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AI,THAMIIqECKA.S MOAEJTb CKOPOCTHOfr OI,Inbf, PAUI,IU
TETINOHOCNTEJq B CJIOE MI{KPOTB3JIOB

florasano, qro rrpu MareMarr.rqecKoM MoAenr,rpoBarrflr.r rr.rApoAr.rHaMr.rKr{ TorrJrnBHoro cnor c MuKporBgJrulMr.r Ao cr,rx rrop
He yAanocb yAoBnerBopnreJrbuo orrrcarr Br3K[e E aaepq]roaxrre sQlperru. Yparnexux ![u.rrrpaquu, flonyrraeMlre rryreM
ycpeAHelrllt ypaBrreHr,r{ ABrz:Keraufl srsxoft x[AKocru rro gneMeaTapnouy o6senay rl coAepxar{xe raK Ha3hrBaenauft sssruft
qilex, cnpzIBeAJII4Bbr Jrr.rrtrb Ars 6ecxoHesnoft uopr,rcroft cpeA6r. Llcuonrgoganrie orrlx ypaenenzfi r.r ycnoaufi trpr,rnr.lrraHr.rt
Ha HenpoHr,IqaeMElx TopIItx cnor [pr.rBoAr.IT K pe3yJIbTaTaM, 3aqacTyro He coB[aAarcrqrrM c pe3ynbTaTaMr.r 3Kclepr.rMeHToB.

B ocnoay nocrpoeanoft MoAeJru rroJroxeHEr 3aKorr6r ABr.rxeHr,rr ugeanrnofi xuAKocrrr c o6renanofi cranoft uexQasnoro
asauuo4eficrrur, Koropzu{ lpeAcr:rBneta B BrrAe Ar.rBeprearlr{}r ren3opa c rroreHrluturrnoi u euxpeeofi cocraslrrorquuu.
flpr.r srou rIoreHIIuaJrBHar{ cocraBJr.rroqa{ orporaer BKna,{ clrn coflporuBJreur{r B HopMaJrlHoe HanprxeHrie (4arnexr.re)
TerrJroHoc[TeJI t il r'Breerct (cKpErrhrM) rrapaMerpoM - npauunofi pas6poca srcnepr.rMeHTurlurrx AaHHErx.

I,Isyvena c ucnoJrb3oBaareu paspa6o'rannoft MoAen{ .qEHaMrrKa rroroKa rerrJrouocr,rreJrr [pr.r BxoAe rr BLrxoAe ero
I,r3 TolJII4BHoro cJro{ rr o[peAeneHhr ycnoBur colpr]Kerrlr Anr BeKTopa cKopocru u AaBneuvs. Srlr ycnonzx o6ecneqnsanr
curLIBKy Ha npoHr.rqaeMlrx rpaHr,rqrx cnor ypaBueuufi tpunrrpaqr,rn x Ar.rxaMr.rKr.r sssxoi xr{AKocrr{.

Yctalroaleuo, qro BcJIeAcrBne AoMI{HI{poBaHvt cnr nuepq:,z^u Ha BxoAe x BbrxoAe r.r3 cJro{ noroK rrpeJroMJrrercr: npt.r
BxoAe pa3Bopaql,IBaercr B cropouy HopMaJrr.I K rpanl{qe croL a npLI BErxoAe - B cropouy racare;rrnoft. Yqer sroro eQQexra
lo3BoJllrr orrrr.rMr.r3r.rpoBar6 KonTypbr rorrJrr,rBHoro cJror c roqKrl 3peufi.fl teuroi[uauxr u refirpoxxofi i[asuxr,r.

Knnqeewe crola: Mdteuxtl4qecKat MoAeJI6, ronrlleHufi croi, urrporrenrr, ![unrrpaqfir, Ten3op ruexlpasnoro B3ar4Mo-
4eficrnux, ycJroBr.rr coupr)KeHr,rr, pa3pbrB (pyaxqun EepHyJr:rlr, uneprlr{ounbre r.r Br3Kae srfrfexru
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DYNAMIC MODEL OF RAPID COOLANT FILTRATION THROUGHA BED
OFMICRO FUEL PARTICLES

It is shown that mathematical hydrodynamic models of micro fuel beds can't describe viscous and inertial effects truly.
The filtration equations obtained by averaging the equation of viscous fluid motion over an elementary volume and containing
the so-called viscous term are valid only for the infinite porous medium. Using these equations and no-slip condition on the
impermeable ends ofbed leads to discrepancy between estimated and observed data.

The constructed rapid coolant filtration model is based on the ideal fluid motion laws with a volume interphase interac-
tion force, which is represented as a divergence ofa tensor with potential and vortex components. In this case, the potential
component reflects the contribution ofthe resistance forces to the normal pressure ofthe coolant and is a "hidden" parameter -

the reason for experimental data spread.
Using the model, dynamics of the coolant flow at the inlet and outlet of the fuel bed is investigated and the matching

conditions for velocity and pressure vector are determined. These conditions make it possible to relate the filtration equation and
viscous fluid motion equation on the bed permeable boundaries.

Due to dominance ofinertia forces at entrance and exit ofthe bed, the stream is refracted: at the inlet towards the normal
to the bed boundary, and at the exit towards the tangent. Accounting for this effect the optimize fuel bed contours in terms
ofthermal physics and neutron physics will be obtained.

Keywords: mathematical model, fuel bed, micro fuel particles, filtration, interface interaction tensor, matching conditions,
Bernoulli's function breaking, inertial and viscous effects

BneAenne. Pa:pa6oma u ycflerrrHrre HcrrrrraHr.rf, M[rKporBgnoB noBbrrrreHHofi crofiKocrr{ (c MHoro-
crofiHofi o6onouroft) flBrt:lrrcb 3HaquMhrM BKJTaAoM B co3AaHrre 6esonacHux rAepHbrx peaKropoB [1, 2].
K rouy x(e cbrnyqecrb r,r orpoMHa;r noBepxHocrb relJrocbeMa raKoro rolJruBa [o3BoJrrr B nepcneKTpr-
Be KOHCTpyrrpoBarB peaKTopbr c yAeJrbHofi MotrIHocrbro Ha rroprAoK Bbrme AocrlrrHyrofi s HacrostrIee
BpeMt. Koroccanrubrfi KarrecrBeHubrfi cKaqoK B o6racr[ pearTopocrpoeHu;r (oco6enno crrequurrHoro,
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rAe cTpeMflTct MaKclIMaJIBHo cHasnTb MaCCOra6apI{THbIe xapaKTepxCTtrKr.r ycTaHOBoK), HecoMHeHHo,
rrpl{BeAer K 3apoxAeHl,Irc lporpeccrrBHbrx HayqHbrx Ha[paBJreHr{i, ynuranrnbrx npoprrBubrx rexHo-
JIorI4fi r{ TexHr{qecKux perueHr,rfi r.r n .qpyrux orpacJrflx AerreJrbHocr}r.

