tounoe pemtenne 6bu10 B3sito B Buge T (z) = (Az + B)l/ (14m) ‘r1e A, B — npousBobHbIE TOCTOSHHEIE
BeJINYMHEL [4]. DKCIepuMeHTh MOKA3a/d HAJWYNe MPAKTUYIECKH TOYHOTO KOJMYECTBEHHOTO COBIIAICHMUSI
YUCJIEHHOTO ¥ TOYHOIO PEIIeHu 3a/1a4u.

Jng mumocTpanum Xoponero COBIaIeHNsT PE3YIbTATOB PACYETOB 110 MOJEIN BOCHOJB3YEMCsl CTAIMO-
HapHBIM mpubanmKenneMm mozmenu (19)—(24). Ilpeamonoxus, 4ro mporece HabyXaHus/yCaIKu 3aBepIieH
u, takum o6paszom, p = 0, 3anumem Ha ocuoBanun (19)—(24)

_ eRT
2(Vo —Vy)’

TUIIQ

s Uf:ﬂ', ol =T.

Orcroma cemyer
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pweRT psV -7 P,
205V low Vo — Vi)l A
Bemuuma
pw Vo —Vs)
psVs - nec

HA3BIBAETCA OTHOCUTEJHHON BECOBOH BJIAZKHOCTHIO
[7] m xapakTepusyer Bec comepKalleiics B TJIMHE
BOJIbI TI0 OTHOIIEHWIO K BECY COOCTBEHHO TBEPIBIX
qacTul CKestera (BeC TJIMHBI B CyXOM COCTOSIHUM).

C yderoMm BBeJIEHHBIX 0D0O3HAUYEHMIT MOXKHO 3allU-
carb

pweRT r
205 VswWgec
(1)
U TOJyYUTh, TAaKUM 00pa30M, 3aBUCUMOCTH TaK > W, %

HA3bIBAEMON IJIACTUYECKOW ITPOYHOCTW TJIMHBI OT
sraxxHoctu [8]. Mwmeercs (puc. 6) xopomiee corna-  Puc. 6.  3aBHCHMOCTH IIACTHYECKOfi TMPOYHOCTH OT
CHe pACYeTHLIX U SKCIEPUMEHTAILHBIX JAHHBIX. BJIAJKHOCTH: —— — PACUET; O — JKCIEPUMEHT

2. MogenupoBaHue BOOOOTAAYN TVIMHUCTOrO CJIOSI B IJIACT, BCKPBITHIII CKBa>KWHOM

B pazza. 1 6b11a npejiozkeHa MOJe/Th OMUCAHUS PEOTOTTIECKIX CBOUCTB MOPUCTBIX CPE/T C HADYXAOIINM
CKEJIeTOM, BaXKHAsl I MOHUMAHUSA (PUBMKO-MEXAHWIECKOTO TOBEACHUs MPUPOIHBIX HAOYXAIOMUX CPe
B mejsoM. Paccmorpum Temeph 3a/ady O BOJOHOCHOM ILJIACTE, BCKPBITOM CHUMMETPUYHON COBEPIIEHHOMN
CKBaKMHOI ¥ MEPEKPBITOM CBEPXY MOIIHOMN TOIIeil HabyXaromyx InHUCTHIX T0poy, (puc. 7). Ha pucynke
WCITO/Tb30BAHBI 0003HAYEHUS: T'c — BHEIIHUI PAIANyC CKBaXKUHBI, R, — Paamyc KOHTYpPa BOIHOTO ILIACTA;
H — TonmnuHa BOJHOTO IIACTA; Xq — K0P MUITUEHT MHe30IPOBOIHOCTH BOJHOIO TTACTa; J — MOTOK BOJIBI
W3 TJIMHUCTOT'O CJI0si B BOJHBIN ILIACT.

