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HEN30TEPMUYECKOI'O TEYEHUS ITOJIMMEPHOII
ZKNJIKOCTHN B KAHAJIE C QJIJINIITTNYECKVM
CEYEHUEM

B.B. CEMuca/sioB'"”, 1.A. BYTOEII, AND JI.I. KYTKUH

Abstract: For equations of the rheological mesoscopic Vinogradov—
Pokrovskii model the boundary value problem is formulated that

describes non-isothermal Poiseuille-type flows of a viscoelastic poly-
mer fluid through the channel with the elliptic cross-section under

the condition that the pressure gradient and the temperature of
the channel’s wall undergo rapid (impulse) changes. To solve the

problem, we develop the numerical algorithm based on the colloca-

tion method, the application of polynomial and rational approxima-
tions with respect to spatial variables and of finite-difference scheme
for the time marching. The analysis of distributions of the fluid’s

velocity and temperature in the channel, as well as, of the time

dependencies of fluid’s flow and mean temperature is performed.

The critical relations between the amplitudes and durations of
impulses of the pressure gradient and of the temperature are compu-
ted. They are those values surpassing which leads to the divergence

of the numerical solution that, as we suppose, can be associates

with the destruction (the stability loss) of a Poiseuille-type flow.
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1 Bseaenue

MogenupoBatne 1 pacuéT Mya3eiJIeBCKUX TEUEHUH BAZKOYIPYTHX TOJIU-
MEPHBIX YKUJIKOCTEN TPEICTABJAI0T aKTYa bHYI HAYUHYIO 337a9y, CBs3aH-
HYIO C Da3BUTHEM COBPEMEHHBIX TEXHOJIOIHIT SKCTpy3un u mevdaru |1, 2|. Ox-
HO¥ W3 OCHOBHBIX MPOHJIEM B 3T0il 00/IacTU ABJISIETCA MATEMATUIECKOE OIU-
CaHUE MPOoIeCcCa NOTEPUA YCTONYUBOCTU TEUCHU, CBA3aHHON C HEJIUHEHHBIMA
sacdbdekramu. B paborax [3, 4, 5| BiepBbie IpeIozKeH U arrpoOUPOBaH MOIXO]
K PEIeHu0 3TOi pobiieMbl Ha OCHOBE aHAJIN3a Pa3PYIIeHus peleHus a1ud-
dbepeHIIMaIBLHON 3a/1aU1, ONUCHIBAOINIEH TeUYeHNs TOJUMEPHON YKUTKOCTH B
paMKax PeoJIOTHIECKOi Me3ockonuaecKoii Moenn [6, 7]. Ilox paspymennem
PEIeHns 3/1eChb U Jlajiee [IOHUMAETCsl CUTYaIust, KOT/Ia [IPU U3MEHEHUH [1apa-
METPOB MOJIEJIH U/ UK C TeIeHNEeM BPEMEHHU KJIACCHIeCKOe PEIIEHNEe PACCMAT-
pUBaeMbIX ypaBHeHUil mepectaér cyiecTBoBarh. [logaxon ocHoBan Ha JOKa-
JU3AMAA OCOOBIX TOUEK AHAJUTUIECKUX MPOIJOIKEHUH MCKOMBIX PEIeHUt,
KOOPANHATHI KOTOPHIX B KOMIIJIEKCHOM TIJIOCKOCTH 3aBUCST OT BpeéMeHn 1 OT
mapaMeTpoB Mogenn. Beixon ocoboit TOukm B 0BJIACTH TTEPEMEHHBIX 3a0ATN
o3HavaeT paspyurenue perrennsa. Ha ocHoBe Takoro moaxofa B YKA3aHHBIX
paborax ompemesieHbl KPUTUIECKAE COOTHONIEHUSA PEOJIOTHIECKUX MTapaMeT-
POB HW I'paJueHTa JaBJIeHUd B KaHaJle, IPU KOTOPBIX PEIIeHre Pa3pyliaeTc.
TIpeackazanmus 0 COOTHOIMEHNIX KPUTUIECKUX 3HAYeHui yucaa Pefinoabaca
Re u wmcna Baiicenbepra W — ux obparHas TpOMOPIMOHATIBHOCTD, TOIY-
YeHHbBIE TTPY UCIOJIB30BAHUYT HOBOTO MOAXO0A, COTJIACYIOTCI C Pe3yaAbTaTaMu
9KCIepUMeHToB u3 8, 9].

Hy}KHO 3aMETUTh, YTO JJIsl IPDUMEHEHN D YKA3aHHOTO ITOAX0Ja B IIPUJIOZKE-
HugX TpedyeTcd paccMoTpersh 00jiee C/IOKHBIE MOCTAHOBKU. BakHbIM (haK-
TOPOM IIPH ITOM SIBJISIETCS YUET JUCCUTIAINN KNHETUIECKOI SHEPTUN KN JKO-
CTH M TEIJIONEPEHOCA MO BO3EHCTBIMEM PE3KOro (MMITy IbCHOIO) M3MEHEHUsT
TeMIIepaTyphbl CTEHKH KaHaja WIu TpajueHTa jgasjenus. [logobubie Bo3meii-
CTBUS TIPUBOJSAT K CA0XKHOMY BSI3KOYIPYTOMY B TEPMOMEXAHUIECKOMY OT-
KJIUKY TIOJIUMEPHOHN CUCTEMBbI, KOTOPBIiL sIBASETCS CYIIECTBEHHO HEJTMHETHBIM
u HecTannoHapHbIM. VccmemoBanne Takux 3peKToB 11 ME30CKOTTHIECKOTO
KJacca Mojeseil Ha JaHHLIA MOMEHT OTCYTCTBYET.

[Ipencrasnennas pabora HallesieHa Ha BOCIOJHEHHUE 3TOTO npobesa. Hu-
Ke JJIs ypaBHeHuil Mezockonmdeckoit mojesan llokposckoro-Bunorpamgosa
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copmy/inpoBana 3a/1a4a 0 HEM30TEPMUYECKOM TEYEHUU 11ya3€iJIEBCKOI'O TH-
IIa BHSKopryI‘OI'?I HOJ'[I/IMepHOfl KNIKOCTHU B KaHaJie C JIJIMIITUICCKHUM CeYe-
HUEM TI07] AeficTBIEM pPe3KO MEHSIONIEToCs IPaIneHTa JaBIeHNd U TeMIepa-
TYPBI CTEHKM KaHajga. JL7sa permeHus 3ajady MpeioskKeH aJTOPUTM, OCHO-
BaHHBIN Ha METO/Ie KOJJIOKAIUHN, TPUMEHEHUN MOJTMHOMUAATBHBIX U JTPOOHO-
parnuoHaIBHBIX OapurienTpudeckux uaTepnossitmit (JIPBU) [10, 11| u pas-
HOCTHBIX CXEM TI0 BPEMEHU B KOMOWHAIINN C UTEPAIUAMU 110 HEJUHEHHOCTH.
Ormerum, gro npumenenue JIPBIW u cnenumaibHBIX 3aMeH MEpPEMEHHBIX B
paMKax Hallleif paboThl IO3BOJISIET AJIAIITUPOBATL METOJ K OOJIBIINM T'DaJIn-
€HTaM peIlleHnii, BO3HUKAIOMNM Y CTEeHKN KaHaJIa, KOTOPbIE, KaK MBI CUH-
TaeM, CBSI3aHBI C HAJUYIUEM OCOOBIX TOUYEK Y AHAJUTUIECKOTO TPOJIOJIZKEHUST
perienns. B pe3ynbTaTe A7 KaXKA0TO PACIETHOTO PEKNMA € BLICOKOM cTere-
HBIO JIOCTOBEPHOCTHU YJIAETCs OIPEJIETUTh, OYIeT Jii PEeIlleHne CyIIeCTBOBATD
JOCTATOTHO JOJITO TOCJTe UMIYIbCa FPaJueHTa JABJIEHUs U TeMIepaTyphl,
WA IPOU30UIET ero pa3pyIlleHue.

Takme pacdéThl TO3BOITIOT ONPEIENNTb KPUTUIECKTEe COOTHOIIEHNS 3HAa-
YEHUIT aMIUINTY U TPOJAOIKUTESBHOCTEH NMITYJIBCOB, KOTOPBIE XapaKTepH-
BYIOT TIepexos K 00J1ee CJA0KHON HEermya3eilieBCKON U Xa0THIHON JTUHAMUKE.

