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IIpenmaraercs crioco® yMeHBIIeHUSI 00beMa TpeOyeMBbIX IJIsl BEIYMCIICHUsI MHTErpajia CTOJIKHOBE-
HU1 BojibIIMaHa KOHCEPBATUBHBIM IMTPOEKLIIMOHHBIM METOIOM apU(PMETUIYECKUX OIepaLinii ¢ TOMO-
IIILI0 UCKJTFOYEHMS BKJIAAOB, MEHBIITNX HEKOTOPOTO 3aIaHHOTO ITOPOTOBOTro yPOBHSI. JlaeTcs olleHKa
MaKCHMAaJIbHOM BEJIMYMHBI TAKOTO YPOBHs. ISl YyeThIpex YPOBHEM, OTJIMYAIOLIMXCS Ha TOPSOO0K,
MIPOBEIEHBI pacueThl TEUEHUIT pa3pexXeHHOro ra3a rpu yuciaax Maxa ot 0.5 mo 10 u cpaBHeHue C pe-
LIEHUSIMU 6a30BbIM MeTOIOM. Bo Beex cilydasix UMEIOTCsI HE3HAYUTEJIbHOE, B IpeaeiaX HeCKOJIbKHUX
MPOLIEHTOB, OTJIMYME PE3YIbTATOB JJIsI CAMOTO BHICOKOT'O ITOPOTrOBOr0 YPOBHS U MPAKTUYECKHU MOJI-
HOE COBITaJicHUE IS OCTallbHbIX. I10JlydeHO MHOrOKpaTHOE YCKOpPEHUE pELICHUS ypaBHEHUS
Bosbiimana, HanboJIee 3HAYUTEIBHOE T O0IbIIMX ynces Maxa. bu6i. 35. @ur. 20. Taoo. 1.

KuroueBble ciioBa: peiiieHre ypaBHeHUs bobliMaHa, KOHCepBaTUBHBIN MTPOEKIIMOHHBII METOI, Me-
TOO JUCKPETHBIX CKOPOCTEHA.
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BBEAEHUE

ITpu pelieHuu ypaBHeHUs boJibliMaHa OCHOBHAs Harpy3kKa MpUXOJUTCs Ha pacyeT MHOTOMEPHOIO
WHTeTpasia CTOJIKHOBEeHU . Ha paHHeM nepurojie pa3BUTUS BIYUCIUTEIbHON TEXHUKU €AUHCTBEHHBIM
Coco0OM TIPeo0JeHUsI OTPOMHOI0 00beMa TpeOyeMbIX IS 3TOrO BBIYMCIIEHUI ObLIO MPUMEHEHUE
VIIPOIIIEHHBIX MOIENe MHTerpasa cToakHoBeHuil (cMm. [1—3]). Metombl BBIYMCIICHMS HHTerpaia
CTOJIKHOBEHUU Ha OCHOBe TeXHUKU MoHTe-Kapio 1 penieHusi TO4HOTro ypaBHeHuUs1 bosbliMaHa st
MpOCTeHINX 3a1a4 ObUTH TIpeCTaBIeHBI B [4—6]. MeTonbl He OBITM KOHCEpBATUBHBIMU U HE TTO3BOJIS-
JIU peliaTh 3a1a4u, TpeOyroliue 00JbII0ro YMcia uTepaluii iy 11aroB 1o BpemeHu. BnepBbie KoHcep-
BAaTUBHbIU NPOEKLMOHHbINA METOA BHIYUCICHHWSI MHTErpaja CTOJKHOBEHMI HAa paBHOMEPHOI AeKapTO-
BOIi CeTKe B MPOCTPAHCTBE CKOPOCTei ObLT MpeacTaBieH B padoTax [7, 8], yCOBepIlEeHCTBOBAH U T0O-
IpoOHO ormcaH B [9—11]. DTOT MeTOom MCHOIB3yeT ABYXTOYEYHOE IIPOCIIMPOBAHME BKJIAI0B B Y3/Ibl
CKOPOCTHOI CETKM 1 B€CbMa 3KOHOMMWYEH IO YMCIy apudmeTnueckux onepaiuii. KoHcepBaTuBHbIE
CXeMbl Ha MHOTOTOUEUHOM I11a0JIoHe ObLIU MpeaioxeHbl B [12—14]. OHU HaMHOTO GoJsiee 3aTpaTHbIe
Mpy pean3alii, HO MO3BOJSIIOT UCIIOJIb30BaTh HEPABHOMEPHBIE CKOPOCTHbBIE CETKM, alalTUPOBaH-
HbIe K petneHuio (cM. [15, 16]). MHOroTOUYeUYHbIE KOHCEPBATUBHbBIE CXEMBI TSI MOACTMPOBAHUS Teue-
HU1 cMeCU Ta30B ¢ OOJIBIIUM OTHOLIEHUEM MOJIEKYJISIPHBIX MAcC KOMIIOHEHTOB CMECH TPENCTaBJIeHbI
B [17, 18]. B [19] npemioxxeHO ucnonb30BaTh B paMKaX MHOTOTOYEYHOTO METOJa TUCKPETHBIX CKOPO-
CTell TEXHUKY MPSIMOTo cTaTUCTUYecKoro MmoaearpoBanuss DSMC. PazBuBaoTcs cieKTpajibHbIE METO-
JIbl anMPOKCUMALIMU SIpa UHTeTpasia cTonKHOoBeHU i (cM. [20, 21]). [ToapoGHbIii 0630p COBpEeMEHHbBIX
METO/I0B MOJEIMPOBAHMS TEYEHMI Ta3a B MUKPO- U HaHOMacluTabax naH B [22].