Bribop Takoro obbekTa He ciyuaeH. 3BecTHO, HATPUMED, 9TO MPU JJTUTEIHHON SKCILIYATAIUNA MECTO-
POXK/JIEHUIT TPECHBIX TOA3EMHBIX BOJ, T. €. B IIEPUOJ BpeMeHu, OJIM3KMit K MOMEHTY UCUYEPIIaHUsl TaApaHTH-
POBAHHBIX 3aITaCOB BOJIBI, OCTPO BCTAET HEOOXOAUMOCTD yUeTa ITOMOJHUTEILHOTO BOJOIPUTOKA B ILIACT U3
JIeZKAIel BhITe TIMHUCTOM Tosmm. [Iporao3 takoro mpuToka Mo3BOIH Obl YBEIUYUATH CPOK IKCILIyaTa-
nuu Bomo3abopa. IIpobsiema craHOBUTCS OCODEHHO aKTyaJbHON B IMOC/IE/IHEE BPEMS B CBS3U C BO3POCIITUM
3arps3HeHUeM TTPUPOTHBIX MTOI3EMHBIX BOJI, BEAYIIUM K CYIIECTBEHHOMY CHUYKEHWIO CPOKOB SKCILTyaTAI[UN
nmelicTByromux Bogo3abopos. Perenue 1oit 3a1a4un 0TBEIaeT BTOPOIl e/ NCCASI0BAHNS, O KOTOPOil pedb
171 BBIIIIE.

Vpasuenne pUabTPAINN CKUMAEMON KUIKOCTH
B 00'beMHO-CKMMaeMOit 1topucToii cpene [9] mmeer

B/
@ A Tianna Cimna
8t Xa p7

rje p — JABJIEHWE B BOJOHOCHOM ILIACTE; Xq — KO-  fror=s=r=rmimrmememememd b

5 PUIMEHT THE3OIPOBOIHOCTA BOJOHOCHOTO ILIA- | . |nLJ

cra. . !

Cornacio cxeme Msrnesa—I'upunckoro [10] Bota —® :4._.' Za H
dpunbTpanus B ciabompOHUIIAEMOM TIMHUCTOM CJI0€ g g—

MPOUCXOJUT BEPTHUKAJIBHO, & B BOJOHOCHOM ILjIa-
cre — ropu3oHTANBHO. CJIe/[0BaTe/bHO, B IUJINH-
JIPUYeCcKoil cucTeMe KOOPAUHAT /I TPUTOKa K cuM-  Puc. 7. Cxema mpomecca BOZOOTIAMH TIMHUCTOTO CJIOS
METPUYHON COBEPIIEHHOI CKBAKWHE NMEEM B IJIACT, BCKPBITHIN CKBAaKUHOMN

Fe PR
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dp 10 ( 8p> 0%p

o Xy Ty ) TXage (38)

Yepennsas ypasuenue (38) 1o Beicore miacra (mo koopaunare z ot 0 go H), nomyvaem cremyromniee ypas-
HEHUe Jiisl JaBJIeHUs P:

X Ow

7, #=0), (39)

9 _ 10 ( 9p
or

ot~ XeTor T_> o J=

riae J — moTok BOJAbI U3 TJIMHUCTOTO CJIO4d. Fpa,HI/ILIHbIQ yCGiaoBud Ha CKBa2KUHE 7" = T 1 KOHTYpPE€ THUTa-
HUA T = RK UMEIOT COOTBETCTBEHHO BU/I

p(re) = pes P (%) = P

Haganbaoe pacrpeaeseHne gJaBjIeHrnd B BOJOHOCHOM ILIaCTe 3aJaJuM 3aBUCUMOCTBIO

P (r,0) = (px — pe) (1 —exp (—r ;:c>> + pe.

Beeznem 6Gespasmepusie nepemensursie o = of /T W = w/T; @ = ©/T; 7 = t/Ty; § = q/U; Z = z/2;
ToU/zp =~ 1. s ouenku xapakrepoii ckopoctu U nmeem U = KT'/ (pwg20), pwgk/n = K, tae py —
IIOTHOCTH BOJIBI; ¢ — yCKOpenue cuiibl Tsykectu. [Ipuanmas I' &= 2 MIla, zp =~ 1 M, MO2KHO TIPUMEPHO OIle-
uuth 3Hadenune U. Koabdunuent dunsrpanun K apisercs pusndeckoit xapakTepucTukoit miacta. [lo
9KCIIEPUMEHTAIBHBIM JAHHBIM JI/Is [VIMH 3HAYeHne Kodhduimenta Gpuabrpanu cocrasiser &~ 1073 m /cyr.