CosAaulae pearTopoB srrcoroft yAenbHofi MorrlHocrrir sBrrercr cnoxnofi MHoronnaHoaofi:a4auefi.
Hayunrrfi acrIeKT ee pemeHl,It rpe6yer 3HaqxreJrbHoro rroBbrrrreHu.f, creleHr{ aAeKBarHocrr.r MoAenr,r-
poBaHllt peanbHblx npoqeccoB Ha 3Kc[ep[MeHTaJrbHbrx cTeHAax r,r ToqHocrrr [poBoAl,rMbrx r{3Mepe-
nr,rfi, ruzpoxouacrura6nofi nzsyanu3alluu @usuuecnzx qsreHrrft n arrusHofi rone, 6esyroptr3HeHnbrx
Teoperl,IqecKl{x cxeM I,I MeToAHK o6pa6orru onBrTHbrx AaHHbrx, a raK)Ke paspa6orra aJrroprrrMoB co-
rrptxeHHoro pacqera rpaHuqHblx ycnonrafi u noneft neftrponno-Qr.rsauecxax rr repMorr4ApoAnHaMurre-
cKllx [apaMerpoB B gJreMeHTax peaKTopa, oco6enno B TonJrr{BHoM cJroe r,r3 MrrrporBsloe. (Cnofi npeA-
craBJlter co6ofi nilorHylo MoHoAl,IcnepcHyro 3epHlrcryro 3achr[Ky c BHyrpeHHr{M r{croqHrrKoM TenJra
6omnrofi uoqnocrr.r [3])

I4ccne4onaurro rernoo6MeHa rr ABr{xeHrrr )rs{Arocrr{ B cJroe cbrnyqero Marep}raJra B cr,rJry rx}rporrr
ero [paKTI,ItIecKoro npI,IMeHeH]rr nocBrrrleHo orpoMHoe KoruqecrBo pa6or. Ecru ocnosonoJrararcqr{e
ny6nrnraqul{, aBTopbr KoropBlx [pr,rAepxrrBarorcs r4HTerpaJrbHofi @opnrrr orrtcantrs. npoqeccoB nepe-
Hoca; B roM qI{cJIe u uoHorpaQupr coBercKux yqeubrx [a-9]. CynrecrByer cepr,rfl crareir, B Koropbrx
AeTanI,I3I,IpOBaHbI 3aKOHOMepHOCTr,r nepeHoca B 3acbrfrKe c noMorrlblo anpxopHo 3aAaBaeMblx Teoperr,r-
qecKI,IX cxeu (oruerl{M qacrb I{3 Hr4x [10-15]). Haronnen o6uupnuft 3Kcrrepr4MeHranrnrrfi Marepr,r-
an. OgHaro Ao cl4x rrop He yAaJlocb yAoBnerBopr.rreJrbHo orrrdcarb Br3xr{e ta r{HeprlrroHnsre sQsenru
n6nugu rpaHnqbl eJlot u perrrl,Irb upo6reuy KoppeKrHoro yqera r,rx rpu $opuynupoBKe rpaHrrrHbrx
ycnorufi.

B 1970-e roAbl, Ka3aJlocb, Bce reoperl,IqecKne crropbr, Aonxtuo Jrr{ ypaBHeHue @lrnrrpaqau coAep-
x(arl Bfl3KHfi qneH LIJILI Her, 3aKoHqeHbr. AueprarancK[e yqeHbre B. fpefi u K. O'HefiJr, r{cloJrr3yfl
TpaHcnoprHylo reopeMy C. Yxrarepa, noJlyqnJra ycpeAHerrHoe ypaBHeHlre ABa)r(eHas e-flsrofi xrrAKo-
cru B cJroe 6es rarofi-ruio ugeanu3al\r4kr crpyKTyphr nopacrofi cpeAbr r.r ee B3alrMoAeitctslar. c [oro-
rona [16]. B ycpegHenuoM ypaBHeHnrl rrpucyrcrBoBaJr s.f,srafi uteu ptYzt .

flpanxr 3a ocHoBy gror pe3ynbrar,y 1977-1978 rr. prccJreAoBarenu I,Incruryra aroMHofi sneprzu
uv'. 14. B. KypuaroBa nocrpouJlrr AByMepHyro MareMarr.rqecKyrc MoAeJrL renJrocbeMa e c6opre c upo-
AonbHo-rlorlepe.rnofi $unrrpaquefi rennosocr{reJrr cKBo3b cnofi ur.rxporB3JroB [Z 18]. MoAenr coAep-
)Kana ypaBHeHI,It ABIIDI(euax ryp6yneHTHoro rroroKa re[JroHocrrTers B pacflpeAenr,rreJrbHoM r{ orBoA-
HoM KaHaJIax, ypaBHeHve $unsrpaquu c r,rHeprIHoHHbrM rr Br3Kr.rM qJreHaMrr, Tpr,r ypaBHenrar gHeprr{r{
(Alr rananon u cnox), orpaxarcq[e KoHBeKTueHrrfi H MoJreKynrpHrrft nepenoc reflJra, ypaBHeHr{r He-
pa3pbrBHocrn I4 cocrotHux.Ha roprlax ronJlr{BHoro cJror, orpax(AenHoro He[poHLIqaeMbrMI{ creHKaMr{,
6rrno npranrro ycJIoBI{e rrpununaHl{.f,. Ha 6oroelrx npoHr,rqaeMbrx rroBepxHocrflx cJror, orpaHr.rqeHHo-
ro KoaKcHanbHErMI{ qnnLIHApLIqeCKIlMr,r perneTKaMI,I, KaCaTeJIEHar COCTaBJIrrOrqas BeKTopa ycpeAHeH-
uofi cxopocrl,I [p]IpaBHvBaracb K HyJrrc. IloAo6nrre MoAeJrrr [oryrrr.rJrn rnupoKoe pacnpocrpaHeHr.re
e 1980-1990-e roAbr, oco6enno npx orItIcaHI.,Iu [poqeccoB B annaparax xr{Mrrqecrofi rexuonorpru.

Pacnpe4eneHl,Ie [oroKa relJIoHocI,ITeJrr B cJloe MI,IKporB3JIoB, [oJlyqeHHoe c rloMolrlbro AByxMep-
HbIx MoAeJIefi, savacryro He coBrIaAaJIo c p$ynbraraMv orrbrroB 11922). Hecocro.flreJrbHocrb srr{x Mo-
Aeleft crana ovenra4nofi rrocJle gKcneprrMeHTaJrbHoro o6napyxeaus. s6ruzu ropr{oB cJror orpbrBHbrx
u sacrofiHrrx 3oH, JII,IMI,ITI{pyotrIr{x r,rHTeHcHBHocrb rerlJlocbeMa; yKa3aHHbre MoAen}r r4x He onrrcbrBa-
nra. K rouy xe nprIJIIlnaHLIe Ha ropqax He corJracoBbrBaJrocb c 3Kcnepr,rMeHTaJrbno rroATBepxAeHHhrM

,  - .  IycJIoBI{eM ( V nl> = 0 ) orcyrcrepl{ raKax r}r,qpoAr,rHaMlqecKrrx o6pasoranvfi ll9, 20].
O4naro u ceiraac MHorI{e accJreAoBareJrr,r npnAepxr.rBarorcr <<n.f,3Kofi) MoAeJrr,r reqeHr.ls renro-

HocI.ITeJIt B cnorx MIrKporBgnoB c ycJroBlrrMr,r lpnJrrrrraHr{Jr Ha HelpoHr,rrlaeMlrx noBepxHocrsx B3 5}.
O.qHr,l BBoAtr raK Ha3blBaeMyro s(fQerruenyro Br3Kocrb AIrfl yqera ryp6yneurnocrlr, cueannofi
c nHxpeo6pa3oBaHl{eM [p]I orpblBe crpyfi or 3epeH 3acbrrrKrr, Apyrrde r{cnoJr63ynr AJrr pelreHr{f, cBorrx
3aAaq raKLIe uporpaMMHble KoMrrneKcbr, KaK ANSYS, FIUENI FEMLAB, B Koropbrx arpuopr{ 3ano-
xeHbr ypaBHeHrl.tr Hasse - Crorca c Bfl3KrrMr{ qJreHaM}r.