BdhHEeKTUBHOCTD IBYXTOUEUHOTO MPOESKIIMOHHOTO METO/1a TTPOSIBJISIETCS TTPU MapasljiebHbIX BbIYKC-
JICHUSIX UHTETPAIOB B OOJIBIIOM YHCE y3J10B (DU3MYECKOrO MPOCTPAaHCTBA, TIPU KOTOPOM Hauboliee
TPYLOEMKHUE BBIYMCIIEHUS BBIHOCSTCS 32 OCHOBHOM LIMKJI. Takast opraHu3anys BBIYUCIEHNI TPUMEHS -
JIach IPU MOAEIMPOBAHMM OOIBIIIOrO YKCJIa TeUeHUM pa3dpexkeHHOoro raza (cm. [23—29]). B atux pacue-
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Tax 6e3 CyIIEeCTBEHHBIX M3MEHEHMI MCTIOIh30Balach (hOPMYyIMPOBKAa KOHCEPBATUBHOTO TTPOECKITMOH-
Horo mertona, onucaHHas B [9—11]. B [30—32] Obu1 HaiiieH cnoco® YCKOpEHUsT BBIYUCICHUM 3a cueT
YMEHbIIEHUST U30bITOUHOM MOIITHOCTU Ky0aTypHOIi CeTKM.

B HacTosiieii pabote npemiaraeTcs mpocTasi MoauduKaliys aroputMa 6a3oBOro MeToa, yduThiBa-
oI11asi HEOTHOPOIHYIO CTPYKTYpPY pelreHus B ¢a30BOM MPOCTPAHCTBE W HAJIMYME B HEM objacTei,
BKJIQJIbI OT KOTOPBIX B UHTETPaJl CTOJIKHOBEHU ITpeHeOPEeKMO MaJlbl.

IIpu pelleHNM KWHETUYECKOTO YpaBHEHMSI 0€CKOHEYHOE MPOCTPAHCTBO CKOPOCTEi 3aMeHSIETCS
chepoit, Ha TpaHUIIaX KOTOPOIT GYHKIIMS paciipenesieHrsI HaCTOJBKO MaJia, 9To He BIIMSIET Ha pellieHe.
HuameTp u pacrnonoxeHue cepbl ONMPEaeasioTcs TPaHUYHBIMU U HaYaJIbHBIMU YCJIOBUSIMU 3a1a4H.
TunuuHbIM SBISIETCS 3aJaHUE B KaUeCTBE HaYaJIbHOTO YCJIOBHS U YCJIOBMSI HA BHELLTHEH rpaHule o6ia-
CTU PELIEHUs] MAaKCBE/UIOBCKOM (DYHKLIMHU f), ; CO CKOPOCTBIO TIOTOKA U, @ HA MIOBEPXHOCTH TeJIa 3a/1a-

HUE 3€pKaIbHO-A1 (D Y3HOTO yCIOBUA, KOTOPOE COCTOUT U3 MAKCBEJUIOBCKOM (YHKIMHU f), , C HYJIEBOM
CKOPOCTBIO U TEMIIEPATYPOii MOBEPXHOCTHU, U 3epKaJIbHO OTpakeHHO# PYHKUMUU. DTU (DYHKIMHU ObICT-
PO YyOBIBAIOT C PACCTOSTHUEM OT UX MAKCUMYMOB B U = U, U u = (. B cKOpOCTHOM IpPOCTpaHCTBE BO3HU-
KaroT objacTtu, rae ¢GyHKIUS pacnpeneaeHuss 06Ju3Ka K HyJl0, M BKJIaAaMU OT KOTOPbIX B MHTeTpal
CTOJIKHOBEHUI MOXXHO MpeHeopeub. [1pu peleHnn 3agaym MeTOA0M YCTaHOBJIEHU S, B HA4aJIbHBIIA MO-
MEHT BpeMeHU GYHKUUSA f), , 3alaHa BO BCEM (PU3NYECKOM MPOCTPAHCTBE, a PYHKUUS f), , — TOJBKO
Ha rpaHulle Tejla. B mpoiiecce peleHus MpOUCXOIUT PaCcCIIPOCTPAaHEHUE BIUSHUSI TPAHUYHOTO YCITOBUS
BO BHYTpPEHHUE Y3JIbl (PU3MUYECKOTo MPOCTPAHCTBA, B TO BpeMs KaK Ha BHeIlIHeli rpaHulie 00JacTy MO -
JEPXKUBAECTCA MOCTOSIHHOE 3HaueHue QyHKUUU fy, . KoHbuUrypauus peiieHuss B CKOpPOCTHOM IpO-
CTPaHCTBE MEHSETCsl B 3aBUCUMOCTH OT Fr€OMETPUYECKOI KOOPAMHATHI U OT BpeMeHUu. BMecTe ¢ aTum
MEHSIIOTCSI 00J1aCTH, BKJIAIbl OT KOTOPBIX B MHTErPajl CTOJIKHOBEHMI TIpeHEeOpexXkMMO Mabl. BeineneHue
3TUX O0JIacTel MPENCTaBIIET TPYAHO PEIIaeMylo 3a1a4y, OMHAKO MOXHO MPEABAPUTEILHO OLIEHUBATh
BEJIMUYMHY BKJIaJOB B MHTETPaJl CTOJIKHOBEHUWM U UCKJTIOYATh pacueT NMPeHeOopeKMMO MaslbiX 3HAYEHU .
DTa uaes peainsyercs B MpejiaraeMoM METO/E.

1. UIBSMEHEHUWE AJITOPUTMA KOHCEPBATHUBHOI'O
IMPOEKIIMOHHOTI'O METOJA
Bnauane kpaTko onuiireM 6a30BbIii MeToA. B orpanndeHHOIT 061acTr €2 ¢ 00beMoM V' mpocTpaHCTBa
CKOPOCTEN CTPOUTCS paBHOMEpPHasd ceTka u3 N, y3/I10B EY € Z,, KOTOpbIE SBJISIIOTCS LIEHTPaMU KyOOB ¢

pebpom 4. Ha 3Toi1 ceTke ¢ maromM 1o BpeMeHu T << T, I1e T, — BpeMsi CBOOOIHOTO TTpobera MOJIeKyT,
pelraercs ypaBHeHUe boibiimaHna

o, .
g 2= [(E,). (1.1)
o g, x (t9)
I/ICHO)'IL?:YCTCH CHMMCTDH‘IHBII;,I METO paCICIICHUA BTOPOIO ImopdaKa TOYHOCTHU 11O BpEMCHU

S 61+ 1) = Ay s (0:(Aq, fy(x,0))), (1.2)

rae A, — onepaTop pellleH!s ypaBHEHUS allBEKLMH, O, — OlepaTop pelleHNs] ypaBHEHUS pelaKcalvH.