B wrore 3anumewm cucremy ypasrenuii (27)—(31) ¢ yaerom obo3HaueHns JaBlI€HNS B IIMHUCTOM CJIO€
(Gymem ero o6o3HAUATE YEPE3 W):

o+w=1; (40)

00  Jq

_ ow

q:—§; (42)
W e 2

[=Vilrexpf—1), & === V=1 V=g (43)

_ )

Oyukmust f 0TBEYAET 33 COIEPKAHNE BOIBI B COCTABE TBEPIOil (hashl.
[Tonydenmyio cucreMy ypaBHEHMII HEOOXOAMMO JOMOJHUTH HAYAILHBIMU M PAHHYHBIMUA YCIOBUSIMI.
HauabHble ycIoBUsT 3aMUIEM B CIEIYIOIIEM BHUIE:

W(z,0)=@F—1)exp(—az)+1, a=10"3 (46)

Ucxonst u3 coobpaxkeHuil, M3I0KEHHBIX B pasi. 1, Jjisg BepxXHell U HUXKHEN TPAHUI] TJIUHUCTOTO CJIOS
COOTBETCTBEHHO 3aITUIIIEM

w(0,7)=1; w(l,7)=7p. (47)

Hanee cucrema ypasuennii (40)—(47) pemaercss aucienHo.
3anmmieM ypaBHEHHE (39) B Gespasmeprom Buze. Jlg sToro BBegeM HOBbIe nepemenHbie p = p/T;
F=r/Ry; J = J/T, rue Ry =~ 100m. Torga

O _ xaxol 0 (_Op +@ s__ k0w _ kpwg OW_ K 0
oF U’ -

oT URI%%8F oF BanH zo g B NBapwgH 2o g B BapwgH zo 0z’
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[IpoBens Hec/ioXkHBIE MAaTEMATAYECKHE TPEOOPA30BAHUsI, MOYKHO HAWTH BUJ, 0€3PA3MEPHOr0 ypPaBHEHUs

IJId JaBJAC€HHA B BOJOHOCHOM ILJIaCTe:

dp 10 (_0p Ow
P _q- 2 (722 4 22 4
o7~ Tor (T8F> P (48)
Onennm KaxKIblif 13 KOMILIEKCOB:
Xa?0 K 20
= ; =— U=K B = .
URZ UBagpowH Pwg=0 B.TH
[ockomeky A =5 - 102, ypasuenne (48) mpuamMaeT BuT
—10 (_0Op ow — A
A%(%)*%—Ov A=5
. I'panuunsre

Bamernm, 4TO MOC/IEIHee ypaBHEHHe MojiydeHo u3 (48) ¢ y4eroM MajocTu MHOXKUTENS —

ycoBus (epBoro poja):
ﬁ(&‘,?) :ﬁg; ﬁ(Rka?) :Z_)K

YucaeHHast cxema, /st BBIYUCIEHUsT TapaMeTPOB IIMHUCTOTO CJI0si ObLIa omucaHa B pasj. 1. C moMoIsio
Hee BRIYUCISETCS pacipejiesieHne TaBJIeHns B TVINHE, & TaKyKe ycaaKa TTINHUCTOro ciaod. Temepnb mepeiimem

K ONMMCAHWIO PA3HOCTHBIX YPABHEHWH 1T BOJOHOCHOTO TLIACTA.
[Tocne 3aMeHbl TepeMeHHBIX
z =In(r), r =exp(z),
TTOJTY UM
_ o*p ow
Aexp(—2z) — + — =0. 49
p(-20) 52+ 2 (49)
OdeBUIHO, UTO STO YpaBHEHUE JIETKO MOIIAETCS YUCIEHHOMY DPEIIeHHUIO C MOMOIIBI0 METO/a MPOrOHKH.
BamnwuieM pasHOCTHBIN aHag0r ypaHenus (49):
- L pli—=1-2pjl+p[ij+1
Aexp (—2jha) plj—1] Z;lgj] pli+1 |
x

w []7 1] —w [07]] _
" — 0. (50)

Hna ynobersa mpeobpasyem ypasuenue (50) K BuIy
: : : h (w[j,1] — w0, 5])

— _ 1 _ 2_ + — + 1 — _ T _ 7 7 .

pli—1—-2p[j]+Pli + 1] B exp (—2jh)

Temepb MOYKHO JIETKO 3amHCaTh /IS METOJa ITPOTOHKA
(wlj 1] — w0, 4]) b7

Ai=1L Bi=l; C=2 i == :
h,Aexp (—2jhy)