2 IlocTanoBka 3ama4n

Ucnons3yst ypasHenusi mexanukn »xujakoctu [14, 15, 16], mononHenubie
peosIOrnYecKuME cooTHOMeHns M u3 [6, 17|, cnemyst [18], 3ammmem ypas-
HEHUsI peonozuneckoltt meszockonuueckolt modeau Iloxposcrozo—Bunozpadosa,
KOTOpasi OTMMCHIBAET HEM30TEPMUIECKIE TeUeHNs HEeCKUMAEMON BA3KOYITPY-
roil IOJIMMEPHO KUJKOCTH. DTU ypaBHEHMsT B Oe3pa3sMepHOM BHUJIE B JleKap-
TOBOIl cucreme KOOpAMHAT (X1, T2, T3) UMEIOT BU/I:

divu = 0, (1)
du
T +VP= PTdw(yn) + (Fr 2 — Ga(Y — 1))e,, (2)
da” ou; 8uj 1 [(Ou; Ouj ]

T 7 s = 17 37 3
Zaxl < Oy W<8$j+8xz>+£] b )

v 1
— =_(AY Y. 4
dt  Pr ( +Ca ) )

3iechb t — BpeMst; U1, U2, U3 — KOMIIOHEHTHI BEKTODPA CKOPOCTH YKUIKOCTH
u, P — namnenwe;

aij,%,7 = 1,2,3 — KOMIIOHEHTBI CUMMETPHIECKOTO TeH30pa aHm3oTponnu II
BTOPOTO PAHTa;

div(YI) = (div(Yay), div(Yaz), div(Yag))? - Bexrop;
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ay, ag, ag — cronbupl cummerpuyeckoii Marpuisl I = (a;;) = (a1, a2, a3);

T
Y = T T — remmeparypa, Ty = 293.15 K=20° C — Temmeparypa OKpyxKa-
0
IOIIEH Cpesibl,
aij | k(ai + a2z + ass)
Lij = (VZ\; + 3

aij "‘rB(ai»aj)) /To(Y), i,j=1,2,3;

k=k—8 k p(0<p < 1) — deHOMEHOTOITICCKIE TAPAMETPHI MO-
JIeJTH, XapaKTepU3yoIe BKJIAIbl, CBA3aHHbIE ¢ aHU30Tponueil (Besnanta [
YAUTHIBAET OPUEHTAIMIO MAKPOMOJIEKYISPHOIO KIyOKa, Yucao k — ero pas-
Mephl), HUKe, caeaysd [19], momaraem k = 1.23;

J(Y) _v-1
Fo=7o(Y) = ol J(Y)=exp(—E :
o =Tul) = T3, 90) = exp(<Eat 3 );
l
Re = 'Ouf — uamcyio Peitrosbaca; p(= const) — mI0THOCTE CPeb;
"o
W =10 wH ancyio Beiicenbepra;

l

N, To — HadasIbHBIE 3HAUEHHs CIBUTOBOI BA3KOCTH W BPEMEHHU DesIaKCalluH
npu T = Ty;

& — muccunarveHas GyHKIUs (€€ BhIpayKeHwe mpuBegeHo B [18], cm. Tak-
JKe BayKHbIe KOMMEHTAPUH 110 TIOBO/Y TEPMOJIUHAMUIECKON COTJIACOBAHHOCTH
Mozesn Bo BBegenun crareu [20]), Cy — koadbdUIumenT quccunanum ypasHe-
HUSI TEIIONPOBOHOCTH (4);

82 82 82
A= 922 + a—yz + 92 omeparop Jlamnaca;
d 0
prilen + (u, V) — mosiHast IpOU3BOIHAS 10 BPEMEHTH;

Ga = Ra/Pr, EA = Ep/Tp;

nocrosiaable Ra (wawmcno Pasest), Pr (vmcno llpanaras), Fr (vucio ®pyna),
E4 (sueprust akrupanuu) onucasbl B 14, 6], ©X 3HAYEHUA, COOTBETCTBYIO-
IIie PACCMOTPEHHOIT ITOCTAHOBKE, YKa3aHbl B IPHIOKeHHH cTaTel [18], e —
eJIMHUYHBIN BEKTOD, OIPE/IeJISONNi HAIIPABIEHHE CUIbI TAZKECTU (3213 1uM
ero IPOTUBOIOJIOKHO HAIPABJIEHHBIM C OCBIO X, PUC. 1).

Hasee st KOOPMHAT UCIOJAb3yeM 0003HaYeHus T, Y, 2 (¥ = T1, Yy = T2,
z = x3).

Cucrema (1)-(4) zanucana B 6e3pa3sMepHOM BUJE: BpeMsl ¢; KOOPIAUHATHI
X, Y, Z; KOMITOHEHTBI BEKTOPA CKOPOCTHU U1, U2, U3; AABJAEHUE P; KOMIOHEHTHI
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TEH30pa AHU3OTPOIHH a;j OTHECeHb! K [ /up; 5 upr; pusy; W /3 coorsercrsen-
HO, e | — XapakTepHasi JUIMHA, Uy — XapaKTepHas CKOPOCTh TEYEHMs.

ITycTh momMepHast JKUAKOCTD TeYET B KAHAJE C SJLIANTHIECKIM MOMeped-
HBIM cedeHneM (), JIeXKaIuM B IJI0CKOCTH (Y, 2); GoJibIas moayoch () paBHa
eJIMHUIIE, MAJYIO TTOJIYOCh 0003Ha4unM 1 < 1. [TycTh (hOKYCBI S/LIUNICOB UMEIOT
koopamHaThl (£4,0), § < 1 (peub uaér o 6e3pasMepHbIX BeJIMINHAX ), PUC. 1.
B kanase Biosb ocu x geiicreyer nepenan gasiaenus AP(t). Bynem nckarsb
wacmuoe pewenue NCxomHoit cucremsr (1)—(4) caenyrorero suma

U2 = U3z = Oa Uy = U(t,y, Z)a

P="P(ty,z) - Alt)z, Y =Y(,y,2), (5)
Ai5 = aij(ta Y, Z)a Za] = ]-a 27 3.
AP(1) )
Bemmumma A(t) = — . €CTb Ge3pasMepHBIil epena/l JaBIeHnst Ha OTPe3Ke
Uh

no x ayuabl h. Craexys (18|, moxydaem ® = uyaiz + u.a13.

ANZ

r(rl) ®g

ﬁ\
5 R Y

) 1(D)
u=0 Y=Y,(?)

-H-rh)| =Z

Puc. 1. Kanan ¢ cegerneM 3/uTHITHIECKONH (DOPMBI (a), 2J1-
JuITHIecKoe cevdenne (6).

O6ozHaunM )
aij . . 2 2
Oéij:%a%]:ilv‘?'? o = g + &%, &t = WReu

k ~
K[:Re<892+31>, I =011 +a9 +a33, K;=K;+ SRel.

Torua ¢ yaérom (5) 3anumem cucremy (2), (3) B Buge aByx cucrem:
U — (YOClQ)y — (Yalg)z = A(t) + Ga(Y — 1) — Fr_2,
(12) — a2uy — asgu, + (Kraia + fRe(arzans — arsass)) /7o = 0, (6)

(c13): — oty — agus + (Kragz + BRe(aipazs — a13am)) /7o = 0,

(a11)t — 2(ov2uy + ongu.) + (Kran + BRe(a?; + a2y + a%))/?o =0,
(22)t + (Krass + BRe(afy — annass + a3s — anass))/To = 0, ™
(as3)e + (Krass + BRe(a?y — aq1ass + a3s — agsass)) /7o = 0,
(ag)e + (

ags)e + (Krass + BRe(aisars — arass)) /7o = 0.
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st onpeseieHnst IPOU3BOIHBIX JABJICHUS MOy IaeM CJIEAYIOITIE BhIParKe-
HUS:

Py = (Ya22)y + (Ya23)27 P, = (Ya23)y + (Ya33)z-

Jna ompeseneHns TeMIepaTyphl TMeeM
vy 1 (0% N %Y
dt — Pr\oy? 022
YMHOXKHUM BTOPOE M TpeThe ypasHenus (6) wa Y, mo6aBum u BbraTeM M3
BTOPOTO yPABHEHWA BLIPAKEHUE Y1 (12, & W3 TPETHETO YPABHEHU Y;(v13. Bhi-
parkeHus, MOMyIeHHbIe TakuM 00paszom, npoguddepennupyeM mo y u 1mo 2

COOTBETCTBEHHO M CJIOXKHUM C IIPOM3BOHOI nepsoro ypasuenus (6) no t. B
pesyJbTare NpUIEM K KBA3UIMHEHHOMY yPABHEHHIO 2-T0 TIOPsA/Ka ji71s1 (DyHK-

mun u(t, y, 2):
Ut — Y Ay — Zuy — Euz + (f(l/?o) [ut —A(t) - Ga(Y — 1)+ Fr_Q] +
+ F = A'(t) + GaYy,

+ C’dY(uyalg + uzalg)) . (8)

(9)

rie
AU = alyy + 2023Uy, + 03U,

A=A(t,y,z) = (Yag), + (Y~a23)z, B = i§(t7 y,z) = (Yags)y + (Yas).,
== oo ) wou( ) -

To 70
Yl Yl
+ﬁReK33) N (22) ] ~ (Yians), — (Yias)-,
T[) y TO P

log = angaia3 — anzane, l33 = aizans — araass.
st mocranoBku 3aauu B obmactu §) yao6HO mepenucaTs ypasHenus (6)—
(9) B sanunmuueckur xoopdunamaz ¢, . COOTBETCTBYIOMAs 3aMeHa TIE€pe-
MEHHBIX TpeacTaBsgeT coboit KoudopMHOe 0TOOpaKEHNEe U UMEET BUJ,

y=20cosh(sinvy, 2z = {dsinh(cos~, (10)

rie 6 = V1—12,0 < (¢ < 00,0 <7 < 27 Beipaxas B (6)-(9) npous-
BOJIHbIE HeM3BeCTHBIX (DYHKIMI 110 MepeMeHHbIM ¥, 2 Yepe3 MPOM3BOIHbIE
no mepeMeHHbIM (, 7y (COOTHOIIEHUS I 3TOTO TPUBEJCHBI B ITyHKTE 2.2
crarbu [21]), nosydaem pazperarolyo cucreMy ypaBHeHuii jis yHKIui
w((,7), @i (¢,y) m Y ((,y) B sanunTrdeckoii cucreme KoopauHatT. JlomonHnm
5T ypaBHEHUS 'PAHUYHBIMU YCAOBUSIMU: YCJOBUAMU ITPUJINIAHMS KUJKO-
CTH JJ1sl CKOPOCTH M 3HAYEHUAMM TEMIIePaTypbl CTEHKU KaHaJ1a:

