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MOAEJINPOBAHUE HECTALUUWOHAPHbBIX NMPOLIECCOB

B rA30MNMPOBOOAX
B.U. lNaHgepos, CB. lNaHpepos

PaccmaTpuBaercs npodJieMa MOIEJIUPOBAHMS MEPEXOAHBIX MPOIECCOB
B ra3onpoBoJaX, BbI3BAHHBIX, B YACTHOCTH, PE3KHM 3aKPbITHEM PeEry-
Jupyomero knanana. Meroaom @ypbe HaiieHbl peuieHHs psaa 3a-
mau. IIpuBoasTCs pe3y/abTaThl BHIYMCJIEHMI [/ KOHKPETHBIX JKC-
ILUIyATAIMOHHBIX CHTYAIMIA.

B cucremax razocHabGXeHUsI BO3HMKAIOT CUTya-
MK, KOrjga I0 KaKOW-JIMOO TPUYMHE TOT WM WHOM
PEryJUPYIOLIMIA OpraH JOCTaTOUYHO OBICTPO 3aKphbIBa-
ercd. [1oHATHO, YTO 3TO MPUBOAUT K BO3HUKHOBEHUIO
MEPEXOAHOr0 IpOoLECcca, B BOASHBIX TEIJIOBBIX CETSIX,
HanpuMep, 3TO NEWCTBUE SIBIISIETCS COBCEM HeOe30-
MacHbIM M 4YacTO COIPOBOXIAETCS TaKUM SIBJICHHWEM
Kak TuapaBindeckuii ymap. IlostoMy mpencraBisieT
MHTEPEC BOMPOC O TOM, YTO KOHKPETHO MPOU3OUIET B
9TOM CJIy4ae B Ta30MpoBOJie, KaK, B YACTHOCTH, OyieT
M3MEHSTBCS JaBJieHWE B Pa3IMYHbIX TOYKAxX IO €ro
mmHe. KpoMe Toro, B aBapMiTHBIX CHUTYyalUsIX BO3-
MOXHO TOSIBJIECHME MMIYJIbCa BbICOKOTO JABJICHUS U3
MAarucTpaJbHOTO Ta30IpOBONA U PSII APYIMX COOBI-
mHii. Bo Bcex 3TuX ciy4asx B ra3oIlpoBOIax BO3HU-
KaloT HecTallMOHAapHBIE MpOLECCh. B ¢Bs3M ¢ 3TM B
paboTe paccMaTpUBAETCSl HECKOJIBKO 3aady MOJENN-
pPOBaHUsI MEPEXOJHBIX IPOLECCOB B CHUCTEMaxX TIa3o-
CHaOXeHMsI.

UzBectHO [1-5], 9TO HecTalMOHAPHOE TeUEHUE
rasa B Ta30IPOBOJIE YIOBJIETBOPUTEIHBHO MOXET OBITh
OIMKMCAHO CJEAYIOLIEWH CUCTEMOM YpaBHEHUM B 4acT-
HbIX TTPOM3BOAHBIX:

_OP _op-w) . pw!
Ox ar 2
oP_ 2 3p-w)
or ox

roe P(x,7), p(x,7), w(x,7) — COOTBETCTBEHHO AaB-

JieHWe, TUIOTHOCTh M CKOPOCTH TEUSHWA Ta3sa B TOUKE

X 7O JJTHHE Ia30IpOBOMia B MOMEHT BpeMEHH 7 ; A —

KOO (QUIMEHT THAPABIMYECKOTO TpeHUd; d — BHYT-

peHHHI JuaMeTp ra3onpoBoja; ¢— CKOPOCTH 3BYKa B

raze; L - HIMHZ paccMaTpUBAaEMOTQ y4acTka Tra3o-

TIPOBOJA.

Ycranosneno [1 u ap.], 9To 1 ATHHHBIX Fa30-

IPOBONOB ¥ B ciydae OONBIIMX IOTEPs Ha TpEeHME

MareMaTHiecKyro Monens (1) MOXKHO yHIpoCTHTB, OT-

,0<x<L,7>0;
ey

,0<x<L,7>0,

6packiBas WieH . Kpome toro, Monens Mox-

o(p-w)
or
HO [OOIIOJIHMUTENBHO JIMHCAPW30BaTh, [Iojiaras, 4ro

w
A 57 =k=const, TOTAa HECTALMOHAPHBIH Mpoliecc B

rasonpoBofie OyJeT OIMCHIBATHCS CIEHyIOmeH cHcTe-
MOW ypaBHEHUN:

OP(x,1)
-
_OP(T) _ 2 Pl T) wx7)

or Ox
Herpynno BHIeTh, 4TO IepemeHHBlE p(X,T),

=k-p(x, 1) wlx,7),0<x< L, 7 >0
2

,0<x<L,t>0.