YT0o06B! 3aBEPIINTH PACCMOTPEHNE UUCICHHON CXeMbI 33a4, HEOOXOIMMO BBITTUCATH 3HAYEHUS IIIAr0B U

crocob 3aaHus y3/I0B CETKH:
: }

1 1
n(g);zi:ihm hzzﬁ;tl:lhﬂ hT:Ft
z

w =< (xj,z,t): Tj =Jhg, hy =
N,
LII/ICJIeHHbIe SKCHepI/IMeHTbI HOKaBaJII/I, YTO CXeMa dBJIdeTCdad JOCTaTOYHO yCTOﬁqI/IBOﬁ K U3MEHEHUIO Ya-

CTOTHI Pa3OMeHnsT CeTKM.
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= F
T T T T =
0 20 40 60 80 100
Puc. 8. Pacnpenenenve nasienusi B 11acre B Pa3HbIE
MOMEHTBI BpeMeHn: 1 — HadaJbHBIE MOMEHT BPEMEHH;
2—3 — MPOMEXKYyTOYHBIE MOMEHTHI BpeMeH’; 4 — cTalu-
OHAPHOE pacmIpeseIeHne

w

1 A

&

T T T T T
0 20 40 60 80 100

Puc. 9. Pacupenesenne naBienus B TiinHe B Pa3HBIE MO-
MEHTBI BpeMeHu: 1 — HavaIbHbIA MOMEHT BPEMEHM; 2 —
MTPOMEXKYTOUYHBIN MOMEHT BPEMEHH; 3 — CTAI[HOHAPHOE
pacmpejesieHue

O61m1ast nes INCIEHHOTO PEITIeHNsT 3aKII09aIach
B cieaytomiem. Ha Kak/IoM BpeMEHHOM IIare CHa-
Jajia perajach 3a/7a49a HAXOXKIEHUS [TaB/JI€HUS B
BOJIOHOCHOM IIJIACTE, 3aTeM B KaxKJI0il Touke pa3bu-
€HUS OCH Z PEIaach 33a4a JIJisl TIMHUCTOTO CJI0s,
IpUYeM B KauecTBE TPAHUYHOIO YCJIOBUS 33/1aBa-
JIOCH COOTBEeTCTBYIOmee mapiaenne. (CoOTBETCTBEH-
HO TIOTOK BOJIbI M3 IVIMHUCTOT'O CJIOSI B BOJOHOCHBIN
IJIACT HAXOJUJICS Ha, KaXKJIOM BPEMEHHOM IIlare B
XOJI€ BBIYMC/ICHUST 3HAYEHUI JABIEHUST B BOIOHOC-
HOM TLTaCTe.

Ha puc. 8 mpusenens rpadukn pacupegeseHus
TaBJIEHWS B IJIACTE B Pa3HBIE MOMEHTHI BPEMEHH.
[lar pas6uenus mo r Be6pan 1072, Tak uTo 3HAYE-
Hre 7 = 1 coorBercTByeT 100 1mIaram.

Ha puc. 9 mpuBeneno pacnpemenenne TaBJIeHUS
B CJIO€ TJINHBI B PA3HbIE MOMEHTHI BPEMEHH.

BaBUCUMOCTH CpeHel yCAIKN OT PAanyca B pas-
Hble MOMEHTHI BpEMeHU MpuBenensl Ha puc. 10.

<@>
N
-0,1 1
-0,15
0,2 -
1
-0,25 4
2
-0,3 —/3
-0’35 I I I I I > F
0 20 40 60 80 100
Puc. 10. 3aBucumocTu cpemneil ycaaku OT pajnyca B

pa3Hble MOMEHTBI BpeMeHHu: 1 — B HadJaje Ipolecca;
2 — B HEKOTOPBIN MTPOMEKYTOUYHBII MOMEHT; 3 — B KO-

HEYHBIE MOMEHT BpeMeHnun

3. MogenupoBaHue TPOIECCOB MPU MOA3EMHOM 3aXOPOHEHUU >KUJIKUX OTX0J0B

B paza. 1 u 2 6b1H mpeyiozKeHbl MOJIE/Ib OMUCAHUS PEOJIOTUIECKUX CBOWCTB MOPUCTHIX CPel C HaDy-
XaIOMIAM CKEJIeTOM W MOJIeIb HeJIuHeHHbIX 3(h(eKToB BOMOOTHaYN HAOYXAIOIIEr0 TJIMHUCTOTO CJI0S TpU

oTbOpe BOIBI M3 COBEPIIEHHOW CKBAYKUHBI.