1 1
u(t,Z,v) =0 npu t > 0, F,ZLeZ:21H<1+T>, (11)
—r

Y(t,Z,7) = Yp(t,y) upu t >0, (12)

rae ( = Z — ypaBHEHEE IPaHUIBl KaHATA, Y;(y) — pacmpesieseHne TeMiepa-
TYpPbl Ha CTEHKE KaHaJla.
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Hauanbubie mannbie chopMyIupyeM B Ipeano/ioxkenun, 910 upu t = 0
KNAKOCTh B KaHaJl€e ITOKOUTCA, 1 eé TEeMIICpATypPad HAXOAUTCA B PpaBHOBECUU
C BHEIIIHEN Cpeoii:

aij(ov C7’Y) = 07 ’LL(O, <7 ’Y) = Oa ut(ov Ca ’Y) = 07 Y(Ov Ca ’Y) =1 (13)

ans Becex To4uek (, 7y u3 2.

Uccnemyem BinsgHue UMITYJICOB TpajeHTa nasiennd A(t) u peskux mus-
MEHEHUIl TeMIepaTypbl CTEHKH KaHasaa Yp(t,7y) Ha KapTHUHY TEUYCHUs U Ha
peam3yeMOCTh YCTaHOBUBIITUXCA HyaBQﬁﬂeBCKHX PEXKMMOB TE€YEHUA ITTOCIIC
BOS,Z[efICTBI/IH TaKUX UMITYJIHCOB.

3 Onucanue BLIYUCINTEILHOTO aJiropurmMa

st peasmsarun paciéroB BBEJEM CETKY 10 BDEMEHH C IIATOM T U y3-
aamu t, = nr, n = 0,1,2,.... O6ozaaaum u" = u"((,y) = u(tn,(,7),
a?j = a?](C?V) = O‘ij(tn7€7’y)7 Yyn = Yn(év’}/) = Y(tTMC)’Y) n aIllIPOKCH-
mupyeM B ypaphenusx (6)—(9) npousBojiHbie 110 BpeMeHU B TOYKE t = ty41
Pa3HOCTHBIME OTHOIIEHUSIMU BUJIA

2unt — By 4 4yt — 2

n+1 ’
U = U ~
tt W=ty 9 72 ’
n+1 n n—1 (14)
ntl Udut —4du" +u
Uy = Ut 1=t ~ )
=tnt1 2T
n = 2,3,.... DT OTHOIIEHUS B JIUTEPATYyPE YACTO HA3LIBAIOT PAa3HOCTHOIL

ANMTPOKCUMAIINEH «HA3a » WIN METOJA0M ['Mpa BTOPOTO TOPSIKA.

3.1. AnnpokcuManusi Heu3BeCTHbIX (DYHKIMUA U UX [IPOU3BO/IHbIX.
Ha kakji0M HIare ONMUCAHHONW CXEMBI 10 BpeMeHH Oyl1eM HCKaTh pelleHust
ypasrenuit (6)—(9), 3amucaHHBIX B SJUIHITHYECKOH CHCTEME KOODJIHHAT, C
IPAHUTIHBIMA YCIOBUSIMHA 1 HadaIbHbIMI JaHHbIME (11)-(13) B ktacce gocTta-
TOYHO NJIAJKUX B 00/1acTu §) 27T-TIEPUOINIECKUX 110 TIEPEMEHHON Y (DYHKITHIA.
Hastee j1J1st 3aUCH BBIYUCIUTETHLHON CXeMbI HEOOXOUMO AlIIPOKCUMUPOBATE
B yKa3aHHbIX ypasHerusax dbynxmun oy (¢, ), u"(¢,y) u Y"(¢,7) u ux npo-
W3BOJIHBIE TI0 TiepeMeHHbIM ( U . B kadecTBe criocoba arnmpoKCHMaIiu 1o
nepeMerHol ( MCIOIB3yeM OapPUIEHTPUIECKHE APOOHO-PAIMOHAILHBIE WH-
reprossinunu (22, 10, 11], a 110 epeMeHHO# y — TPUTOHOMETPUYECKHE TOJIN-
vOMBI ¢ gapom Hupuxme. g npubmmxennsa yHKImi a%(( ), u(C,y) n
Y™ (¢, ) npuMeHrM mpsiMble (TEH30PHBIE) TPOM3BEICHHs YKA3AHHBIX OJIHO-
MEPHbIX WHTEPHOJISIINIL.

B obmactn 2 = {(¢,7) : 0 < ¢ < Z,0 < v < 27} BBeIéM CeTKy C
ysnamu (Ce, Ym), rae G = L0 g(&), & = Cos<2k2K1)7r

Yeboimésa crenenn K, ¢ = 9(&) — koudopmHOE oToGpaKkenue orpeska [—1, 1]

— HYJN TIOJIMHOMA

B cebst, £(C) = Z(C+1)/2 — nuneitnoe oroGpaxenne orpeska [—1,1] B [0, Z];

2 -1 — 7 ;
ﬁym: 7;5\7;1—1)’]{: 17K7m: 17M7M :2M_1 HyCTb C0:07
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G = g(&), Toraa ¢ = L(C), k = 0, K. Bysem nonarars (cM. BBejeHue),
9TO AHAJIUTUIECKUE MIPOJ0/KEHUS HEM3BECTHBIX (DYHKIINH 110 HePEeMEHHOMI
¢ mMeroT 0coObIe TOYKH, JIEXKAINEe Ha, HeHCTBUTEIBLHON IPAMO BHE 0TPE3KA
[0, Z] 6mm3K0 K Touke ( = Z, CM. TI0 STOMY TOBOJY paccykjeHus u3 [3, 4].
Torma, cnemyst ornenkam morpentaoctun u3 [10], orobpaxkenue g(§) cnemyer
BHIGUDATH TakuM 00pazoM, uTobbl 0bpaTHoe orobpaxkenne g 1(C) yrocuno
9T 0COOBIE TOUKM HA JOCTATOYHO GOJIbIIOE PAaccTOsiHue OT oTpeska [—1, 1].
B kauecTBe Takoro oTobpaykeHus B 3TOI paboTe UCIONB3YEM MOTU(PUKAIIIIO
dyHKIMH, TpeIoKeHHO B [23], ¢ mapamerpouM e:

g(&) =1+ esinh [5 —

Hecnoxuo mposepurb, 4ro ecau o6passl 0co0bIX TodueK ogr, u”, Y™ Kax

ynKIMit mepemenHoi ¢ 1oy JeiicTBreM oTobpazkeHnsa £ 1ezKaT B OKPeCT-

HOCTH TOYKH 1 + &, To oTobpazxkenue (15) obaagaer HyKHBIMI CBORCTBAMU.

Hyers (o )km = a5 (Chs Ym), Uy, = " (Cky¥m), Vi, = Y (Cks ¥m)- Lo-
CTPOUM TPUOTUKEHUST

1 2
sinh ™! J , €>0. (15)

O‘Z’(Cvf)/) z]7€ fy Z Z le m]V[ )(a%)kma (16)

k=1m=1
un(CuV) ( 7(7 kzomz:llkl( )uZmﬂ (17)
Y™(C,v) = B(Y", () + Y,
re
/) : W R
= —, =) 9 = Ji(0),
welQ) =5 o MO = 2K ; k()
wy = (=1)*Lsin 2162;( 171' — Beca HAPUIIEHTPUIECKON HHTEPTIOIATNN C Y3714
v G, o [24];
_ 2 sin[(M —0.5)(y = ym)]
Drmv () = S T s = ) 2)
b R (1 _Ck)(l_’_ck)Q ) 299 )
le(C) = é 1 K .
—— Zi(), k=0,
19(0) ; i1
roe Zj(f) = wj Cj(CZi)—Z;C‘Fg); Ik, l,l;K, D,y mrparpot poas dyHma-
J

MEHTATBHBIX MHOTOWICHOB UHTEPHOsmn; Dy, () = ﬁDM(’Y — Ym),

Dy — snpo Hupuxie; MoanpUIIUPOBAHHBIN MHOTOYJIEH lzK(C) B dopmyJie
(17) obecneunBaeT aBTOMATHIECKOE BBITOJHEHNE MPAHUYIHBIX yeaoBmii (11).
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B pamkax 910ii paborsl B ycsiousix (12) Gymem nosarats BesnduHy Y, He3a-
Bucsieit or v: Yy(ty,y) = Y,". s BeIIOIHEHHST 9THX yCIOBUI HA KazKJIOM
mare mo BpeMeHu B Bbipaykenun (17) must dbyukiun Y ((,y) npucyTcryer
nocrosgunas Y,". [Janee 1aa KpaTKOCTH OILyCTHM 3TY IIOCTOSHHYIO.