w(x,7) MOTYT OBITH MCKJIIOUEHLI U3 PACCMOTPEHUS M
B 3TOM city4ae nasiaesue P(x,7) MOMKHO yIOBIETBO-
PATH CIEHYIOMEMY YPaBHEHHIO:

OP(x,7) ¢* &*P(x,7)

or k o’
NIO3TOMY B IeJOM 3ajada, KOTAa CYHTAETCHd, 9TO B
moGoM pexuMe NaBleHWe Hadvalle yyacTKa MOIHep-
JKHBAETCH 2BTOMATHIECKUM PETYIISTOPOM HA OJHOM M
TOM K€ YpoBHE Fy, a B KOHIIE 3TOT0 y4acTKa PeryJH-

E

pyiomuil KIanaH MTHOBEHHO 3aKphiBaeTcd, GpopManis-
HO 3aITUCHIBAETCA TAK:

0P(x,7) _c* 8°P(x,7)

,0<x<L,7>0; 3

ot k 8x2 ( )

P(x,0)=7(x),0<x<L; 4

P(0,7)=F, =const, 7>0; (5)

M:O, 7>0. 6)
ox

Btopoe rpaHuMuHOE YCNOBHE — ypaBHesue (6)
03HAYAET, 4YTO HA IPAaBOM KOHNE Ta30IPOBOAA, T.€.
npy x = L ©3-32 3aKpbITHA KJIallaHa CKOPOCTh [I0TOKa
Y ero pacXoi ZOIKHEI ObITH paBHBI HYITIO.
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[ mpusemeHusA 3aAa4M K pEIHaeMOMY BUIY
BBEJEM IepeMeHHyl0 &(x,7)=P(x,7)—F), Torza, Xak
3TO HETPYNHO BHAETH, 3aadya NEepervuIeTcs CNenyio-
muM 00pasoM:

86(x,7)_c* 8%6(x,7)

=, 0<x<L,7>0; (N

or k o
6(x,0)=f(x)~P, 0<x<L; (8)
6(0,7)=0,7>0; 9
90LT) o, 150, (10)

Pemas 3amauy (7)-(10) meronoMm pasnmeneHus
TIEpEMEHHEIX, HalileM, 910

© 2.2
ot
9(x,r)=z A, -exp(- e )-sin(yx),
=1

k

an

2 L . F 4 .
e 4 == Oﬁf(x)—msmmix)cbc; p= o @i).

W3BecTHO [6], YTO B CTALIMOHAPHOM pPEXKUME
JaBJIieHWe MO JUIMHE Tra30IMpoBoia pacrpenessieTcs mo
mapabose, OJHAaKO, KaK 3TO JOCTaTOYHO XOPOIIO W3-
BECTHO, 3TO pacrpelesieHue Ha MPAaKTUKe YIOBJIETBO-
PUTEJIBHO MOXET OBbITh anmpOKCUMUPOBAHO TPSIMOIA,
TO3TOMY TPU MOJIEIMPOBAHUHU MOJIarajiv, 4To

poy=p -2y (12)

rae P] JaBlicHUE B To9Ke Xx =L B Hauane nporecca.

B stom ciydae 4 :—ZZL—Z-—(P1 —Fy)sin(y;L) . Tlon-
7

qepkHeM, OaHaKo, 4To yciosuid (5) u (12) o3nauator,
YTO paccMarpuHBaeTCd 3agaya, Korga IepexXOmHsIi
nporiecc oOYCNOBAEH TOJILKO 3aKphITHEM KjlanaHa B
KOHIIe Ta30MpoBO/a, [aBIEHHE B €r0 Hadale, KaKuM
OHO OBUTO B CTALMOHAPHOM pexuUMeE, TaKuM OHO 0CTa-
€TCA ¥ B HOCJISYIOIE MOMEHTEI BPEMEHH.

Ha puc. 1 npuBeneHs! KpUBble U3IMEHEHHT [aB-
JICHAS 1O [UIMHE TasonpoBona; kpuead 1 — qna 7=0,

P10°,
Ia 6 4
§§ 3
53 \ ?
58 \1
57
5.6
0 500 1000 1500 Lm

Puc.1. PacnpeneneHve gasneHyst no oanHe ra3onposona
B Pa3nnyHbIE MOMEHTbI BPEMEHU

KpHBas 2 — o t=1, kpuBasy 3 — mA oA =2,
kpmBag 4 — mna r=3 ¢, mpu dtoM L =1800m,
d=0,325mm, 1=0,013, c=451m/c, k=0,176c7",
Py=6-10°Tla, B =5,7-10° Ta. 3Havenne xo3¢du-
IMEeHTa £ BBIMUCILIIOCH B COOTBETCTBUM C PEKOMEH-
garmaamu paboter [1 1 mp.].

