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C nmoMombi0 METOJIOB MEXaHUKH pearupylomuXx MHOTO(a3HBIX cpen
pa3paboTaHa TpexMepHas HeCTAIMOHApHAs MaTeMaTHdeckas MOJEIb
BO3HMKHOBEHHMS M DPa3sBUTUS MOKapa B 37aHMU. PaccmatpuBaetcs
JIBY X3 TaXKHO€ 3JaHue. VICTOUHHMK TrOpeHMs pacIHoJIOKEH Ha IEPBOM
sTaxe. ['MapoamHamMuyeckue Mpolecchl NEpeHoca OMUCHIBAIOTCA C
MOMOIIBIO ypaBHeHHN PeliHobACa Wit TypOyJIeHTHOTO TeueHus. J{is
omMcaHuA TypOYJNCHTHBIX XapaKTepUCTHK HCIIONB3yeTcs: k-g-MoJenb
TypOyneHTHOCTH. Pactpenenenue moneil Temmneparypsl B KOHIIGHTpa-
M KOMITOHEHTOB Ta30BOH (ha3bl OTpEaeIIoTCS U3 YpaBHEHHUIT HE p-
ran 1 gudy3un. YIuTsIBaeTCs IMepeHOC SHEPTHH H3IydeHneM. [laH-
Has MaTeMaTHdecKas MOJCNb MOKET OBITh MCIIONB30BaHa I IOJTY-
YEHUS! IPOCTPAHCTBEHHBIX PACIpPEACICHU N MOJIEH CKOPOCTU, TeMIIe-

paTypbl ¥ KOHIICHTpaluii KOMIIOHEHTOB Ta30BOH (has3bl B pa3MYHEIC
MOMEHTHI BpeMeHH. Ha ocHOBe aHam3a MOJIydeHHBIX JAHHBIX OIIp e-
Jensercss BpeMsl OJOKMPOBKH 3BAKyaI[MOHHBIX IyTeH W3 3JaHHS.
IIpenctaBnenHass B paboTe MaTeMaTWdeckas MOJEIb MOXKET OBITh
WCIIOJIb30BaHa 11 3JaHUIl U COOPYKEHHM, UMEIOIUX CJIOKHYIO Teo-
METPUUECKyI0 KOH(PUTYPaIHIO.

HHUEC TOPOACKHU X ITOKAPOB.

Koroue BhIe cjoBa:
T'oponckoii moxkap, MaTeMaTUIECKasi MOENb, TeMIIEpaTypa, KOHUCHTPaLKsl, YHUCIIC HHBI 1 METOI,

ITpu ompeneneHuH MOXKapOOMACHOCTH 3/1aHUH U COOPY)KEHHH HEOOXOIMMO PacCUUTBIBATh
BpeMsi OJIOKHPOBKH 3BAKYyalMOHHBIX MyTEH M HEOOXOIMMOE BpeMs 3Bakyalmu moxacii [1-4]. B nHa-
CTOsIIIee BPEMS JIs ONpPEICTICHHS ITHX XapaKTEPHCTHK, KaK MPABIIIO, UCTIONb3YIOTCS PHOJIIDKE HHBIE
METOJUKH, KOTOPHIE MOT'YT 1aBaTh HETOUYHBIE JAHHBIEC, OCOOEHHO 11 OObEKTOB, UMEIOIIHNX CIOXKHYIO
CTPYKTYpY [2—4]. B cBsi3U ¢ 3THM HanOosee NIEPCIICKTUBHBIM SIBJIICTCSI PUMEHEHHE MAaTEMaTHICCKHIX
Mojieliel TokapoB B noMelieHusax. C MoMOIIbI0 3THUX MOesield MOTYT OBITh TIOJMYU€HBl pacrpesieie-
HUSl TEMIEPATyphbl M KOHLE HTpaLliK KUCJIOPO/ia U NPOJYKTOB I'OPEHUS B pa3INdHbIE MOMEHTHI BpeMe-
HU B paccMarpuBaeMoi TpexmepHoi oonactu. HanpuMep, mpu oM oIy nporpaMMHOTO obecTiedeHUs
PHOENICS [5]. Ha ocHOBaHHMHM 3THX JIJaHHBIX JIETKO OTpeIesieTcs] BpeMsi OJIOKUPOBKU 3BaKyaIvo H-
HBIX MyTEH.