Hnst anmporcumvarinu ypasaeruin (6)—(9), 3amMcaHHbIX B SJUIHITHIECKOT
cucTeMe KOOPJWHAT, Jajiee OyIeT UCIIOIb30BaH MeTOJI KOLIOKAIN ¢ y3IaMu
(Cky Ym), TO3TOMY HAM TOTPEOYIOTCST 3HAYECHUS TPOM3BOIHBIX HHTEPIIOJISIIN
(16), (17) B srux yanax. Juddepennupysa pynkuuo Py, ¢,v) mo ¢, ne-
pexoma K mpegerxy mpu ( — (, ¥ — Vg, | = 0, K, ¢ = 1, M, ucnonssys
CBOMCTBO (DyHIAMEHTATBLHBIX MHOTOWICHOB: le(fl) = 0kt, Dmni(Vg) = Omg
(0mq — cumBoa Kponekepa) u mpasmno Jlomurass, HAXOAuM

Do ap(an7€77) K
*J y ~ hm $: O[Zn +V O[i‘n,
5¢ = MR T A k% #5”“( i vl )i
K
rae W
Sik=—=—"5"7» &sy Lk=1,K, | #k.
wi(G = Ck) s=§;¢z

Huddepentupyst unrepnosnuo Py(u™, (,7y) o ¢ oquH u 1Ba pasa, 110 aHa-

JIOTHH MOy JIaeM

a K 82 n K
C(Cz,’yq Z Mk Ukq + M1y, T (Csvq) =~ Z XikUgg + K1y,
k=0,k+l k=0,k£l
rae
1-C)(1+¢
Uoa Ut e 1k Lk =TR.
(1 =)L+ G)
me =14 §—1 K
G- .
Z- g N =
o 2%, k=01=LK,
7j=1
0, =0 k=1,K,
1-3¢
py = Ail—Sl, 5= §j mpul=1,K, p=0
1—¢ j=1j#l
2(1 — 36 (1 + ¢ 1— ()1 +¢ —
( AZCl)( +A<l)§ug+( 92)( gz)m” L £k Lk =T K,
(1 =)+ k) (1 =G+ )
K
1 2C]Q+1 +6( + 2 . .
= = —1)Z; k=0, 1=1K
Xik =4 5 Z EWAY = si(G = 1 Z5(Q), 0;
=1 J
—4
2 1=0; k=LK,
(1= +¢)Por
3G +1 1-3¢ K S
K] = — §2l+ — —2 glsl— > ywjumpul=1K,
1-¢HA+q)  1-¢ j=Lj#l
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Hozi w;j <§j+3+2(1+§})03 20y 2(1+§j)o§>’

j=1 01(1 + CAJ)2 2 01 01 0-%

K
1 4 w;
Yik = _2§lk I:sl + = - :|7 0 = <_1)Z E 7JA.7 1= 17273'
Cl — Ck j=1 (1 + Cj)l

Huddepenrupyst unrepnonsnuu P(al, (,v) u Py(u™, (, ) 1m0 7, Haxo1umm

13

ol Mo
5 L)~ Y Eam(@ig)i + Talcug)iy,
v m=1,m%#q
M M
ou™ ~ . o*un . .
7(@7%]) ~ Z Eqm Uiy, + VqlUiy, W(Czﬂq) ~ Z Xqm U, + KqUjg:
rue
- —1)a—m — -1 _
Sqmz( ; <Sinﬂ(qu)> , Vg=0, m,qg=1,M, q#m;

oyt mg-m) (o owlg-m)\ TP M(M 1)
Xgm = 5 coS v sin v , kg=— 3 .

O6ozuaunm K = K + 1,

ool
A% (Af)¢e — K x M-marpunst ¢ snementavu of; (C, Ym) 7 a—g](gk,'ym);
8 n
ur, U, Ul = K x M-MaTpripl ¢ s1eMeHTaMu U™ (Cey Ym), aic(gk,’ym),
aQun
T@(Cky’)/m);
oym
T, TE, e — K x M-marpunpl ¢ sievenTamu Y™ (Cky Ym), a—g(ck,fym),
o’y
TCQ(Cka'Ym)'
Cdopmupyem K x K Marpuirs
0 &1 - Sox o Mot - TOK
0 v1 ... &k no M1 - K
Al - . . . 9 Al - . . . 3
0 (k1 ... vk NKo MK1 - MK
ko Xor - XOK
X10 K1 - X1K

Az = : : b

XK0o XK1 .- KK
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—Wk, K w;i(¢— &)

N N N N )
[Dr(Q)(C — )2 j=1 (C—¢)?
npous3BoAHbIX 10 ( B ypasHenusax (6)—(9), 3anuCaHHBIX B 3/ITHOTHYECKOR
cucTeMe KOOpawHaT, mMeeM (hopMyJIbl

rae Eop = k=1, K. Jlna anmpokcuManuu

(Af)e = AaNfs, U = A U™, Ul = AU™. (18)
Cdopmupyem M x M-marpuribt
v G2 S 1 X12 - XiMm
§a1 2 . SaMm X21 K2 .. Xem
Bl = . . . ’ BQ =
ng gMQ ﬁM )NCMl )NCMQ '%./\/l

st anmpokcuMaIny Tpon3BOIHBIX 110 Y B ypaBHeHusx (6)—(9), samiucan-
HBIX B 3JUTHIITHYECKON CHCTeMe KOOPJAWHAT, MeeM (DOPMYJIBI
n ~ AN RT n  7rnRT n gl n ~ n RT
no n T
n n n n n
Bueck K X M-marpuibl (Aij)ﬁ,, Uy, Uy, (Aij)@, U{., oupejensiores anao-
n n
raamo (Af)e, UL
MMpubanzkenns npoussoaubix GyHKIwH Y ((,y), BKIIOYAIONME BhIPAXKe-
Hust st marput L7, T2 ?C’ Y0 Y0, u T?W’ CTPOATCS TOJHOCTBIO AHAIO-
TPUYIHO TPUOJINKEHUIO TPOou3BOAHBIX dyHKImH u'((, 7).
Hamee 1 TOCTPOEHUST aTOPUTMOB BOCTIOIB3YEMCS CIEKTPATBLHBIM Pa3-
noxkerneM Matputl Ao, Bo, allpoKCHMUPYIOMNX BTOPBIE MTPOU3BOIHBIE:

Ay = RADAR;ll, By = RBDBRl_gly (20)

rae R4, Ry — Marpuiibl coOCTBEHHLIX BeKTOpOB As u Bo; Dy, D — aua-
rOHAJILHBIE MaTPUILI COOCTBEHHBIX 3HaveHuil A u By — dﬁl, dg, k =0,K,

m=1, M.

Samedanue 1. Hcnoav3ya 6wpasicenus 0Af BEAUMUN X qm, HECAONCHO 6U-
demv, wmo mampuya Ba asasemcea cummempuunot, caedosamenbHo Mam-
puya Rp asasaemces opmozonansvrof Rgl = RL. Cmpozo 2060pa, npu nasu-
YU Y Mampuys, Ay KOMNAECKCHO-CONPANCEHHBLT COBCTNGEHHDIT YUCEN, MATT-
puya D 4 asasemea 6404H0-0ua2o0nasvrotl, codepoicaweti wa duazonait 6.a0-
KU pazmepa 2 X 2. O0HaKo, KaK NOKA3GAU YUCAEHHLE IFKCTIEPUMEHMbL, 6bi-
6panHbil 6a3UC UCKAIONAET, MAKYIO 603MONCHOCMb. Basicrvim obemoamens-
CIBOM ABAACNCA MAKHCE MEOACHHBIT POCT, YUCEA 00YCAOBAEHHOCTU MATT-
puyst R4 ¢ pocmom K, obecnevusatouwud yemotuusocmsd ai20pumma % no-
ZPEUHOCTNAM. OKPY2AEHUA.

(19)

3.2. Pemienue 3aga4u jimHeiHol anredopsl. [locie muneapuszaruu ypas-
Heruit (6)—(9), 3anMCaHHBIX B SJUINNITHYECKO CHCTeMe KOOPIMHAT, BOCIIO/b-
3yeMcd MPUOIMKEeHUAME, ONMUCAHHBIMY B paszesne 3.1 u MeTomoM KOJLIOKATIT
¢ yamamu (Cg, Ym) B obmacta Q, k = 0, K, m = 1, M. B pesymbrare moayqar-
Csl JIMHENHBIE MATPUIHBIE YPABHEHUS /I BHIPAXKEHUS MATPUIL A?j'H, untt,
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Y71 yepes marpuiis: AZ], U”, T, v=mn,n—1,n—2. Oguako B cuyty HeJiu-
HEHHOCTH U CBSI3HOCTH ypaBHEHUN UCXOMHON qudybepeHina bHOM 3aa9u pe-
[IIEHE 9TUX MATPUYHBIX YPABHCHUI B MTepalnax 10 BPEMEHU IIPUBOIUT K
JIOCTATOYHO HBICTPOMY POCTY IOI'PEIHOCTU U PACXOIUMOCTH aJITOPUTMA. DT
npobJieMa CTaHOBUTCS OCOOEHHO KPUTUYHON IIPU MOJEJIUPOBAHUYN MMITYJIbC-
HBIX BO3JICHCTBUI Ha XKUJIKOCTH C PE3KNM U3MEHCHNEM I'DA/IUCHTA JTABJICHAL
7 TeMIIepaTypbl CTCHKN KaHAJIA.