HMHTterpan CTONKHOBEHMI 3alMChIBaeTCS B BUAE 8-KpaTHOrO MHTErpajia, COAepKalllero e/IbTa-
dyakunm Jnpaka

b2/2

1(§y>=iid§id§1td [ @ - fedo. (1.3)

0

3nech [ = f(E,x,1), [ = f(E,X,01), ik = f(E,X,1), fi& = f(E,X,1), E' U Ex — CKOPOCTH TTOCTIE CTOJK-

HOBEHUI MOJIEKYJT CO CKOPOCTSIMU E U Ex, g = |E — Ex|, b,, — MAKCUMaJIbHOE 3HAUEHKE MIPUIIETBHOTO Ta-

pameTpa b, G = b /2, O(E — E,) — TpexMepHas aenbra-OyHKITUS

®, =8E —E,) + (& —E) - 8E—E)—8E — ). (1.4)

Beruucnenue (1.3) ocymectsisieTcsd Ha KybaTypHoii cetke Kopobosa (cm. [33]) £, U3 N, y3ioB.
Kaxnpiii y3en ceTku BKJIIOYAET 3HAYEHMS] HEMPEPBIBHBIX TMEPEMEHHBbIX G,,(, U CETOYHBIE Y3JIbI
&y, € X, Ep, € Xy CropocTH Mocyie CTONKHOBEHUS §, & X, &y & X, 3aMEHSIIOTCsI ABYMSI TTapamu OJivi-
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KANIIMX CHMMETPUYHO PACIIONIOKCHHBIX CETOYHBIX Y3IOB &) , &) ., M §, , §, _,,, [1€ S, — BEKTOP e~
HUYHOTO CABUTA I10 CETKE X.

B [9, 10] mpeacTaBiieHO 1Ba OCHOBHBIX BaprMaHTa KOHCEPBATUBHOT'O MPOEKIIMOHHOTO METOIa BHIYMC-
JIEHUI UHTerpaja CTOIKHOBEHMIA: MPOESKIIMOHHO-UHTEepNOAsIIMOHHbINA MeTon (ITMM) u cummerpuy-

HBI npoekunoHHbli MeTon (CIIM). B [ITMMM npowusBenaeHue fo'Cv fB'V HaXOAUTCS MHTEPIOJSILUEH 10
3HAYECHUSIM BY37ax &, , & ., M, , §,, _ - Crenyromias HHTePIOSILUsI sIBISIETCS] TOYHO# TSI MAKCBEI-
JIOBCKOIi CeTOYHOM PyHKUUH f), .

fafo. = B ) " BroisSus ) (1.5)

ITpu Takoii MHTEPIONSLUN AUCKPeTHAas ¢hopMa MHTeTpajia CTOJKHOBEHUM 061a4aeT BaXKHBIM aCUMII-
TOTUYECKUM CBOMCTBOM

Iy[fM,y] =0. (16)

1
Hnst pynkumm Buza f, = fy, ., + efY( ) norpeHocTh popmydbl (1.5) umeeT olieHKY €0(/4), YTO BaXKHO JJIsI
pacueTa TeYeHU i BOJIM3U peXXrMMa CIUIOIIHOM cpelibl. DTa OlleHKa MOTPEITHOCTHA U BBIMOJIHEHUE YCIIO-
Bud (1.6) nenarot ITMM mnipeanodTuTeIbHBIM OCHOBHBIM METOIOM. 711 ONTUMU3aLINU U YCKOPEHUS OC-
HOBHOro MeTona ucroyb3yercss CITM.
Ornepartop O,(f) NOCTPOEH KaK pelieHre MHTETPATbHOTO YPaBHEHUS 110 CXEME HEMIPEPBIBHOTO CYe-

Ta. MHTEepBaJl T IeuTcs Ha NV, pPaBHBIX YaCTeil U OCYILECTBIISIETCS PELIEHUE YPABHEHNUS PEJlaKCaLUU 110
SIBHOI CXEMe

St = f(@8,) + TAL,. (1.7)

3neck A, — BKJ1all B MHTETPaJl CTOJIKHOBEHM (1.3) OT v -r0 y31a KydbaTypHOil dopMyibl. B nonpobHoii
3anucu ypaBHeHue (1.7) umeeT Buag

_Av’ Y= aV’BV
L) = [6) B0 —R)A,,  Y=2A,1, ) (1.8)
rvAv’ ’YZA’V + s, Ly =Sy

rae B — Ko3hduimeHT nepea CyMMoi, armpoKcuMupytoleit marerpait (1.3),

Ay = {ay (8) o, (0) = [y (0 £y I [, (6) s, ()] 20

(v-11 (1.9)
v o 5 =r+-— V—I,Nv.
|§ , — &g, + N

v

Bxogasiee B (1.9) nmpousBeaeHue GyHKIMI pacripenesieHUuss 1 OTHOCUTEIbHOM CKOPOCTH MOXHO TIpe-
CTaBUTh B BUJIC CETOYHOMN (DYHKIINU

DlePv (tV) = jﬁv (tv ).j;)v (tv )gv (1 10)

Beipaxxenue miist A, npuMeT BUA (apTyMEHT £, OITyCKaeM)

-D "Dy (1.11)

A Aoty TRy Sy Hy syt

=D,

v Oy ~ﬁv

DKOHOMHBIM CITOCOOOM BBIYMCIEHUS MHTepIioasiuuu B (1.11) saBiasieTcs mpeodbpa3zoBaHue