Ilpoee4enHrrfi uaupr Aeranrnrrfi anarturg rroKa3aJr, rrro ypaBHennx {unrrparluu, noJryqaeMbre uy-
TeM ycpeAHeHl{t ypaBHeHlat ABl{xenus nxeroft xr{AKocrr,r rro sJreMeHTapHoMy o6reuy (rax, Haupunrep,
n [16]), geficrnurenrHo coAepxar essrsfi qJreH, Ho oHr4 cnpaBeAJrr{Bbr Jrrrrrrb 4nx 6ecxoHe.rHofi [opu-
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crofi cpeAbr. Tonrro Ha 6ecKoHeqHo yAaneHuofi rpauNqe cros ucruHHat cKopocrb I{ ycpeAHeHHa.l oKa-

3brBarorc.fl paBHbrMr.r Melqy co6ofi (ux snavenNe - nylr), Lr AIrfl, nocneAnefi craHoBllTct clpaBeAJIlIBo

ycJroBHe npI{JIrIIraH Hf, .

Cle4yer orMerr{Tb, rrro rrpn (fopnrynupoBKe rpanurlHblx ycnoBl,Ifi Ans MHoroMepHbIx uoAeneft co-

Bepmanacb oAHa H Ta )Ke roruqecra.f,^olru6Ka. CquranocB, tITo nocKoJlbKy ypaBHeHI,Ie ABxxeHlIt Bfl3-

rofi xHArocrlr prMeer cJraraeMoe ItV"V 14 AItfr TaKoro reqeHl,Is Ha cMaql4BaeMoft [oBepxHocrll cnpa-

BeAJrrrBo ycJroBue npr{Jrr4rraHr{ s,, To v! AJrr ypaBHenux (pulrrpa\vvr c Bt3KtIM qneHoM 3To ycnoBlle cnpa-

BeAnlrBo Ha ropuax cnox. flpu gToM He npI,IHI,IMaJIocb Bo BHI,IMaHrIe, qro B rIepBoM cryqae 6panacr

ncrvrlJ]Jafl cKopocrb, Bo BTOpOM - yCpeAHeHHat.

B [4] nora:aHo, qro ycJroBr{e npnJr}r[aHr.rr AJrt ycpeAHeHHoro ABLIxeHI,II B cJloe KoHeqHoro pa3Me-

pa HeKoppeKTHo lr BT3KHM qJreHoM neo6xo4Huo npene6perlb AJII coxpaHeHl{t nornqecroft crpofiuocrn

reopergrrecKrrx BbrKJraAoK. K roMy xe $nyrryaqut noptrcrocrl{ e6ru:u orpa}KAaloqux KoHcrpyK-

qr,rfi cno.a (e cuny rpy6ocrn MoAenu 3epHr,rcroro cros KaK crarrlcrl{rlecKoro aHcaM6ns no cpaBHeHl{ro

c MoAeJrbrc c[JrorrrHofi cpeAbD oKa3brBaer 3HaqurerbHoe Brl{.f,Hue Ha $I.uIbrpaII[Io B IIeJIoM. floerouy

olrrcaHue npoqeccoB B nJrorHoM cnoe B rrptrnllr{fle He Moxer 6rru ro.rHbrM, t4 yqer eQtperloa Bt3Ko-

cru (o6ycnoBneHHbrx MoneKyrspHbrM rrepeHocoM llMnyJlbca) c nonaoqbrc cJlaraeMoro pY'V u ycno-

Br,It nplrJrurra:aufl. flBrflerct [peBbllrreHr{eM pa3pellreHHofi crarr.rcrprsecrofi ToqHocrI,I. C erofi rIo3}IIILII{

TaKoe oflucaHr{e AoJDIGo 6rrrr orneprHyro.

Paccnaarpunar Sunrrparluro KaK BHerrrHrorc rI,IApoAI,IHaMuqecKyro 3aAaqy, 6rrna uocrpoeHa MoAeJIb

(KBa3r,r[AeaJrbHar xlrAKocrb) [4]. Yxe no oAHoMy Ha3BaHvK, Mo)KHo noHtrb, rITo ypaBgenNe Svnr-

Tpa\su, rax x 4Hf$epeHrlr{aJrbHoe ypaBHeHue ABu}I(eHI,It I,IAeaJIbHofi xugxocrn [epBoro noptAKa,

He coAep)sr B.fl3Koro rureHa. C nouollrro MoAeJII.I KBa3IrHAeaJIrnofi xI,rAnocrrl BnepBble 6rrnu onpe-

AeneHbr ycJroBr4r coilprxeHnr Ha rpaHr{qax pa3AeJIa [opLICTbIX CpeA I,I [OppICTas cpeAa - v4ealrbl{afl

xI{AKocr6. Passueas HAeI{, HcrroJrb3oBaHHbre npll co3AaHI,Iu MoAeJIE KBa3LII,IAeaJIrnofi xu,qrocrn,

nocrpolrM Ar.rHaMr.rqecKyro MoAenb cKopocrHoft Sumrpaqnll TelJIoHocI{TeJIt B cJloe MI'IKporBsJIoB

(n rennonrrAen.flrorqefi sepuucroft sacrrnre), c floMonlblo roropofi nafiAena (cIIrt4BKy) Ha rpaHulle cros

ypanueuufi $nnrrpaqau lI ABI{)I(eHu.f, essrofi xHAKocrlI.

[ocrpoenue MoAeJrrr. Tenrop uexQarnoro B3aRMoAefi crerrq. Iocrannenn afl ga/aqa orHrcAb

He rprrBr{aJrbHa, oHa r.rMeer csou oco6eHHocr}r. flpn ee pelxeHrlr{ npaAercs KoppeKTHo cBt3arb MexAy

co6ofi 4u(p$epenqr{aJr6ubre ypaBHeHHr pa3Jrr{qHoro nopflAKa (ypannenae Qunrrpaqull nepBoro ro-

pflAKa, ypaBHeHr,re ABr.Dr(eHlrr s.flgroft xlrAKocrn - nroporo), c pa3nl,IqHofi paspeurennofi onncarenurofi

TorrHocTbro (o uefi 6rrno crasano rHrue), c pa3JIrIrIHbru o6leuou uuQoprvraquoHHoro coAepxaHl.It, 3a-

JroxeHHoro s noAo6Hrrx MexAy co6ofi Bernqr,rHax (c o4nofi cropoHbr rpaHrlqbl ycpeAHeHHbIe napaMe-

Tp6r, co rropofi - ucrunHrre).