Perennem Takoit mpobieMbl IBJIIETCS MPUMEHEHNE HA KAXKIOM BPEMEHHOM
mare wreparuit Mo HesanneinocTu. [Ipu sToM MoMeHnT Bpemenu t = lp41 U
BHAYEHUS PEIICHU B TPEIbIAYIINEG MOMEHTHI BpeMeHu t = t,, ty_1, ... PUK-
CUPYIOTCH, & PElIeHnd B TEKYyIINil MOMEHT BPEMEHU HACYUTHIBAIOTCH BO BJIO-
KeHHoM nukJje. [lycrs § — HOMED IIara 3TOro IMUKIA. Jlnst pertenwnii Ha 1IATE

| IS
s BBEAEM 0003HAYCHIA AS = A"Jr S s = Unths, s = TS, Pemenns

Afj, Us7 Ts BBIPAXKAIOTCH Yepe3 Afj 1, Us’l7 Y51 B coorsercrum ¢ dop-

1,0
mysmamu (22)—(24) v HaYATBHBIME YCJIOBUSIMU ATLA+ T= A, untio = gn,
T HL0 — Y™ Ipu 910M HTEpaIuy M0 HeIMHEHHOCTH OCTAHABIUBAIOTCS, €CIIH

o P (A vl IR [ S st I
- = - = . X 5N17 - = > 5NI: (21)
1A 10 1%

— )

t,j = 1,2,3, mibo mo mpormectsun N ;% nreparmii, T/ 3nadenus N, npu-
Bejensl B Tabn. 3. B ciyvae ocraHOBKU HOMEpP § O0O3HAMUM O U TIOJIOKUM
An'H = A%, Untl = Uo, Yl = Y9, 3nech u ganee HopMa 0603HAUAET
MaKCHMaﬂmeﬁ 9JIEMEHT MATPHUIBI, €N — MOJ0KUTEIHHOE MATIOe TUCJIO0 (CM.
tabst. 3). Ilpu nepexojie Ha ciepyoOmuii Mar Mo BPeMeHN MeHSIOTCS 3HATe-
wust Gynxmuit A(t) u A'(t), crosmmx B mpasoit wactu (9), gubo 3HAUEHUS
dyurmm Yy (t,7y) B yeaoBusax (12).

BanumieM 1715 IpuMepa yPaBHEHHE HTEPAIUOHHOTO METOIA JJI BhIPArKe-
Hust /A\ilﬂ, HOJIy9eHHOE U3 1epBoro ypasHenusi (7) mocje 1epexoja B -
JIUNITAYECKYIO CHCTEMY KOOPAWHAT, BLITOIHEHIA THHeapu3anun o HeroTomy
orHOCATENHHO (DyHKIWMN 11((,7) U TUCKPETU3AIUE IO TPOCTPAHCTBEHHBIM
[ePEMEHHDBIM:

2T
4N — AP ~ ~ ~
= S (R, R+ A5 Q) - (AT)+ (22)
s NG 735 12T Re% S S e Ts =5
+2( iz'Q_Aw'R)'(UBﬂ‘*‘T( 11" 11)/50—51%@«7 / Zos

3 k ~ k- —=s
My - ASF! = {+Re{<3+25) §1+SIS+ae2EI} /zo} AsH

s _ rs s s NG s s NN
7° = 11+A +A337 T = “Aly + Afs - Az — Afy - AT
31ech TOUKa W Ipo6b O3HAYAIOT ITTOSJIEMEHTHOE IIPOM3BEICHUE U JeJie-

vue marpui, Ej — marpuia pasmepa K X M, Bce 3/ieMeHTBI KOTOPOH paB-
HbI efqunuie, R, Q — marpunsl pazmepa K X M, coxep:kaliiue 3HAYEHUS
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o _ sinh { siny _ cosh ( cosy
beHK]-U/H/I R(Ca’}/) - (5(sinh2 <+COSQ ,y)a Q(Caq/) - 5(sinh2 (+cos2 ’7) B y3J1ax Cky
“Ym COOTBETCTBEHHO (3TH (hYHKIIMH BOSHUKAIOT TIPU MEPEXOJIe B HJITUIITHIE-
=S
CKYIO cucremy KoopauHar), To — K X M-marpuna co 3aadeHusiMu QyHKIUNI
J(Y (tn+1,¢,7))/Y (tnt1,C,7y), HACUUTAHHBIMU HA MATE § B TEX Ke y3J/aX.
ANnpoKCHMAIUU OCTAJIbHBIX [IATH ypaBHeHUH s MYHKIUNE (iog, 33, (12,
Q13 M (23, TTPUBEACHHBIX B cucreMax (6), (7), 3aIiCBIBAIOTCS aHAIOTHTHO.
Anmpokcumanuu ypasaeruii (8), (9) mocsie mepexona B JUIHITHYECKY O
CHCTEeMY KOODJMHAT W BBLINOJHEHHUS JTUHEAPU3AINU OTHOCUTENBLHO (hYHKIINIT
u(C,y) m Y ((,7y) BBINISAST CIEAYIOMAM 00pa3oM:
2 ~ ~ ~, K3 (aun—ur!
SUT —a?c( AU + U BY) = Fy+ =h | ——— |+
T T 2T
0 (23)
n 5U™ —4U™ 1 4 yn—2

T2

)

3Pr a1 R -
ST — (AT TBY) = Fy 4 Pr

47" — Tn—l
— (24)
2T
rie
ﬁé = ’/fs . [Q:l ~A2(75 + 2¢, Alﬁslg{ + €3 - (7585 + &, './41[75 + €5 - (736{}4-
+ € 'Alfs . ./41[73 + & - ?SB{ . ﬁs[)’? + &5 - (./41?5 . ﬁs[)’? + 'Y‘SB? . A1ﬁs)—|—

+ (K3 ) To) - [Altn) + Ga(T* — 1) — Fr=2 = 3U"/(27)] — F* + A'(t,) + GaT§,

~ 1 Se  Rg S ~q ~q =~ ~g “o N P
Fy = [92—0} (AT 4T BT)+C T [(RAS,+QA55) A U +(Q-A3,~RASy) U BT,

€1-€7, F® — marputist pazmepa [ X M, s/1eMeHTBI KOTOPBIX UMEIOT JIOCTATOY-
HO IPOMO3JIKHE BbIPAXKEHHsl, COJepIKAIIe 3HAUEHUsT HEN3BECTHBIX (OYyHKIIN
u, Y, a;; m sHavenua dynxnmit R, Q B ysnax uarepnoaanuu, 17 — Marpuna
pasmepa K x M co 3nauenusivu npou3Boaabix dynknuu u(t, ¢, 7y) 1o Bpemenu
(1S BEIYMCJIEHHS STUX IIPOU3BOJHBIX HCIOIb30BaHbl (hopmyist (14)); KF —

MaTpHIA, CojepKalias 3HAYeHUs (DYHKIAN .f(?“. Bcee smavenus (pyHKITHIA,
UCIIOJIL30BAHHDIE JIJIT BBIYUC/ICHUS] 3JIEMEHTOB MATPHUIl, YKa3aHHBIX B 9TOM
abzalle, HACYUTAHBl HA UTEPAIUN 10 HEJIMHEHHOCTH ¢ HOMEPOM § B MOMEHT
Bpemenu t = t,11. OTMETHM, 9TO JJIs BBIYUCJIEHHUS] TTPOU3BOJIHBIX, CTOSI-
IIUX B MPABBIX YacTAX ypaBHeHuil (22)—(24), npumensitorcs GopMysIbl BUIA
(18), (19), a jyrs BHIOJNHEHUS JTIOOBIX IPYIUX JEHCTBUI PEATH3YIOTCA CO-
OTBETCTBYIOIINE [T03JIeMEHTHBIE Ollepaliuy ¢ Marpuliamu. Ilocrosuuas ¢ > 0
SIBJISIETCS [TAPAMETPOM JUCKPETU3AINY 110 BpeMernu (cM. cxemy u3 [12]). s
obecIrevennsa CXOAUMOCTH 3HAUEHUS € JOIKHDBI OBITH JOCTATOYHO DOJIBIIIMU,
cM. Tabi. 3.