1-r, _ I
D)‘vuv D}‘v Fsoy=sy, D}"vuv (vaJrSwp-v_Sv /va“v ) :

Cxewma (1.8) ucrionb3yeTcst 11T KOHTPOJISI HE OTPULIATEIBHOCTH TTOIy4aeMOT0 pellieH: BKJIad B MHTE-
TpaJl Ha Lare V OTBepraeTcsi, eciu petieHue f,(f,,,) B OAHOM M3 LIECTH Y3JI0B CKOPOCTHOI CETKH OTpH-
nateabHoe. OTpuLaTe/bHbIe 3HAUYCHUST MOTYT MOSIBJSITbCS M3-3a KOHEUHOM BeJIMYMHBI 11ara T. Hemo-

cratkoM [TMM sBisieTcs OTCyTCTBHE YCJIOBYS HA MOLIHOCTE N, KyOaTypHOI CETKH, MPU KOTOPOI OT-
pUIIaTebHbIE PEIIeHUs OTCYTCTBYIOT. JlOCTMIKeHHME IPUEMIIEMO MAajlor0 OTHOCUTEIBHOTO 4YHCiIa
HMCKIIIOYEHHBIX BKIIAIOB TPeOyeT yBEIMUEHHOM MOIITHOCTH KyOaTypHOI CETKM.
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2038 YEPEMUCHH

B [30] 6bu10 IpenioxKeHo IIepecYUThIBaTh OTPULIATEIBHBIC PEIIeHMS, BO3HUKamIIue B cxeme (1.8)
1o ¢popmyiam CITIM

—o,.B, + (1 - rv*)Dkv,uv + rv*Dkv+sv,uv—sV: Y= a’V’BV
Fto) = [ (8) + B =)Dy g, —(U=r)Dy 4, ¥ =yl , (1.12)

* —
’{/Docv,Bv -5 Dkvﬂv»liv*sv’ Y= 7\‘\/ + s, Ly =Sy

rv* = rVDOLV,BV /[rVDXV,uV + (1 - rV)DKVHV,uV—s\,] . (113)
Ycnosue He orpunatenbHocTH pemenns B CIIM crenyronee:

Ny /T2 NoV by s fnax/4- (1.14)

3nech g,,,x — MaKCUMaJIbHOE 3HaYeHNE OTHOCUTENIbHOM CKOPOCTH MTPY CTOJIKHOBEHU U, paBHOE IMaMeT-
py obsactu {2 IPOCTPAHCTBA CKOPOCTEH, f;,., — MAKCUMAaJIBHOE 110 BCEM MPOCTPAHCTBEHHBIM U CKO-
POCTHBIM y3JIaM 3HAYCHUE CETOYHOM QYHKIMU f, .

AJITOpUTM miepecyeTa MO3BOoJISIET 3HAYMTEIbHO YMEHBIIUTD MOILIHOCTh KyOaTypHOM CEeTKU U YCKO-
puTh BerumciieHus. [TongpoOHoe onmcanne ONTUMU3UPOBAHHOTO MeToAa AaHOo B [32].

PaccMoTpuM nipyroit cnoco® yCKOpUTh BBIYMCIEHMSI, OCHOBAaHHbII Ha MpeaBapUTEIbHON OlLIEHKE
BEJIMYMHBI BKJIAIOB B MHTETPAJl CTOJTKHOBEHUM 1 MCKITIOUEHUU MPEHEOPEKMMO MaJIbIX U3BMEHEHUH pe-
mieHust. B ocHoBHOM 1mkiie (1.8) u3MeHeHue pelleHusl Ha 1Iare 1UKia MporoplUruOHAILHO BeJIMYHE

A, , onpeneneHHoit B (1.9). CripaBeUIMBBI OLIEHKHU

1-r,

P
maX(D}\,\,].LV D)\,\:,+SV,}J.V—SV ) S maX(D)"vHv > D)‘v+5v>uv_sv ) 4

(1.15)
|AV| S maX(D(XwBV ? D}"wuv ’ vaJrvauv —Sv ) :

VYcnosue (1.15) 6ynem ucnoab3oBaTh 111 UCKIIOYEHUSI IPEHEOPEXKMMO MAJIBIX BKJIALOB A, . BBenem
YPOBEHb OTCEYEHMS Z , HUXKE KOTOPOTO BKJIaAbl A, MOXXHO HE YUUTHIBATh. TOrna U3BMEHEHNE aropuT™Ma
BBIUMCJICHUIM CBOOUTCSI K TOMY, YTO BHayajJie BBIYMCISIOTCS 3HAdYeHUS QGQYHKIIWMN Dy g,» D, p,»
D, 45, 1,-s,» KOTOPBIE CPAaBHUBAIOTCSI C YPOBHEM Z . Ecnu onHa 13 3TMX BeaIW4YuH Ooblile Z, TO OCy-

v VoMy v

LIECTBJISIETCS Mepexod K BbeumucieHusIM 1o dpopmyiaam (1.8)—(1.9), nHaue pelreHue He MEHSETCSI U

Sy(tir) = f(8,). OGbeM aprdMeTHIeCKUX OTepalHii COKPAIIACTCsl IPU COXPAaHEHNU N KOHCEPBATUBHO-
CTHM METOJa U aCUMIITOTHYEeCKOro cBoiicrBa (1.6).

B kauecTBe xapakTepHoii BeMuuHbI D, ceTouHoi pyHKmU (1.10) Bo3pMeEM ee 3HaUYeHUE, BBIYUC-

-3/2

JIEHHOE Ha OCHOBE MYHKLMHU f), o = (2T) exp(—c2 /2), toe ¢ = § — u,. [Ipn Haubosee BEposITHOM Be-

JIMYMHE CKOPOCTH ¢, = V2 B 06oux BXOISIIIUX B MIpon3BeAeHUE PYHKIUSX U HanboJjiee BEpOsSITHOI Be-
JIMYMHE CKOPOCTU CTOJIKHOBEHMSI MOJICKYIT g, = 2 MOJIy4uM

Dy = 2/(c,)f(c,) = 22m)~ exp(-2) = 1.1x10™".