B peanrnrrx sAepHBrx anllaparax Mr.rKporBsnbr HulMHoro MeHBIITe xapaKTepHErx pa3MepoB ronJII{B-

Horo cJror, a cneAoBareJrbHo, H xapaKTepubrx pa3MepoB TeqeHnt. flpn rEx srrcoroft KoHqeHTpaIII{H Be-

Jrr{qr,rHa pa3nurrufl. B cKopocr}r ABr{xeHr{r cJIoeB TenJloHocl,rrerx s6rusu MnKporBona cyulecrBeHHo

npeBocxoAnr ocpeAHeHHrrfi rpagueHr cKopocur. Oco6esHo 3ro npotBntercfl npv 6onrurplx cKopo-

crrx $nnrrpaqrlIl. Ioerouy npu MoAenLrpoBaHr{I{ [prIMeM, tITo rerIeHI,Ie relJIoHocI{TeJI-fl B ToTIJII{BHOM

cJroe gHeproHanprrreHHoro peaKTopa, pa6orarorqero B mrarHoM pexl{Me, rroAql{H.aercs 3aKoHaM ABlr-

r(eHlrr HAeanrnofi xr,rArocrtr c o6reunofi cnnofi iuexQasnoro B3al{Mogeficrsus S . B rarou cJlyqae

lrcxoAHar cucreMa ypannenuft SumrpaqNl{ AJII nocrasreHHofi 3aAarr'r 6yger rIMerB BI{A:

DVi
o t - =' d t axj

S, + epg r; (DAP

a .  a
i (pe) +|(peV,)=O, Q)
ot oxi

rAe P - crarr{qecKoe AaBJreHr,re, t - cpeAHrr pacxoAHas cKopocrb, g; - ycropeHl{e BHeInHI{x Macco-

Bbrx crrJr, € - ilopllcTocTb To[Jrr{BHoro cJlor, p - nnoTHocTb TerlnoHocvtTerfl, Jj - TeKyIq}Ie AeKapToBbI
KoopAlrHarbr, / - BpeMt.



Proceedings of theNationalAcademy of Sciences of Belarus. Physical-technical series, 2017,no.2,pp. 104-ll5 107

Cury nsanuoAeficrBur rroroKa c MrrKporBgJIaMI,LS orrpeAenxM B paMKax aueurneft rr,rApoAr{HaMr,r-
rrecKofi MoAeJrH Qranrrpaquu

(3)

npeAcTaBr,rB cr{Jry Bo3AeficrB'ms. noToKa Ha oTAeJrbHbrfr Mr,rKporBgn B Br4Ae cyMMbr cHJr6r rr,rApaBJrr{qe-
cKoro co[poTLIBJIeH]I{ oTAeJIbHOTO MrrKpOTBSJra, apXr4MeAOBOfi CHrbr BbrTaJrKHBaH*rfl U CLrJrIi,r IIpHCO-
eAr{HeHHhrx Mlacc f

'  - ) r-  T C d - p E -  , ; ,,r =--------;- ly lt -:-Vp + j; lt =0,625e1'4, (4)
8 v '  6  " '

rle d - Ar{aMerp M}rKporB3na, q - qr{cJro Mr,rKporBgJroB B eAr{HHrIe o6reua, \, - Mr4Hr.rMaJrbHoe orHocu-
TeJrbHoe [poxoAHoe ceqeH]re.

Teoperu.recxuft yuer so:Aeftcreux ua Qunrrparlrrrc cr,rJrbr np[coe,qr,rHeHHbrx Macc cJro)KeH u rpy-
AoeMoK. flpu uo4enprpoBaHr{H c ry j nu6o onycraror B pe3yJrbrare ee cpaBH}rrenurofi MaJrocrr4,
nu6o yuurrrBaror, BBoAq B [epBoe cJraraeMoe BbrpaxeHvr (4) vncnennrrfi unoxr,rreJrb, 3HaqeH]re Koro-
poro orpeAer.f,erc.f, rIs eKcrreprlMesra.I4 B roM rr ApyroM cryqae ypaBHeHae (1) c yverorvr (3), (4) 6y.qer
I4METb BI{.II

:  -  6 ( l -e )
J=t ' l s ;  \= - -F ,

DV, ap
p+=- ;  - kp l v l v i  +PE i .

dt oxj

DV, Ap 0o,n
P- ;  = -  - -  + ; - -+Pg i ,

d r e j o x k

(5)

flpu onpe4eJreHrrr{ o6reunofi crrJrbr conporvtBrrertul^ Ha npaKTr,rKe r{cnoJrb3yrcr $opr"tylty k = 1,7 (l - e) I ed .
Cpasnvnax BbrpaxeHue (5) c ypanneHvrflMu ABrrxeHHr KBa3rruAeaJrsnofi pr essrofi xu4rcocreft, or-

MerrrM, qro Bo Bcex srrrx ypaBHeHlr.f,x flpprcyrcrByer cr{Jra conporrrBJrenux (rpeuu.n), xoropar us Sra-
3aqecKux coo6paxennfi roneqna r{ HarrpaBJreHa [porrrBorroJlox(Ho reqeHxro. CyqecreenHoe xe orJII,I-
que ypaBHeunr (5) 3aKnroqaercfl B ToM, qro npoeKqprfl. cvrrrl;r conporr{BJrenvrs, Ha nro6oe HarrpaBJreHr,re
3aBI{cI{T He roJIbKo or npoeKrlr.rrr cKopocrl.r Ha AaHHoe HarrpaBJreHrre, Ho I4 or MoAyn.,{ cauofi cKopocrr,r.
Ilpuveu cJraraeMoe, yqurbrBaroqee o6reunyrc cr,rJry conporr{BJreHr.rr B ypaBHeuur.r (5), ycr{JrnBaer ero
nenuneftnocrb, Koropar coxpaHrercr Aaxe B cryqae npeue6pexeHr{r KoHBeKTT{BHrrM ycKopeHr.reM.

Tarue (frEsIaro-uareMaruqecKue oco6ennocrr,l rpe6yror npr,r [ocrpoeHa]r MoAeJr]r egxHofi (fopuu
orlucaHltfl ABLrxeHI,I.f, TenJIoHocI{TeJIt no o6e croponbr rpaHrrrlbr rorrJlr,rBHoro cnos. B cBfl3Lr c 9Tr4M
ypaBHeHr,rrc (5) u ypanueHr,rro ABrax(errr,t.f, essrofi xil,rAKocrr.r nplr,qaAuM suA o6rqero ypaBHeHr{.rr AvHa-
Mr{Kr{ cnJrortrnoft cpe4rr :

(6)

B KoropoM npn Qnmrpagy'Lr 6i*: Gip,ttpw ABHXeHrrr{ nflgxofi xr,rAKocrr{ e: l, oip: dip,rIie dip- Aesua-
rop nanpxxenr,rfi.

Onpe4enuu KoMnorreHTbr reH3opa G,uu ycrauoBr{M ero $usu.recruft cMbrcJr. HenHaapuaHTHocrb
ypaBHeHI,I.f, (5) ornocurenbHo nro6ofi rpynnrr Anr,rxennft He rro3BoJrfler cqr{Tarb reH3op Gilrxapaxre-
pucruroft Hanp.rrxeHHoro cocro.f,Hur B MoAeJrr,r cropoctroft Sunrrpaqurr, rrosroMy rorr{qHo 6y,aer na-
3Barb ero reH3opoM rvrexQaauoro B3auMoAeficreux, HecMorpr Ha Kax(yqyrocfl aHaJroruro c reH3opoM
Harrp.f,xeHuft s cnrorIrnoft cpe4e.