Jng pemennst MaTpuaHOTO ypasHeHus (22) Ha KaxKJIOM Imare § HeOOXO-
JUMO BBINOJIHATH JCJICHUA 3JICMCHTOB HpaBOﬁ YaCTW Ha JIEMEHTHI MaTPUIIbI
M11. Amasoruynblie AeACTBUS BBIIOJIHAIOTCHA I [OUCKA HTPUOIUKEHHBIX

o o n+l
sHadeHuit Bcex pyHKImit ;" Ha miare s + 1 B y3/71aX KOJLJIOKAITUN.
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Hns pernenust (23) ucnonb3yem crekTpasbhbie pasaoxkenus (20) marpuir
Ay, Ba, crosimux B JIeBbIX 9acTsx. Y MHOKUM (23) Ha MaTpuILy R;ll cIeBa u

Ha, MATPHILY Rgl crpaBa, 0603HauNM p, = 2/72, Vsl = R;llﬁs‘HRgl,

72

_ . Ks/4Uum —pynt 5U" — 4Un—! 4 U2
$ == R_l k) jl R_l
o7 (0 ;

U IIOJIyYHUM MATPUYIHOE YypaBHEHUE
p Vo —ca®(DAVH 4+ Vo Dg) = 67,

CIIICH1E KOTOPOro OTHOCHUTE/JIBHO 3JIEMEHTOB ’US+1 MaTPHUIIBI V8+1 aércs
km

sJIeMeHTApHBIMYU (hOpMyIaMU

s

gkm
vitl = ., k=0,K, m=1,M,
fmo gy — cae2(dlf4 + dg)

rae gj,, — 71eMenTel MaTpunbl G°. B maHHOM ciydae mIar ceTK: o Bpe-
MEHW T HYXKHO BBIOMPATH, WCXOMAS W3 YCIOBUA D, F caez(dﬁ‘ +dg), T e.

T #V2/(ey/c(d¥ + dF)), Vk, m. Bras snemeHTH MaTPUIIBL Vst mecmoxmo

BOCCTAHOBUTD 3HAYCHUS PEIICHUS B y3JIaX KOJIJIOKAIIWN: Ustl =R AY73+1RB.

AmnamornaHas cxeMa Pean3yercs s TOWCKa Y51, Pemus ocjIei0Ba-
TENLHO YPABHEHUST JIJIsT IA\ff L U s+l ?SH, TMEePEXOUM Ha HOBYIO HTEPAITHIO
s+ 2 u Tak gajsee, moka He BhINOJHsITCs yeopust (21). Tlocse sToro mepexo-
JIAM K CJIEJTYIOIIEMY IIAry Mo BPEMEHU W CHOBA 3AITYCKAEM KT HTEPAITHH 10
HeTMHeRHOCTH. B MToTe, TIpW yCIOBUM CXOJIMMOCTH HUTEPAITH, MOXKEM Pac-
CUNTATEH PEIIeHUsT Ha JIIOOOM TpoMeRyTKe BpeMeru t € [0, tenq|. Kommenra-
pUA 0 BBICOKOH 3(PPEKTHBHOCTH OMUCAHHOTO aJTOPUTMa PEIeHnsT ypaBHe-
HOH Ha, KayKJIOM Iare § ¢ TOYKU 3PEHUs 3aTpaT MAMSITH U 9UCIa Omeparnit
JTaHbl B pasn. 4.3 paborer [12].

4 Pe3yabTaTsl pacdéToB

Jlii MomempoOBaHUST TEUEHNs TTOJUMEPHON KUIKOCTA B KAHAJIE C DJIINT-
TUYICCKUM CeHCHUEM 3a/1aIUM ITapaMeTPbl, COOTBETCTBYIOIIUE XaPAKTEPUCTU-
KaM TEeXHOJIOI'MU TePMOCTPYMHON liedyaru C IIPUMEHEHUEM PaCTBOPa 3JIeK-
Tpompososiiero noaunMepa PEDOT:PSS. Bocmonb3syeMmcst maHHBIMEI, Hali-
JEeHHLIMI B OTKPBITOM MeYaTH W TPEJCTABICHHLIMI B TMPUJIOKEHUN CTATHU
[18] co ccputkamu Ha smreparypy. Ilepedenb mapaMeTpoB MOJEN TPUBEIEH
B TabJs. 1, a cooTBeTCTBYIOMIME 3HAYUEHUsT HE3PA3MEPHBIX (PAKTOPOB MOJIETH
ykazaubl B (25). OTMernM, 4TO MCIOJIB3Ys JTaHHbIe W3 Tabs. 1, perienwus,
HalimenHnble B 6e3pa3MepHOil popMe B PE3YIbTATE BHIYNCICHHH, MOKHO IIpe-
06pazoBaTh K PA3MEPHOMY BUIY.
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TABIUIA 1. IlapameTps! Momean

ITapamerp | Onucanue 3uaveHue
Uy XapakTepHas CKOPOCTb TEUEHUS 1wM/c
XapakrepHas JjuHa (pa3Mep cedeHus KaHaJIa) 107% m
r Bespasmepnoe 3nadenne Masoit mosryocu r=20.5
cedeHusd KaHaJja, puc. 1
Ty XapaKkTepHble 3HAYEHUs] TEMIIEPATY PbL 293.15 K (20° C)
i HagambHBle 3HAYEHAA CIBUTOBOH BA3ZKOCTH 1072 Ma-c
pacreopa PEDOT:PSS
ad HavanbHble 3HaUeHNST BPEMEHU PETAKCAIINN 10°¢c
pacteopa PEDOT:PSS
E4 Bespasmepnas sueprust ak TUBAITIT 6.14
D BaszoBoe 3nauenne 6e3pa3MepHOTrO -1, =10
rpajuenTa qapienns A(t), cm. (26)
Y BazoBoe 3navenne TeMnepaTypbl 1
cTeHKH KaHana Y3 (t,7), M. (28)
p [LnoTHOCTD KUIKOCTH 1000 kr/ Mo
B, k DeHOMEHOIOrTYeCKre TapaMeTPhbI k=1238,5=0.1
Cy Kosdpdunuent auccunarmm 1

Ormerum, uro J7sd pacué€ra D nmonarasocsk, 9o JyinHa Kanasiaa B 100 pas
bosbiiie pazmepa cedennsi [: h = 100. B pamkax paccmarpuBaeMmoil mocra-
HOBKU

R
Re =10, W =0.1, Ra=106, Pr=1018, Ga:P—a, Fr = 31.9. (25)
r

B umcieHHBIX SKCIEpnMeHTax OyeM 3amyCcKaThb PAacdéT ¢ HAJAJIbHBIMU
maHHBIME (13) ¥ IaBHO HOBBINATH TpajneHT gapienns A(t) = dP(t) npu
t < g IO 3aKOHY

dP(t) = D[1 —exp (—8log 10 (t/to)?)], t <tg (26)

‘—8log 10” B aprymenTe 3KCIOHEHTHI obecredmBaeT OJU30CTH
rPaJNeHTa [aBICHUS K 0a30BOMY 3HATEHUIO D B moment BpeMmenu t = 1g:
D — A(tg) = 1078,

ITpu t > ty cMomenupyeM WMIYJIbC TPASUEHTA TABICHUS B COOTBETCTBUH
¢ dopmynoii

Muoxwurens

. t—tr)?
A(t) :dP[(t) =D|1+4+ Ajexp —% , t>to, (27)
212
JibO UMITYJIBCHOE M3MEHEHWE TEMIIEPATYPhl CTEHKH KaHaJa no (hopmyJe
. —(t—t5)?
Y})(t,’)/) =Y |1+ AY eXp (721) ) > th (28)
202,

rie Yy (t,y) — 3HadeHust TeMIepaTyphl Ha TpaHuIe Kanata, cM. (12), tr > to+
Ap, tr > to+Ay B caydae JIefHCTBUS UMITYJILCOB JABIEHHS WX TEMIIEPATYPBI
COOTBETCTBEHHO.
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Bce mapamerpsi, npucyrcreytonme B (26)-(28), onmcansr B Taba. 2. B
crojibne «3HaueHney B CKODKAX yKa3aHbl pa3MEPHbIE BEJIMUUHBI.

TABIUIA 2. Be3spa3MepHble mapaMeTphl UMITYJIbCHBIX BO3-
neificTBuit Ha KuakocTh (26)-(28)

ITapamerp | Onucanue 3uaveHnue
to XapakTrepu3yer BpeMs BBIXOJA IPAUEHTA 4-10
JaB/eHns Ha 6a30Boe 3HAYCHHE D (0.4-1 wmc)
tr MowmenT BpemeH#, KOrJja HHTEHCUBHOCTD 8-40
UMITYJIHCA MAKCUMAJIbHA (0.8-4 wmc)
A AMmmuTya UMITyibca rpaJineHTa JaBIeHrst 10-10%
Ay AMmmTya MITYIIRCa, TEMIIEPATYPHI 0.2-1.3
Ay XapakTepHas MPOIOIKUTETbHOCTD 0.001-10
UMILYJIbCA IPAAUEHTA JIABJICHUS (10741 mc)
Ay XapakTepHas TPOIOIKATETHHOCTD UMITYJIbCA, 1-30
TEMIIEPATYPHI HA CTEHKE KAHAJIA (0.1-3 mc)

OcHOBHBIE TApAMETPhI BEIYUCIUTEILHOTO TMPOIIECCa ¢ AUANA30HAMNA WX 3HA-
JeHuil MpuBeneHsl B Tab. 3.