BenmuuHa ypoBHS OTCEUEHUSI BKJIAAOB AOJIXKHA YAOBIETBOPSTh ycaoBUio Z << D, .. YTOObBI OLIEHUTH
TOPSIIOK BEJIMYMHBI MAKCUMAaJIbHOTO YPOBHSI OTCEYEHUSI, KOTOPbI CYylIeCTBEHHO HE BJIMSIET Ha TOY-

HOCTb PEIIeHUs, BEIMUCIUM (yHKImMIO (1.10) Mpu 3HAYEHUAX CKOPOCTH ¢ = ¢, ISl ONHOM HYHKUUYU 1

¢ = 3c, — Ui Apyroii. Bropoe 3HaYeHWe COOTBETCTBYET BEJIMYMHE (DYHKIMU PACIPENETEHUS OKOJIO
IpaHUIIbI 00JIACTU CKOPOCTHOTO MpocTpaHcTBa. [Tolydum o1ieHKy

D,s, = 2.8f(c,)f(e,) = 2.82m) " exp(~10) = 0.5x 10"
MaKCHMaJ'H:HLIfI YPOBCHDb OTCCUYCHMA NOJIKCH 6BITB 6J'II/I3OK K HO)'Iy‘ICHHOfI OLICHKE. MBI HCIIBITAEM YEC-

ThIPE YPOBHS, OTJIMYAIOLIUXCS Ha OPSINOK BEJIUUUHBL: Z; = 10°°, Z, = 107, Zy = 107%, Z, = 107,

2. TPOBEPKA BbIBPAHHbIX YPOBHEN

bruta mpoBemeHa cepus pacueToB IIPOAOJIBHOTO 1 ITOTIEPEYHOro 00TeKaHMSI INTOCKO MJIaCTUHBI ITPU
yuciie KnynceHa Kn = 0.1 u HecKoubkux ynciiax Maxa [11s1 4UeThbIpeX YKa3aHHBIX BhIIIE YPOBHEI OTCe-
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Taommna 1
M Z Z, Z;3 Z,
0.5 5 3.5 2.5 1.7
6 4 3 2
5 11 (15.5) 9 6.5 5
10 12 (17.5) 10 7.5 6.5

yeHMs BKJIanoB. CpaBHEHME IPOBOIMIOCH C pellieHeM 0e3 oTcedueHMs BKi1agoB. Mcnob3oBajgach MO-
JIEKYJISIpHAsI MOJIENIb TBEPABIX chpep. B 0CHOBHOI cepru pacyeToOB pacCMaTpUBaIOCh IPOIOJIBHOE 00Te-
KaHue TUIoCKoi niacTuHbl. [1nacTuHa pacnosioxkeHa Ha IMHUM CUMMETPUM TeueHus: y = 0, ee nepea-
HsIsl KpOMKa pacnojiokeHa B x = (0, IOTOK ra3a HatekaeT cjieBa. Ha moBepxHOCTM 3a1aHO YCIOBHUE
OTpakeHMsI MOJICKYJI C IOJTHOM aKKOMoJaleil 1 MAaKCBEJUIOBCKUM pacipeleeHUEM 10 CKOPOCTU IIPU
TeMIlepaType Haberaroliero rmoroka. B kauectBe Macirada JIMHBI Ha rpadyKax BeIOpaHa IIMHA I1j1a-
ctuHbl. [llarv mpocTpaHCTBEHHOM CETKY OKOJIO TUTACTUHBI A, = 0.2A, hy = 0.2\, roe A — IMHa cBOOOI-
HOTO IpoOera MOJIEKYJT B HAGETAIOIEM MTOTOKE. YCKOPEHME Ha CTAIUU PEAKCALIVM £y /Ty > TIE Lo g —

BpeMsI cyeTa 6€3 OTCEYEHUS BKIAIOB, A fpy

yeThIpex 3HaueHui / B Ta0J1. 1, rie B mepBOM CTOJIOIE yKazaHo yruciao Maxa. O 3HaYeHUSIX YCKOPEHUS,
NpUBEICHHBIX B CKOOKaX, OyIeT CKa3aHO HIXKE.

— BpEMs CU€Ta C UCKITIOYEHMEM BKJIaOdOB, ITIPUBEACHO IJIS

[IpuBenem mpuMepsl pacdyeTa MoJjieil TeUeHUsI U pacIipeAeeHUs adpOAMHAMUYECKUX PeaKIInii 110
JUIMHE TUIacTUHBI 111 ciaydasds M = 0.5. CIUIOLIHBIMY JUHUSIMU BCIOAY IT0KA3aHbI 3HAYCHUS, TIOJTyYeH-
Hble 6€3 OTCEeYEeHUSI BKIIaA0B, a IUITPUXOBBIMU — 1151 ypOBH4 Z,. Ha ¢ur. 1 npuseneHo nose rioTHOCTH
n—1, a Ha ¢ur. 2 — none temneparypbl 7 — 1. I1onsa TedeHus: OJIsk yKa3aHHBIX PacYeTOB MPAKTUICCKU
COBMANAIOT.

Ha ¢wur. 3—5 npencraBieHbl CKOPOCTh cKosbxkeHust U, cuiia TpeHust F' 1 MOTOK Hepruu Ha IJia-
cTuHy E. MakcuMallbHOEe OTKJIOHEHWE PEe3yIbTaTOB C MCIIOJIb30BAHMEM YPOBHS OTCEYeHUS Z, Haxo-

IUTCs B ipenenax 2%. PacueTsl ¢ mpuMeHeHneM YPOBHS Z, NaJiu TIOJTHOE COBMalleHUe TIOJIei TeYeHUsT
v rpaMKOB a3pOAMHAMUYECKHUX PeaKLIUii ¢ peleHneM 0e3 UCKITIoUeHs BK1agoB. Ha dur. 6 mjis ypoB-

Hell oTceueHus Z, (IUTPUXOBast JUHUA) U Z, (CTIIOIIHAS JIMHUS) IPUBEAEcHA CyMMa IT0 y3JIaM ITPOCTPaH-
CTBEHHOM ceTKU R(f) = Z'(Na ;/N,) OTHOLIEHMS YMCa OCTABIINXCA HEHYJIEBBIX BKJIaN0OB N, ; K IOJI-
i Va, :

HOMY YMCJIy BKJIaZ0B V.