Kax useecrHo, ecrecrBeHHblM rpe6oeanueM, HaKJIaArrBaeMbIM'Ha rroJre cxopocrefi, sBr.f,ercfl I,tx
ucqe3HoBeHl{e Ha 6ecrone.rHocru. B cI{JIy roro, qro noJle conporlrBnenlls flopox(AeHo ABr,IxeHI{eM
xnAKocrr{, AaHHoe rpe6onanNe pacilpocrpaHflercc. r{ Ha Hero, qro [o3BoJI.[er, corJlacHo reopeMe Crox-
ca, lpeAcraBr,rrb reH3op G,uenu4e rroreHrlr,raJrbnofi u nuxpenofi cocraBrrrotrIr{x:

G i1 ,= -P*6 i *+Q i i l  C lp= -Qr - '  ( 7 )

1
P*-crcalrpusti,t,:eiit()J'ft -BeKTopnrrfinorenql{aJlblcIrJIbIconporlrBnenufl,6ip-cr4MBoJrKponenepa,

ti I 
- eA}dll'.IqHbrr{ rceBAoreH3op.
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Bre4enHrrfi Hecr,rMMerpra.rHrrfi TeH3op G,uuueer rlerbrpe creleHr{ cBo6oAbr r4 nogroMy He Mo)r(er
6rrrr o4uo:HaqHo orrpeAeJreH cBoefi Ar.IBepreHrlr.Iefi. B saAaqax MexaHr{Kpr }Kr,rAKocrr,r o6rrqno ucrroJrb-
syrcr QeuoueHororr{trecxzfi no4xo4 - nocryJrlrpyror ypaBHeHr,re cocrosHrrs, cBr3rrBaroqee Harrpflxe-
HI{t c coorBercrByrcrquMr{ KprHerrrqecKr{Mr{ [epeMeHHbruN. Hanpuuep, AJI.lt HbrcToHoBcxofi xuqrocru
IpHHI{MaIor, qro AeBuarop Harrpn(enui nuneftno cBt3aH c 4uQQepeuq[aJrbHbrM TeH3opoM rroJrr cKo-
pocreft. ,{rr paccuarpr,rBaeMoro cryrlat rarofi noAxoA HerrprreMJreM, [ocKoJrbKy, c oAnofi cropoHbr,
ypaBHeHHe (5) yxe c$opuynupoBaHo, a c qpyrofi - Gipue rBrflerct reH3opoM HarrprxeHufi, xorx no
onpeAeJleHl{rc oH Aonxen 6rrrr paBeH HyJrrc B$Ae, rAe paBHa HyJrro c}rJra coflporr{BJrenzr (cropocrr

Qunmpaqura):

(v; =o) F(Gry =o). (8)

Ecnu 4nx oAHo3HaqHoro onpeAenenlafl G jk norpe6onarr, uro6rr rroreHqr{aJrbr na 6ecxoHe.{Hocrn
6rrnz pannrr HyJrro u BbrnoJrH.rrJrocb ycJroBr,re coJreHor{AaJrbHocrr{, To oKaxercs, qro ycJroBne (8) 6y.qer
c[paBeAJII{Bo Jlurrrb AJrr reqeHrlf qepes 6ecxonevnyro 3acbrrrKy. Ioaronay B cnyqae rorrJrrrBHoro cJror,
I{MercIqeIO OrpaHnqeHHbre pa3Mepbl, yIITeM, tITo Al{BepreHqr.rr H Blrxpb cr.rJrbr conpoTr{BJreHH.rr o[pe-
AeneHbI Bo Bcex ero BHyTpeHHr.rx ToqKax, HopMaJIbHat KoMrroHeura QurcupoBaHa Ha rpaHrrqe, a AJrs.
rroucna Gro ncnonr:yeM TeopeMBI AJII oAHo3HaqHoro HaxoxAeHur reH3opHoro rroJrfl s roHeqHoN,I o6r-
eue [23]. i3 pesyrlrrare iloryrr]rM ypaBHeH]rr:

v2P* (e)

(10)/u)+rr,f ,U'olv l)-rro uL{orV D,

r,r rpaHuqHble ycJloBus:

+=kpl f  lv , ;
on

(  -  ao, , )
, ,nnt lkpl t /  l r*  *- ;  

)=0,

=,orr( : t r t )-  rVr#;

(1 1)

(r2)

oAHo3HaqHo orll{cbrBarcrq}re cKantpHrrfi ra eerropnrrft norenqrraJrbr crrJrbr conpor}rBJrenux (fi - Hop-
MaJIb K rpaHllqe rorJruBHoro cnox). I4s errpaxenafi (9)-(12) JrerKo rroJryqr{rr ycJroBr{r no4o6ur uex-
Ay [oTeHIIr,IaJraMr{ cLtJIrI COnpOTLIBJIeHr.rt U COOTBeTCTByTTqI,IMI,I nOTeHrIHanaMr{ MaCCOBOfi CrOpOCrn

- - .
Qr.rnrrpaqrau (epV ). 3ru ycroBr,r.s onpeAenrrcr o6nacrr eHaqeHufi rrapaMerpoB noroKa, rrplr Koropbrx
KaprHHbI cxopocruoft Qanrrpaqurr rr MaJror{HTeHcuBHoro ABr{xeHxr xr{AKocrr4 B nopacrbrx cpeAax
cxoxu.

Kar rassecrHo, cKaJrrpHar BeJruqvHa P (crarr.recKoe AaBJreuue), neo4r.rMa.s B MexaHr{Ke KaK u3o-
Tporlnat qacr6 TeH3opa Halp.f,xeHr,Ifi, ne xBrrerct oAHI,IM ra3 napaMerpoB cocrosnns, Ecilorb3yeM;rx
B paBHoBecHofi repuo4lrHaMr{Ke. 3Aecr AaBJreHr.re paccMarpr{Baror KaK Mepy noKaJrbHoro cxarHr. flprn
olpeAeJIeHHH TeH3opa B.fl3KpIx HanprxeHnfi xlrArocrra flpeAloJrararcT, qro cyMMa ero Ar.raroHaJrbHrrx
gneMeHroB paBHa HyJrro, To ecr6 oH He Aaer Ao6aeKr{ K cpeAHeMy HopMaJrbHoMy HanprxeH}lo. flpu
cxopocrHofi $nnrrpaqzu BeJrHqr{Ha P* xarc 6rr orpaxaer BKJTaA cr.rJr conpornBreHr{-f, B HopMaJrbHoe
Halrp.r)Kenue. B ce.f,sa c srr{M o6paruu BHHMaHT{e Ha onpeAeJreH}re 3aKonafla4envs. AaBJreHr.rr B He-
noABI4xHbIX 3epnucrbrx cJrorx y [7-9, 2749]. I{naerorqufic-fl pas6poc 3Kc[epr,rMeHraJrbHbrx AaHHbrx
roBopnr o6 orcyrcryuu eyuuoit, BceMr{ npuuraHnofi Mero.{HK}r o6pa6orxra uoryqeHHbrx pe3ynbra-
TOB, a TaKXe, BO3MOX(HO, Vr O HAJIV,qVLH CKpbITbIX napaMeTpoB, KOTOpbre npHHI,{MaIOT pa3nr,rqHbre 3Ha-
qeHI{{ B 3aBr.rcr{MocTH oT 3KclepHMeHranrnofi ycTaHoBKH, cuoco6og I{ MeToAoB pr3MepeHl{[ BeJIHqI|IH.
Zs crasaHlroro Bbrrrre r,r Bbrpor(eHufi(7), (9)-(12) cne,qyer, qro BeJrr{qr{uaP* Mo)r(er flBrrflTbc. raKHM
cKpbITBIM rrapaMerpoM, cnoco6urrM BHocHTB HeconracoBaHHocrb B pe3ynbrarbr npr4 o6pa6orre src-
nepnMeHTaJIbHSrX .qaHHbrX.
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BrlflcHlaNa QusNvecrufi cMbIcJI TeH3opa C)*. Ero arrrr4cr{MMerpr.rrrHocrr o6ycnoanena HeuHBaprr-
aHTHocTbIo ypaBHeHl4.f, (5) oruocureJlbHo Bpa[IeHHt, Koropoe cBr{AerenbcrByer o ]Frarru-c{ui1- B cpeAe
pac[peIeJIeHHbIX rrap cI.IJI. flpoAorxas 3ry rornqecrylo qelorrKy, 3anr{meM Qopuyny AJrr BparrlareJrb-
Horo MoMeHra, 4eftcmyrcrlero ua o6tev. lI\