Ha puc. 2 nmpuBedcHs! KpUBHIC W3MEHEHUS HaB-
JeHHs BO BPEMEHH B KOHLE — KpuBas | U B cepeluHe
ra3onpoBoja — KpuBad 2.

Kak sunno 13 puc. 1 ¥ 2, nepexoaHsIi npoliecc
HMEET anepHOAMYECKHH XapakTep, HUKAKHX «BbIOpO-
COB» [JaBNIEHHsA B JAHHOM clIy4ae He HabmoJaeTcs.

Teneps pacCMOTPHM CHEYIONIYIO 3aKaqy: Oynem
joaraTh, YT0 B MOMEHT BpeMeHH 7 =( 3aKkphIBaeTcs
KIanaH B KOHIIE YJacTKa, a B €r0 Hagale XaBJieHue
CKAa4KOM [OJHMMAETCA A0 YPOBHA B MarMCTpajibHOM
razompososie By . B srom chywae 3agady crnemyer

nepepemath NpH ycnosun, yto P(0,7)=F =const,
7>0, HAYaNbHOE pacTpeleNicHue NABNCHUA OCTACTCS

TIPEXXHAM ¥ ONHCHIBaeTcH ypaBHeHueM (12). Dopmyna
174 BerupcHenus 4; OyneT yxe Takol

2 . 2
4 =—— (A ~R)sin(y; L) +——(F - Pyr),
L #i L
a B HEJIOM JamieHue B moboH Touke ra3olpoBoia B
mo6oi MOMEHT BpeMeHH OyIeT BRIYHCAATRCS HO Clie-

IYIOMIEMY COOTHOIIEHIIO:

o ﬂz C‘2 r
; .
P(x,7) =PMI~+ZA,--eXp(-— P y-sinx). (13)
1=l
Ha puc. 3 npuBegeH rpaduk HW3MEHEHHA OaB-
JIEHUs BO BpEMEHHU B KOHLE YKa3aHHOTO Ta30IIPOBOAa
— KpuBasg 1 ¥ B ero cepeguHe — KpuBail 2 IIpH
By =4Mlla.
Kak BuzHO u3 puc. 3, iepexoaHbIN NpoUece Tak-
KE MMEET alepuonudecKuil XapakTep, HaBjieHHE BO
BCEX TOYKAX ra3zoNpoBOja IUIaBHO NOZHMMAETCA 0

ypoBHA By

P-10%, i 7
Ifa i i
| |
6 v; + : =
—— ] l
1
5,9 : l
/7 ‘
i
58 :
|
5,7 i
j i
0 2 4 6 8 10 P

Puc.2. KpvBble M3MeHeHWs1 AaBNEeHUsi BO BPEMEHU B KOHLIE
1 B CepeanHe rasonposoaa
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P, MIla I |
{
!
PR — ;

0 2 4 6 8 be

Puc. 3. KpuBbie U3MEeHeHHUA NaBrieHus BO BPeMEHHU
B KOHLe ¥ B cepeiuHe rasonpoeoaa npu Pyr=4 MMa

Jlo cux mop MblI Tojlarajiv, YTO paccMaTpuBae-
MBI ra30MPOBOJ MOXHO OTHECTU K KATErOpUU JJIMH-
HBIX Ta30IMPOBOIOB WJIU XK€ TMOTEPU HA TPEHUE J10CTa-
TOYHO BeJIMKW. PaccMoTpuM Terepb Ipyroit mpeaesb-
HbIA Cilyyaid, KOraa ra3ornpoBoj KOPOTKUM WIK TOTe-
pU Ha TpeHMEe IOCTaTOYHO Majbl. B 3TtoM ciyuae B
WCXOMHOW cucTeMe YypaBHeHUit (1) WHepUMOHHBIN

8(p-w) pw
ot

YIEH ClIenyeT oCTaBMTh, a A+—— MOXHO

otOpocuTs [1 7 1p.], TOrAa HecTalMOHAPHEIH TIpoLiece
B Ta30mpoBofie OyHeT OMUCHIBATECA Ciemyloulell cuc-
TEMOH ypaBHEHMH:

OP(x,7) _ Apo(x,7)-wlx, 7))

O<x<L,7>0

- (x,r):cz (p(x,r)-w(x,r)),0<x<L’T>0.
or Ox

HetpysHo BuUmeTh, 4TC TepeMeHHBIE O(X,T),
w(x,7) TaxKe MOrYT ObITh HCKIIOUYEHBI U3 PaccMOT-

pPeHMA A B 3TOM ClIydae HaBJICHHE HOJDKHO YIOBJIE-
TBOPATH CIICAYIOIIEMY YPABHECHHUIO!