3.0

2.5

2.0

1.5

1.0+

0.5

@wr. 1
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tmax
IMnomans rpacduka S = R(t)dt maet oTHOUIEHUWE YMCIIA YIUTHIBAEMBIX B pacuyeTaXx HEHYJIEBBIX

0
BKJIaJOB K ITOJTHOMY YHCJIY BKJIaAOB 3a BCC BPpEMA PCILICHUA 3aga4un tmax' BI/II[HO, YTO YMCJIO HCHYJIEBbLIX

BKJIaJJ0B HAMHOT'O MEHbIIIE MOJIHOTO YKcia BKIaaoB. ObpaTHas BeJInurHa 1/.S MoKa3bIBaeT, BO CKOJBbKO
pa3 yMeHbIIMICSI 00beM BerumciieHnit o popmynam (1.8) u (1.9). Kak BugHo u3 tabn. 1, naMepeHHOE
YCKOpEHUE pacyeTa CTaiuu pejaKkcaliy 3Ha4uTeJIbHO MeHbIIIe 1/.5, 4To 00bsICHSIETCS 3aTpaTaMu Ha OT-
0OOp BKJIAIIOB.

HpI/IBe,Z[CM CpaBHCHME paCyC€TOB IJIsA CBECPX3BYKOBOI'O TCUCHMA TIPpU M = 5. CriolIHbIe TMHUU HA
BCEX I‘pa(l)I/IKaX MOKAa3bIBAIOT JaHHbIE 0€3 OTCEUEHUS BKJIadOB, IMYHKTUPHBIC — OJII YPOBHA Zl' Ha

¢ur. 7 IpuBeIeHO II0JIe IUIOTHOCTU # — 1, a Ha ¢ur. 8§ — mone temneparypbl 7' — 1. Ha dur. 9—11 npu-
BEIEHBI pacIipelelieHus 0 JJIMHE TUIACTUHBI CKOPOCTU CKOJIBXEHMSI, TPEHUST U TIOTOKA SHEPIuU Ha

ruractTuHy. Kak u ist 1o3BykoBoro teyeHusi ¢ M = (0.5, noJisl Te4eHUsI TP YPOBHE OTCEUYEHUSI Z| U C
Y4ETOM BCeX BKJIAJOB MPAKTUYECKH COBITAIalOT. Peakiiny Ha MIacTUHY OTJIMYaroTCs B rpeneiax 1%.
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Ha ¢ur. 12 nanel rpaduky ymMeHbLIEHUS Yucia 00pabaThiBaéMbIX BKJIANOB R(f) I YpOBHEl Z|

(muTpuxoBast KpuBasi) U Z, (CIuionrHas Kpuast). B oTimane oT J03BYKOBOTO citydasi, YMCI0 HEHYIEBbIX
BKJIAJIOB PacTeT CO BpEMEHEM, OCTaBasiCh BO MHOTO pa3 MEHBIIIE TIOJIHOTO YMCIa BKIanoB. i1 ypoBHS

Z, BeJIMYMHA “uneaibHoro yckopenus” 1/S = 30, yto noutu B 3 pa3a 00jblIe pEAUTBHOIO YCKOPEHUS U3
Tabi. 1. [Tpocroit onTuMu3almeit oTbopa HEHYJIEBBIX BKIAI0B sIBJsieTCs olieHKa B (1.15) ToibKo ABYX

¢byukumii D, g v D, , npeanonarast, yto D, = Dy . . _, - Bpemst or6opa cokparaercs B 1.5 pasa.
JocTturHyTsle mpu 3ToM yckopeHus cueta st M = 5 u M = 10 ipuBeneHs! B Tabi. 1 B ckoOKax.

Ha ¢ur. 13 nokasana dbyukuust pacrpenenenust f(E,M,¢,x,y) wisi ¢ = h/2, x = 0.9, y = 0.1. Top6 Ha
rpadurke GYHKIIMU CIIpaBa COOTBETCTBYET HaOeraiomieMy IMOTOKY, JIEBBIl TOPO — OTpaskKeHHOM OT IT0-
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BEPXHOCTU PYHKLIMU. BUTHO, UTO B OOJIbIIIEH YaCTU CKOPOCTHOTO MPOCTPAHCTBA (PYHKIIMS pacripeie-
JIEHUSI OJ1M3Ka K HYJIIO, YTO OOBSICHSET IpeobiagaHre HyJIeBbIX BKIIanOB Ha ¢ur. 12.

AmnHanus pacueToB Iisi caydaeB M = 2 1 M = 10 mpUBOAUT K T€M XK€ BBIBOIAM: MUHUMAJIbHOE, B TIpe-
nenax 2% oTauuue pe3yabTaToB IJisl YPOBHS Z; Y TIPaKTUUYECKU MTOJTHOE COBMaNeHUe Uist ypoBHS Z,. Ha
¢ur. 14 s M = 10 naHo cpaBHEHUE MOJei TeMIepaTyphl, MOCUUTAHHBIX IIPU YPOBHE Z, (IUTPUXOBbIE
JIMHUN) 1 0€3 UCKIIIOYEeHUSI BKJIAAOB (CIUIOLIHBIC JIMHUN).