M ir, = fftlfi ro,,,r1 - G iF r*- *G r* ,1 + c o,a,,law .
oxt  ' ) (13)

(14)

(1 s)

(r7)

(18)

(1e)

floAcrasns n (13) eupaNeuue (7), noryrrr.rM ypaBHeHHe

M jr, =#(G jfik -Gttx)62t +zl![ otr$w,
> W

Ir3 Koroporo cneAyer, qro npa 6ecrone.rHona o6reue W seru,rprna2\ptstr'erc.fl nJrorHocrbro Bparqa-
TeJrbHoro MoMeHTa cr,In colpoTr{BJreH}rr.

,{uccnnaquq gueprlllr. Ycloenq conpff]I(eHrrt.Llcxogt as o6rrqHofi $oprraylupoBKr{ AaHaMr{Kr{
MaTepLIaJIEHofi cpe4rr, 3aIrHIrIeM I{HTerpaJIbHoe ypaBHenve r{3MeHeHvsKr4neTvsecxofi 3Heprrru [oToKa
TeflJloHocl,rrenr nplr $unrrpaqul{ B TonJII{BHoM cnoe

3$Y'aw =ff[osivj6w -firauvt 6x7, + ![!naw,
W ' W

rAe N - nnorHocrb pacnpeAeJleHl,It MolrlHocrrr BrryrpeHHprx cun. Bennqprua G,u He BorrrJra B Bhrpal{ce-
uze (15), [ocKoJrbKy He sBrtercr reH3opoM Hanptt(eHl{ft. Ilcnonmyr reopeuy faycca, ocso6oAnrdcx
B ypaBHeHr{u (15) or r{HrerpaJroB r.r 3anurtreM ero r 4uS$epeHrlrraJrbHofi $opue:

(16)

npr.rHrB Bo BHr{MaHr.re, qro D(OSW)f at =0.
Berropnoe ypaBHeHI,Ie (6) crcanxpno yMHoxfl,rM ua V, u3 lonyqeHHoro p$ynbrara rrrvrerr,r (16)

n ocraroK pa3perxr,rM orHocnTeJrbso i/. B r,rrore 6y4ervr vMerb:

,3+' = psivi -f,{ru,rr,)+ w,

n̂
N = P V , , + V , - J - G , , .r;r t or* rL

Q = - v i  3 - 6 , , = v i  d  
P . 6  , , - - v ; 6  o , o ! - v ,  

o  
o , r .' dxk ' 1xk rL ' 0x* " lxt

.{ne nxsrofi xlrAKocru BeJrHqr4Ha @ onacrrsaercf, cJreAyroqrrM Bbrpaxenuenr [30]:

Q = - d , r .  
o  

V , 4 - o , ,  
0  

, , .
}xt 

r J" 
1xt 

r

I,lcrnro.Ius LI3 BblpaxeHm (17) cJraraeMoe, xapaKrepr{3yroqee cKopocrb o6reunoro pacuupeH}r{,
I,I noMenlrB 3HaK y ocraerueficx BeJII{qI{Hbr, [onyqr4M Qopuyny Anr onpeAeJreHr{.{ cKopocrr,r Atrccnna-
qr4pr MexaHr.rqecrofi gHeprEr,r B eAr,rHr,rqe o6teua npn $nlrrpaquu

flpu raxou onpeAeJIeHI{Lt Arrccvilaq:r'u pa3rflrqtrK), cocrorrueMy B ToM, qro 
fu aarucuruMerpurr-

nrrfi reu:op, 4 dik- cnMMerpl,Itluuft, cootnercrByer rrepecraHoBxa rrapaMerpoB B oneparopax npaBrrx
.racteft errpaxeHnfi (18), (19). 3ro nossorfler ABlrxeHr.re renJroHocrrreJrr no o6e cropoHbr rpaHr{rlbr
ToIIJrHBHoro cjlos onncarb ct4creMofi ypanueultfi c eAunrruu orpaHl4qerLrflMvr fHApoAI,IHaMr{qecKr.rx
napaMeTpoB noToKa v Ha ux ocHoBe onpeAenHrb ycJroBHr colprx(eHrrr Ha rpaHHrle.
. ,{unaunKa rloroKa reflJloHocr4Tenfl npu BxoAe B TonJII{BHbrfi cnoft I4 BbIxoAe r,r3 Hero cyrlecrBeHHo
pa3nLIqHbI. Tax, na Bhlxo,4e e6rr,rslt rpaHurlbr cnor ripoucxoArr AonoJrHHTeJrbHbre Heperyn{pHoe Bprx-
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peBoe ABrr)KeHrre u cBr3aHnhrfi c nuu npoqecc HeycrauoBl.IBllreroct [epeMeIIrI,IBaHI{t xHAKocrI,I (ra3a),

Koroplre He prMeror Mecra npu o6TeKaHHLr MLrKporBgJIoB e6rl,Isv BxoAa noroKa. flostol,ty AIrfl, orvrca-

Hur QulmparJuvlaa BbrxoAe lr3 cJror nu6epeu r,rHrerpaJlbHyrc Qopuy sanvcvt ypanuennft KoJII{qecrBa

ABprxeHr,rr r,r Hepa3pbrBHocTll:

$e(pv irtr,+ pbrr ) 6x r - $ 
r a ir, #;M, . #(r, ry,X 

-, rr,)u, = o,

I[[ ifpe>aw +ffepz;6x, =0.';; ot ;

Q0)

Qr)

OcnosHoe AocroI,IHcrBo grl{x paBeHcrB cocror.rr B ToM, rrro orAeJIbHbIe qreHbl B Hr{x 3angcagbr
B BHAe lrHTerpaJroB no noBepxHocru o6nacr*r W n no4po6uocrrl u3MeHeHLIt napaMerpoB TerIeHI,It
BHyrpr{ W se uvretor 3HaqeHr.rr, caMr{ xe noAbrHrerpaJlbnbre Qyuxquu Moryr coAepxarb KoHeqHoe
qucJro pa3pbrBoB.

fpanuqy ro[Jrr{BHoro cnox, o6la4aroqyrc ceoficrsol,r peryrrpnoft noBepxHocrl{, npeAcraBrlM KaK
HeKoropyrc nepexoAHyro o6nacrr Il,rotnguaaroropofi ycrpeMneHa K HyJIro. Ipra rarou orpeAeneHllll
nepexo4nofi o6nacrn reqeHr,re n nefi 6y4er r4Merb Jrurrrb ecrecrBeHHble orpaHI4qeHI,Is: KoHeqHocrb cKo-
pocrll, BI,Ixpt, BeJII{qHHrr 4aBrenufl., Aprccvna\vu (cunrr colporuueHu.n).