*P(x,1) 5 8*P(x,1)
or’ me o’

k]

P-105,
a

6,4

62 i /\
\ K

2

58

i
i
i
i
H
i

5,6

o 10 20 30 b

Puc. 4. BonHOBOW NpouUEeCcC U3MEHEeHUs AaBneHns
BO BPEMEHW B KOHLLE 1 B CEpeaMHe ra3onposona

HO3TOMY B LI€JIOM 3adava, KOorJa CHWTaeTCda, 4TO B
moboM PEOXUME HABJICHUC Ha4dall€ YyYacTKa ToAuep-
KHMBACTCA aBTOMAaTHYCCKHUM PEryIsaTOPOM Ha OIHOM U

TOM Xe ypoBHE F,, a B KOHIIE 3TOTO y4acTKa Peryin-

pylomui KJamaH MTHOBEHHO 3aKphiBaeTcd, Oyner
[PEICTABIATLCSA CIECAYIOEH CUCTEMOH YpaBHEHUI:

*P(x,7) 2. *P(x,7)

,0<x<L,7t>0; 15

ar? o’ (13

P(x,0)=f(x),0<x<L; (16)

PO o 0<x<L: an
or

P(0,7)=F, =const, r>0; (18)

6_]’_(_%1_1_)_:0’ >0 (19)
ox

3mech TPOLIECC OMUCHIBAECTCS YK€ BOJTHOBBIM
YpaBHEHUEM C COOTBETCTBYIOIIMMU HayaJlbHBIMA W
TPAaHUYHBIMU YCJIOBUSIMU, TipudeM ycioBue (17) o3Ha-
YaeT, YTO B HayaJbHBIH MOMEHT BpeMeHU B JIIO0OI
TOYKE IO UIMHE Ta30IpOBOAa CKOPOCTh W3MEHEHHMS
JaBJIeHWs] BO BpeMEHU paBHA HYITIO, YTO BIIOJHE COOT-
BETCTBYeT AeiicTButesibHOCTU. Pernast 3amauy (15)-(19)
MeTonoMm Dypbe, HAILIHA, YTO

o sin(7r/2-(2i -1))
P(x,0)=Ry+2-(B-R)- ) ———
A TR

(21—t

xcos(c )-sin(z/2-(21-1)-x/L). 20)

Ha puc. 4 npuBeneHs! KpUBbIe H3MEHESHHUA TaBle-
HVS B KOHIIE — KpUBas | W B cepe/lHe Ta3ompoBoa —
xpuBas 2 mipu By =6-10°Ta u A =5,7-10°Tla ma
monemn (15)—(19).

Kak BuaHo u3 puc. 4, mpolece, kak ¥ cleloBalo
OKHUIaTh, KojeOaTenbHbBIM, NprYeM HauOOJbIImiA
«BBIOpOCY HaBNeHus HaOIOZaeTCs B KOHLE Ia3olpo-

BOJZA ¥ OH paBeH 6,3-10° Ta .

Ha puc. 5 moxaszaHo, kak pachpefensercs naB-
JIEHHE TIO JUJIMHE Ta30pOBOJa B PA3IMYHBIE MOMEHTHI
BpPEMEHH IIPY ONHCAHMH SBJIEHHUSA BONHOBBIM ypaBHE-
gueM: kpuBasg 1 mng rv=0c, xpuBas 2 mig =S¢,

KpuBas 3w 7=8c.

P-10%,
Ila
6.6

6.4

6.2

5.8 1
| T
5.6 !

0 500 1000 1500 Lm

Puc. 5. UameHeHnsa gaBneHusa no gaMHe rasonposoga
B BOJIHOBOM npouecce
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[NoHsiITHO, 4YTO peabHBIN TpOIeCC 3aHUMAaeT
TPOMEXYTOYHOE TIOJIOKEHUE MEXAY IBYMS PacCMOT-
PEHHBIMU TIpeNebHBIMU cydasmu. [loatomy, yuu-
ThIBas MOJYYEHHBIE PE3YJIBTATHI, JOCTATOYHO OOOCHO-
BAaHHO MOXHO 3aKJIIOUWTh, YTO PEaJIbHBIA Mepexol-
HbI Mpoliecc, 00YCIOBIEHHBIN 3aKPbITMEM KJlalaHa B
KOHLIE Ta30MpoBOJa, OYEBUIHO, UMEET BUJ, 3aTyXaro-
MX KoJiebaHui, HanboIbllasi aMIIUTYIa KojiebaHUii
HaOJIIOaeTCsl HEMOCPEACTBEHHO Y CaMoro KijamnaHa,
OJTHAKO yBeJIMYEHUE AABJIEHUSI HE CTOJIb OOJIbIIOE, KaK
9TO UMEET MECTO MPU TUIPABIUYECKOM ymape B Ka-
TeJIbHOU XUIKOCTH.
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