TasauilA 3. TlapameTpsbl YUCIEHHOTO METO/IA

ITapamerp | Onucanue 3uavenue
K, M Yucno y3108 ceTku BIOJIb oceil ¢ m y 1541
T Tar ceTkn mo BpeMeHH 10-%-0.05
€s IMorpermnocrs crabunusanuu redenus, cM. (29) 1073
ENI [lorpemuocTs uTepanuii IO HEJIMHEHHOCTH 10~8
N MaxcumasibHoe 4uci10 urepauuii 1o nesuueiinocrn | 103-107
c IMapamerp quckperusaiuu ypapuenuit (23), (24) 80-120
€ IMapamerp cryuenus mist aganranuu cerku (15) 0.1

OrMeruM, 9T0 BO BCEX HPOBEAEHHBIX pacdérax Irar CeTKHU 110 BPEMEHU
YZOBJIETBOPSIET OTHOMY 13 HepaseHCTB T < A7/20 win 7 < Ay /20.

B uncieHHBIX KCIepuMenTax OyaeM HaOMIogaTh MOTOK U CPETHIO TeM-
epaTypy KHUJIKOCTH B KaHaJI€, pPACCIUTAHHBIE 110 POPMY/IaM

F(t) = / u(t,y, 2)dQ), T(t) = |§2| / Y (¢, 2)d|Q),
Q Q

COOTBETCTBEHHO, Ijie () — cedenue Kanasa, |} — ero mwiomans, d|Q] — sse-
MEHT ILIONIA N CeYeHWd. DTH 3HAYEHUS MOJIyUeHBI ¢ MpUMeHeHueM 0606-
mwennit dopmya Clenshaw—Curtis [25] gust pacyéra marerpasa no obsactu
Q={((,7):0<(<Z,0<7v <27}, rje aJist BBIYNCIEHUs Z UCIOIH30BAHA
cbopuyma (11) n manmaee w3 Tabn. 1. Hmke F, T npuseenbl B pasMepHOM
BUJIE.
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OuHO# 13 1eJ1eil ucciie[0BaHus SIBJISIETCs aHAJIM3 yCI0BUIT OTEPH yCTOT-
YMBOCTHU T€YEHU 0] JefiCTBUEM UMITY/IbCHBIX HATPY30K (27), (28). B pacuérax
¢ TTapaMeTpaMH, 33JaHHBIMU B Tabi. 1, 2, 0OHAPYKUIOCH JBA PEKUMA Te-
YEHUsI: PEXKUM, B KOTOPOM HABJIIOIAETCs Pa3pyIIeHHe IUCTEHHOTO PEeIeHuUsT
(Kak TpaBWJIO, CBA3AHHOE C PACXOJAUMOCTBLIO UTEpAIUil M0 HeJUHEHHOCTH) B
HEKOTOPOIl OKPECTHOCTH MOMEHTA BPEMEHU t = t; U PeKUM, B KOTOPOM IO~
cJie JIeHCTBHST UMITYJIBCA, DEIieHIe He Pa3pyINaeTcs W yCTAHABIUBAETCS, TO
eCTb TP HEKOTOPOM tg = NT > t; BBINOJHSIOTCS YCIOBU:

i i P [ v U L |

! — ey, I —— T <eg (29
T A T|UN|| || XN| 29)

— 9

1,7 = 1,2,3 ¢ MaJbIMU 3HAYCHUSME g, VKA3AHHBIME B Ta0JI. 3.

Ha pwuc. 2, 3 npuBenensl pe3yabTaThbl PACcUETOB TPHU HAJTWIUN WUMITYIb-
ca rpaauenTa napienus (27) ¢ mapamerpamu t; = 0.8 mc, Ay = 0.0069 —
0.034 mc, Ay = 30 — 105 arwm, D=-1 npu GHUKCUPOBAHHON TEMIIEPATyPe
crenkn Kanana Yy(t,7y) = 1. Coornomenuss Ar w Aj st IpeiCTaBIeHHBIX
pPE3YyIbTAaTOB 6.HI/ISKI/I K KPDUTUYECKUM, T. €. HEBHAYUTEJIbHOEC yBEJINYECHUEC JII0-
00ro n3 HTUX MTAPAMETPOB MPUBEIET K PACXOIUMOCTH YUCTEHHOTO PEITICHUSI.
I/IS puc. 2 BUJIHO, 9YTO YBEJIUYICHUEC aMIJIMTYAbl UMITYJIbBCA TPAAUCHTA JTaB-
JICHU A A[ n yMEHbIIIEeHNEe €Tr0 IPOJOJIZKUTE/IHbHOCTU A] B pexume 6J'[I/13KOM
K KPUTHUYIECKOMY Be,ZLéT K HE3HAYUTEJIbHOMY YMEHBHIICHUIO MAKCUMAJIBHOTO
3HAUYCHNA ‘F’ u 60.}166 CYImeCTBEHHOMY YMEHBIICHUIO MAKCUMAJIbHOT'O 3HAYe-
mns 1. Kpome Toro, Kak BUIHO W3 puC. 3, MMeeTcd 3¢ DeKT 3ama3bBaHns
OT HeHCTBUSA UMIYJIbCa, CBA3AHHOE C peJlaKkcaleidl IMOIUMEPHON *KUIAKOCTH:
SKCTPEMYMbI I'PAUKOB HA PUC. 3 & JIesKaT npaBee JiuHun ¢t = t7. 3anozaajioe
BJIMSTHIE UMITYJIbCA IPAJUEHTA JIABJIEHUS HA TEMIEPY KUJIKOCTHU elie bojiee
OYEBU/HO: B MOMEHT BPEMEHHU, KOIJ[a NHTEHCUBHOCTD UMITY/IbCA MAKCUMAJIb-
Ha t = t; POCT TeMHepaTyphl 1 MpaKTHIeCKH He 3aMeTeH, BpeMs BBIXOJR
T Ha MaKCHMaIbHEIE 3HAYCHHA IPUMEPHO Ha MOPAOK OOJIbIIe, UeM BpeMs
BBEIXOJa F Ha MaKCHMAa/IbHBEIE 3HAUCHHS.

Ha puc. 4 npusenens: rpadukn F(t) u T(t) mpu ©MITyTbCHOM M3MEHEHTH
TeMIepaTypbl CTEHKE KaHasa (28) B pekuMe OJIM3KOM K KpUTHIECKOMY. B
3TUX IKCIEPUMEHTAX D = -2, Yy = 1, t; = 2 mc st cayaas Ay = 0.2,
tr = 1.8 mc gna Ay = 0.6, t7 = 1.5 mc gma Ay = 1 u Ay = 1.4. Moxmno
BHUIETH, 9TO 3P @EKT 3ana3bIBAHIS TAKKE UMEET MECTO LIS PA3JIWMIHBIX
OTHAKO B JAHHOM CJIydae XapaKTepHOEe BpeMs BBIXOAa Beqmumu F u 1T Ha
UX MaKCHMajbHBIE 3HAUEHUS COBIajaeT. 1lpu sToMm, mpexae deMm BBIATH HA
cTanuoHapHble 3Hadenud, GyHKmmn F(t) 1 T (t) 7eMOHCTPUPYIOT HEGObITIHe
OCIIMJLISATINH.

Ha puc. 5, 6 mokazana IuHAMUKA PACIpeleeHud TEMIIEPATyPhl U CKOPO-
CTU TEYEHUs MOJTUMEPHO KUJKOCTA B KAHAJE IPU UMITYJTHCHOM U3MEHEHUH
TEeMIIEPATyPhl CTEHKH B cooTBercTBuu ¢ (28). B sTOM pexmnme D= —2.5,
Ay = 1.2, Ay = 0.8 u uncaeHHoe pereHne pacxoanTes pn t = 3.676 Mc.
Buano, uro 1o BO3AeficTBUEM HMMITYJIbCA TEMIIEPATYPA YKUJIKOCTH BHYTPH
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Puc. 2. 3aBucumMocTh MOTOKA KUJAKOCTH B KaHasme (a) u
cpesHelt Temmeparypbl kuakoctn (6) oT BpeMeHu npu Ha-
JIMIUA UMITYJIbCA TPAJIMEHTa JABJCHAs C MTAPAMeTPaMu tg =
0.5 mc, t;7 = 0.8 mc, A7 = 0.0069 — 0.034 wmc (6e3pazmep-

uele 3nadenus 0.069 — 0.34), Ay = 30 — 105 arm, D = —1,
T=25x1073, K =31, M = 21.

a N, )
e \ | B
) o o
0.2 K PEeTEELES
£\ F, mnlc — .‘.:./",’_’
v bt 100 s
- [ L — P
T T e ,,
t ¥ B
-0.6 I ‘ o 0 I ‘ ‘ ‘
0.8 0.9 1 06 08 1 12 14 16

Puc. 3. I'pacduku puc. 2, yBesuueHHble B OKPECTHOCTU TOY-

Knut=ty.
a 0
A A Ay = 0.2, Ay ~0.476 150 o A
\ F, mnlc = 06, Ay ~0.149 T°C i
N Ay =1, Ay ~ 0,004 P \gegzrmmemnmmmnmn
»-.,\}\ ——=dy = 14, Ay ~0.07 100 !' LI
|/
[T 4
LN o
01 |" ‘,”;&':,._"H,.__,_._ ...... -~
-0. L ‘ . t,McC 0 ‘ ‘ ‘ . t,mc
0 1 2 3 4 5 0 1 2 3 4 5

Puc. 4. 3aBucuMoCTh MOTOKa KHUJAKOCTH B KaHage (a) u
cpe/iHeil TeMIepaTypsl KuAKocTH (6) 0T BpeMeH! IpU HaJIH-
YHU MMITYJIbCA TEMIIEPATYPbl CTEHKU KaHaJa ¢ IapaMeTpaMu
to = 0.942 mc, t; = 2,1.8,1.5 mc, Ay = 0.07 — 0.476 mc (6e3-
pasmepubie 3uavenus 0.7 — 4.76), Ay = 0.2 — 1.4, D= -2,
T=25x1073 K =31, M = 21.