Lenbto nanHoil paboTHI sBIsETCA pa3paboTKa MareMaTHIecKOM MOJEIH Mokapa B MoMelie-
HUM JIJIs1 pacyera MpoCTPaHCTBEHHOTO pachpeieeHns MoJie i TeMIepaTypbl ¥ KOHIIE HTPaIlii KOMIIO-
HEHTOB I'a30BOM (pa3bl B pa3IMuHbIe MOMEHTHI BPEMEHH, TI0 KOTOPHIM MOKHO OTIpEIeTIUTh BpeMs 0J10-
KUPOBKH 3BaKyallMOHHBIX IyT€H U TEM caMbIM OLIEHUTH O€30MacHOE BpeMs IBaKyally JIOeH U3 JaH-
HOT'O TIOMETIECHUHS.

PaccmaTpuBaercs aByxataxHoe 31anue (puc. 1) ¢ pasmepamu 10x10x6 m. Ha nepenneii ctene
(mwtockocts YOZ) B yriy (B komre ocu QY), rae mepeceKarorcs IWIOCKOCTH, PacIoioXKeHa JIBEpPb.
Nmeercs necTHuia Ha BTOPOHM 3Tak. BHyTpu moMelneHus, B IEHTPE MEPBOrO 3Taka, PacTONOkKeH
oyar TerioMaccoBblIeIeHus (odar ropeHust). B TaGi. 1 npeacTaBieHsl reoMeTpHuEeCKHe pa3Mephl 11o-
MEIICHUS U PACIIONIOKEeHHe oyara ropenus (puc. 1).
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Tao6mua 1. ['eomeTpruueckue pasmMepsl ABYX3TaKHOTO TOM EIICHHS

Hammenosarme Pasmep mpeameta, M | MecTto pacnosioxxeHus npeaMmeTa, M

mpemMeTa

x Y z X z

JBEPh 0 1 2 0 0

odar ropeHust 1 1 0,5 4,5 4,5 0

JICCTH ML 9 1 3 0

necTHHIA 2 1 1 3 0

2 3Tax 10 9 0 3

BEHTH JISALM 5 1 1 0 4,5 4,5 6

Puc. 1. J/IByxaTaxkHoe 3/1aHue

HeoOxommmo HaiiTu pacrpe/iesieHie TeMIIepaTyphl, KOHIICHTPALMU KUCJIOPOAa U MPOTYKTOB
TOpeHMsI IIPH TM0Kape B MOMEIIECHUH B PAa3JIMUHbIE MOMEHTHI BPEMEHH U HA OCHOBAHHMM 3THX JaHHBIX
OIpeIeNNTh BpeMs OJIOKMPOBKHY 3BaKyallMOHHBIX TMyTel. J[is perieHns mocTaBieHHOH BBIIE 3a1a9U
UCIIONB3YyeTCs cucTeMa quppepeHIHaIbHBIX YpaBHEHNH, BRIPAKAIOIINX 3aKOHBI COXpaHEHUs MacCChI,
HMIIyJIbCa, SHEPTUU M KOHIIE HTPAIMA KOMIIOHEHTOB B paccMmaTpuBaeMoi obactu (nomeinerue) [6,
7]. MateMaTruecku JaHHASI 3a/1aua CBOIMTCS K PEIICHHIO CIICYIONeH CUCTeMBbl TudepeHImMAITb HbIX
ypaBHeHuHi (1-6):

%+Z(pu) 0 i j=123 o)

2 (pu)+ ,(p““)“aa_z aT‘pg" @

rae Vij =H %JFZLX: g Zu S, ,,={t"i;jj (©)
- (phu) = 22+ (25 - 54 ()
—(pvk>+—1(puvk) a‘j pD% 4, ©
p= pROT%l\tl_i . §=(00,9). (6)