Tenepp ob6paTuMCst K OMUCAHWIO TIPOIECCOB MAaCCOIEPEHOCa

IpU 3aKAYKe B IJIACT, MTEPEKPBITHIN BOJOM30IUPYIIUM INIMHUCTBIM CI0eM (BogoymopoM). MaccomepeHoc B
DJIMHUCTOM CJI0e OyjeM ONMChIBATh B NpUO/IMKeHnn GuropucToii cpeap [1].

Banuriem ypapHeHre OajaHCa MaCChl JJIsi KOHIIEHTPAIMN TPUMECH B TJIMHUCTOM CJIoe. Byjem cuurtars,
YTO OTHOCHUTEJBHBIN 00BEM TPAHCIOPTHBIX (XOPOIIO TMPOHWIAEMBIX) TOP B TJIMHHCTOM CJIOE 11, MpeHe-
OpeKuMO MaJi, TAK ITO eMKOCTHBbIE CBOWCTBA [JIMHBI OMPEIETISIIOTCS eMKOCThio O10k0B. Takum obpazoMm,

MOZKHO 3allnuCaTb
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0 (QCC) + 0 (mc.bcc.b)
0z ot

Numekc ¢ oTHOCUTCS K TPAHCIOPTHBIM ITOPAM TVIMHUCTOTO CJI0si, & WHIEKC C.h. — K TVIMHUCTBIM OJI0KaM
(arperaram). /s KATHOHOB M AHHOHOB MOPOBOTO PACTBOPA B IVIMHUCTBIX OJIOKAX OBLIO MOJYUEHO pDaHee

o 6, 612 o 6, 6,2
_ 2. _ 2
Ci=3+\ 7 +0% Co=—g5+\ 7 +C

21w eRT

AT Al

=0.

e e = . Bameuad, uro C,p = Cq + Cy, 3anmmem

0z ot

2
+ = ()" +4C?| =0.
Vo
Kax u /11 IMHECTOTO CJ10d, 1S TIIACTa TPebyeTcs BBECTH eIIle OJHO YPABHEHHE /1S HAX0XK IeHI HOBOI
HEU3BECTHOW BEJIMUMHBI — KOHIIEHTPAIUN TPUMECH B (DUIBTPYIOMIEMCS PACTBOpE. 3alullieM ypaBHEHUe
GasTanca Macchl KOHIIEHTPAIH TPUMECH B ILIACTe:

ocy )
me—— + div (gey) = 0. (51)
ot
NHzeke a oTMedaeT IPUHA/IEXKHOCTH COOTBETCTBYIOIIEr0 TTApaMeTpa BOZOHOCHOMY ILIACTY; Cy, — KOHIIEH-
TpaIst NPUMECH, 3aKaYMBAEMOIl B BOJOHOCHBII mutacT. B paguanbroii cucreme koopauaar ypasaenne (51)
IPUMET BH/

Ocy O 10

Me—— + = (qzC —— (rgrcy) = 0.

“ ot +8z(qz W)+7"87“( arcu)
kq 3;0 k. Ow

YepeaHsist Moy IeHHoe YPABHeHNe 10 2 ¥ YIUTBIBAs, U9TO ¢, = — o & (z0,t) = 5 (0, 1), momyaaem
n or n oz

Ocw kol O < @ ) k. Ow (52)

Mg "y ror Tar ) T as

C y4eroMm TOJIyYeHHBIX paHee pe3yJIbTaTOB 3amuiieM Oe3pa3MepHble YPaBHEHUs MPOIECcCa s TJIMHU-
CTOTO Ccogd. Bymem cumTarh, 9TO HadaIbHOE 3HAYUEHNEe KOHIIEHTPAINN B ILJIACTe M3BECTHO M OJMHAKOBO
BO BCEX TOYKAX ILIacTa. HeoOXOAMMO TaKzKe yUecTb, UTO BBIPAYKEHME [ BEJTMIUHLI € OyIeT BBITISAIETh