KaHaJia TOBLIMNAETCA W TIPEBLIMAET TeMIIEPATYPy CTeHKN KaHaja Y, BCJIend-
CTBUE YEeIr'0 YMEHBIAIOTCH BA3KOCTh U BpeMs PeJlaKCallud KUJKOCTH, U CKO-
pocTb moBbIIaeTcd. Jlangee npu yMenbiieHuu Y 10 6a30BBIX 3HAYEHUI Y
TeMIepaTypa KUJIKOCTU BHYTPU KaHaJjla OCTAETCA MPEJEIbHO BBICOKOI, 4TO
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Puc. 5. Pacmpenesnennie cKOpOCTH KUAKOCTH TPHU HAJUIUN
HMITY/IbCa TEMIIEPATYPhl CTEHKH KaHAJIa B PasHble MOMEHTHI
Bpemenn t: t =ty = 0.4 mc (a), moce ummynbca t = 1.32 Mc
(6), nepen pacxoanMmocThio perrernst t = 3.6 Mc (B).
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Puc. 6. Pacupenenenne TeMmeparypbl dKUIKOCTH TP HAJIHA-
YUW UMITYJIbCA TEMIIePATypPhbl CTEHKN KaHaJa B pa3Hble MO-
MEHTHI BpeMeHH T.

IPUBOJAUT K JAMbHENIIeMy POCTy CKOPOCTH B OKpecTHOCTH Jimann ( = 0 u K
PACXOAUMOCTH PEIIeHWS.

BaxxHo oTMeTHTH, YTO aBTOPAMU MPOBEIEHO 3HAYNTETHHOE KOJIUIECTBO
YUCJIEHHBIX 9KCIIEPUMEHTOB M YCTAHOBJIEHO, YTO M3MEHEHWe pas3Mepa cer-
Ki, mara 1o spemenu (u jgaxke cxembl (14) Ha M3BECTHBIE CXEMbBI 1IEPBOIO,
b0 4eTBEPTOrO MOPSIIKOB) U JAPYIUX YUCIEHHBIX MAPAMETPOB MAaJO BJIM-
sier Ha kpurnueckne 3nadenua Ajp, Ay, Aj, Ay. Takum o0pazom, MOXKHO
YTBEPK AT, YTO paspyIleHne YUCTCHHOTO PEITeHIs CBA3AHO ¢ OTCYTCTBHEM
NeCTBUTENBHBIX BETBEH TOUHLIX PeIleHuil ncciemnyeMbix ypaBuennii. Bosee
CTPOTHE PACCYKJIEHNUsI, TPOBEJAEHHBIE B aHAJOTUIHOM CIYYae JJIst OJHOMED-
HOIT 33/1a4M U OCHOBAaHHBIE HA (DOPMYJIAX TOUHBIX DEIIeHUH, W3T0KEHbI B [4].

OTMeTHM, 9TO pa3pylleHne PeIleHrs IPU BO3AEHCTBUN UMITY/IbCA TEMIIE-
paTypbl MOXKHO HabII0JAaTh TOJBLKO TOT/Ia, KOTJIa 3HAYEHHS IPaIAeHTa JaBie-
HUST JIEKAT B HEKOTOPOil OKPECTHOCTH KPUTHIECKHX Besmdnt |D| = Dy ~

2.1 aT™, T. €. TAKUX 3HAYEHN!, TPU KOTOPBLIX PEIEHNe paspyInaercs 6e3 um-
[IYJIbCHBIX BO3ICHCTBUN.
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Puc. 7. Kpurudeckne COOTHONIEHUS aMILTUTYABI U TPOIO-
JKUTEJTBHOCTH UMITY/TbCOB J1aBJieHus (a) u Temmeparypsl (6).
Ha BcraBkax — rpacduku B jorapudMuieckKkoM Macirade.
Ha puc. 7 mpu D = —2 u306pakeHbl KPUTHIECKNE COOTHOIIEHWS Pa3Mep-

HBIX [TPOJOJIKUTEJBHOCTH W AMILTUTY Bl UMITYJIBCOB TPAJINEHTa, TABJICHUI 1
TeMIepaTypbl, TO €CTh TAKHEe 3HAUEHUS, [PU MPEBBIITEHUA KOTOPBIX HHC-
JIEHHOE DETIeHne Pa3pyIIaeTcs, ITO MOXKHO aCCOTTMAPOBATL C MEPEXOJA0M K
CJI02KHO¥ Heryas3eilsieBCKOi n TypOyseHTHOH nuHamuke. Kak BHJHO U3 rpa-
GhUKOB, 71 PEATH3AINH Tya3eHIeBCKOTO TeUeHW TTPU HATUINN UMITY/TbCOB
BOTBITIEN AMITUTY/bI TPEOYETCS COKPAIATD TPOJAOIKITEIHFHOCTD MMITYIBCA,
n HA00OPOT, /I WCIOJb30BAHUS TPOJOIKUTEABHBIX UMITYIbCOB — COKPa-
marh ux amminTyay. Ha BcraBkax kK rpadukam puc. 7 KPpUTUIECKHUE COOTHO-
[IIEHNsl TOKA3aHbI B JIOrapUMMUIECKON TKAJIe, OTKY/Ia BUHO, 9TO 9TU COOT-
HOIIEHWsT OJM3KU K obpaTHo# mpormoprmu. OTMernM, 9To 3HaueHus Ay Ha
puc. 7, 6 SIBJSIIOTCA JOBOJBHO MaJBIMU TI0 CpaBHEHNIO ¢ Ay Ha puc. 7, a, of1-
HAKO yBeuueHne Ay BBIe 3HAUEHN TOpsIKa 1.4 TpUBeIéT K He(pU3HIHBIM
pe3yabTaTaM, OCKOJBKY B TAKOM CJIydae TEMIEpATypa CTEHKH KaHaJja [pe-
BoicuT 400°C', uTo BJIU3KO K TEMIIEPATYPE CIIEKAHUS WJIH BO3rOPAHUS MHOTHUX
OOJTUMEPHBIX YKUIKOCTEN.

5 3akJjrmoueHne

B crarbe Ha 0CHOBE ME30CKOIMYECKOI'O I10/IX0/A 1TOCTPOEHA MOJE/h, OllN-
CBIBAIOIIAS HEM30TEPMHUYIECKOE TEUCHUE IIya3eHIeBCKOTO TUII8 HECKUMACMONA
BHSKOpryI‘Oﬁ HOJII/IMepHOfI KUJIKOCTH B KaHaJie C JIJIMIITUYeCKUM CEYCHHUEeM.
Mogenp ucosp30oBaHa Jjisi PACIYETa T€UEHUH, BOSHUKAIONINX B TEXHOJIOTH-
AX TeYaTH 3JIEKTPOIPOBOALAIIUM MaTeprajoM Ha IMIOJUMEPHON OoCHOBe, OpH
HaJIMYUU UMITYJIBCOB IPaJMCHTa JaBJICHUS U TEMIIEPATYPLl CTEHKN KaHasla.

C 11e/1610 YMCIEHHOTO PEITeHsT HAUa bHO-KPAEBOi 3a/1a9u, TIOCTAB/IEHHOM
JJIS YPAaBHEHWU MOCTPOEHHOI MOMeau, pa3paboTaH W peajim30BaH BBHIUUC-
JINTETBHBIN AJTOPUTM, OCHOBAHHBIN HA TOJUHOMHUAJBHBIX U JIPOOHO-pAIHO-
HaJILHBIX UHTEPIIOJIAINAX U IPUMEHEHNN KOHEYHO-PA3HOCTHOM CXEMBI 10 Bpe-
MEHH, 00bEeINHEHHON ¢ WTePAlnaAMH 110 HEINHEHHOCTH.
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[IpoBengn anain3 pacupeeneHuii CKOPOCTH W TEMIIEPATYPbl KUJIKOCTH
B KaHaJle, & TaKxKe 3aBUCUMOCTEH [IOTOKa U CpeiHeill TeMIIeparypbl »KUJIKO-
¢t OT BpeMmeHu. Vcc/eIoBaHbl YCIOBUS TMOTEPU YCTONYUBOCTU Mya3eileB-
CKUX TeUYeHUil MO BO3ACHCTBUEM UMITY/IbCOB T'DAINEHTA TABICHUS U TEMIIe-
paTypbl. PaccuuTaHbl KpUTHIECKAE COOTHONIEHUST MEXKY AMILUIUTYIAMHU U
OPOIOIKUTENBHOCTAMI UMITYJIBCOB. DTH COOTHOIIEHUS OJIU3KU K 0OpaTHOit
OPOTIOPITUN.

B kauecTBe jnanbHENINEr0 pa3BUTUS MOJETH UMEET CMBICJ YI€CTh CKIUMAa-
eMOCTb KUJKOCTH U HoJiee TOHKHE peoorudeckne 3pdekTor, cM. [26].
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