Yc:rosHl,rcs IrHAeKcoM I orMe.rarr lapaMerpbr reqeHr{r co cropoHbl na6erarorqero Ha rpaHl{qy
rroroK4 2 - c gpyroft ee croponrr. Ha rpaHr{rle BBeAeM rpofixy 6aguurrrx oprofoHaJlbHblx BerropoB
(m; i; 0) , r1e fi - eAuHnrrHbrfi nerrop, nexarqufi Ha HopMaJrr.r K rpaHrrrle crot a HanpaBJleHHrrft n cro-
poHy ABlrxeHr{r rroroKa; i - eAusuunrrfi nexrop, HaxoArrqxfics e nrocrocrl{, Kacarenrnofi K rpaHl,Iqe
rr coB[aAaroulrEfi no HanpaBJreHLrK, c KacareJrrnofi cocraensrculefi BeKTopa cKopocrl,I; 0 = fixi.

flopucrocrr lrMeer cMbrcJr cpeAHero orHocrrreJlbHoro npoxoAHoro ceqeHu fr u$rv!, TIHrIMI4 cJIoBaMH,
cpe4nefi orHocr{reJrbnofi nnorqaAr,r uoreperrHoro ceqeHrrr crpyfi tfunrrpyroqerocs roroKa. Ha Qopnau-
poBaHr.re erux crpyfi, Ha vrx ocpeAHeHHBre lapaMerpbl B BIIAeJIeHHoM ceqeHvtv cro . AoMI,IH]Ipyrcqee
BJrr.rrHLIe oKa3brBaeT cTpyKTypa cpaBHuTenbno rogroi qacTu 3acbrrlKl{, HenocpeAcTBeHHo npl,Inera-
rcqeft K ceqeHr.rrc co cropoHbr na6erarorqero rroroKa. floerorvry Ha rpaHl,Iqe cJlot, rAe cyqecrByer He-
KOTOpa{ HeorrpeAeJreHHocTb 3HaqeHrlt t, [pI,IMeM

t = t l n = _ O .

B lpe4enrnoM cJryqae, KorAa roJrrrluna o6nacrn W crpeuurct K Hynlo, I{3 rlHTerpaJlbHoro ypaBHe-

Hr..r.s Hepa3pbrBHocrr{ (21) noryul,IM cneAyrcIqee ycnoBlae conptxeuuq:

e ln=-o PtVtn = PzVzn. Q2)

C nouorquo eAunuqHofi $ynrquu U- (.) nopucrocrb BHyrpr.r nepexo4Hofi o6nacru ouurreM cry-
rreHqaTbrM Bbrpax(eHl{eM

e=el,=-e +(1-el"=-iu-("). Q3)

flocne noAcraHoBKu Q3) B noAbrHrerpanbHyK) Synxuuro BToporo LrHrerpaJla paBeHcrBa (20) no-
rYlII{M

$ {pv iv e + P6;r ) 6x r - (1 - e l,=-o )x,6,.r I a - 67 r g1 an +
s  - , ,

'  ^ ' p \  o o , o  
' \  

"* l l [ [  r ,gg!--s- : -  -ePE i  1ow =0,
' i i( ot oxp )

rrye a - noJroBHHa roJIIIIlIHbr nepexo4uofi o6tacrn,6-0 - acuMMerpl{uHa.r $yurqut finpaxa.
Vpaonenr.re (24) cnpoexrr.rpyeM Ha oclr n,'r',,0.3areu, nepefi4-e K rpeAeJIbHoMy cnyqalo (a-+0)

r4 BocloJrb3oBaBrrrlrcb coorHorrreHueu Q2), ycraHoBtrM ocr:ulbHLle ycnoBl{t conptxeHl,It:

(24)
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BnsyanusaqruI ABI{xeHH.f, TerrnoHocrrrerflBdrfirgur BXoAa B TorrJrr{BHbrfi cnofi ceu4ereJrbcrByer o nJraB-
HoM xapaKrepe rerleHll.f, B 3Tofi o6racru 122]. [anuoe o6cro.{rerbcrBo BbrHyx(Aaer orKa3arbcr or LrH-
TerpaJIbHbIx ypanuenuft r cBr3b MexAy rlrApoAlrHaMr4qecKlrMr{ napaMerpaMr{ [oroKa no o6e cropoHsr
rpaHI{IIbr cJror o[peAeJr]rrl c noMotrIbro aH$SepeHqrlaJrbHbrx ypannennfi Q), 6), npeAloJrararoqnx
nocTe[eHHoe I{3MeHeHrIe B nepexoAHofi o6racT}I KaK xapaKTeprrcrr,rK [oToKa, rar ra cauofi reoMeTpr{tr
rHApaBrr,rqecKoro TpaKTa.

I{s ypaeHenvt Hepa3pblBHocrl{ (2) o6srunrrnr cuoco6ou noryrrr.rM ycJroBr.re conprxeuur AJrr Hop-
uanruoft cocraBJrrroqefi eercropa cKopocrr{, cxoxee c Bbrpaxeurleu Q2),

ptVtr=slr=+o pzVzr.

VparuenrEe ABI{xeHrrr (6) arrx uepexo4nofi o6nacrra 3anlrlreM
Jlana6a:

Pt-  Pz= pzVzr(Vzr-4) ;

Vk=Vzr ;  Vrc:V2g!9.

Qs)

Q6)

Q7)
B rrHBapr,raHrHofi (foprvre fporvrexa -

{. 1, V ( +a, / * lv p -1oiuG- g= o,
0 t  2  

o r . - =  
p  "  '  '  

( 2 g )
a = r o t y .

YMnoxus BbrpDKeHlIe (28) na e4unuunrrfi BeKrop ltll I, rroJryqrrM cJreAyroqee paBeHcrBo:

[; ),-[; ), 
=*('4" -'r"')'

Qe)

rne 0l - gu(b$epeHqrraJr rpaeKroplru ABr,rxeHr,rr renrroHocr{reJrr B rrepexoAnofi o6nacru.
IIpu nnannoM r43MeHeHrrr{ [apaMerpoB noroKa B rrepexoAHofi o6nacru, roropofi MoAeJrr,rpyerct

rpaHlIIIa crofl. u roJrrrlr,rHa roropoE crpeMr,rrcr K HyJrrc, rrpoqecc lepeceqeHr.rr rpaHnrlbr r,rAer c rro-
cro.f,HHofi TenJloeMKocrbro, To ecrb rBJrrercs [orrrrpoluqecK]rM. B grona cryrrae nz Q9) rrprl npeAeJrL-
HoM nepexoAe a -+ 0 nafi4ena ycJroBrre colprxeHr{r AJrr AaBJreHHr re[JroHocr{TeJrr:

|  0 , , = , 2 . l O P  V
- - r ,  

r  T - - = :

2 a t '  p  a t  l v l

IAe y - IIOKa3aTeJrb rroJrr{Tpo[br.
flpu reunocbeMe Hecxuuaeuofi r(rl{Kocrrrc Ha ocrroBaHuu Q9) noryrrr,rM ycnoBrre coflpfiKeHI,rt

gnr Qynrcquu Eepuyruu H = P I p+1f 12 tZ:

(30)

Ht- Hr:  o ' (31)
r{ro xe Kacaercf, ycnonnfi conp.el(eHur. pw V"u Vr,'to onr rrAeHTr{qHbr ycroBr,rsM Ha BbrxoAe re-

nJIoHocI,ITeJIt Ir3 TonJIrrBHoro cJror Q6). fieficrarrreJrbno, Haruqr,re cKaqKa sHaseHr.rfi KacareJrbHrrx co-
craBJI.f,IotrIrIX cKopocrll Ha floBepxuocrrx nepexo4nofi o6nacrn flpu crpeMneHrrrr,r K HyJrro ee roJrrrl]rHbr
npr{BeJlo 6rr r cranryntpHocrr,r BeJrrrqr{Hbr Brrxpr Ha rpaHl{qe clrot Lr, coorBercrBeHHo, K 6ecroneq-
Hocrl{ rperbero cJraraeMoro B ypaBHeur.ru QB). Iocronmy ocrrurbHbre cJraraeMbre n (28) KoHeqHbr, ro
clpaBeAJII,IBOCTb 9TOIO ypaBHeHrr{ rrO3BOJrreT Cq}rTaTb yCJrOBrrr CoflprxeHr{s, Ars, KoMrroHeHT cKopo-
ctu Vrw Vrna BxoAe rr BLIxoAe noroKa II3 TorIJIlrBHoro cJlot oArrHaKoBErMI{.