PaccMoTpuM o0TekaHUe TOTNEpeYHO pacloJOXEHHOU K HaberawpiieMy NoToKy, 66CKOHEUHOM T10
ocu z nockoi mactTuHbl Ipu M = 3 u Kn = 0.1. ITinactunHa pacronoxeHa rpu x = 0, HOTOK HaTeKaeT
cneBa. Ochb y = 0 gBisieTcsl TMHUEH cMMMeETpUU TeueHus1. Ha moBepXHOCTH TJIACTUHBI 3a1aHO OTpaXKe-
HYE MOJIEKYJI C MaKCBEJIJIOBCKUM paclpeaeeHreM Mo CKOPOCTU NP TeMIiepaType Haberawpluiero mo-
Toka. Lllaru mpocTpaHCTBEHHOI CETKM OKOJIO IIacTUHbI A, = 0.15A, h, = 0.2\. OcoOEHHOCTSIMU TeYE-
HUS SIBJISIIOTCS 3HAUMTEIbHOE MOBBIIIEHUE TNIOTHOCTHU Tepe MJIacTUHON U pa3peXkeHue ra3a ¢ ThUIbHOM
CTOpPOHBI. 3a MIACTUHOI BO3HUKAET BUXPEBOE TEYEHNE CO CKOPOCTBIO CKOJILXEHUS Ha MJIACTUHE, Ha-
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npaBjeHHO# BBepx. Ha ¢ur. 15 mokaszaHo 11oJie INIOTHOCTH, a Ha ¢ur. 16 — 1mojie TeMmiiepatypsl. I[1noT-
HOCTb YBEJIMYUBACTCS IIOUTHU B 4 pa3a B yIapHOI BOJIHE II€pel MJIACTUHOM U Pe3KOo I1afaeT OKOJIO OCHU
CUMMETPMHU TeUYeHUS 3a IacTuHoi. TemnepaTypa Bo3pacTaeT B yIapHOI BOJIHE 1 Pe3KO MajaaeT HeIlo-
CPEICTBEHHO 3a IUIAaCTUHOM. 3aTeM OHAa BO3pacTaeT I10 HaIlpaBIeHUIOX W MEHSETCSI HEMOHOTOHHO I10
ocu y. [leraibHOE CpaBHEHUE TOJIEH TEUSHMSI, IIOJIYUSHHBIX C IPUMEHEHUEM MCKITIOUeHUS BKIIA0B Ha
YPOBHE Z; U 6€3 UCKITIOYEHHS, KOTOPOE Mbl HE IPUBOAUM, MOKA3bIBAET MPAKTUYECKH MTOJTHOE UX COB-
naneHne. Ha ¢wur. 17 mokazaHa CKOpoCcTh CKONBXKEHMS Ha PPOHTAIILHOM CTOPOHE MJIaCTUHBI. Macira-
OOM IJIMHBI 30eCh BhIOpaHa JJIMHA CBOOOIHOIO Mpobera MoJieKy/ B HaberaroiueM rase. Pe3ynbraThl ajist
YPOBHSI OTCEUEHUS Z; U 0€3 UCKIIIOUEHUS] BKIIAAOB MPAaKTUYECKU coBNagaoT. CKOPOCTb CKOJIbXEHUS
Ha ThUILHOI CTOPOHE IJIaCTUHBI MpeacTaBieHa Ha ¢ur. 18. CrutonrHoi TUHUEN n300paXkeHbl pe3yib-
TaThl 6€3 UCKITIOUEHUS BKJIaJ0B, KOTOPHIE COBMANAIOT C AAHHBIMU JJ151 YPOBHSI OTCEYEHUS Z, IUTPUXO-
BOI JIMHUE NPUBEACHBI JaHHBIC 1151 YPOBHS Z; U IJIMHHBIMU IITPUXaMU MOKA3aHbl PE3YJIbTAThI 1151

ypOBHS Z,. B oTnnuue oT GpOHTAIbHOIT CTOPOHBI IUTACTUHBI, IPUMEHEHWE YPOBHSI OTCEYeHUS Z| NaeT

KYPHAJT BBIYMCIIUTEIbHONM MATEMATUKUW U MATEMATUYECKOM ®U3UKU  Ttom 63  Ne 12 2023



2044 YEPEMUCHH

0.145

0.140

0.135

0.130

0.125

0.120

0'1]5 L L L L L L L L L J
0 0.2 0.4 0.6 0.8 1.0

@ur. 10

0.072

/

0.068

0.064

0.060

0.056 L L L L L L L L L J
0 . . .

®ur. 11

CYLIECTBEHHOE pa3januuve pe3ylbTaToB. HeMOHOTOHHOE TMOBeIeHHE CKOPOCTU CKOJILXKEHUS MOXKET
OBITH PE3yJBTATOM OTPHIBA MOTPAHUYHOTO CJI0SI BOJIU3U BepXHell KPOMKHM U 00pa30BaHMS CIIOKHOTO
BUXPEBOTO TeueHus. 11 CIUIONIHOM Cpeabl SBIeHUe “CKPYYMBAHUSI” OTOPBABIIETOCS MOTPAHUYHOIO

CJ1051 B BUXPEBYIO CTPYKTYPY OKA3aHO Ha JAHHBIX 9KCIIEpUMEHTOB B [34]. ns ypoBHeii Z,, Z, u Z, Obi-
JIV TIOJTyY€Hbl YCKOPEHUSI cUeTa CTaAuu pesiakcallii COOTBETCTBEHHO B 5.5, 4 u 3 pasa.

Ha npumepe o6TekaHusI TONEPEYHOI TIJIACTUHBI Oblla UCITbITaHA BO3MOXHOCTb IPUMEHEHUS pa3-
HBIX YPOBHEI OTCeueHMsI BKJIAA0B B pa3HbIX 00JIACTAX (PU3UYECKOTO MPOCTpaHCTBa. bbuia BhlAeaeHa
MPSIMOYTOJIbHAsI 001acTh BOKPYT TutacTUHBI —0.05 < x < 2,0 < y < 1.15, nyoiiaab KOTOPOif COCTaBIsSIET
okoJio 15% ot obmactu penieHus 3agauu. B 3Toit o6macTu mpuMeHsiics ypOBeHb Z5, a B OCTAJIbHOI 00-
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JIACTU UCTIONB30BAJICS ypoBeHb Z;. [lomyyeHo yCKOpeHue cueTa CTaiuy peakcaly B 5 pa3 Tpu Moi-
HOM COBMAaJIeHUN C pe3ylIbTaTaMU PacyeToB NIPU YPOBHE Z; BO BCeil 001acTH.