,  2mcy _
KaK € = ——; ¢, = —. Torma momyunm
54]:‘ Cp
oc+w=1;
@+8_C_0.
or 0z
_ oo
qc 8?’
A 9
f=Vs(d1expf —1), 0 = ‘0/ , V()(O):L Vszg;
S
0
™= 0~ 2
T drexpf —1’ ’
0 _
—i =« (H — a) , a = Tyal’; (53)
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[MToxy4yennyro cucreMy ypaBHeHUI HEOOXOANMO 3aMKHYTh MTPH MOMOIIA PAHIYHBIX U HAYAIBHBIX YCIOBHMIi:
w(z,7,0) =p(7,0); . =0.
Ce (077-) = Cuw; m(077_) =D; E(]_,T) = 05.
Bamernm, uT0 BMECTO yCioBus pasHoBecus (18) 31ech ucnonb3yercsa ypasaenne kunernkn nadyxanus (53),
(« — KOHCTAHTa CKOPOCTU HAOYXaHUS.

[Tonyunm Ge3pa3sMepHBIl B/ ypaBHEHHS MACCOIIEPEHOCA B IIacTe. LIOCKOMBKY HAdaJIbHOE 3HAYCHHUE
KOHIIEHTPALMYU B IIJIACTE HA BXOJE €CTh Co U Gy = Cy/Co, nmeem u3 (52)

Ocy  kgzoI'l O <_@_ > k. 8_@

a5t C qUr2, 7 or "o v :CanU 0z’
kazol k.l k. KT
BBoast oboznauennsa F = LOZ ~1072 F=-—"*“—=_° Pug _ ~ 1 u y9uThIBasl BBeJEHHbBIE
nUrs, HnU  HnUpywg HUpyg

panee 00O3HAYEHUS, TIOYIaeM CUCTEMY yPaBHEHWIl [JTsl TIIacTa:

yEia <F@> Lo 0, A=10"4

ror\ or) " 0z
g 10 (05 \ _ 0w
maW—E%§ <'I"§Cw> —Cng.

Haganbuble yemoBus 11 KOHIIEHTPAINN B ILTACTE:
Zw (7,0) = 0.
['parmgnble ycaoBUs MEPBOTO POJA:

twl(e) =1 Ble) =T P(L7) =0

['paHUYHBIE YCIOBHA BTOPOTO POJA:
Cy (6a T) =1 ¢ (6a T) = const; Z_)(laT) = 0.

Baaua ObLIa pelleHa YUCIeHHO, UCIIOIB30BAIACh TA YK€ PA3HOCTHASA CXeMa, 9TO U B pasd. 2.

IIpencrasasgior uarepec rpadukn pacupeaeaeHnsl KOHIEHTPAIINA IIPUMECH B IJIACTE W B IVIMHE 10 Pa-
muycy. Ecin rpaduk pacnpeneseHusi KOHIEHTPAIUU TIPUMECH B ILacTe 1o paauycy (puc. 11) umeer
IOCTATOYHO TPAAUIIMOHHBIN BU I, TO I'PadUK PaCIpeIeeHnst OCPEIHEHHON 0 BBICOTE CI0s TVIMHBI KOHIIEH-
Tparuu npumecu 1o pajuycy (puc. 12) meoberaen. 13 mero ciemyer, 94To cpejiHee 3HaAYEHNE KOHIEH TN

[ {Ce¢>,
) ettt ittt H 1 prmmmmm e 1
1 1
1 1
'. |
] 1
] 1
0,75 - ! |
: i 0,75 }— i
: .
= a
0.5 | 05 - |
] 1
i :
0,25 i 025 - E
| 1 2 |
i E
| | LS T | I LS F
1 1

|
0 0,25 0,5 0,75 0 0,25 0,5 0,75

Puc. 11. 3aBucumocTb KOHIIEHTpAIMY TIpUMecH B ttacte  Puc. 12. 3aBUCHMOCTb KOHIIEHTPAIUU [IPUMECH B IJIMHE

or paguyca: 1 — 7 = 0,57; 2 — 7 = 7 (75t — Bpema ot paguyca: 1 — 7 = 0,574; 2 — 7 = 75 (Tst — Bpems
BBIXO/IA HA CTAIMOHAPHYIO CTAJIMIO) BBIXOJ/Ia HA CTAIIMOHAPHYIO CTAJIMIO)
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MPUMECH B CJIO€ TJIMHBI BCErJa MEHBIINE IJIACTOBBIX 3HAYEHUN. DTO 0DYCJIOBIEHO HEJTUHEHHBIMU COOTHO-
IIEHUSIMU JIJIsT TTOTJIONIEHUST IPUMECH MUKPOTIOPAMU TJINHBI U HE SBJIsIeTCS apTedaKTOM yCpeTHEeHU.