Otnaetuu, rITo npn $unrrpaqralr Hecx([Maeuofi xxAxocrr.r Ha BbrxoAe rr3 TonJr]rBHoro cJro.fl (bynr-
qna EepnylJru reprr,rr pa3pbrB:

t i 2  t i 2
Ht-Hz=+-++v: , -Vz,Vtn.  Q2)

Ycnosue (32) noryueHo B p$ynbrare 3aMeHbr repeMennofi P Ha H s nupaxenuu (25).
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Iocronrry Qynrqua Eepnynnu lpeAcraBnser co6ofi rroJrHyrc MexaHuqecKyrc gHeprtrrc, To MoxHo
cAenarb B6rBoA o roM, rrro Bo3Hr,rKruee B pe3yJrbTaTe crauroo6pa3Horo r{3MeHeHr4r reoMerpr4r.r rr4ApaB-
JII{qeCKOIO TpaKTa AOnOJTHT{TeJrbHOe BUXpeO6pa:OeanUe npHBO,qHT K ATTCCU[arIr{H MeXaHr{rreCKOfi SHep-
tuu 3a crreT BHyTpeHHero TpeHujI B xr.IAKocTlr. Mexanugnr erofi Ar,rccuilary|1' rrAeHTI{qeH MexaHH3My
neo6paruurrx rrorepb SHeprI,Iu IIpH TerreHrrr{ B KaHaJIe c BHe3alHbrM pacuzpeHr,reM npoxoAHoro ceqe-
nur [30].

3arcrroqenue. Ilocrpoennrrfi rensop uex$asnoro n:aruo4eficrBr{-fl.f,Brrercr c Qusuvecxoft u MareMa-
rra.{ecrofi ToqeK 3peHrr{ [ceBAoaHaJroroM TeH3opa HallpflxeHuft s xl,IArocru. BneAenue ero B MaTeMaT]I-
qecKylo crpyKrypy MoAeJrrr cxopocrnofi $unrrpaqun npuAaJro rocne4ueft $opr"ry, cxoxyrc c (fopuofi
ypanuenufi ArrHaMr{Kr,r ex:rofi xr{AKocrv. 3ro nogsorr,rJro onpeAeJr}rrb ycnoBus colpsxeHr.rr r}rApo-
Al{HaMr.rqecKr{x napaMerpoB norora Ha rpaHr{rle ro[JruBHoro cJror r{ ((c[rr{r6> ypaBHeHr{r QulrrpaqaH
I{ ABI.r)KeHHs ss:rofi )KHAKocrr.r. fiauuax curr.rBKa orKprrBaer Bo3MoxHocr6 rrocrpoeHur KaqecrBeHHo
HoBbrx MHoroMepHrrx uoAenefi TepMorlrApoAHHaMHKr{ c6opon c Mr.rKporBgJraMr.r - uoAenefi c srrcorofi
CTCTIEHbIO A.IIEKBATHOCTI{.

O.{eHs BaxHo, qro orMeqeHHas Brrrre crpyxTypHar cxo)Kecrb ypannenafi AonycKaer Sopualsuoe
pacflpocrpaHeH]re ypaeneuuft AHHaMr,rKrr cnnorunoft cpeArr Ha Becb r[ApaBn[t{ecxuft rparr renJro-
BbrAersroqefi c6opru, BKrroqa.s ronnr.rsHbrft cnofi, pacnpeAeJraTenbHrrfi u oreo4soft rananrr. B srou
cnyqae Ars pemeHIafl.3a4aq no repMorLIApoALrHaMLIre c6opox c MprKporB3JraMr{ MoxHo HcnoJrb3oBarb
xopouo pasnnrurfi MareMarr{qecruft annapal paspa6oranurrft AJrr rrrupoKoro cleKTpa 3aAaq MexaHH-
KV Xr{nKOCTVIn[A3A.

Iloryueuurre ycnoBnr conpt)KeHl{a rpe6yror KoppeKTI,IBbr MoAenrrpoBaHr.r.rr renJrocbeMa B c6opxax
c MI{KporBgJraMr{. 9renu, onrrcbrBarcrque Kr{Herr.rqecKyrc 3Heprun rroroKa c o6erEx cropoH rpaHarlbr
TorIJIrIBHoro cJlor, AoJr)r(Hbr HMerb oAHHaKoBbIfi nopr4or MaJrocru, .{ro o6ecueqlrr eAnHcrBeHHocrb
pellreHull repMorlrApoAr{HaM}rqecKrx ga4arr, B ToM trr.rcre rr cB{3aHHbIx c HccJreAoBaHI{tMI{ ycrofiun-
Bocrrl $ulrrpaqur.r B orpaHuqeHHoM cJroe rrpu pa3nr.rqHoro poAa Bo3MyrrleHrux o6reunoro renJro-
BBIAeJIeHHT. Ycnosur coflp;lxenIat Iro3BoJItrcT TaKxe onncarb noBeAenr{e Buxpg Ha rpaHr.rqe cros
u [prlcrynllTb K MoAeJrr{poBaHrrro ryp6ynenrnocrr,r Ha rrpoHr{rlaeMbrx creHKax pacnpeAeJrr4TeJrbHoro
I{ orBoAHoro KaHanoB c yrreroM s$$erra euxpeo6pasoBaHur.

Kar cne4yer H3 pe3yJrbraroB BbrKJraAoK, cr{Jrbr r,rHeplluu AoMrrHrrpymr Ha BxoAe r.r BbrxoAe rroroKa
H3 cJlo-f,, B pe3ynbrare qero noroK TerrnoHocr,rreJr.rr Ha [poHI{IIaeMoft rpanraqe rorrJrr4BHoro cJlot npe-
JloMJlf,erc-fl. flpn exo4e 3a cqer ycKopeHlrr rroroK pa3Bopaqr.rBaercr B cropoHy HopMaJrr{ K rpaHr,rqe
cJlot, rrpIa BbIxoAe - B cropoHy KacarenbHofi. Yqer sroro eQ$eKTa rrpa npoeKrupoBaHurr rerrJroBbrAe-
nsrcqefi c6opru c MlrKporBonaMlr no3Bonr,IT nonyqurb KoHTypbr ronJrl4BHoro cJlor, BbrroAHEre c roqKr{
3peHllr xar renno(pvr3rrnvt, rar u neftrponnofi Qusurx.
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