Ha dwur. 19a—B uzo6paxena pyukius pacrpenenenus f(E,n,¢,x,y)npu¢ = h/2,x =-0.1,y = h,/2

B MOMeHTHI BpeMeHH ¢ = 0.3, ¢ = 3 u ¢ = 20. Enunuueit Bpemenu siBasietcst T = A/+/kT /m. Ha dur. 19a
BUIHBI MaKCBeJJTOBCKas (hyHKIIUS paclipeieicHUsl Haberalolero moToka u HeGoJbllioe MpPOHUKHOBE-
HuUe (crpaBa Ha U300paXkeHUM ) OBICTPBIX MOJIEKYJT, OTPaXKEHHBIX OT IJ1acTUHBI. Ha ¢ur. 196 nuzobpaxe-
Ha TMPOMEXYTOYHAasl CTaausl B3auMONEHCTBUSI Madalollero U OTpakeHHOTo IOTOKOB MoJjieKys. Ha
¢wur. 19B nmokazaHa cdhopMupoBaBilasicss QYHKLUS pacipeneacHus npu ¢ = 20, KoTopast He MEHSIeTCSI
Ha BceM BpeMeHu cueTta 10 ¢ = 60. Ha ¢ur. 20 mokazaHa ycTaHOBUBIIAsicsl QYHKLIMS paciipeae/ICHUS C
TBUIbHOW CTOPOHBI TUIACTUHBI TP ¢ = h/2, x = 0.1, y = h,/2. OHa CyIIeCTBEHHO OTJIMYAETCS OT PaB-

HOBECHOTO pacnpeneieHus. Bce nzoopaxkeHHble (PYyHKIIMM 3aHMMAIOT MaJlyl0 4acThb MPOCTPaHCTBA
CKOPOCTEH.

[TpuBeneM OTHOLIEHUE BPEMEH pacyeTa CTauK PEJAKCALUU . U CTAIUM AIBEKIIVH £,4, 3a TIEPUOL
peueHus 3aga4u. st TpoIoabHO PacoIOXKEHHOM IJIACTUHBI CPaBHEHUE MIPOBEACHO ISl YPOBHS Z,.
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Pacuer niig M = 0.5 ocyiuectsisuics Ha N, = 3604 y3nax ckopocTHoii cetku 1 N, = 75000 y3nax Ky-
0aTypHOIi CETKH, IOJyYEHO OTHOLIECHUE 1 . /1,4, = 3. PesyabraTel pacyera mist N, = 25000 ominyaror-
Cs OT NPENbLIYLINX MEHEE, YeM Ha 1% u naor ¢, . /1,4, = 1. lns uncen Maxa M = 5 u M = 10 ucnosb-
3oBanoch Ny = 8628 nu N, = 125000, Moay4eHo t, /%4, = 1.5. Pacuer o6Tekanuss HOpMaIbHOM K 1MO-
TOKY TJIaCTUHBI nposonuiica pu Ny = 7164 u N, = 250000. 11 ypoBHS oTceyeHUs] Z, MOJIYyYEHO
treo/tgy = 6. L5 pacyeTa anBeKUMM B CXeME CUMMETPUYHOTO PACUIEIIEHUS UCITIOIb30BAIach CXeMa
SHASTA (cM. [35]).

Takum o6pa3om, IpUMeHEHUEe KOHTPOJIS BKJIANOB B MHTETPAJI CTOIKHOBEHUI COKpalllaeT Bpems
pacyeTa cTaauu peakcaluu A0 BEJIMYUHBI, CPAaBHUMOI CO BpeMeHeM pacueTa aJIBeKIIUH.
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BbIBOAbI
IMpennoxeH crroco6 3HAYUTEIILHOTO COKpaIlleHUsT 00beMa BEIYMCIEHNM 1 MHOTOKPAaTHOTO YCKOpe-

HUS pacueTa MHTerpaja CTOIKHOBEHUI boJjibliIMaHa KOHCEpPBAaTUBHBIM MPOEKIIMOHHBIM METOIOM 03
notepu TouHocTU. CoKpallleHre 00beMa BEIYMCIEHIM JOCTUTAeTCsI 34 CUET UCKITIOUEHUSI TIPEHEOPEKM -
MO MAaJIbIX BKJIA0B B MHTETPaAIbHYIO CYMMY, He BIUSIIOLIMX Ha pe3ylabTar pacyeTa. JlaHa olieHKa BeJIu-
YU HBI MAKCUMAJIbHOTO YPOBHSI OTCEUEHUS BKJIaJ0B. Moan(ULIMPOBAHHBIM aJITOPUTM BbIUMCIEHUI CO-
XpaHsSIET OCHOBHBIE CBOIICTBa 6a30BOro MeToaa, 00ecneuynBalolie ero CTabMiIbHOCTL: KOHCEPBATHUB-
HOCTb, MOJOXUTEJIbHYIO OIPEIeICHHOCTh PEIIEHUs, PAaBEHCTBO HY/II0 MHTErpaja CTOJIKHOBEHUIA OT
MaKCBEJUIOBCKOM (yHKIIUU. B pa3HbIX yacTsIx hu3nueckoii 06J1acTu pelieHUsI MOTYT ObITh IPUMEHEHbI
pa3Hble YPOBHU OTCEeUeHUsI BKIanoB. Hauborblllee ycKopeHue pelleHust ypaBHeHus: bonbliMaHa go-
CTUTaeTCs MPpU OONBIIMX YMcsiax Maxa, YTO YaCTUYHO KOMITEHCUPYET ITOBHILIEHHYIO TPYIHOCTh €To pe-
LIEHUS JJIS CBEPX3BYKOBBIX TEUSHUIA.
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