pyrast 0cObeHHOCTH TPOIIECCa MPOSBUIACH B PA3JUYHBIX 3HAUEHUSX YCATKU TVIMHBI 63 yJuera u ¢ ytue-
tom 3dbdekra nHabyxanus (§ = 0 mam § # 0 coorsercreenno). Tak, npu yuere apdexra nabyxanns ycaaka
CJIOST MEHBIITe, UeM B OTCYTCTBHUE JelicTBus cui Habyxanus. Taxkum ob6pa3oM, 3aKadka 3arpsi3HEHHBIX PAC-
TBOPOB B IJIACT OYET CKA3BIBATHCS MTPEXKJIE BCErO HA TedOPMUPOBAHNN PA3IEIAIONIETO TIIMHUCTOTO CIIOM,
a He Ha JUHAMWKE MPOHUKHOBEHWS pacTBOpa depe3 rinHy. Dusmuecku 3107 3h@dEKT BIOIHE MOHSTEH.
Vcajgka B MpeIaraeMoii MOJe/N PEeAJM3yeTCss Yepe3 OTKUM BOJbI U3 TVIMHUCTHIX OJI0KOB. OcMOTHYECKOe
JaBJIEHUE MPENSITCTBYET OTXKUMY BOJIBI, UTO U TIPOSBJISIETCS B MEHBIIUX 3HAYEHWAX YCAJKUA TIUHUCTOTO
CJIOI.

3akJroueHmue

HOﬂBOﬂ;H UTOTr, OCTaAaHOBUMCA Ha OCHOBHBIX peByJH)TaTa.X HaCTOHH_LefI pa6OTbIZ

1. Ha ocHoBe MeTOI0B MEXAHUKHI 1 TEPMOIMHAMUKHI HAOYXAIOMNX CHCTEM Pa3pabOTAHbl MOIEIN MACCO-
MEPEHOCa B TPUPOJHBIX HAOYXAIOMINX CPeJaxX M B paMKaX 9TUX MOJeJIeil UCCIeJOBAHO BIUSTHIE Pa3-
JIMYHBIX (baKTOpOB Ha (1)I/I3I/IKO-MeXa.HI/ILIeCKI/Ie n CbI/IBI/IKO—XI/IMI/ILIeCKI/Ie XapPaKTEPUCTUKU ITUX CPe.

2. Ha ocmoBe pazpaboTaHHBIX MOE/IeH perrerHa 3aaada 00 0oTbope BOABI W3 BOJOHOCHOTO TIIACTA, TIepe-
KPBITOTO B3aUMOJIEHCTBYIOMIAM C HAM CIa0OMPOHAIIAEMBIM HAOYXAMOMIMM TJIMHICTBIM Ca10oeM. Perre-
HIe 3TO# 3a1a9M TPEACTABISIET OOIBINON MPAKTUIECKWH WHTEPEeC IJIsT MPOTHO3a JIINTEILHON 3KC-
IJIyATAIuNd BOA03a00PHBIX CKBAYKUH BOJOHOCHBIX ILIACTOB.

3. Ha 6aze meromoB Teopum MacCOMEpPeHOoCca B HADYXAMOIIWX Cpejax paspaborana MOJEIb MPOIECCa
3aKAYKN B ILJIACT, IIEPEKPBITHIA HADYXAIOMIIM TIXHUCTBIM CIOEM, PacTBOpa, COAEPIXKAIINErO 3arps3-
HSIOIIUE TIPUPOIHYIO CPEy KOMIIOHEHTHI (33/1a9a 0 TTO36MHOM 3aXOPOHEHNY JKUIKUX 3arPA3HEHUIl ).

Pabora Bemonnena npu noguep:kke MHTIL (rparrs 3193 u 3590).
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