B npescraBneHHOH BbIlIE CHCTEME YPaBHEHHUH HCTIOJIB3YIOTCA ClIeyIoNme 0003HaeHus: t, X;
— BpeMeHHasl M MpPOCcTpaHcTBeHHbIe KoopauHaThl (I = 1, 2, 3); U; — MPOEKIUH BEKTOpPa CKOPOCTH Ha
COOTBETCTBYIOIIME OCH JICKapTOBOW CHUCTEMBbl KOOpIMHAT, P — naBieHue; 7 — TeMIleparypa;
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h — sHranemst; g — yckopeHre cBOOOIHOTO majieHus; Ry — yHUBepcasibHasl ra30Basi MOCTOsHHAS; My —
MOJICKYJISIPHBI i BeC K-KOMIOHE HTBI; p — IUIOTHOCTH ra30BOi (ha3bl; i — KOIPDUIMEHT THMHAMUYECKOM
Bs3KOCTH; A, D — koapduipeHTs! TEIIONpOBOAHOCTH U AUPDY3UH; Cp — YACIbHAS TEIVIOEMKOCTb IPH
TIOCTOSIHHOM JIaBJI€HUHM; (] j — KOMIOHEHTBI BEKTOpa IOTOKA TEIUIOBOrO M3Iy4eHus; Y, — MaccoBble
KOHIIC HTpaIi K-KOMTIOHEHTBI. B CBsI3u ¢ TeM, 4TO TeueHre TypOyJIeHTHOE, UCTIONb3yeTCs KOIPhu-
[UEHT TypOYJIEHTHOH BA3KOCTH Vi ¥ KOODPHUIHMEHT TYpOYICHTHOH TETUIOIPOBOIHOCTH Ay

Mt 1,12
Vt:_zcuk |,/1t.=,utcp, (7
p
rie k = U{U{/Z — TypOyneHTHasi KHHETHYeCKas OHeprus; | — IJIMHA TyTH CMEIICHHS;

PN
C, — koHcTaura. 1o ananoruu ¢ TypOyJIEHTHbIM TEPEHOCOM HMMITyIIbCA, TIOTOKU CKAJSPOB uh' u

U{Yk' MOJIEJIUPYIOTCS C TIOMOIIIBIO JOMYIIEHMsI O TpaiueHTHO U Aud py3 uu:
—uY, =T, ai (8)
X,
rrne [k — KoapupeHT TypOyIeHTHOr 0 IepeHoca, COOTBETCTBYIONMIA CKasipHoi pyHKkmn Y. 31ech
B HESIBHOW (popMe BBOIUTCS JOMYIICHUE 00 M30TPOITHOCTH TYPOYIIEHTHOCTH MO BCEM HATPABIICHUSM.
IIpennonaraercs, uro koddduipent neperoca ['y 1t cKamapHBIX (YHKIMA paBSH OTHOIICHHIO TYP-

1%
OyJeHTHOH BA3KOCTH K TypOyieHTHomy uuciy Ilpannrna I, = —L . VpaBHenue 171 TypOy/NEHTHOI
t
KHHETHYeCKasi SHeprust K 3ammiercs B BUze

o, .« _ 0 ,_ o | n
Z(PK) + T —(pk) = — || 2t +
8t(p) .ai(p) u

ok ou, U \ot;
axi Ok 8Xi

_ T
| —+ = L _pe.
e oxj 0% | oX; PPO; prox. o O

YpaBHeHHe I TUCCHNAIMHU TypOYJICHTHOW KMHETHYECKONW YHEPTHH £ 3alMChIBACTCS B Clic-
JYIOIIEM BHUJIE:

0 ,_ o | oe € _g?
—Pe)=—|| —+n | |[+C (G +Gp)-Cop— |
axi axl G, 8X| k k
rne 6y, 0., C;, C, — sMmmupraeckue KoHCTaHThl, a Gy I Gg — reHepammst TypOyJie HTHOCTH 32 CUET BBI-
HY>KACHHOH M ecTeCTBeHHOM KOHBeKuuu [S]. s onmucanus nepeHoca SHEPruu M3IyUYeHHEM ypaBHE-
HHE MMEET Crleayromiuii By [5]:

dl Eg ks i ’ '
—=—(k, +k)I +k, —+—= | P(Q,Q)I(QY)dQ
T A4Amy, :

%(58) +0; (10)

ds (12)

rac | — 'HTEeHCHUBHOCTH paauanoOHHOI' O M3JIYUYCHHA B HAIIpaBJICHUU Q, S — pacCTOsIHMC B HANPaBJICHUH

4
Q;E;=c Tg — SHeprusl, m3My4aeMas aOCOIOTHO YEPHBIM Ta30M TPU TeMIepatype ra3a Tq; K 1K —

ko3 e HTBI orTomeHus u paccestams; P(Q, Q) — BepoATHOCTH TOTO, YTO M3JIyUYCHHUE B HATpaB-
JeHnn ' Mocje paccestHust OMAeT B TeJecHblid yroy d() B Hanpasnennu Q. [Inst nonydeHus: uHTe-
TPaJIbHOTO TOTOKA TEIIOBOro M3ydeHmst ypaBHeHHE (11) MOmKHO OBITH MPOMHTETPUPOBAHO 10 BCEM
HaMpaBJIECHUAM | JJIMHAM BOJH. J[711 OONBIIMHCTBA MPaKTHYECKHX 33/1a4 TOYHOE aHAJIMTHYECKOE pelle-
HUE TIOJIyYUTh OYeHb CJIOKHO, TAK KaK B MAaTeMaTHYECKOW MOJICJIN YUUTHIBAIOTCS (PU3UKO-XIM Y ECKHE
HPOLIECCHI, ¥ II03TOMY HCTIONB3YIOTCS MPUOIIIDKEHHbIE YHCIICHHbIe MeTonbl. Hampumep, B JaHHOU 1MO-
CTAaHOBKE 33/1aul HEOOXOIMMO MOZIEIMPOBAHNE MPOLIECCOB MEPEHOCA W3ITyUEeHHsI IPH TOPEHMH [5].

B nannoii pabore pa3paboTana MareMaTHdeckast MOJIEb 33/1a4l O BO3HUKHOBEHUH M Pa3BUTHH
ToYkKapa B IBYXATa)KHOM 3/IaHUH, C TIOMOIIBIO KOTOPOH OTPEIEISIOTCS POCTPAHCTBEHHBIE pacIipe/ie-
JICHUs TEMIIEPATypbl M KOHIICHTPAIMii KOMIIOHEHTOB Ta30Bo# (a3sl (Hampumep, CO u Kucimopoaa) B
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pa3inuHble MOMEHTHI BpeMeHH. Ha 0CHOBE 3THX JAaHHBIX MOXKHO ONPEAEIUTh KPUTHIECKOE BPEMsI 110
Ka)KIOMY U3 OTIACHBIX (PAKTOPOB MOXKapa Kak BPeMsi JOCTIDKEHUS STUM (paKTOpoM MpeesbHO J10ImycC-
TUMOTO 3HAYEHUS Ha MYTAX dBakyalud Ha BeicoTe 1,7 M ot mona. [IpenynoxkenHas B pabore maTtema-
THYECKasi MOZIEJIb TIO3BOJISIET YUUTHIBATh HEOTHOPO HOCTH U J1aeT OoJiee TOUHbIE JaHHbIE I ONpe/e-
JIeHUs1 BpeMEeHU OJIOKMPOBKH IMyTei 3BaKyall 10 CPAaBHEHUIO C MPHOJIIDKE HHBIMU METOAMKAMH, UC-
NoJIb3yeMbIMU Ha mipakTuke [1-4]. Mcnons3oBanue nporpammHoro odoecneyennss PHOENICS [5], o-
3BOJISIFOILIETO C TIOMOIIBIO TPa(hiIecKOro peakropa MmocTpOUTh NPAKTUYECKHU JTI00BIE TeOMETPHY ECKHE
KOH(Urypamuy 37aHAH W COOPY)KCHUH, JaeT BO3BMOXHOCTH TMOJYYHTh YHCJICHHOE pelieHue (Ipo-
CTPaHCTBEHHBIC pPaCIpE/ICNICHUs TMOJIeH TeMIepaTypbl, CKOPOCTH, aBICHU, KOHLICHTPALUNA KOMIIO-
HEHTOB Ta30BOH (a3bl B MFOOBIE MOMEHTHI BpeMEHH) IS TIPEJITIOKEHHON MaTeMaTHIECKON MOJIeIH 32
JIOCTATOYHO KOPOTKUH MPOMEKYTOK BPEMEHHU.

Ha ocHoBe mMoydeHHBIX aHHBIX MMEETCS] BO3MOKHOCTb, HATIPHUMED, ONpPEAEIUTh Bpems OJo-
KMPOBKH IyT€H 3BaKyallid, a TAKXKE MpPOCIEAUTH 3a JaJbHCWIIMM M3MEHEHHEM pacHpelelICHHH
¢GyHKIMI B 10001 TOYKE 37aHUSA C TEUCHHEM BPEMEHH, YTO TMO3BOJIMT NMPUHUAMAThH ONEpaTHBHBIC pe-
ILIEHUS B MPOLIECCE YPE3BbIYANHON CUTYLIUU.
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